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Abstract

Asthma is a heterogeneous disease. The inhaled allergen-mediated disease phenotype is either Th2-high or
Th2-low/Th17-high. The Th2-low/Th17-high phenotype is predominantly associated with neutrophilic
inflammation and steroid-unresponsive severe asthma, for which there are no current treatments. Th17-
driven neutrophilic airway inflammation is characterized by the concurrent increase of pro-
inflammatory cytokine IL-17A/F and immunomodulatory cationic host defense peptide (CHDP) LL-
37 in the lungs. However, the effect of LL-37 on IL-17A/F-mediated protein changes and signaling
networks in airway inflammation is poorly understood. Therefore, 1 examined the immunomodulatory
activity of LL-37 on IL-17A/F-mediated airway inflammation. | performed proteomic profiling to
characterize IL-17A/F-mediated inflammation (in the presence/absence of other pro-inflammatory
cytokines, such as TNF-a) in human bronchial epithelial cells (HBEC) and demonstrated that IL-17A/F-
mediated inflammation leads to enhancement of secreted proteins, including the CHDP Lipocalin
(LCN)-2 and neutrophilic chemokine GROa., which promote neutrophil migration in the context of
airway inflammation. These protein targets were used to define the immunomodulatory role of
cathelicidin LL-37 in IL-17A/F-driven inflammation. | demonstrated that cathelicidin LL-37 suppressed
IL-17A/F-mediated LCN-2 production in HBEC. Further, | demonstrated that LL-37 was negatively
correlated with LCN-2 and neutrophil accumulation in the lungs of a mouse model characterized by I1L-17-
driven neutrophilic airway inflammation. Moreover, | demonstrated that LL-37 suppressed the
abundance of transcription factor C/EBP3 mRNA and enhanced the abundance of the RNA-binding
protein (RBP) Regnase-1, which are positive and negative regulators of IL-17A/F-mediated LCN-2
production in HBEC, respectively. Taken together, these findings suggest that LL-37 simultaneously
alters the transcriptional and post-transcriptional machinery to limit IL-17A/F-mediated neutrophil
accumulation in the lung. In subsequent studies | demonstrated that citrullination, a relevant post-
translational modification of LL-37 occurring in the lung, results in the selective loss of kB mRNA
abundance increases in the presence of IL-17A/F, as well as dampened GROa. and CCL20 production
in combination with IL-17A/F, compared to native LL-37. These findings suggest that citrullination
limits the pro-inflammatory activity of LL-37. Overall, the proteins | identified in this study to be
altered by IL-17A/F and/or LL-37 may represent pivotal checkpoints in neutrophilic airway

inflammation and can be examined to develop new therapeutic strategies.
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Chapter 1: Introduction

1.1 Airway immunity & inflammation

1.1.1 Inflammation & Immunity

1.1.1.1 Immune system & Inflammation

In the 1%t Century AD, Roman doctor Cornelius Celsus defined the four cardinal signs of inflammation,
rubor et tumor cum calore et dolore (redness and swelling with heat and pain) while describing
therapeutic procedures for chest pain (1, 2). The fifth and final cardinal sign, functio laesa (loss of
function) was added by Rudolph Virchow in 1858 while establishing the cellular basis of inflammation
and subsequently, pathology (1, 2). Continuing investigations into the cellular basis of inflammation
has led to the identification of the relationship between the symptoms of inflammation and the immune
system (2, 3). Inflammation is currently identified as a biological response which enhances the survival
of the host during infection and tissue damage by promoting the local accumulation of immune cells
and mediators, generally aimed for the resolution of infection or injury. Enhanced inflammatory
responses may be regulated back to baseline or immune homeostasis once infection or injury is
resolved. However, dysregulation of the regulatory process resulting in persistent and enhanced

inflammation drives pathophysiology in chronic disease.

The immune system is a collection of cells, tissues, and molecules that mediate resistance to
disease through the prevention or eradication of infection (4). To protect the host effectively against
disease, the immune system executes four major functions: (1) immunological recognition, (2) immune
effector function, (3) immunological memory, and (4) immune regulation. There are two arms of the
immune system, innate and adaptive immunity (detailed below in 1.1.1.2). Immune recognition is
primarily driven by innate immunity and ensures that infection is detected and requires a variety of
innate immune receptors that are capable of distinguishing self from foreign molecules. Once a foreign
molecule is recognized, immune effector functions are initiated with innate immune responses driving
adaptive immunity; immune cells produce molecules that act to contain, limit, and destroy infection
directly or indirectly. Further, the innate immune response produces molecules which instruct the
specific formation of immunological memory, and therefore immediate and stronger immune

responses against recurring disease from the same pathogen.

Inflammation is an essential biological response that delivers cellular and molecular mediators
to sites of infection and tissue damage to enable survival during infection and injury. These mediators

maintain tissue homeostasis under a variety of noxious conditions (2, 4). Successful inflammatory



responses destroy pathogens through the recruitment and activation of immune cells and plasma
proteins through blood vessels into the extravascular tissues (4). To achieve this, the local vasculature
undergoes a multitude of changes. Increases in vascular diameter and local blood flow occur
simultaneously to drive the local accumulation of immune cells at the site of inflammation (5).
Endothelial activation occurs, wherein cells which line blood vessels are activated by immunological
mediators to express cell-adhesion molecules which bind circulating leukocytes (5). The permeability
of blood vessels is enhanced: tightly joined endothelial cells separate, enhancing the local
accumulation of immune cells and immunological mediators from the blood to the tissue. The outcome
of increased local blood flow, adhesion molecules, and vascular permeability, allows leukocytes to
undergo extravasation, where they migrate into pathologically affected tissues to initiate tissue repair
or induce anti-infective immunity by effector mechanisms (5). Moreover, increase in the flow of
antigens and antigen presenting cells (APC) in the lymph to local lymphoid tissues leads to the
activation and recruitment of adaptive immune responses at sites of infection. Furthermore, induction
of blood clotting in micro-vessels leads to the formation of a physical barrier, preventing systemic

spread of infection. Finally, repair of injured tissue is initiated upon elimination of the pathogen (5).

Immune responses and the process of inflammation must be controlled to limit damage to the
surrounding tissues. Accordingly, the ability of the immune system to self-regulate and limit
inflammation is a critical feature of efficient immune function. Failure of the regulatory processes that
control inflammation cause detrimental, persistently enhanced inflammation, a central component of

chronic inflammatory conditions including autoimmune disease and allergy.

1.1.1.2 Innate & Adaptive Immunity

The immune system is separated into two arms: innate and adaptive immunity. The primary distinction
between the innate and the adaptive immune responses lies in the kinetic of response, mechanisms,
and receptors used for immune recognition (6). Innate immune recognition is mediated by germ-line
encoded receptors which recognize specific classes of molecules present only during tissue damage or
infection (6). As a result, the effector mechanisms used by the innate immune system are induced
rapidly with limited repertoire of specificity to the causative noxious element. However, by engaging
specific combinations of receptors and accessory molecules, the innate immune response may instruct
the formation of different immune responses based on the foreign element detected (4, 6). In contrast,
the adaptive immune response uses random, somatically generated, and therefore structurally unique
receptors specific to the antigen (6). The unique receptors are a function of immunological memory;

Lymphocytes of the adaptive immune response which express useful receptors are selected for clonal
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expansion by repeatedly encountering the antigens for which they are specific (6). As a result, the
adaptive immune response possesses effector mechanisms which are specialized to the recurring
noxious element and more effective in dealing with pathological insults. However, since the binding
sites of adaptive antigen receptors arise as a result of random genetic mechanisms, the repertoire
contains receptors which bind with innocuous environmental antigens, as well as self-antigens (6). As
such, activation of adaptive immune responses in these instances can be harmful to the host and lead
to chronic disease, including autoimmune disease and allergy (6). The role of specific adaptive immune

responses will be discussed further in the context of allergic asthma.

The innate immune response recognizes highly conserved structures present in large groups of
microorganisms or present during tissue damage (6). These conserved structures are referred to as
pathogen-associated molecular patterns (PAMP) or damage associated molecular patterns (DAMP)
respectively. PAMP are produced by microbial pathogens, are essential to the survival and
pathogenicity of the invading microbes, and are shared by entire classes of pathogens (4, 7). Common
PAMP include bacterial lipopolysaccharide (LPS), peptidoglycan, lipoteichoic acids, mannans,
bacterial DNA, double-stranded RNA, and glucans (6). PAMP and DAMP are recognized by pattern-
recognition receptors (PRR) which evolved to recognize these commonly occurring molecular patterns
(6). PRR are not specifically expressed on any particular innate immune cell type or lineage; they are
found on both hematopoietic and non-hematopoietic effector cells (6). Varieties of PRR are classified
based on the structure of the receptor and/or their functional basis. PRR structural varieties include
leucine-rich repeat domains, calcium-dependent lectin domains, and scavenger-receptor protein
domains (6). PRR functional classes include secreted, endocytic, and signaling (6, 7). During infection
and tissue damage, immune cells become activated and perform effector functions following the
recognition of PAMP and/or DAMP (8). For example, Toll-like receptors (TLR), a well characterized
family of PRR, induce signal-transduction pathways that lead to the activation of transcription factors
of the nuclear factor-xB (NF-kxB) family and therefore play a major role in the induction of immune
and inflammatory responses, including the production of immunological mediators such as
antimicrobial cationic host defense peptides (CHDP), cytokines, and chemokines (6, 9). TLR-
associated NF-«B signaling will be discussed in detail in the context of CHDP cathelicidin LL-37 and
pro-inflammatory cytokine IL-17A/F.



1.1.1.3 Cellular communication: cytokines and chemokines

The human immune response is regulated by a highly complex and intricate network of molecules,
including cytokines (5, 10). Cytokines are small (8 to 40,000d), non-structural proteins which are
produced and subsequently secreted in response to noxious elements and function as pleiotropic
facilitators of communication between cells (4, 11, 12). Cytokines alter biological properties including
cell-to-cell signaling, cellular growth, differentiation, proliferation, chemotaxis, immunoglobulin
isotype switching, and apoptosis (4, 11, 12). These properties can be altered within the same cell which
secretes the cytokines (autocrine action), nearby cells (paracrine action), or on distant cells (endocrine
action) (12, 13). However, the net effect of any cytokine is dependent on the timing of cytokine release,
cytokine receptor density, tissue responsiveness to each cytokine, and the local milieu in which it acts
(14). As a result, the presence of other competing or cooperative molecular elements, including other
cytokines, dictate the overall outcome of immune responses. Cytokines produced simultaneously may
invoke redundant, antagonistic, or synergistic responses (10, 12). Therefore, the outcome of
inflammation is also dependent on the overall composition of cytokines and immunological mediators.
The mechanistic basis of synergistic cytokine signaling will be discussed further in the context of IL-
17A/F.

1.1.1.4 Pro-inflammatory & anti-inflammatory cytokines

Interleukins (IL) are a well characterized class of common cytokines (15). Interleukins are secreted
proteins which bind to their specific receptors and alter intracellular communication among leukocytes
(15). Although interleukins may be classified according to sequence homogeneity, structure, and
common receptor chains they do not fit within one structural category. Therefore, interleukins are
typically described in accordance with their biological activities in infection and inflammation (11,
15). As a result, most interleukins are broadly classified as pro-inflammatory and anti-inflammatory

depending on the biological response generated (10, 11).

The concept that some cytokines function primarily to induce inflammation while others
suppress inflammation is fundamental to cytokine biology (11). Cytokines which promote
inflammation are called pro-inflammatory cytokines, whereas cytokines which limit or negatively
regulate inflammation are called anti-inflammatory cytokines (11). A dynamic balance exists between
pro-inflammatory cytokines and anti-inflammatory cytokines within the mammalian immune system
(10).



Pro-inflammatory cytokines are produced and secreted in response to invading pathogens and
tissue damage, and consequently enhance inflammation. As a result, these cytokines are typically
absent (or produced in very low concentrations) in a healthy, non-diseased state. In general, pro-
inflammatory cytokines enhance local inflammation by promoting the proliferation, differentiation,
recruitment, and activation of immune cells within the affected tissue (11). Despite their shared mode
of action, different pro-inflammatory cytokines trigger the activation of unique biological pathways.
Therefore, different pro-inflammatory cytokines enhance inflammation in both overlapping and unique
mechanisms (4). The role of pro-inflammatory cytokines IL-17A/F, TNF-a, and IFN-y will be discussed

further in the context of allergic asthma, as these cytokines were used in this thesis

One subgroup of structurally related, pro-inflammatory cytokines that play a role in attracting
leukocytes to sites of inflammation or infection are called chemokines (12). Chemokines are small (8-
10 kDa) cytokines classified based on the presence or absence of one or more interposing amino
acids(s) between conserved cysteine residues (known as CXC-, CX3C- and CC-chemokines), or the
presence of only one cysteine residue (known as XC-chemokines) (12, 16). Chemokines bind specific
seven-transmembrane-spanning G protein-coupled receptors (GPCR) and induce the migration of
leukocytes and increase immune cell abundance at the site of inflammation, infection, and tissue injury
(12, 13, 17).

Resolution of pro-inflammatory responses is required to prevent chronic, detrimental
inflammation and damage to host tissues (5, 11). Therefore, cytokines which limit the activity of pro-
inflammatory cytokines are called anti-inflammatory cytokines (10, 11). Cytokines, including IL-10,
transforming growth factor (TGF)-$3, and IL-1 receptor antagonist (RA) suppress the production of
pro-inflammatory cytokines and their effects in immune cells (11). As a result, the equilibrium between
pro-inflammatory and anti-inflammatory cytokines is thought to determine the balance between anti-
infective immunity and chronic inflammatory disease (10, 11). Immunological mediators that regulate
the equilibrium between pro-inflammatory and anti-inflammatory cytokines are critical effectors in the
resolution of inflammation and maintenance of immune homeostasis. CHDP are critical
immunological mediators with known roles in resolution of inflammation and maintenance of immune

homeostasis (18)



1.1.1.5 Cationic Host Defense Peptides

CHDRP, also known as antimicrobial peptides (AMP), are critical immunological mediators that
regulate inflammation (19-21). Immunity-related functions of CHDP include the ability to alter
signaling pathways initiated in response to inflammatory events and regulation of inflammation based
on the microenvironment (22-24). CHDP directly augment the migration of leukocytes to the site of
infection (25-33), preferentially trigger apoptosis in damaged and infected cells (34-36), change the
composition of the adaptive immune response by altering APC function (37-42), and alter the
composition of the cytokine milieu. To alter the balance of cytokines during inflammation, CHDP-
mediated biological activity alters TLR-mediated and cytokine-mediated signaling to limit the
production of pro-inflammatory cytokines, while enhancing the production of chemokines and anti-
inflammatory cytokines (32, 33, 43-46). Therefore, CHDP promote effective immune responses, from
initiation of effector mechanisms to resolution of inflammation. CHDP, in particular the sole human

cathelicidin LL-37, will be discussed in greater detail in below in 1.2.

1.1.2 Airway Inflammation

1.1.2.1 Anatomical interface of immunity in airway inflammation

The lungs simultaneously balance two essential physiological functions: providing all individual cells
in the body with oxygen and preventing infection from inhaled pathogens (47). The lung possesses a
variety of physical and chemical immune mechanisms to limit infection (47). The interplay of
cytokines and CHDP are essential in regulating immune responses in mucosal surfaces that are
constantly challenged by the presence of pathogens and external particles, including the conducting
airways of the lungs. The focus of this section is to outline critical immune effector mechanisms which
contribute to airway inflammation during infection and pathophysiology of chronic respiratory

disease.

1.1.2.2 Airway epithelium-derived cytokines and CHDP

The primary mechanism by which the lung is separated from the external environment is the epithelia,
a mechanical barrier consisting of epithelial cells held together by tight junctions (4, 5). Airway
epithelial cells (AEC) produce mucins, the components of a viscous fluid called mucus which not only
prevents microorganisms from adhering to the respiratory tract, but facilitates their expulsion from the
airway by the beating of epithelial cilia (5). In addition to acting as a physical barrier, epithelial cells
are non-hematopoietic immune cells which can initiate inflammation. AEC express a variety of PRR,

including TLR, C-type lectin receptors (CLR), cytoplasmic retinoic acid-inducible gene (RIG)-I-like



receptors, and NOD-like receptors (NLR), along with their corresponding intracellular signaling
proteins, which facilitate recognition of pathogens to initiate subsequent effector innate immune
mechanisms (48). During inflammation, AEC produce cytokines, chemokines, and CHDP to induce
required immune responses (4, 5). Moreover, AEC express a multitude of cytokine receptors. Innate
and adaptive leukocytes produce cytokines that target these receptors and alter the properties of
epithelial cells to respond to specific inflammatory events. However, due to their role as dominant
immunological effectors during inflammatory events, AEC may propagate inflammation and
contribute to detrimental inflammation in chronic respiratory disease. The focus of this thesis is on the
interplay of pro-inflammatory cytokine IL-17A/F and CHDP LL-37 on AEC during airway

inflammation.

1.1.2.3 Airway Phagocytes and Granulocytes
In addition to epithelial cells, the epithelia contain innate immune leukocytes which assist in the
defense against pathogens and subsequently inflammation. These leukocytes carry out a multitude of

immune functions to protect the host from pathogen-mediated disease.

Upon entering the airway, pathogens may be recognized, ingested, and Killed by phagocytes.
Circulating phagocytes include neutrophils and monocytes, the precursor to macrophage. These blood
cells are recruited to sites of infection where they kill microbes through the production of anti-infective
molecules and the ingestion and intracellular degradation of these pathogens, in a process called
phagocytosis (4, 5). After recognition and subsequent activation of phagocytes by PRR-mediated
signaling, pathogens are surrounded by a phagocytic membrane and internalized in a membrane-
enclosed vesicle known as an endocytic vacuole, or phagosome. Upon phagocytosis, neutrophil and
macrophage produce anti-infective molecules (delivered by lysosomes) to aid in the destruction of the
engulfed pathogen (5). The phagosome fuses with one or more lysosomes and generates a
phagolysosome, resulting in release of the anti-infective molecules by the phagolysosome, and
destruction of the pathogen (5). In addition to phagocytosis, macrophage and neutrophils are critical

producers of cytokines, chemokines, and CHDP during airway inflammation.

Macrophages are critical immune cells which play important roles in anti-infective immunity,
clearance of dead tissues, and initiation of tissue repair (4, 5). Monocytes are recruited from the bone
marrow during inflammatory reactions into the submucosal tissues of the airway, where they can
become long-lasting tissue macrophage (4). Due to their anatomical location, macrophages are among

the first hematopoietic immune cells to initiate an immune response after PRR-mediated recognition

7



of PAMP and/or DAMP (4). Macrophage effector mechanisms, including the production of cytokines
and chemokines, are often initiated in combination with phagocytosis and induce the proliferation,
differentiation, and recruitment of immune cells at local sites of inflammation. Although macrophage
are critical effector cells in anti-infective immunity and tissue damage, macrophage-derived cytokine
production has been identified as a causative element in chronic respiratory disease characterized by

airway inflammation (49).

In addition to being classified on function, immune cells in the airway can be classified based
on morphology. Although they are considered phagocytes, neutrophils also belong to the granulocyte
family, along with eosinophils, and basophils (4, 5). Granulocytes are leukocytes with multilobed
nuclei and cytoplasmic granules (4, 5). Granulocytes play a major role in airway inflammation through

their release of inflammatory mediators into the airways.

Neutrophils, otherwise known as polymorphonuclear neutrophilic leukocytes (PMNs), are
short-lived, abundant innate immune cells. In response to infection and inflammation, neutrophil
production in the bone marrow rapidly increases, rising from 4000 to 10,000 per pL to 20,000 per uL
of blood. The large quantity of neutrophils in the blood allows them to be effectively recruited from
the circulation into extravascular tissues to contribute to anti-infective immunity and tissue repair (4,
5). Neutrophils are recruited by neutrophil chemoattractants belonging to four different biochemical
subfamilies, including chemokines (e.g., GROa and IL-8), chemotactic lipids (e.g., leukotriene B4 or
LTB4), complement anaphylatoxins, and formyl peptides (50). Due to the rapid nature of their
response, neutrophils are a major component of the innate immune response against invading
pathogens (51, 52). After entering the tissue, PRR-mediated recognition of PAMP and DAMP lead to
the activation of neutrophil effector functions which suppress fungal and bacterial proliferation. These
effector mechanisms include phagocytosis, the production of cytokines (e.g., IL-6), CHDP (e.g., LL-
37), lipid mediators, reactive oxygen species (ROS), neutrophil elastase (NE), myeloperoxidase
(MPO), and net-like complexes of nuclear chromatin called neutrophil extracellular traps (NET) (4,
5, 51, 53-57). Despite their effectiveness in preventing infection, neutrophils and neutrophil-derived
immunological mediators have been implicated in the pathophysiology of chronic respiratory disease
(13, 58). Neutrophils will be discussed in further detail in the context of T-helper (Th)17-mediated

neutrophilic asthma.



Eosinophils are granulocytes which differentiate and traffic to sites of local inflammation from
the bloodstream to facilitate defense against extracellular parasites, including helminths (4, 5, 17, 59).
Eosinophils can be differentiated from other members of the granulocyte family (including
neutrophils) based on the presence of large specific granules (also known as secondary granules),

which contain inflammatory mediators.

Eosinophils express a wide repertoire of surface molecules and receptors allowing their
integration into both the innate and adaptive immune system (17). Eosinophil cell surface receptors
include chemoattractant, cytokine, growth factor, PRR, and Fc receptors (8, 17). Eosinophils are
recruited to local inflammatory sites through activation of CC-chemokine receptor 3 (CCR3), a surface
receptor which binds all three subtypes of selective eosinophil chemoattractant, Eotaxin (17). After
recruitment, eosinophil activation occurs through a variety of mechanisms. Eosinophil activation can
occur through cytokine receptors for IL-4, IL-5, IL-13, IL-33 or Fc receptors to Immunoglobulin (Ig)A,
IgD, IgE, 1gG, and IgM (17). In addition to the high-affinity FceR1 receptor, which binds IgE, FcaRl
and FcyRIIl crosslinking with IgA and/or 1gG has been shown to trigger eosinophil activation,
degranulation, and release of inflammatory mediators (17). Eosinophil-derived inflammatory
mediators include cytokines (e.g., IL-4, IL-5, IL-13, TNF-a, IFN-y), chemokines (e.g., GROaq, IL-8),
basic proteins, and enzymes (17, 59, 60). In addition, eosinophils are the primary source of major basic
protein (MBP), eosinophil cationic proteins (ECP), eosinophil peroxidase (EPO), and eosinophil-
derived neurotoxin (EDN), which propagate inflammation through the activation of immune cells (61).
For example, MBP can trigger mast cells to release histamine, a potent vasodilator (62, 63). Moreover,
eosinophil-derived cytokines, and lipid mediators can induce mucus secretion in AEC (64, 65). Due to
the downstream effect of eosinophil-derived mediators, eosinophils have been implicated in immediate
hypersensitivity late-phase reactions where they contribute to pathologic processes in allergic airway
disease. Furthermore, the prominence of eosinophils in allergic airway disease has positioned them as
a key determinant of allergic asthma (13). Eosinophils will be discussed in further detail in the context

of Th2-mediated eosinophilic asthma.

Mast cells are bone-marrow derived cells (BDMC) present in the mucosal epithelium which
provide defense against helminths and other pathogens (4, 5). Mast cells are activated by TLR
signaling and antibody-dependent mechanisms to produce inflammatory mediators (4, 5). In addition
to cytokines, mast cells produce vasoactive amines such as histamine, which function to induce

vasodilation and increase capillary permeability. Mast cells also synthesize and secrete lipid mediators



prostaglandins, and cytokines which induce inflammation (4). Mast cell-derived inflammatory

mediators have been implicated in chronic respiratory disease (66-69).

1.1.3 Asthma

1.1.3.1 Airway inflammation & Chronic Respiratory Disease

Airway inflammation is a central component of chronic inflammatory disease of the airways, including
asthma. In addition to airway inflammation, asthma is characterized by narrowing of the bronchial
tubes (bronchoconstriction) and mucus hypersecretion. These processes lead to limited airflow and
difficulty breathing (13, 17). Ultimately, chronic airway inflammation can cause permanent structural
changes in the airways (airway remodeling), including narrowed and thickened airways. Airway
remodeling is irreversible and changes to the structure of the airway may lead to blockages and long-

term loss of function (70, 71).

1.1.3.2 Asthma prevalence

Airway diseases, including asthma, are major contributors to morbidity and mortality globally. Asthma
affects >300 million people globally and contributes to 1000 deaths each day (70, 71). Asthma affects
more than 3.8 million Canadians (70, 71). In Canada, asthma is the third-most common chronic disease
(70, 71). Over 300 Canadians are diagnosed with asthma every day and an estimated 250 Canadians

die from an asthma attack every year (70, 71).

1.1.3.3 Asthma symptoms

Asthma is characterized by symptoms including shortness of breath, regular coughing, wheezing, chest
tightness, increased mucus production, trouble sleeping due to breathing difficulty, and being unable
to take part in physical activities without breathing difficulty (13, 17, 72). Symptoms can occur slowly
over hours or days, or they can come on as sudden recurring attacks with lasting symptoms that persist

for some time before disappearing (70, 71).

1.1.3.4 Asthma treatments

Asthma treatments and/or medications can be broadly grouped into relievers and controllers (70, 71).
Relievers, including short-acting bronchodilators, act as rescue medication and provide fast and short-
term relief of asthma symptoms, including bronchospasm (tightening of the airways). Controller
medication, treat persistent, underlying inflammation in the airways and lead to less symptoms over

time. A variety of controller medications exist and are widely prescribed, including long-acting
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bronchodilators, anti-leukotrienes, monoclonal antibody (mAb)-based biological therapies, and oral
and inhaled corticosteroids (ICS) (70, 71).

Despite major asthma treatment advances and guideline-directed increases in ICS, a significant
number of patients exist who do not respond effectively to current treatment strategies (73).
Subsequently it was determined that individuals who did not respond to ICS had distinct differences
in underlying airway inflammation from those that did. Asthma is now recognized as a heterogenous
disease which can be grouped based on the composition of the inflammatory milieu in the airway (72,
74, 75).

1.1.4 Asthma disease heterogeneity

1.1.4.1 Asthma endotype and phenotype

Asthma is a heterogenous disease characterized by different inflammatory pathways, also referred to
as endotypes, which drive the pathophysiology of asthma (17, 72, 74). Despite being governed by
disparate inflammatory mediators, these inflammatory pathways consist of unifying components
which govern the mechanisms of induction, regulation, and resolution of airway inflammation. These
inflammatory pathways are defined by the presence of (1) inflammatory inducers; (2) the sensors
which detect the inducers; (3) inflammatory mediators induced by sensors; (4) target tissues that are
affected by the inflammatory mediators (2). Defining heterogeneous asthma pathways focuses on
delineating these mechanistic components with the goal of developing targeted therapeutic
intervention (72). Endotype classifications are based on the composition on global characterizations
of the inflammatory profile as determined by high information content approaches, including
proteomics, transcriptomics, and metabolomics. These global characterizations are organized based on
their predicted activation of cellular pathways, primarily the activation of T-Lymphocyte (T cell)
populations, including (Th)2 high versus Thl/Th1l7 high pathways (76, 77). Moreover, asthma
endotypes may be based on the presence of the resulting cellular profile of inflammation, which can
be eosinophilic, neutrophilic, mixed eosinophilic/neutrophilic, or no elevated eosinophils or
neutrophils (i.e., paucigranulocytic) (78). T cell-based endotypes are often combined with high content
inflammatory profiles to offer a complete picture of inflammatory pathology in asthma. However, there
is no consensus on the specific definitions of asthma endotypes (78). In addition to being classified
based on endotypes, asthma may also be classified based on phenotype, which does not account for
the pathophysiological mediators that contribute to underlying disease (72). Instead, phenotype
classification is based on observable clinical characteristics, including disease severity, treatment

response, exacerbating factors, age of onset, and comorbid conditions (72, 75). In the context of airway
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disease and allergic asthma, efforts to link clinical phenotypes with molecular endotypes are
complicated by the synergistic, antagonistic, and redundant nature of cytokines. The focus here will be

on cellular endotypes, the cytokines associated with them, and their suggested phenotypes.

1.1.4.2 Eosinophilic endotype

Eosinophilic asthma is described as increased sputum (>3%) and/or blood (>400 cells/mL) eosinophils
on >2 occasions and a positive response to treatment strategies that suppress eosinophils (79).
Eosinophils may be prompted to release several different mediators with the capacity to cause the
exaggerated response to innocuous antigens in the airway, also known as airway hyperresponsiveness
(AHR), goblet cell proliferation, and mucus hypersecretion (62-65, 80). The eosinophilic endotype
highly overlaps with Th2-high allergic asthma. In addition, select sets of biomarker genes can define
Th2 endotypes, including POSTN, CLCA1L, and SERPINB2 for Th2 asthma (81, 82). Accordingly,
eosinophilic asthma typically responds to treatment with corticosteroids or novel therapies directed
against Th2 cytokines namely IL-4, IL-5, and I1L-13 (79).

1.1.4.3 Neutrophilic endotype

Neutrophilic asthma is defined as increased sputum neutrophil counts (>64%) in the absence of
elevated eosinophil counts (<3%), with an increased total cell count (>9.7 million cells/g) (79).
Neutrophilic asthma represents a Th1/Th17-driven disease and has been associated with Th1 cytokines
(e.g., IL-1, IFN-y, TNF-a), Th17-differentiating cytokines (e.g., IL-1, IL-6, 1L-23), and Th17-secreted
cytokines (e.g., IL-17A, IL-17F, IL-17A/F) (79, 83, 84). Additionally, neutrophilic asthma has been
associated with TNF-a-mediated airway remodeling factors including MMP9, as well as IL-17-
inducible chemokines, including CXCL1, CXCL2, CXCL3, IL8, and CSF3 (79, 82-84). Neutrophil
accumulation in the lung is found in severe persistent asthma (85), asthma exacerbations (86-88),
sudden onset fatal asthma (89), occupational asthma (90), nocturnal asthma (91), and even childhood
asthma (92). Individuals with neutrophilic endotypes typically have poor responses to treatments that

suppress eosinophils, including corticosteroids (79, 93).

1.1.4.4 Mixed eosinophilic/neutrophilic endotype

The mixed eosinophilic/neutrophilic endotype is defined by elevated neutrophils and eosinophils either
independently or concurrently on more than two independent blood tests that are at least six months
apart (79). There is limited data on the phenotype of individuals with a mixed endotype.
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1.1.4.5 Paucigranulocytic endotype

The paucigranulocytic endotype is the endotype defined based on exclusion of cell types. Individuals
with paucigranulocytic asthma have no increased sputum eosinophil counts (<3%) or neutrophil counts
(<64%). In these individuals, anti-inflammatory treatment targeting eosinophils and neutrophils is
typically ineffective, and symptoms are primarily driven by AHR (79). Instead, these individuals
benefit from smooth muscle-oriented therapy, including bronchial thermoplasty or therapy which

targets mast-cells (79).

1.2 CHDP
1.2.1 CHDP biology

CHDP, also known as AMP, are small natural peptides characterized from nearly all life forms, with

direct and indirect anti-infective and immunomodulatory capabilities. Some CHDP can directly kill
invading pathogens when present at high concentrations at mucosal surfaces, however the
antimicrobial function of CHDP is antagonized at physiological concentrations by host anionic factors
and divalent cations. CHDP directly alter the properties of immune cells, including migration, antigen
presentation, apoptosis, as well as immune signaling (18-24, 94-100). Moreover, CHDP have
demonstrated ability to play a role in anti-infective immune response or detrimental chronic
inflammation by altering TLR-mediated and cytokine-mediated immune signaling (32, 33, 43, 44, 101-
104). Therefore, these peptides demonstrate highly complex immunomodulatory functions which
promote or suppress inflammation based on environmental stimuli, response kinetics, cell and tissue
type, interaction with different cellular receptors, and the concentration of the peptides (18, 21, 22, 31,
98, 100, 105, 106). The ability to selectively alter pro-inflammatory and anti-inflammatory immune
signaling makes CHDP attractive therapeutic candidates for infectious disease, wound healing, and
chronic inflammatory disease. A distinct advantage of a CHDP-based therapy would be the ability to

control inflammation without compromising the ability to resolve infections.

1.2.1.1 History & discovery

The initial discovery of CHDP is attributed to Kiss and Michl in the speckled frog during the 1960s
(107). Further studies in the 1980s identified additional CHDP, including the moth-derived cecropin
(108), amphibian-derived magainin (109), and defensins derived from human neutrophils (110).
CHDP have subsequently been identified across a wide variety of species, including microorganisms,
plants, and invertebrates, to complex amphibians and mammals (19). Currently, the database curating
the diversity of antimicrobial peptides has catalogued over 3,000 peptides with immunomodulatory

and/or antimicrobial properties (111).
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1.2.1.2 Characteristics & structure

CHDP are amphipathic, small peptides (<50 amino acids) with a corresponding a net positive charge
of +2 to +9 at physiological pH. These peptides differ significantly in sequence and structure.
Essentially, CHDP have been classified into four broad structural conformation categories: (1) o-
helical linear peptides; (2) B-sheets with disulfide bridges; (3) cyclic peptides; and (4) peptides with
extended flexible loop structures (18). In vertebrates, CHDP have two unifying features: they are
amphipathic and contain hydrophilic and hydrophobic side chains at opposite sides of the molecules.
The dominant families of CHDP in vertebrates are defensins and cathelicidins (18). The focus hereafter

will be on cathelicidins and the sole human cathelicidin LL-37.

1.2.1.3 Cathelicidin biosynthesis, structure & release/secretion

Cathelicidins are named after the conserved cathelin-like domain in the pro-peptide in this family of
CHDP. Cathelicidins are produced as prepropeptides containing an amino-terminal (N-terminal) signal
peptide, a cathelin-like domain, and the carboxy-terminal mature peptide. The pro-cathelin-like
domain is cleaved off primarily by serine proteases once the peptide is secreted to yield the mature
active peptides (18, 112, 113).

As the conserved feature of cathelicidins is cleaved to yield mature active peptides, family
members have significant variation in sequence and structure. Most cathelicidins are 23-27 amino acid,
a-helical, amphipathic, cationic peptides with a hydrophobic surface allowing interaction and
perturbation of membranes with anionic surfaces. The sole human cathelicidin, LL-37 is an a-helical
peptide and is one of several cleavage products of hCAP18, the product of cathelicidin gene CAMP
(95). In addition, a-helical variants of LL-37 exist in other species, including mouse cathelicidin-
related antimicrobial peptide (CRAMP) (114). In addition to a-helical peptides, there are cathelicidins
with B-hairpin peptide structures (12-18 residues) and one intramolecular disulfide bond (bovine
bactenecin), B-sheet structures (16—18 residues) with two intramolecular disulfide bonds (Protegrins),
and linear cathelicidins (13-39 residues) enriched with specific amino acids (tryptophan-enriched
bovine Indolicidin). Despite structural differences, all cathelicidins are immunomodulatory
antimicrobials with an important role in the regulation of anti-infective and inflammatory responses
(98-100).

1.2.3 LL-37 in infection & inflammation

LL-37-mediated regulation of inflammation is highly complex. LL-37 directly interacts with 16

different proteins in a variety of hematopoietic and non-hematopoietic cell types in the innate and
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adaptive immune systems (21). These receptor or protein partner interactions culminate in pleiotropic
immune augmentation or resolution, including the induction of innate immune gene transcription,
influencing adaptive immune responses, regulation of cell death, direct and indirect leukocyte
recruitment, and intervening in inflammatory signaling such as TLR-NF-kB, based on the cell type,
kinetics of response, and the microenvironment. As a result, the immunomodulatory activity of LL-37

has emerged as a key biological function.

1.2.3.1 LL-37 intracellular receptors & signal transduction

LL-37 possesses complex signaling activity which targets multiple receptors simultaneously. LL-37
directly interacts with 16 proteins in various cell types, including P2X7R, JNK, SPL1, ELANE,
CREB1, FOS, GAPDH, VDR, JUN, IGF1R, KLKS5, PGC, KLK7, PRTN3, CTSG, and FOS (21). In
turn, these interacting protein partners or receptors interact with more than 1,000 secondary effector
proteins and alter the expression of over 900 genes (21). Recent literature speculates that the wide
range of immunity-related functions mediated by LL-37 may depend on its interaction with protein
partner(s) which in turn control diverse or opposing downstream responses (32). The specific
receptors, signaling cascades, resulting protein signatures, and biological activities altered in innate

immune cells, including AEC, is still being delineated.

1.2.3.2 LL-37-mediated immunological activity

The ability of LL-37 to induce chemokine release and enhance recruitment of leukocytes has been
defined as a primary immunomodulatory mechanism (18). LL-37 directly enhances the recruitment of
human monocytes, neutrophils, and T-lymphocytes by activating the seven-transmembrane GPCR,
formyl peptide receptor 1 (FPRL1) (28). In addition to acting as a chemoattractant, and recruiting
leukocytes directly, LL-37 enhances indirect recruitment of leukocytes by inducing cytokine and
chemokine production in innate immune cells. In human macrophages and peripheral blood
mononuclear cells (PBMC), LL-37-induced transcription of chemokine genes CCL4, CCL20, CXCL1
occurred in a GAPDH-dependent manner (44). Further, LL-37-mediated production of chemokines
GROa and IL-8 occurs in a Cdc42/Racl RhoGTPase-dependent manner engaging GPCRs and results
in the enhanced recruitment of monocytes and neutrophils, however LL-37-mediated anti-
inflammatory response is independent of this mechanism (32). Furthermore, LL-37 can also mediate
induction of cytokine and chemokine genes in non-hematopoietic cells. In human synovial cells, LL-
37 induces the transcription of IL6 and IL17A (115). In keratinocytes, LL-37 induces expression of IL6
and IL23A (116). In AEC, LL-37-mediated secretion of chemokines GROa and IL-8, as well as
cytokine IL-6, is associated with NF-xB signaling subunits, p65 and p50 (117). Although LL-37-
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mediated induction of chemokines and cytokines is well documented in non-hematopoietic cells, the
precise impact of enhanced chemokine production on immune cell recruitment during inflammation is

not well understood.

LL-37 not only recruits leukocytes, but also influences their function at inflammatory sites.
LL-37 can directly recruit neutrophils and influence the function of neutrophils to modify infection
outcomes (28, 29, 118). For example, LL-37 enhances release of defensins and ROS in neutrophils
(119-121). In addition to being recruited to sites of local inflammation by LL-37, neutrophils store,
produce and secrete LL-37 (112). LL-37 is released during neutrophil degranulation and/or NET
release and contributes to NET-mediated anti-infective effects (19, 122). Furthermore, LL-37
facilitates NET formation (123), which may lead to a positive feedback loop during inflammation.
However, the impact of LL-37 on neutrophils may be time- and/or context- dependent as LL-37
promotes internalization of chemokine receptors CXCR2 on monocytes and neutrophils, consequently
dampening chemotaxis (119). Therefore, the precise relationship between LL-37-mediated functions
on neutrophil recruitment and activation is an active area of investigation and not completely

understood.

In addition to directly recruiting T cells (28), LL-37 can modulate APC function to alter
adaptive immunity. LL-37 shapes the adaptive response via modulation of DC differentiation and
function in vitro (37, 38) and in vivo (39). LL-37 promotes DC activation (40, 41) and enhances the
activation/proliferation of B cells by activating follicular DC (42). Furthermore, LL-37 alters the
phenotype of DC by significantly up-regulating endocytic capacity, modifying phagocytic receptor
expression and function, up-regulating costimulatory molecule expression, enhancing secretion of
Thl-inducing cytokines, and promoting Thl responses (37). LL-37 can also shape the adaptive
immune response by altering the differentiation of Th subsets directly: LL-37 enhances differentiation
of IL-17A/F-producing Th17 cells, while limiting differentiation of Th1 cells (124).

LL-37 can influence the mode of cell death and subsequently alter inflammation and infection.
As different modes of cell death have important roles in maintaining immune homeostasis, LL-37
exhibits the ability to alter cell death properties and amplify or suppress inflammatory responses. As
such, LL-37-mediated regulation of neutrophil cell death can induce rapid secondary necrosis of
apoptotic neutrophils (125), consequently limiting pro-inflammatory contributions from macrophage
(126, 127). Moreover, LL-37 can also target AEC to alter the properties of cell death. LL-37 can enter
lung epithelial cells (128) and trigger apoptosis in vitro and in vivo (34, 35). Further, high
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concentrations of LL-37 preferentially induce death in infected epithelial cells represents an additional
anti-infective mechanism (35, 36). Therefore, LL-37-mediated regulation of cell death has the potential
to change the magnitude and resolution of inflammatory responses, based on peptide concentration

and extracellular stimuli.

1.2.3.3 LL-37-mediated immunomodulation

LL-37 and the mouse analog CRAMP shows both pro-inflammatory and anti-inflammatory effects in
anti-infective immunity. For example, LL-37 contributes to anti-infective immunity through the
resolution of infection by enhancing pro-inflammatory innate immune response to pathogens (36, 118,
123, 129-131). In contrast, LL-37-mediated anti-inflammatory effects have also been demonstrated
during inflammatory and/or pathogenic challenges: several studies demonstrate that cathelicidin-
deficient mice exhibit enhanced inflammatory responses compared to wildtype mice (121, 132, 133).
Additional in vitro studies have demonstrated this dichotomy in hematopoietic cells, including
monocyte-like cells and PBMC where LL-37 simultaneously upregulates the production of
chemokines and anti-inflammatory cytokines, while suppressing pro-inflammatory protein production
in the context of endotoxin-mediated signaling (32, 33, 44, 103, 134-136). However, the outcome of
LL-37-mediated regulation of immune responses seems to be context dependent and contingent on the
inflammatory and cellular environment. For example, studies which detail properties of LL-37 in non-
hematopoietic cells focus primarily on LL-37-mediated increases in chemokines and pro-inflammatory

cytokines without detailing the impact on anti-inflammatory cytokines (115-117).

As cytokines are dominant regulators of inflammation in chronic inflammatory disease, the
ability of LL-37 to alter cytokine-mediated inflammation in hematopoietic and non-hematopoietic
immune cells have also been investigated. LL-37 selectively regulates inflammation in the presence of
cytokine-mediated inflammation. For example, LL-37 suppresses IL-32-induced pro-inflammatory
cytokines TNF-o, IL-6 and IL-1B and enhances anti-inflammatory cytokine IL-1RA through
suppression of Fyn (Y420) Src Kinase signaling in human macrophages and PBMC (43). Further, LL-
37 can selectively synergize with pro-inflammatory cytokine IL-1f to enhance specific cytokines (e.g.,
IL-6), chemokines (e.g., MCP-1, MCP-3), and anti-inflammatory cytokines (e.g., IL-10) in human
PBMC (104). In non-hematopoietic innate immune cells, LL-37 synergizes with pro-inflammatory
cytokines to induce transcription of innate immune genes. For example, combination of LL-37 and IL-
17A induce the transcription of prostaglandin-endoperoxide synthase 2 (PTSG2) and TNF« in a

human synovial sarcoma cell line (115). Additionally, LL-37 in combination with IL-1(
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synergistically increases IL-8 production in AEC (137). The anti-inflammatory properties of LL-37
during cytokine-mediated inflammation in non-hematopoietic immune cells requires further

investigation.
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1.2.2.4 Citrullinated LL-37

Enzymes in the extracellular environment can alter the biological function of LL-37. Limited studies
have shown that LL-37 undergoes specific post-translational modifications (PTM) which can modify
its biological activities. One such modification is citrullination, the conversion of arginine residues to
citrulline by peptidyl arginine deiminases (PAD) enzymes which are enhanced in inflammatory
conditions. In vitro and in vivo studies have demonstrated that one to five arginine residues in LL-37
can be converted to citrulline (138-140). In vitro, activity of recombinant human PADI2 and PADI4
enzymes resulted in a time- and dose-dependent citrullination of LL-37 (139). It has been shown that
citrullination alters biological activities of LL-37, such as decreasing the ability of the peptide to
neutralize LPS and consequent pro-inflammatory mediators (139-141), as well as significantly
attenuating anti-bacterial (138, 139) and anti-viral properties (142), compared to native LL-37.
Additionally, LL-37-mediated suppression of pro-inflammatory mediator production in response to
lipoteichoic acid and poly(1:C) is also mitigated by citrullination (140). Moreover, citrullination of LL-
37 increases serum levels of IL-6, as well as exacerbates sepsis, morbidity, and mortality in a mouse
model of d-galactosamine—sensitized endotoxin shock (140). Finally, citrullinated LL-37 (citLL-37)
possesses higher chemotactic ability against mononuclear leukocytes (139). Therefore, citrullination
appears to suppress the anti-inflammatory capability of LL-37 during infection. Some studies have
suggested that citLL-37 may limit inflammation by converting apoptotic neutrophils into a state of
secondary necrosis (125-127, 139). The impact of citrullination on the biological activities of LL-37
warrants detailed investigation as this PTM is associated with inflammation, and LL-37 can mediate

both effector and regulatory activity in inflammatory diseases.

In summary, the broad capabilities of LL-37 to supress the abundance of pro-inflammatory
cytokines while enhancing chemokines and anti-inflammatory cytokines have led to speculation that
LL-37 selectively regulates inflammation, promotes balanced immune responses, and therefore plays
a critical role in promoting immune homeostasis (19). The ability of LL-37 to promote immune
homeostasis, along with its altered abundance in chronic inflammatory diseases has led to
investigations into the role of LL-37 in regulating cytokine-mediated inflammation in the context of

chronic inflammatory disease.

1.2.4 LL-37 in health & disease

The abundance of LL-37 is altered chronic inflammatory disease, including rheumatoid arthritis (102,

143), psoriasis (144), systemic lupus erythematosus (145), as well as chronic lung diseases

characterized by neutrophil accumulation in the lung (139, 146-148). In particular, the relationship
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between LL-37 and chronic inflammation is well documented in respiratory disease and rheumatoid
arthritis (RA).

1.2.4.1 Rheumatoid arthritis

LL-37-derived peptides have been investigated in the context of RA. 1G-19, the internal segment of
human cathelicidin has been shown to suppress inflammation in a mouse model of collagen-induced
arthritis (CIA) (101, 102). Specifically, 1G-19 reduces cellular infiltration in joints, prevents cartilage
degradation, and suppresses pro-inflammatory cytokines in the CIA mouse model. Furthermore,
administration of 1G-19 significantly decreases the abundance of CHDP in the joints, including mouse
cathelicidin CRAMP, S100A8, and S100A9 proteins in CIA mice (102). Clinical studies have shown
that LL-37 is increased in the joints in RA, wherein the role of the peptide in disease pathogenesis is
not well understood (149).

1.2.4.2 LL-37, airway inflammation, and asthma

LL-37 is increased in individuals with chronic respiratory diseases, including chronic obstructive
pulmonary disease (COPD) and asthma (139, 146-148). LL-37 abundance in chronic inflammatory
lung diseases may be dependent on neutrophil accumulation. In a mouse model of mixed neutrophilic
and eosinophilic lung inflammation, cathelicidin was decreased compared to naive controls (102).
However, additional studies have demonstrated that LL-37 abundance positively correlates with the
presence of neutrophils and NET (147), a critical component of Th17-mediated neutrophilic asthma
(150). Individuals with neutrophilic asthma and COPD had significantly higher levels of LL-37,
extracellular DNA (eDNA), and NE compared to individuals with non-neutrophilic asthma as well as
healthy controls. Furthermore, cathelicidin potentiates Th17 but suppresses Thl differentiation in the
airways, by enhancing aryl hydrocarbon receptor (AHR) and retinoic acid receptor-related orphan
receptor-yt (RORyt) expression in a TGF-B1-dependent manner (124). In addition to native LL-37,
citLL-37 has also been detected in the bronchoalveolar lavage (BAL) in healthy individuals (138) and
is increased in chronic respiratory disease, including COPD (139). The effect of citLL-37 in the lungs

in chronic inflammatory disease has not been characterized.
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1.3 Cytokine-mediated airway inflammation & disease:
1.3.2 Interleukin-17 biology

1.3.2.1 History, discovery, characterization, and evolutionary significance

IL-17 is a highly complex pro-inflammatory cytokine crucial for a variety of processes, including host
defense, tissue repair, as well as the pathogenesis of inflammatory disease (151). IL-17 was first
discovered as the 1117a gene in T cells, as an expressed transcript which shared homology with an open
reading frame in Herpesvirus saimiri (152). IL-17A (originally named CTLAS8) was first cloned in
1993, with the gene for its receptor cloned 2 years later. As of 2005, Th17 cells were observed as a
distinct lineage of cluster of differentiation (CD)4+ T cells characterised by expression of IL-17A
under the influence of transcription factor RORyt (153-157). Subsequent studies determined that IL-
17A (also often denoted as IL-17) is a member of a distinct cytokine family containing five additional
members, which include IL-17A, IL-17A/F, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F. The focus
of this thesis will be on pro-inflammatory cytokine IL-17A/F heterodimer, which is a biologically active

member produced by Th17 cells.

1.3.2.2 IL-17R & IL-17R family members

Human IL-17A is a 155-amino acid secreted glycoprotein which represents a family of homologous
proteins (158). IL-17A is most similar in structure and function to IL-17F, which shares 50% sequence
homology and consists of 158 amino acids. In addition to IL-17A and IL17F homodimers, these
subunits can form a heterodimer called IL-17A/F. IL-17A, IL-17F, and IL-17A/F all facilitate the
induction of similar gene expression profiles upon activation of the IL-17 receptor (IL-17R), albeit at
different magnitudes: IL-17A is the most potent, followed by IL-17A/F, then IL-17F, as measured by
downstream gene activation upon IL-17R activation (159, 160).

Other members of the IL-17 family, including IL-17B, IL-17C, IL-17D, and IL-17E (also
known as IL-25) are functional and structurally diverse (161). IL-17C and IL-25 are the best
characterized cytokines in this poorly understood subset. IL-17C is released by epithelia after
stimulation by pro-inflammatory cytokines IL-1f and TNF-a., or through cell damage sensed by PRR,
including TLR2 and TLR5 (162). Subsequent release of IL-17C enhances IL-17A and IL-17F release
from Th17 cells and drives Th17-mediated inflammation (163). In addition to activating Th17 cells,
IL-17C functions in an autocrine manner to enhance the induction of by IL-17A-, IL-17F-, and IL-
17A/F-mediated gene targets in non-hematopoietic innate immune cells (163). IL-17E promotes Th2-

rather than Thl7-mediated inflammation, in part by inhibiting Th17-polarising cytokine release
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including 1L-23, IL-1B and IL-6 (164). Subsequent sections will highlight the biological and

mechanistic activity of heterodimer IL-17A/F.

1.3.2.3 Cellular sources of 1L-17

IL-17A, IL-17F, and IL-17A/F are produced by a number of different cells. Firstly, IL-17 release
defines the distinct CD4+ Th17 cell lineage (154, 155). Differentiation of the Thl7-cell lineage
requires antigen presentation on major histocompatibility complex (MHC) class Il accompanied by a
specific cytokine milieu, including IL-6, IL-1B, TGF-B, IL-21, and IL-23 (155, 161). In addition to
Th17 cells, IL-17 is produced by a functionally diverse group of cells restricted by a range of
nonclassical MHC-like molecules (165, 166), including CD8+ (Tc)17 effector cells, yo-T cells,
Natural Killer T (NKT) cells (167), Mucosal-Associated Invariant T (MAIT) cells (168, 169), and type
3 innate lymphoid cells (ILC)-3 (158, 170-172). Furthermore, B cells can also produce IL-17A and IL-
17F in a temporally separated manner, wherein IL-17A is released earlier (induced by TGF-f and IL-
23) and IL-17F later (induced by IL-23 and IL-6) (173). In addition to adaptive immune cells, a variety
of innate immune cells secrete IL-17, including neutrophils (174) and macrophage (153). Ultimately,
a multitude of different leukocytes produce IL-17A, IL-17F, and IL-17A/F, but the quantities, kinetics
and signals which instruct the release of these cytokines are incredibly diverse and require further

investigation.

1.3.3 IL-17 receptor biology & signal transduction pathways

1.3.3.1 IL-17 receptor structure & binding domains

IL-17 signal transduction pathways, downstream gene induction, and protein production are dependent
on the binding and activation of specific IL-17R subunits. The expression of these subunits is restricted
to specific cell moieties, and therefore alters the impact of IL-17-mediated inflammation. IL-17A, IL-
17F, and IL-17A/F signal through the IL-17RA and IL-17RC receptor subunits to mediate downstream
inflammatory responses (160, 175). IL-17RA is ubiquitously expressed, but IL-17RC expression is
restricted to non-hematopoietic cells and limits IL-17-mediated inflammation to structural cells,
including AEC (176, 177). Although IL-17A, IL-17F, and IL-17A/F and signal through IL-17RA and
IL-17RC, only IL-17A can signal through IL-17RD (178). The precise significance of I1L-17A/IL-
17RD interaction is still not fully understood as the expression profile of IL-17RD on immune cells is
not well defined (179).
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IL-17C and IL-17E (IL-25) activate the IL-17RA subunit, but not the IL-17C subunit, altering
the cellular moiety of these cytokines and allowing them to target hematopoietic immune cells (158).
IL-17C signaling is dependent on the IL-17RA-IL-17RE receptor complex, whereas IL-17E signaling
is dependent on the IL-17RA-IL-17RB receptor complex (180, 181). As such, the impact of disparate

receptor expression and activation are still being delineated (178).

1.3.3.3 IL-17-mediated intracellular signaling cascades

Members of the IL-17R family are defined by a conserved region in the cytoplasmic tail known as the
SEF/IL-17R (SEFIR) (182) which is uniquely bound by Nuclear factor kB activator 1 (Actl), the only
other protein containing a SEFIR domain (183-186). Actl contains a tumor-necrosis factor receptor—
associated factor (TRAF)-binding motif that recruits different TRAF to initiate multifunctional
signaling pathways, including the (canonical) induction of IL-17 gene transcripts and the (non-

canonical) regulation of proteins which control longevity of these transcripts (187).

IL-17-mediated induction of target gene transcripts (canonical signaling) is dependent on Act1-
mediated ubiquitylation of TRAF6, which results in the activation of NF-xB as well as mitogen-
activated protein kinase (MAPK) pathways (p38, ERK and JNK) (161, 176). As such, IL-17 target
genes show enrichment for binding sites of transcription factors NF-xB and AP-1 in their proximal
promoters (188). Blocking MAPK and NF-kB pathways typically impair the induction of IL-17-
induced target genes (189). In addition, IL-17RA has a distinct C-terminal region which contains
TRAF-binding sites required for activation of the transcription factor CCAAT/enhancer-binding
protein-5 (C/EBP), another essential factor in the induction of IL-17 target genes (190, 191).

In addition to promoting the induction of target genes, IL-17-mediated inflammatory signaling
increases the stability of mMRNA and therefore the production of effector proteins (176, 180, 188, 190).
Messenger RNA (mMRNA) transcripts encoding inflammatory molecules are often intrinsically unstable,
a property driven by sequences in the 3" untranslated region (UTR) that serve as binding platforms for
RNA-binding proteins (RBP) (192, 193). As a result, RBP can alter the stability of mMRNA transcripts
and the abundance of proteins translated (193, 194). IL-17 alters the abundance, subcellular
localization, and activity of RBP therefore altering the quantity and type of inflammatory mediators

produced.

IL-17-mediated inflammation initiates the regulation of post-transcriptional signaling by Act1-
dependent activation of TRAF2 and TRAFS5, resulting in the activation of RBP (195). RBPs including
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Arid5a, HUR, DDX3X and Actl itself, are activated and increase the expression of IL-17-mediated
pro-inflammatory mRNA (184, 195-198). TRAF2 and TRAF5 also sequester the RNA destabiliser
SF2 (153, 180), preventing degradation of unstable inflammatory chemokine mRNA transcripts (198,
199). Alternatively, IL-17-activated RBP such as the endonuclease Regnase-1 can promote RNA
decay and thereby constrain inflammation (197-199). The net effect of IL-17-mediated activation of
post-transcriptional regulation often depends on the complex interplay of these RBP, which compete
for 3> UTR occupancy on several pro-inflammatory gene transcripts, often in a time- and location-
dependent manner (197, 200, 201). Moreover, the activity of RBPs does not affect all IL-17-induced
MRNASs in the same way (151). For example, IL-17 induces the expression of both Arid5a and
Regnase-1 in an NF-kB-dependent manner (188, 197, 200-203). However, Arid5a promotes the
translation of specific IL-17 target mRNAs, including NFKBIZ and CEBPB (197), and thereby
amplifies 1L-17-mediated responses (188, 202). Conversely, Regnase-1 promotes degradation of
NFKBIZ as well as 116, 1117ra, and 1117rc (200). In addition, regulation of Regnase-1 is dynamic;
Regnase-1 activity may be constrained temporarily, allowing inflammatory protein production. This
activity is later followed by a return to function, and therefore immune homeostasis (151, 158, 176,
197, 200, 201). The precise interplay between positive and negative regulators of mRNA binding

proteins in the context of IL-17-mediated inflammation is not fully delineated.

1.3.3.4 IL-17-mediated synergistic signaling pathways

Ultimately, IL-17-mediated regulation of RBP may have a complex role in driving inflammation. In
addition to inducing inflammation alone, IL-17 synergistically enhances protein production in the
presence of other inflammatory mediators (115, 151, 204-208). As IL-17-mediated inflammation is
dependent on the activation of a diverse group of RBP (188, 196, 198, 200, 203, 204, 209-211), the
ability of IL-17 to signal synergistically with a diverse group of inflammatory mediators is thought to
be dependent on activation of specific RBP, and results in the increased half-life of shared target genes
(151). For example, IL-17A augments TNF-a-induced expression of IL6 and CXCL8 in airway smooth
muscle (ASM) cells (212, 213). However, the precise mechanisms which contribute to IL-17-mediated

synergy with other pro-inflammatory cytokines in inflammation are still not completely understood.

1.3.4 IL-17-mediated requlation of inflammation

The ability of IL-17 to induce inflammation alone, and in combination with other pro-inflammatory
cytokines, makes it an integral component of anti-infective immunity to pathogens (214). IL-17 plays

a role in immune responses which control bacterial and fungal infections by promoting epithelial
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barrier integrity, CHDP production, and the recruitment of leukocytes to sites of inflammation (215,
216). However, the ability of IL-17 to initiate and propagate inflammation have implicated IL-17 in a

variety of chronic inflammatory diseases, including psoriasis, multiple sclerosis, and asthma.

1.3.4.1 Epithelial barrier protection

IL-17-mediated biological activity is essential for maintaining barrier protection. In addition to
regulating the proliferation and differentiation of epithelial cells (217, 218), IL-17-mediated biological
activity regulates the abundance of proteins which control permeability of mucosal surfaces, called
tight junctions (219). In the intestinal epithelium, IL-17A produced by y3-T cells regulate the cellular
localization of the tight junction protein occludin in an Act-1 dependent manner to limit excessive gut
permeability during epithelial injury (220). Conversely, in human corneal epithelial cells, 1L-17
induces a structural and functional disruption of the epithelial barrier by decreasing Zonula occludin
(Z0)-2 protein expression (221). Although these mechanisms may be tissue specific, IL-17-mediated
alterations to tight junction proteins have been suggested as a mechanism promoting homeostasis

during infection and chronic inflammation (161).

1.3.4.2 CHDP / AMP

IL-17 drives anti-infective immunity at epithelial surfaces by inducing the release of CHDP / AMP,
including Lipocalin (LCN)-2 and B-defensin (161). IL-17 induces the production of LCN-2 (200, 202)
which is required for pulmonary host defense against Klebsiella infection (215) and protective against
E. coli based pneumonia (222). In addition, IL-17A and IL-17F were shown to be required for
CRAMP, mouse p-defensin (mBD)-3 and mBD-14 expression in response to a mouse model of S.
aureus colonization in vivo (223). In addition to being directly antimicrobial, these peptides are also
immunomodulatory molecules (CHDP) which recruit leukocytes to sites of inflammation. For
example, human B-defensin-2 (hBD)-2 recruits CCR6+ cells to the sites of inflammation (27), whereas
LCN-2 promotes the recruitment and activation of neutrophils at sites of inflammation (200, 202, 223,
224).

1.3.4.3 Indirect cellular recruitment

In addition to contributing to anti-infective immunity through the induction of CHDP/AMP genes, IL-
17 drives the production of neutrophil-recruiting chemokines, including CXCL1, CXCL5, CXCLS8, and
CCL2 in non-hematopoietic innate immune cells (158, 225-227). Furthermore, IL-17 induces

granulocyte—-macrophage colony-stimulating factor (GM-CSF), thereby driving neutrophil production
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in the bone marrow (228). In addition to recruiting neutrophils, IL-17 induces the production of
CCL20, which recruits IL-17A-producing TH17 CCR6+ cells (229). Ultimately, the ability of IL-17
to recruit additional IL-17 producing leukocytes, including neutrophils and Th17 cells during
inflammatory events may contribute to detrimental positive feedback loops in chronic inflammatory

disease.

1.3.5 IL-17-mediated pathophysiology

1.3.5.1 Associations of IL-17 with chronic inflammatory disease
Although transient and regulated IL-17 biological activity elicits physiological responses for host
defense and tissue repair, chronic IL-17 activity orchestrates pathophysiological responses in chronic

inflammatory diseases, including psoriasis, multiple sclerosis, and asthma (151, 158).

Psoriasis is a common, chronic inflammatory skin disease characterised by painful plagues on
the skin (230). Data from pre-clinical mouse models (231, 232), genetic studies (233), clinical data
(162, 234), and therapeutic trials (235, 236) suggest that Th17-mediated inflammation is the dominant
pathological process in psoriasis. In mice, therapeutic blockade of Thl7-polarizing cytokine IL-23
limits pathogenesis and disease progression (231). Similarly, mice lacking IL-17RA are resistant to
imiquimod-induced psoriasis (232). In genetic studies, risk alleles upstream and downstream of IL-17
expression are associated with psoriasis (233). Moreover, IL-17A, IL-17F, and IL-17C are elevated in
active psoriatic lesions in humans (162, 234). Biologics targeting the IL-17 pathway are highly
effective in psoriasis, wherein IL-17A blockade by secukinumab and ixekizumab or IL-17RA blockade

by brodalumab (235) alleviate clinical symptoms of the disease.

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS)
characterized by damage to demyelinated axons, leading to loss of myelin sheath which provides
insulates electrical impulses along nerves (237). Continual damage caused by inflammatory processes
in the CNS lead to transient or permanent neurological damage and therefore dementia (238). The
pathogenesis of MS is primarily investigated in preclinical studies using a model of an analogous
disease in mice, Experimental Autoimmune Encephalitis (EAE) (239, 240). In EAE, activation of
innate immune cells by PAMP and/or DAMP leads to the production of cytokines which promote the
differentiation of Thl and Th17 cell populations, including IL-1, IL-6, IL-12, IL-18, and IL-23 (241,
242). Myelin-specific Thl and Th17 cells then produce inflammatory cytokines which induce glial
cells to produce Thl7 target genes, including inflammatory mediators, chemokines, matrix

metalloproteinases, and free radicals (241). Ultimately, this inflammatory cascade leads to myelin
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damage and neurological deficits (237). IL-17 has also been identified as a causative cytokine due to
its increased abundance in MS plaques collected at autopsy (243), as well as serum samples of patients
experiencing relapses and/or remission (244-246). Early-stage clinical trials are underway to
investigate the impact of 1L-17A-neutralizing antibodies in MS (247).

1.3.5.2 IL-17, airway inflammation, chronic respiratory disease, and asthma
Data from pre-clinical mouse models (248-250), in vitro studies (87, 251-254), genetic analyses (255-
257), and clinical data (258-261) have implicated IL-17 as a critical cytokine in the pathogenesis of

neutrophilic and/or treatment unresponsive asthma.

Clinical data demonstrates that the presence of IL-17A in asthmatics positively correlates with
disease severity, IL-8 abundance, and neutrophilic inflammation in the lungs (258-263). In addition to
promoting neutrophilic inflammation in the lung, IL-17A may also contribute to decreased lung
function, as shown by weak negative correlation between IL-17A and forced expiratory volume in 1
second (FEV1) in human BAL (263). Furthermore, IL-17A enhances smooth muscle cell contractility
with methacholine, suggesting that IL-17A may drive AHR (264). Moreover, IL-17A may promote
allergic inflammation by stimulating the production CCL28 from human bronchial epithelial cells,

thereby increasing the recruitment of IgE-containing B cells (265).

The biological activity of IL-17A, IL-17F, and the heterodimer IL-17A/F is increased in asthma
(266-271). For example, a previous study demonstrated that mucosa airway biopsies of patients with
neutrophilic asthma have increased expression of both IL-17A and IL-17F (268). While IL-17F-
producing Thl7 cells are increased in the lung submucosa of both eosinophilic and neutrophilic
asthmatics, IL-17A-producing Th17 cells are only increased in eosinophilic asthmatic subjects (270).
These studies suggest that the heterodimer IL-17A/F is more likely to be enhanced in severe asthma,

compared to IL-17A alone.

In addition, there is further direct evidence that IL-17F is a key molecular determinant in the
development of asthma; mutations in IL-17F genes increase the probability of developing asthma and
increased abundance of IL-17F in vivo enhances neutrophil recruitment to the lung and amplifies

pulmonary inflammation (272).

IL-17 receptors are widely expressed in lung tissues of asthmatic individuals. In children with

severe treatment-refractory asthma IL-17RA-positive cells are enriched in the submucosa and
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epithelium (273). Furthermore, stimulation of these individuals’ bronchial epithelial cells with IL-17A
enhances mMRNA expression of IL17RA and IL17RC (273). Human lung endothelial cells also express
IL17RA and IL17RC and release the neutrophil chemoattractant CXCLL1 in response to both IL-17A
and IL-17F (274). Moreover, human eosinophils express both IL17RA and IL17RC, and release
neutrophil chemokines in response to IL-17 stimulation (275). Although many lung cells have IL-
17RA and IL-17RC receptors, the differential expression and precise contributions to airway disease

have not been fully examined (161).

Exacerbations are a major cause of morbidity and mortality in asthmatics (276). In asthmatics,
exacerbations may be induced by viruses and environmental exposures. Viral-induced exacerbations
are commonly characterised by neutrophilic inflammation (277, 278) suggesting the activation of IL-
17-producing cells. Moreover, diesel fume exposure and cigarette smoke are associated with increase
in IL-17A abundance and neutrophilic inflammation in the lungs in asthma (279, 280). IL-17F-
producing bronchial cells also contribute to exacerbations via the promotion of airway neutrophil

accumulation in the lung (77, 281).

Corticosteroids are effective in reducing symptoms and exacerbations in asthma and have
multiple anti-inflammatory effects. However, Th17-mediated neutrophilic asthma is less responsive to
corticosteroids (282-285). Pre-clinical mouse models of ovalbumin (OVA)-induced Th2-mediated
inflammation and AHR are sensitive to dexamethasone (285, 286), whereas dexamethasone has been
shown to promote and maintain Th17-mediated inflammation (286). In bronchial epithelial cells, IL-
17A reduces the sensitivity of neutrophil chemokine IL-8 to suppression by budesonide by activating

P13K signal transduction pathway and reducing histone deacetylase (HDAC)2 activity (287).

IL-17 has also been implicated as a causative factor in other chronic respiratory diseases,
including COPD (266, 270, 288), which is characterized by chronic bronchitis, emphysema, and
impaired gas exchange in the lung (289). Furthermore, IL-17A is associated with severe, steroid-
unresponsive COPD (266, 290, 291). For example, transcriptomic analysis of COPD patient-derived
AEC cell brushings found upregulation of IL-17 target genes, including CXCL3, CSF3, SAA1 and
CCL20 in approximately one-third of patients with COPD, associated with increased airway
obstruction and decreased responses to corticosteroids (266). Moreover, high concentrations of IL-
17A induce IL-17RA- and IL-17RC- dependent induction of pro-angiogenic factors from mast cells in

severe COPD, potentially contributing to vascular remodeling in the airway (291). Treatments for IL-
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17-associated COPD are still being developed, although IL-17 blockade has been shown to reduce

pathologies triggered by environmental challenges in pre-clinical settings (289).
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1.4 Thesis Overview
1.4.1 Study Rationale

CHDRP are naturally occurring immunomodulatory molecules that play a critical role in immunity.

CHDRP alter signaling events induced by infection and inflammation (18, 21), maintain immune
homeostasis (18), and regulate inflammation mediated by pathogens (36, 118, 129), as well as pro-
inflammatory cytokines (43, 101). The sole human cathelicidin, LL-37, mediates its
immunomodulatory activity through complex interactions with accessory proteins and alteration of
many signalling pathways. LL-37 directly interacts with 16 proteins and receptors, affecting the
activity of more than 1,000 secondary effector proteins, including signaling nodes and transcription
factors, culminating in the altered expression over 900 genes (21, 33, 44, 103). LL-37 levels in the
lungs are altered during chronic respiratory disease (102, 139, 146-148), however the impact of LL-
37 on inflammatory signaling in respiratory disorders characterized by airway inflammation, such as

severe asthma, is not understood.

Asthma affects 3.8 million Canadians and has an annual healthcare expenditure of $2.1 billion
(CAD) per year (70, 71, 292). Asthma is a heterogenous disorder characterized by airway
inflammation, wherein different pathophysiological pathways contribute to different manifestations of
disease (72, 74, 75). Common treatments include ICS, however around 10% of patients do not respond
to these treatments and have chronic disease (73). Severe, steroid-unresponsive disease characterized
by neutrophil predominant lung inflammation is primarily mediated by Th1/Th17-skewed immune
responses, as opposed to Th2-driven inflammation found in eosinophilic asthmatics (76, 77, 79, 85,
93, 150).

Neutrophil-predominant lung inflammation is characterized by the complex interplay of
neutrophils that secrete LL-37 and IL-17-producing Th17 lymphocytes (147, 150). IL-17A/F is a
critical mediator in airway inflammation, which primarily targets structural cells, including bronchial
epithelial cells (176, 180, 197, 200). The IL-17A/F-LL-37-axis in airway inflammation may be a
function of neutrophil accumulation in the lung, as NETs produced by neutrophils are enriched with
complexes of extracellular DNA and LL-37 (147). Moreover, formation of NET can further enhance
Th17-induced responses (IL-17 production) and increase LL-37 in the airways (150). Furthermore,
LL-37 has been shown to specifically enhance IL-17A/F-producing Thl7 cells during airway
inflammation (124). However, the effect of LL-37 on IL-17A/F-mediated protein changes and
signaling networks in airway inflammation is poorly understood. Therefore, in this thesis, | examine

the immunomodulatory activity of LL-37 on IL-17A/F-mediated airway inflammation.
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Figure I1: Interplay of LL-37 and IL-17A/F in Th1/Th17-high airway inflammation, indicative
of severe asthma. Th2-high inflammation (steroid responsive disease) is characterized by eosinophil
accumulation in the lung. Th1l/Th17-high airway inflammation (steroid unresponsive disease) is
characterized by the interplay of neutrophils which secrete LL-37 and IL-17A/F-producing Th17 cells.
This figure created using biorender.com.

1.4.2 General Hypothesis

| hypothesized that LL-37 will selectively alter IL-17A/F-mediated inflammation to limit neutrophil
recruitment in the lung; LL-37 will suppress the production of select IL-17A/F-mediated pro-
inflammatory mediators in vitro in bronchial epithelial cells and in vivo in a mouse model of

neutrophilic airway inflammation.

1.4.3 Specific Aims

This thesis aimed to (1) characterize IL-17A/F-mediated inflammation (in the presence/and absence

of other pro-inflammatory cytokines) in bronchial epithelial cells, (2) define regulation of IL-17A/F-
mediated inflammatory signaling by LL-37 in bronchial epithelial cells and (3) validate these processes

in a physiologically relevant mouse model of neutrophilic airway inflammation.
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Chapter 2: Materials & Methods

2.1 Reagents:

2.1.1 Peptides
Sequences of the human Cathelicidin LL-37, Citrullinated LL-37 (citLL-37), and scrambled control

peptide sLL-37 are shown in Table I, below. Peptides LL-37 and sLL-37 were manufactured by CPC
Scientific (Sunnyvale, CA, USA). citLL-37 was obtained from Innovagen AB (Lund, Sweden). All
peptides were reconstituted in endotoxin-free E-Toxate™ water to obtain desired concentrations,
aliquoted, and stored at -20°C in glass vials until use. Peptides were used within 3 months of
reconstitution. Peptides were thawed at room temperature, sonicated for 30 seconds, then vortexed for
15 seconds before use. In cell culture experiments, peptides were diluted to desired concentrations in
airway epithelial cells basal medium containing 6 mM L-glutamine without growth factors to final

concentrations as indicated.

Table I. Peptide Sequences.

Peptide Sequence
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES
citLL-37 LLGDFF(Cit)KSKEKIGKEFK (Cit)IVQ(Cit)IKDFL(Cit)NLVP(Cit) TES
sLL-37 RSLEGTDRFPFVRLKNSRKLEFKDIKGIKREQFVKIL

2.1.2 Cytokines, Chemical Inhibitors & Antibodies
Recombinant human cytokines IL-17A/F (carrier free; Cat # 5194-1L-025/CF), TNF-o (Cat # 210-TA)
and IFN-y (Cat # 285-1F) were all obtained from R&D Systems (Oakville, ON, CA).

Pharmacological inhibitors, phosphoinositide 3-kinase (PI3K) inhibitor LY294002 (Cat #
S1177), protein kinase-C (PKC) inhibitor GO6976 (Cat # S7119), MAPK/ERK kinase (MEK)
inhibitor PD98059 (Cat # S1105), SRC inhibitor 1 (Cat # S6567), and SRC inhibitor Dasatinib (Cat #
S1021) were obtained from SelleckChem (Burlington, ON, CA). The inhibitors were used at a
concentration range according to the manufacturer’s instructions. Selected inhibitors were
reconstituted in DMSO (then diluted in airway epithelial cells basal medium containing 6 mM L-
glutamine without growth factors to a final dilution of <1:2000 (v/v). Cells were pre-treated with

selected inhibitors one hour prior to cytokine stimulation.
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Antibodies specific to human LCN-2 (Cat # ab41105), Elafin (Cat # ab184972), Cathepsin S
(Cat # ab134157), Cathepsin V (Cat # ab24508), MCPIP1/Regnase-1 (Cat # ab97910), were obtained
from Abcam (Toronto, ON, Canada). Antibodies specific to human NF-kB p65 (Cat # 8242S),
phospho-IKKa/B D14E12 (Cat # 2697S), IkB-C (Cat # 9244S), C/EBPp (Cat # 3082S), phospho-SRC
(Cat # 2101S), phospho-AKT(T308) (Cat # 13038S), and phospho-AKT(S473) (Cat # 4060S) were
obtained from Cell Signaling Technology. The antibody specific to human Arid5a (#HPA023879) was
obtained from Sigma (Toronto, ON, Canada). Anti-human actin antibody (Cat # MAB1501R) was
obtained from Millipore (Burlington, MA, USA). Antibodies specific to anti-mouse LCN-2 (Cat #
ab70287), IL-17 (Cat # MAB421-100) and TNF-o (Cat #ab1793) were all obtained from Abcam
(Toronto, ON, Canada). HRP-linked purified anti-rabbit 1gG- (Cat # 707S) and anti-mouse 1gG- (Cat
# 7076S) secondary antibodies were all obtained from Cell Signaling Technology (distributed by New
England Biolabs, ON, Canada). HRP-linked purified anti-goat 1gG- (Cat # ab97110) was obtained
from Abcam (Toronto, ON, Canada).

2.2 Human Bronchial Epithelial Cell Cultures:

2.2.1 HBEC-3KT cell line

Human bronchial epithelial cell (HBEC)-3KT cell line was obtained from American Type Culture
Collection (ATCC® CRL-4051™), HBEC-3KT were cultured in airway epithelial cell basal medium
(ATCC® PCS-300-030™) and supplemented with bronchial epithelial cell growth kit (ATCC® PCS-
300-040™) containing 6 mM L-Glutamine, 4% w/v Extract-P, HLL supplement (containing 500 ug
/mL HSA; 0.6 pg /mL Lecithin; 0.6 uM Linoleic Acid), and Airway Epithelial Cell Supplement
(containing 1.0 uM Epinephrine; 5 pg/mL Transferrin; 10 nM T3; 5 pg/mL Hydrocortisone; 5 ng/mL

rh-EGF; 5 pg/mL rh-Insulin), according to the manufacturer’s instructions. For passaging purposes,
HBEC-3KT were maintained at ~80% confluency, trypsinized with 1:3 dilution of 0.5% trypsin-EDTA
(Invitrogen™, Life Technologies Inc, Burlington, ON, Canada) in PBS (Gibco), neutralized with 2%
FBS (Gibco) in PBS before culturing HBEC-3KT in new T75 flasks or cell culture dishes. HBEC-3KT
at ~80% confluency was used for cell stimulation experiments. Culture medium was changed to AEC
basal medium containing 6 mM L-glutamine without growth factors, 24 h prior to stimulation with

various cytokines and/or peptides as indicated.

2.2.2 Primary Bronchial Epithelial Cells

Human primary bronchial epithelial cells (PBEC) were isolated from resected tumor-free lung tissues

obtained from four anonymized donors (n=4) undergoing lung resection surgery for lung cancer at the
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Leiden University Medical Centre (LUMC; The Netherlands), as previously described (45, 293). These
cells were obtained in collaboration from Dr. Pieter Hiemstra’s research group at LUMC. The use of
available lung tissue for research occurred within the framework of patient care detailed in the “Human
Tissue and Medical Research: Code of conduct for responsible use” (2011) (www.federa.org), which
describes opt-out procedures for coded anonymous use of these tissues. PBEC were expanded in T75
flasks pre-coated with coating media (containing 30 ug/mL PureCol (Advanced Biomatrix, California,
USA), 10 pg/mL fibronectin (Sigma), 10 ug/mL bovine serum albumin (BSA; Sigma) in PBS
(Gibco)), and maintained in supplemented keratinocyte serum-free medium (KSFM; Gibco)
containing 0.2 ng/mL epidermal growth factor (EGF; Life Technologies), 25 ug/mL bovine pituitary
extract (BPE; Gibco), 1 uM isoproterenol (Sigma), and 1:100 dilution of antibiotics Penicillin and
Streptomycin (Lonza), until ~80% confluent. PBEC were trypsinized with 0.3 mg/mL trypsin (Gibco)
containing 0.1 mg/mL EDTA (Gibco), 1 mg/mL glucose (Gibco) and 1:100 dilution of Penicillin and
Streptomycin, in PBS. PBEC were seeded at a density of 5000/cm? in TC plates pre-coated with
coating media (as described above). PBEC were cultured with a 1:1 mixture of supplemented
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) with a 1:40 dilution of HEPES (Invitrogen),
and basal bronchial epithelial cell medium (ScienCell) containing bronchial epithelial cell growth
supplement (ScienCell), a 1:100 dilution of Penicillin/Streptomycin and 1 nM of a light stable analog
of retinoic acid, EC-23 (Tocris, UK). PBEC were cultured to a maximum of ~80% confluency with
the culture medium replaced every 48 h. Culture medium was replaced 24 h prior to stimulation with

various cytokines with medium without EGF, BPE, BSA and hydrocortisone (starvation media).

2.3 Mouse models of acute airway inflammation:

2.3.1 Mouse model of House Dust Mite (HDM)-challenged airway inflammation

HDM-challenge protocol used in this study was previously described by us (45, 294, 295), approved
by the University of Manitoba Animal Research Ethics Board, and compliant with ARRIVE guidelines
for in vivo animal research (296). Female BALB/c mice (6 to 7 weeks) were obtained from the Genetic
Modeling of Disease Centre (University of Manitoba), randomly sorted, and housed with maximum 5
mice per cage in the central animal care facility at the University of Manitoba. After a one-week
acclimatization period, mice were challenged with intranasal (i.n.) administration of ~25 pg (35 pL of
7 pg/mL saline) of HDM protein extract (Greer Laboratories, Lenoir, NC, USA), daily for five
consecutive days per week for two weeks. The HDM used in this study was of low endotoxin content
(<300 EU/mg protein weight). Administration of i.n. HDM were performed in the morning between 9
am and 12 pm. Mice were visually monitored daily for grooming and behavioural abnormalities. Mice
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were anesthetized using 90 mg/kg intraperitoneal (i.p.) sodium pentobarbital and BAL and lung tissue
samples were collected 24 h after the last HDM-challenge studies (45, 294).

2.3.2 Mouse model of HDM- & LPS-challenged neutrophil-skewed airway inflammation

The mouse model of HDM- & LPS-challenge used in this study was previously demonstrated to induce
a profile of IL-17-dependent neutrophilic lung inflammation (150). The challenge protocol used in this
study was approved by the University of Manitoba Animal Research Ethics Board (protocol #18-038)
and experiments compliant with ARRIVE guidelines for in vivo animal research (296). Male and
Female BALB/c mice (6 to 7 weeks) were obtained from Charles River Laboratories, randomly sorted
within sexes, and housed with maximum 5 mice per cage, in the central animal care facility at the
University of Manitoba. Following a one-week acclimatization period, mice were administered (i.n.)
with 25 pg (35 uL of 7 pg/mL saline) of HDM protein extract (Greer Laboratories, Lenoir, NC, USA)
with or without 1 pg LPS (35 pL of 0.03 pg/mL saline), once daily for 3 days (days 0 to 2). Control
groups included mice administered with saline (35 pL), or 1 pg LPS (35 puL of 0.03 pg/mL saline).
Subsequently, mice were rested for 4 days. Beginning on day 7, 25 pg of HDM (as described above)
was administered i.n. for 8 days (days 7 to 14), once daily, to groups previously challenged with either
HDM or combination of HDM and LPS. Mice (i.n.) challenged with saline or LPS were administered
treated with saline control. HDM used in this study was of low endotoxin content (<300 EU/mg protein
weight). Mice were visually monitored daily for grooming and activity. Mouse weight was measured
on days 0 to 3 and on alternating days starting on day 7. Mice were anesthetized using sodium

pentobarbital and samples were collected 24 h after the last HDM-challenge on day 15.
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Figure 111: Mouse Models of Airway Inflammation.

BALB/c mice, 6-7 weeks of age (A) HDM-challenged airway inflammation model; mice were
challenged with intranasal (i.n.) administration of ~25 pg (35 pL of 7 pg/mL saline) of HDM for five
consecutive days per week for two weeks. (B) HDM- & LPS-challenged neutrophil-skewed airway
inflammation model; mice were administered (i.n.) with 25 pug (35 uL of 7 pg/mL saline) of HDM
protein extract with or without 1 pg LPS (35 uL of 0.03 pg/mL saline), once daily for 3 days (days 0
to 2). Beginning on day 7, 25 pg of HDM (as described above) was administered i.n. for 8 days (days
7 to 14), once daily, to groups previously challenged with either HDM or combination of HDM and
LPS. This figure created using biorender.com.
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2.3.3 Cytokine detection in bronchoalveolar lavage fluid (BAL) and lung tissue

BAL and lung tissue were monitored for the abundance of CHDP, cytokines, and chemokines. BAL
samples were centrifuged (150xg for 10 minutes at 4°C) to obtain cell-free supernatant. Lung tissue
specimen from the right lung middle lobe was collected in Tissue Protein Extraction Reagent (T-Per)
(Pierce; ThermoFisher Scientific, Rockford, IL, USA) containing Protease Inhibitor Cocktail (Sigma
Aldrich, Oakville, ON, Canada). Lung tissue was homogenized on ice using the Cole-Parmer LabGEN
125 Homogenizer (Canada Inc, Montreal, QC, Canada). Homogenates were centrifuged (10,000xg at
4°C) to obtain tissue lysates. Protein abundance in the tissue lysates was quantified with bicinchoninic
acid (BCA) Protein Assay (Pierce). BAL and lung tissue lysates were aliquoted and stored at -20°C

until use.

The abundance of a panel of 29 mouse cytokines and chemokines in the mouse model of HDM-
challenged airway inflammation, including IL-17A, IL-17A/F, IL-17F, TNF-a, and KC was measured
in BAL and lung tissue lysates using the V-plex Mouse Cytokine 29-Plex Kit and the multiplex Meso
Scale Discovery (MSD) platform (Meso Scale Discovery, Rockville, MD, USA), as per the
manufacturer's instructions. Data was analyzed using the Discovery Workbench 4.0 software (Meso
Scale Discovery). Abundance of CRAMP (Cat # EKC36669) was measured by ELISA (Biomatik,
Kitchener, Ontario, Canada), and that of LCN-2 (Cat # MLCNZ20) and IL-17A/F (Cat # M17AF0) were
measured by individual Quantikine ELISA assays (R&D Systems, Minneapolis, MN, USA). BAL (50
ulL) was used to assess the abundance of LCN-2 and I1L-17A/F. BAL (100 pL) was used to determine
the abundance of CRAMP. Lung tissue samples were normalized to 50 g of total protein for cytokine

evaluation.

2.3.4 BAL cell differential assessment

Mice were anesthetized using sodium pentobarbital followed by tracheostomy in which a cannula was
inserted into the trachea and lung was washed twice, each time with 1 ml (total 2 ml) of cold saline to
obtain BAL samples. BAL obtained was centrifuged at (150xg at 10 minutes at room temperature
(RT)) and cell differentials were assessed using a modified Wright-Giemsa staining (Hema 3® Stat
Pack, Fisher Scientific, Hampton, NH, USA) using a Carl Zeiss Axio Lab Al (Carl Zeiss, Oberkochen,
Germany) microscope for imaging. Cell differentials were counted blinded by two different individuals

in 8-10 image frames at 20X magnification per slide.
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2.4 High content proteomic approaches:
2.4.1 Slow Off-rate Modified Aptamer (SOMAmMer)-based proteomics
HBEC-3KT were stimulated with IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), IFN-y (30 ng/mL) or

combinations thereof for 24 h. Total cell lysates were prepared in lysis buffer containing M-PER™

(ThermoFisher Scientific, Burlington, ON, Canada) and HALT protease and phosphatase inhibitor
cocktail (ThermoFisher Scientific). Protein concentration was determined by microBCA protein assay
kit (Thermo Fisher Scientific, Massachusetts, USA). 14 ug total protein per sample obtained from five
independent experiments were probed independently using the Slow off-rate Modified Aptamer
(SOMAmer®)-based proteomic array (SomalLogics®-licensed platform at the Manitoba Center of
Proteomics and Systems Biology, Canada). The SOMAmer® V.2 technology uses high affinity
binding aptamer-based probes called SOMAmers™ (Somal.ogic Inc., Boulder CO, USA), with each
aptamer (single strand oligonucleotide that bind to protein) probe binding to a specific human protein.
SOMAmer® V.2 protein arrays were used for profiling the abundance of 1322 protein targets in each
sample. Arrays were processed and analyzed according to the manufacturer’s recommended protocol
(SOMALogic, Inc) and as detailed in previous studies (297-301). Protein abundance was quantified
using the Agilent hybridization array scanner in relative fluorescence unit (RFU), as previously
described (297-301). The RFU readout values were log2-transformed and used for pairwise differential
analysis as indicated in individual figure legends. Heatmap with hierarchical clustering was generated
using the Multi-Experiment Viewer Version 10.2 and GraphPad PRISM 9 was used for visual
representation of changes in protein expression profile.

2.4.2 Analysis of protein abundance profiles

Proteins that were significantly altered by the combination IL-17A/F and TNF-a, compared to either
cytokine alone (obtained from the proteomics data described above), were used for further analyses
using Ingenuity Pathway Analysis (IPA) bioinformatics software (Qiagen), to predict associated
chemical inhibitors. Predicted chemical inhibitors selected for in vitro validation were those that were
predicted by IPA-based informatics analysis to selectively mitigate the production of multiple proteins
induced by the combination of IL-17A/F + TNF-a, as compared to either cytokine alone. In addition,
prediction of over-represented biological pathways (statistically significant pathway enrichment) was
determined by selecting proteins that were significantly enhanced by the combination of IL-17A/F and
TNF-o compared to each cytokine alone, by using an in-house analytical tool which was developed to

compute enrichment specific to the SOMAmMer®-based collection of >1300 proteins in an unbiased
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manner. An enrichment score was used for this analysis which represented the probability that the

submitted collection of proteins would occur within a given biological process due to randomness.

2.5 Immunological and other biological assays:

2.5.1 Cytotoxicity assay

Lactate Dehydrogenase (LDH) release assay was performed to determine cellular cytotoxicity by
monitoring the release of the enzyme LDH in fresh TC supernatants collected after each stimulation.
This was performed using a colorimetric LDH detection assay kit from Roche Diagnostic (Laval, QC,
Canada), according to the manufacturer’s instructions. Briefly, 2% triton X100 (Sigma) was added to
a well containing HEC-3KT cells and incubated at 37°C for 30 minutes for cell lysis and used as a
100% positive control in the LDH assay. 50 uL of cell-free TC supernatant was incubated with LDH
substrate mix, containing catalyst diaphorase/NAD* and tetrazolium salt INT, for at least 30 minutes
at RT. The release of LDH, a cytoplasmic enzyme released due to disruptions in the plasma membrane,
was measured at 490 nm and cytotoxicity was calculated relative to the triton-treated positive control
at 100%.

2.5.2 Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

HBEC-3KT cells were stimulated with cytokines as indicated and total RNA isolated using the Qiagen
RNAeasy Plus Mini Kit according to the manufacturer’s instructions at 6 h. Total RNA was eluted in
RNAse-free water (Ambion) and the concentration and purity of the eluted RNA were determined
using a NanoDrop 2000 Spectrophotometer (ThermoFisher Scientific). mMRNA expression was
analyzed using SuperScript 11l Platinum Two-Step gRT-PCR Kit with SYBR Green (Invitrogen),
according to the manufacturer’s instructions using the ABI Prism 7000 sequence detection system
(Applied Biosystems, CA, USA), as previously described by us (32). Briefly, total RNA (100 ng) was
reverse transcribed in a 20 pl reaction volume for 10 min at 25°C, followed by 50 min at 42°C, after
which the reaction was stopped by incubating the reaction solution at 85°C for 5 min. cDNA was
aliquoted and stored at -20°C until used for qRT-PCR amplification. For qRT-PCR amplification, the
reaction mix containing 2.5 pl of 1/10 diluted cDNA template, 0.5 pl of 10 uM primer mix, 6.25 ul of
Platinum SyBr Green gPCR-Super-Mix UDG with Rox reference. RNase-free water was used to bring
the total volume to 12.5 pl. Primers used for gRT-PCR are detailed below in Table Il. Quantitect
Primer Assays were used for qRT-pCR detection of ARID5A (#QT00049672), ZCH312A
(#QT00229838), NFKBIZ (#QT00049672), CEBPB (#QT00237580) and 18S (#QT00199367) were
obtained from Qiagen. PCR specificity was measured by melting curve analysis. Fold changes were
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calculated using the comparative AACt method (302), after normalization with 185 RNA as the

housekeeping gene (selected as it was unchanged in response to pro-inflammatory cytokines).

Table I1: Primers used for quantitative real-time PCR

Gene Forward Primer (5°-3”) Reverse Primer (5°-3°)

LCN2 CTCCACCTCAGACCTGATCC ACATACCACTTCCCCTGGAAT
IL-8 AGACAGCAGAGCACACAAGC AGGAAGGCTGCCAAGAGAG
CXCL1

(GROW) TCCTGCATCCCCCATAGTTA CTTCAGGAACAGCCACCAGT

P13 (Elafin) TTATCCCTTGTAAATACCACAGACC GCCATACCAATCTTTATGCAGTC
MMP-13 CCAGTCTCCGAGGAGAAACA AAAAACAGCTCCGCATCAAC
18S RNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

2.5.3 Western blots
Cells were washed with cold PBS, scraped from 60 mm TC plates using a 25 cm cell scrapper (VWR)

and collected in phosphate-buffered saline (PBS) containing protease inhibitor cocktail (Cell Signaling
Technology, Massachusetts, USA). To determine the intracellular abundance of AMP, including LCN-
2, Elafin, Cathepsin S, and Cathepsin V, cells were centrifuged at 250xg for 5 min at RT. The cell
pellets were lysed in PBS containing Protease Inhibitor Cocktail (PIC) (New England Biolabs, ON,
Canada) and 0.5% NP40 (Sigma, Missouri, USA). Cell pellets underwent one 24 h freeze thaw cycle
followed by centrifuging (10 000xg at 10 minutes) to obtain cell-free lysates. To determine the
abundance of MCPIP1/Regnase-1, NF-xB p65, phospho-IKKa/B, and IkB-, cell pellets were lysed in
cold PBS containing 1X Cell Lysis Buffer (Cell Signaling Technology, catalogue #9803) containing
PIC (New England Biolabs), incubated on ice for 5 minutes, sonicated for 15 seconds, and centrifuged
at (14,000xg at 10 minutes) to obtain cell-free lysates. Total protein concentrations in the various cell
lysates were determined using a microBCA protein assay kit (Thermo Fisher Scientific, Massachusetts,
USA). 10 to 25 ug protein was resolved on 4-12% NuPage ™ 10% Bis-Tris Gels (Invitrogen) followed
by transfer to nitrocellulose membranes (Millipore, Massachusetts, USA). Membranes were blocked
with Tris-buffered saline (TBST) (20 mM Tris—HCI, pH 7.5, 150 mM NaCl, 0.1% Tween-20)
containing 5% milk powder. Membranes were probed for antibodies (as indicated above) in TBST
containing 2.5% milk powder, subsequently developed using ECL Prime detection system (Thermo

Fisher Scientific, Massachusetts, USA) according to the manufacturer’s instructions.
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2.5.4 Enzyme-linked immunosorbent assay (ELISA)

TC supernatants were collected from HBEC-3KT cells stimulated with peptide and cytokine
combinations as indicated. TC supernatants were centrifuged (250xg for 5 minutes) to obtain cell-free
samples and the aliquots were stored at -20°C until use. Abundance of CHDP LCN-2 (Cat # 1757) and
Elafin (Cat # 1747), chemokines GROa (Cat # DY275), IL-8 (Cat # DY208), and CCL20 (Cat #
DY360), as well as airway remodeling factors MMP13 (Cat # DY511) and MMP9 (Cat # DY911),
were measured in the TC supernatants by ELISA using specific antibody pairs (R&D Systems), as per
the manufacturer’s instructions. Production of chemokine MCP-1 was monitored using an ELISA kit
obtained from eBioscience/ThermoFisher Scientific (Mississauga, ON, CA), as per the manufacturer’s
instructions. Briefly, capture antibodies were diluted in 10 mL PBS. Clear, high binding 96-well flat-
bottom plates (Costar™; Cat # 9018) were coated with capture antibodies (100 pL/ well) and incubated
overnight at RT or 4°C as per the manufacturer’s instructions for the specific antibody used. Plates
were further blocked with 3% (w/v) Bovine Serum Albumin (BSA) in 1X PBS (200 pL/ well) for 1 h
at RT. Sample and standards were added to the plate (100 pL/ well) and incubated for 2 h. Standards
were added according to the manufacturer’s instructions. Sample dilutions for each analyte measured
are described in individual figure legends. Detection antibodies were diluted in 1% (w/v) BSA in 1X
PBS as per the manufacturer’s instructions and incubated for 2 h. Avidin-HRP (eBioscience; Cat # 18-
41-0051) in 1% BSA in PBS was added to the plate (100 pL/ well) and incubated for 20 minutes.
Following all incubation stages, plates were washed x3 with washing buffer containing 0.05% Tween
20 in 1X PBS. 3,3’ 5,5’ Tetramethylbenzidine (TMB; Sigma; Cat # T0440) was added to the plate
(100 pL/ well) for 10 — 30 minutes for development of the colorimetric reaction. 2N Sulfuric Acid
(H2S04) was used to stop the colorimetric reaction. ELISA plates were read at 450 nM (colorimetric
detection) and 540 nM (for background).

2.5.5 Neutrophil isolation & migration assay

Venous blood was collected from healthy volunteers with written informed consent, in EDTA
vacutainer tubes, according to a protocol approved by the University of Manitoba Research Ethics
Board (protocol #H11105). Human neutrophils were isolated using EasySep™ Direct Human
Neutrophil Isolation Kit (STEMCELL technologies Canada Inc., Vancouver, BC, Canada; Cat
#19666) according to the manufacturer’s protocol. Briefly, ~25 ml of blood was gently mixed with the
isolation cocktail as well as 50 pl of RapidSpheres™ provided in the kit. After a 5-minute incubation
period at RT, D-PBS (containing 1 mM EDTA and free of Ca2+ and Mg2+) was added to bring the
total volume to 50 mL. This solution was mixed gently, and neutrophils were isolated through magnetic
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negative selection for 10 min. The clear cell suspension was once again subjected to magnetic
separation using RapidSpheres™ according to the manufacturer’s instructions, to obtain enriched

human neutrophils.

TC supernatants were collected from HBEC-3KT cells stimulated with cytokines and chemical
inhibitors, as indicated, for 24 h. TC supernatants were stored at -20C until use. TC supernatants (600
ML) were added to the bottom chamber of a Transwell plate. The plates containing TC supernatant
were incubated at 37°C in a humidified chamber with 5% of CO2 for 30 minutes. Neutrophils isolated
from human blood (6 x 10° cells/well, 200 pL) were added to the upper chamber of the inserts of 5.0
uM polycarbonate membrane Transwell permeable supports (Costar, Corning, NY, USA) and
incubated for 2 h. The number of neutrophils that migrated to the across the transwell membrane and
into the bottom chamber was counted using a Scepter™ 2.0 Handheld Automated Cell Counter
(Millipore Ltd, ON, Canada). Human recombinant neutrophil chemokine IL-8 (30 ng/mL) in airway
epithelial cells basal medium containing 6 mM L-glutamine was used in the bottom chamber as a

positive control for neutrophil migration (32).
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Figure 1V: Neutrophil isolation & migration assay. Representative schematic illustrating the
principle of the indirect neutrophil migration assay. Human neutrophils were isolated using EasySep™
Direct Human Neutrophil Isolation Kit. TC supernatants were collected from HBEC-3KT cells
stimulated with cytokines or chemical inhibitors, as indicated. TC supernatants were added to the
bottom chamber of a Transwell plate. The plates containing TC supernatant were incubated at 37°C in
a humidified chamber with 5% of CO2 for 30 minutes. Neutrophils isolated from human blood (6 x
10° cells/well, 200 uL) were added to the upper chamber of the inserts of 5.0 uM polycarbonate
membrane Transwell permeable supports and incubated for 2 h. The number of neutrophils that
migrated to the across the transwell membrane and into the bottom chamber was counted using a
Scepter™ 2.0 Handheld Automated Cell Counter. This figure created using biorender.com.
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2.6 Statistical analyses

Specific statistical analyses used are detailed in each figure legend. Briefly, Mann-Whitney U test was
used to compare chemokine abundance, including GROaq, 1L-8, and MCP-1, in response to stimulation
with different individual cytokines. One-way analysis of variance (ANOVA) was used to compare
different RFU values between a panel of 39 different CHDP/AMP in response to cytokines IL-17A/F,
TNF-0, and IFN-y. Mann-Whitney U test was used to compare intracellular abundance of LCN-2,
Elafin, Cathepsin S, and Cathepsin V, in response to different cytokines. Pairwise differential analysis
was conducted on normalized log2 protein expression values and Welch’s t-test was used to determine
protein abundance changes that were significantly different from unstimulated HBEC-3KT in response
to cytokines IL-17A/F, TNF-a, and IFN-y. One-way ANOVA with Fisher’s least significance
difference (LSD) test was used to determine secreted protein changes of airway remodeling factors,
including MMP9 and MMP13, response to TNF-a. Two-way ANOVA with Fisher’s LSD test was
used to determine the impact of chemical inhibitors for Src-Kinase on secreted protein changes of
MMP9 and MMP13, response to TNF-a. Two-way ANOVA with Fisher’s LSD test was used to
determine secreted protein abundance changes between 6 and 48 h of chemokines GROa, IL-8, and
MCP-1 in response to cytokines IL-17A/F, TNF-a, and IFN-y and combinations thereof. Pairwise
differential analysis was conducted on normalized log2 protein expression values and Welch’s t-test
was used to determine protein abundance changes in response to combinations of IL-17A/F + TNF-a
that were significantly different from either cytokine alone. Fisher’s LSD test was used to determine
statistical significance between the abundance of mRNA, intracellular protein, and secreted protein in
response to IL-17A/F, TNF-0, and IFN-y and combinations thercof. One-way ANOVA with
Bonferroni’s post-hoc test for multiple comparisons was used to determine differences in neutrophil
migration is response to 1L-17A/F, TNF-a, and IFN-y and combinations thereof. Two-way ANOVA
with Dunnett’s test for multiple comparisons was used to determine the impact of chemical inhibitors
for PI3K, PKC, and MEK on secreted protein changes in in response to IL-17A/F, TNF-a, and IFN-y
and combinations thereof. Two-way ANOVA with Bonferroni’s post-hoc test for multiple
comparisons was used to determine differences in protein production in the lungs of a mouse model of
HDM-induced airway inflammation. Two-way ANOVA with Dunnett’s post-hoc test for multiple
comparisons was used to determine differences in peptide-induced cellular cytotoxicity and peptide-
mediated chemokine production. One-way ANOVA with Fisher’s LSD test was used to determine
statistically significant differences in peptide-mediated immunomodulation of cytokine induced
responses, including secreted CHDP/AMP and chemokine abundance, as well as the abundance of

intracellular signaling proteins including NF-xB- and Arid5a-associated signaling proteins.
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Chapter 3: Cytokines IL-17A/F, TNF-a & IFN-y elicit disparate responses in

human bronchial epithelial cells

This section contains some text and figures from a paper published as an original article in Vaccines
2018, 6(3), 51. Anthony Altieri, Hadeesha Piyadasa, Breann Recksiedler, Victor Spicer, and Neeloffer
Mookherjee. This article is an open access article distributed under the terms and conditions of the

Creative Commons Attribution (CC BY) license.

A.A. performed most of the experiments and analyses, contributed to the development of scientific
concepts and wrote the text. H.P. validated select protein targets and contributed to scientific concepts.
B.R. assisted in the validation of select protein targets. V.S. was involved in curation of the proteomic
dataset. N.M. conceived and directly supervised the study, contributed to the development of scientific

concepts, and edited the text.

3.1 Abstract

Background: CHDP are immunomodulatory molecules required to resolve infections in the lungs.
Despite reports which demonstrate that CHDP exhibit broad immune functions and regulate
inflammation, the cytokines which control the production of CHDP in the lung are not defined.

Objective: To profile the ability of pro-inflammatory cytokines IL-17A/F, TNF-a, and IFN-y to alter
the abundance 39 different CHDP in HBEC using high-content aptamer-based proteomic profiling.

Methods: HBEC-3KT were stimulated with pro-inflammatory cytokines IL-17A/F, TNF-o, and IFN-
vy for 24 h. The resulting changes in CHDP abundance profiles were determined via targeted aptamer-
based proteomic profiling. Independent validation was performed for selected proteins, i.e., proteins
that were altered > 2-fold changes (p<0.01) in the proteomic array by Western blots. These
confirmatory experiments were used to determine the accuracy of the proteomic array and
independently demonstrate changes in selected CHDP abundance in HBEC.

Results: IL-17A/F, TNF-o, and IFN-y altered the abundance of 13 different CHDP. For example, the
abundance of Cathepsin S (CTSS) was uniquely enhanced by IFN-y, whereas LCN-2 abundance was
uniquely enhanced by IL-17A/F. The abundance of Elafin was increased by IL-17A/F and TNF-o, but
was decreased by IFN-y. All three cytokines decreased the abundance of Cathepsin V (CTSV).
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Conclusion: These results demonstrate that pro-inflammatory cytokines alter the abundance of CHDP
disparately. Moreover, these results suggest that the composition of the inflammatory milieu may
influence CHDP abundance and therefore alter the process required for infection control and regulation

of inflammation in the lungs.

3.2 Rationale & Introduction

CHDP are critical immunological mediators that regulate inflammation (19-21). In addition to
promoting the resolution of inflammation by directly destroying invading pathogens, CHDP also alter
signaling pathways initiated in response to inflammatory events (22-24). CHDP are amphipathic, small
peptides (<50 amino acids) with a corresponding a net positive charge of +2 to +9 at physiological pH.
However, CHDP differ significantly in sequence and structure. Therefore, CHDP have been classified
into four broad structural conformation categories, including a-helical linear peptides, p-sheets with
disulfide bridges, cyclic peptides, and peptides with extended flexible loop structures (18). Conversely,
antimicrobial proteins contain multiple polypeptide subunits and exhibit catalytic activity (303).
Hereafter, both diverse families of molecules, including CHDP and antimicrobial proteins will be
referred to as antimicrobial peptides and proteins (APP) in this chapter. APP are found in a wide
variety of complex lifeforms, including insects, plants, and complex animals (21, 23, 304). Over 3,000
APP have been identified to date (111). APP are produced by a wide variety of hematopoietic and non-
hematopoietic immune cells, including monocyte/macrophage, neutrophils, and epithelial cells at
mucosal surfaces (305, 306). Despite evidence that APP production is altered during inflammatory
events (307), and that APP modulate inflammation (19, 33), the ability of pro-inflammatory cytokines

to regulate APP production has not been defined.

APP are critical for controlling inflammation in the lung (308). Previous reports have
demonstrated that APP exhibit immunomodulatory functions in the lungs, including enhancing
phagocytosis and altering innate immune signal transduction pathways initiated by pathogens (308). It
has also been demonstrated that the expression of specific APP increases during pneumonia (307).
Moreover, previous studies have demonstrated that the expression of specific APP in the lung changes
in response to inflammatory stimuli, including infection, allergens, air pollution, and in chronic
inflammatory disease (309-314). These changes often originate in the lung epithelia, where they are
produced by bronchial epithelial cells (308, 310, 315). Therefore, HBEC are ideal to examine how

pro-inflammatory cytokines alter the abundance of APP. Here, we examined the production of APP in
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HBEC in response to pro-inflammatory cytokines IL-17A/F, TNF-a, and IFN-y using a targeted,

aptamer-based proteomics approach.

IL-17A/F, TNF-a, and IFN-y are critical pro-inflammatory cytokines that are elevated in airway
inflammation (316-320). IL-17A/F drives the production of chemokines, including GROa and IL-8 in
non-hematopoietic innate immune cells, which recruit neutrophils to sites of inflammation (158, 225-
227). Furthermore, I1L-17 induces GM-CSF production, thereby driving neutrophil production in the
bone marrow (228). TNF-a also promotes neutrophil mobilization and recruitment to enhance lung
inflammation (205, 213, 321). In contrast, IFN-y is capable of activating macrophage, dendritic cells,
eosinophils, and basophils (322). Despite advancements in understanding the complex role of IL-
17A/F, TNF-a, and IFN-y in airway inflammation, the impact of these cytokines on APP production
in the lung is not well defined. Therefore, | performed targeted proteomic profiling to characterize the
protein abundance profiles of 39 APP in HBEC in response to IL-17A/F, TNF-a, and IFN-y. I
demonstrate that the production of 13 different APP is altered in response to pro-inflammatory
cytokines IL-17A/F, TNF-a, and IFN-y in HBEC. Overall, protein abundance profiles in HBEC
stimulated with IL-17A/F or TNF-a were similar, whereas HBEC stimulated with IFN-y had a distinct
protein abundance profile. The results in this study highlight the disparate alteration of APP expression
by IL-17A/F, TNF-a, and IFN-y in bronchial epithelial cells. These results suggest that changes in
specific APP abundance due to the composition of inflammation in the airway may affect the ability

to resolve pulmonary infection and inflammation.
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3.3 Results

3.3.1 Chemokine production in response to IL-17A/F, TNF-a, and IEN-y

To select an appropriate timepoint for proteomic profiling of APP, | evaluated chemokine production
as a read out for downstream response to cytokines IL-17A/F, TNF-a, and IFN-y in HBEC-3KT
(ATCC CRL-4051). HBEC-3KT were stimulated with IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), or
IFN-y (30 ng/mL) for 24 h. The cytokine concentrations were selected based on previous studies (45,

323). Previous studies have demonstrated that IL-17A/F and TNF-o can stimulate neutrophil
chemokines, whereas IFN-y typically stimulates chemokines that attract monocytes (45, 323).
Therefore, we evaluated the production of neutrophil-associated chemokines IL-8 and GROa, and
monocyte chemoattractant protein-1 (MCP-1), in the TC supernatants at by ELISA. IL-17A/F
significantly induced the production of GROa, and TNF-a induced the production of both IL-8 and
GROao in HBEC-3KT after 24 h (Figure 1.1A). In contrast, IFN-y significantly induced the production
of MCP-1, but not IL-8 or GROa, in HBEC-3KT cells after 24 h (Figure 1.1A). There were no changes
in cellular cytotoxicity in response to any of the three cytokines at the selected concentrations (Figure
1.1B). Based on these results a 24 h time point was selected for the targeted proteomic screen in HBEC-
3KT.

49



2000 - * 600 * 1500+ 100
500 - " e
1500 ] é 1000 T
1000 50
- 300- = @
E so0{ ¥ 3 2004 E 007 g 254
E AA A § 8 L
T 200 g a0 < 20 S 15
. %
(@] 4 o o
£ 150 2 30 & 154 -
o - = = ]
100- 20 10 g & ;
& 2 51
50 10+ 54 "
O T T T T 0 T T T T 0 T T T T o T T T T
S & O N\ S & O O\ S & S A S K £ N\
g PN 3 PN 3 PN 3 PN
& ,'3?\ & & ,'(\?\ S 4 ;(\‘?X N & ;(\?\ &
N N N &
S S S F

Figure. 1.1: Chemokine production in response to IL-17A/F, TNF-a, and IFN-y. HBEC-3KT were
stimulated with either IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), or IFN-y (30 ng/mL). Tissue culture
supernatants were monitored for (A) chemokines GROa, IL-8, and MCP-1 by ELISA, and (B) cellular
cytotoxicity by LDH assay, 24 h post-stimulation. The dashed lines represent baseline value from
unstimulated cells. Results are shown as boxplots, wherein bars show median and IQR, and whiskers
show minimum and maximum values. Each data point represents an independent experimental
replicate (N=10). Mann-Whitney U test was used to determine statistical significance (*p < 0.01).
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3.3.2 APP abundance profile in response to IL-17A/F, TNF-«, or IEN-¥

The abundance of 39 different APP was examined in HBEC-3KT cell lysates following stimulation
with either IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), or IFN-y (30 ng/mL) for 24 h, using an aptamer-
based proteomic profiling array. Differential analysis was performed on log2 protein abundance values
using ANOVA (p < 0.01) to identify APP that were differentially abundant in response to IL-17A/F,
TNF-a, or IFN-y, compared to unstimulated cells (Figure 1.2). The abundance of 13 different APP was
significantly (p < 0.01) altered in response to cytokine stimulation compared to unstimulated cells
(Figure 1.2). HBEC-3KT stimulated with IL-17A/F and TNF-o showed similar APP abundance
profiles, whereas IFN-y increased a distinct abundance profile of APP (Figure 1.2).

The 13 APP that were differentially altered by cytokine stimulation were sorted based on abundance
values, which demonstrated that the abundance of five specific APP, CTSS, CTSV, Elafin, LCN-2,
and Tenascin (TNC), were altered by more than 2-fold (p < 0.01) in response to IL-17A/F, TNF-a, or
IFN-y compared to unstimulated cells (Figure 1.3). All three cytokines decreased CTSV protein
abundance compared to unstimulated cells (Figure 1.3). IL-17A/F uniquely increased the abundance
of LCN-2 ~4-fold, whereas TNF-a uniquely enhanced the abundance of TNC ~3-fold compared to
unstimulated cells. IL-17A/F and TNF-o similarly increased the abundance of Elafin by 2-fold,
whereas IFN-y decreased Elafin abundance by ~4-fold compared to unstimulated cells. Moreover,
IFN-v, increased the abundance of CTSS ~20-fold compared to unstimulated cells (Figure 1.3). These
results indicated that inflammatory cytokines IL-17A/F- and TNF-a-mediated alteration of APP
abundance profiles is disparate compared to the APP profile altered by IFN-y in HBEC-3KT.
Specifically, the IL-17A/F- and TNF-a-mediated protein abundance profiles are similar, whereas the
IFN-y-mediated APP abundance profile is distinct.
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Figure 1.2: APP abundance profile in response to IL-17A/F, TNF-a, or IFN-y. HBEC-3KT cells
were stimulated with either IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), or IFN-y (30 ng/mL) for 24 h.
Equivalent amount of protein (14 pg per sample) from each total cell lysate was processed using
aptamer-based proteomic profiling. The RFU readout in the heat map was normalized to yield a
consistent dynamic range for visualization. One-way ANOVA was used to compare RFU values
between the different conditions in the proteomic array, and p < 0.01 was considered statistically
significant. Heat map was generated using Multi-Experiment Viewer Version 10.2
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Figure 1.3: Relative abundance of APP significantly altered by IL-17A/F, TNF-a, or IFN-y.
HBEC-3KT were stimulated with either IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), or IFN-y (30
ng/mL) for 24 h. Equivalent amount of protein (14 ug) from each total cell lysate was processed using
aptamer-based proteomic profiling. RFU readout values were log2 transformed for differential
analysis. Pair-wise differential analysis was performed to select proteins that were statistically
significant using one-way ANOVA and p < 0.01 was considered statistically significant. APPs with
abundance values > 2-fold relative to unstimulated cells (p < 0.01) were selected for further
independent confirmatory studies. Each dot represents the expression value from an independent cell
lysate, the plots show mean + standard error.
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3.3.3 Independent validation of specific APP production in HBEC-3KT
APP altered > 2-fold (p < 0.01) compared to unstimulated cells (p < 0.01) specifically CTSS, CTSV,

Elafin, and LCN-2 (Figure 1.4) were selected for further independent confirmatory experiments. TNC

could not be examined by Western blots or any other immunoassay approach due to challenges
associated with the antibody reagent. The abundance of these selected protein targets was determined
by Western blot in cell lysates of HBEC-3KT 24 h after stimulation with IL-17A/F (50 ng/mL), TNF-
a (20 ng/mL), or IFN-y (30 ng/mL), in independent experiments. Western blots confirmed that the
protein abundance of the selected APP were aligned with that observed in the proteomic aptamer-based
protein array analyses. All three cytokines resulted in a decrease of the abundance of CTSV (Figure
1.4). LCN-2 abundance was uniquely enhanced ~10-fold in response to IL-17A/F alone (Figure 1.4).
IL-17A/F and TNF-a increased the abundance of Elafin by > 5-fold (Figure 1.4), whereas IFN-y
decreased Elafin protein abundance in HBEC-3KT. IFN-y uniquely increased the abundance CTSS

compared to unstimulated cells (Figure 1.4).
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Figure 1.4: Production of APP altered by cytokines IL-17A/F, TNF-a or IFN-y. HBEC-3KT were
stimulated with either IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), or IFN-y (30 ng/mL) for 24 h. Total
cell lysates (10 pg total protein per sample) were probed in Western blot to assess the abundance of
LCN-2, Elafin, CTSS, and CTSV, and quantified by densitometry. Abundance of f-actin was used for
normalization of protein load across samples. Y-axis represents relative band intensity compared to
unstimulated cells normalized to 1. The dashed lines represent baseline value from unstimulated cells.
Results are shown as boxplots, wherein bars show median and IQR, and whiskers show minimum and
maximum values. Each data point represents an independent experimental replicate (N=7). Mann-
Whitney U test was used for statistical analysis (*p < 0.01). Cathepsin V (CTSV); Cathepsin S (CTSS).
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3.4 Discussion

These results demonstrate that pro-inflammatory cytokines IL-17A/F, TNF-o, and IFN-y result in
disparate alteration of APP abundance in HBEC. These cytokines often play an important role in
promoting inflammatory processes in the lungs during chronic respiratory disease, including asthma
and COPD (45, 316-319, 324, 325). One mechanism by which these cytokines enhance airway
inflammation is by activating bronchial epithelial cells of the airway epithelium, thereby increasing
the production of chemokines and therefore leukocyte migration to the lung (269, 326, 327). Consistent
with these previous reports, | demonstrate that IL-17A/F and TNF-o enhance the production of
neutrophil-associated chemotactic factors (e.g., GROa, IL-8), whereas IFN-y enhances the production
of the monocyte recruiting chemokines (e.g., MCP-1). Some previous studies have suggested that
enhanced airway inflammation is a risk factor for increased infections due to the altered expression of
specific APP (309). The abundance of several APP is altered in chronic inflammatory diseases, such
as COPD and asthma and contribute to pathogenesis (102, 147, 310). Indeed, mediators of airway
inflammation such as air pollution and allergens have been associated with altered production of
specific APP in the lungs and in bronchial epithelial cells (102, 294, 313). However, despite reports
demonstrating a strong association between inflammatory mediators and APP expression, the effect of

inflammatory cytokines on APP production in the lung remains unclear.

In this study, | showed that inflammatory cytokines IL-17A/F, TNF-a, and IFN-y mediate
distinct APP abundance signatures in HBEC-3KT. | demonstrated that cytokines IL-17A/F and TNF-
o induce a similar APP abundance profile. For example, results from the proteomic array show that
IL-17A/F and TNF-a enhance the abundance of similar APP including Elafin, the Elafin-related APP
Secretory-antileukoproteinase (SLPI), Bacterial Permeability Increasing Protein (BPI), and
Angiogenin (ANG). My findings suggest that IL-17A/F and TNF-a activate similar pathways to alter
APP production in HBEC and therefore the bronchial epithelium. Previous studies have demonstrated
that IL-17A and TNF-a functionally cooperate to amplify responses via the transcriptional factor
C/EBPB (207, 328). Interestingly, C/EBP has been suggested to be involved in the regulation of
expression of specific antimicrobial peptides (329, 330). Therefore, the regulation of APP that are
similarly altered by cytokines IL-17A/F and TNF-a may be controlled by common transcription
factors such as C/EBPp. In addition, the proteomics screen also shows TNF-a uniquely enhances the
abundance of certain APP such as TNC. This is consistent with previous studies that have demonstrated
enhancement of TNC levels by TNF-o in bronchial epithelial cells (331). TNC is known to be

enhanced in asthma and is indicative of airway remodeling and fibrosis (331, 332). Moreover, | showed
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that stimulation with IFN-y induces an APP profile distinct from both IL-17A/F or TNF-a.. A previous
study has shown that IL-17A/F and IFN-y differentially regulate downstream responses in synovial
fibroblasts (333). Therefore, | can speculate that IFN-y-mediated regulation of the APP expression
profile in HBEC could be different from that induced by IL-17A/F or TNF-a. Overall, the results in
this study provide the impetus to further investigate regulatory mechanisms that are similar and distinct

in controlling the expression of APPs that are altered by specific inflammatory cytokines.

Independent confirmatory experiments examining the abundance of APP selected from the
proteomics screen demonstrates that IL-17A/F significantly enhances the abundance of LCN-2 and
Elafin in HBEC-3KT. The ability of IL-17A/F to enhance LCN-2 was unique, as the other cytokines
did not enhance LCN-2 significantly. In addition, both IL-17A/F and TNF-o enhanced Elafin
production. In contrast, IFN-y did not enhance the abundance of LCN-2 and significantly decreases
the production of Elafin. LCN-2 is upregulated in epithelial tissues during inflammation and has two
critical functions: it is directly antimicrobial at high concentrations and is a neutrophil chemotactic
factor (202, 334). The functions of LCN-2 is aligned with previously known functions of IL-17A/F in
inflammation; the indirect recruitment of neutrophils through the induction of neutrophil-chemotactic
factors GROa and IL-8 at the epithelial surface of the lungs (335). As such, these results suggest that
LCN-2 contributes to IL-17A/F-mediated airway inflammation via the recruitment of neutrophils to
the lung. Furthermore, LCN-2 may thus also promote the pathophysiology of chronic respiratory
disease, as previous reports have indicated that LCN-2 contributes to neutrophilic inflammation
leading to epithelial damage (334). In addition to these findings, our lab has demonstrated that inhaled
allergens and diesel exhaust (environmental exposures known to enhance airway inflammation and
increase susceptibility to infections) enhance the abundance of lipocalins in the human
bronchoalveolar lavage fluid (312). In contrast to LCN-2, Elafin is an APP that exhibits anti-
inflammatory properties (336). Elafin inhibits serine proteases, including NE to prevent damage to the
airway epithelium during lung inflammation (337). The opposing roles of APP in the context of airway

inflammation demonstrate the complexity of defining the immunomodulatory functions of APP.

In this study | demonstrate that IFN-y significantly enhances CTSS but decreases CTSV
abundance in HBEC-3KT. Cathepsins are cysteine proteases which contribute to tissue remodeling.
Previous studies have demonstrated that IFN-y regulates CTSS expression in airway epithelial cells as
well as in the lung parenchyma in an Interferon Regulatory Factor (IRF)-1 dependent manner (338).

Additionally, CTSS-mediated activity results in the apoptosis of epithelial cells (339) and the digestion
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of elastic tissue (340). Taken together, this suggests that CTSS may play a role in tissue remodeling
during inflammation in the airways. In contrast to its effect of CTSS, IFN-y significantly decreases the
abundance of CTSV. CTSV has potent elastase activity and plays a role in airway remodeling (341).
Overall, this study demonstrates that IFN-y regulates the abundance of cathepsins in HBEC-3KT, but
the comparative activity of cathepsins and therefore impact of CTSS and CTSV on airway remodeling

is not well understood.

3.5 Summary
Previous studies have demonstrated that IL-17A target genes include CHDP (e.g., LCN-2) in non-

hematopoietic innate immune cells (188, 202). However, the global impact of IL-17A/F-mediated
inflammation on CHDP production was not precisely defined in bronchial epithelial cells. Therefore,
| characterized IL-17A/F-mediated inflammation in bronchial epithelial cells to determine the impact
on CHDP production.

Proteomic profiling and subsequent independent validation by Western blots demonstrated that
IL-17A/F-mediated inflammation significantly enhanced the production of neutrophil-associated
CHDP LCN-2 and Elafin in HBEC-3KT at 24 h. In addition to is antimicrobial function, LCN-2
enhances neutrophil recruitment and activation (202, 224, 334), suggesting that I1L-17A/F-mediated
inflammation recruit neutrophils to the lungs through the induction of neutrophil-associated
chemokines and CHDP. In addition, | determined the impact of TNF-a- and IFN-y-mediated
inflammation on CHDP production in HBEC-3KT at 24 h. Here, | demonstrated the disparate nature
in which cytokines alter the abundance during CHDP in airway inflammation. Within the 39 CHDP
targets in the proteomic array, 13 were altered by the presence of these cytokines. Here, IL-17A/F- or
TNF-a-mediated inflammation had similar expression profiles (as compared to IFN-y-mediated
inflammation) in HBEC-3KT at 24 h. IL-17A/F and TNF-a-enhanced the production of neutrophil-
associated CHDP, including LCN-2 (202, 334) and Elafin (337). This data indicates that different
cytokines shape disparate immunological responses in the lung, including infection control and
regulation of inflammation by augmenting the production of CHDP. However, the precise impact of

these CHDP on the immune response are not well understood.
Overall, this study demonstrates that pro-inflammatory cytokines which enhance airway

inflammation disparately alter the abundance of APP in bronchial epithelial cells. The protein profile
altered by IL-17A/F or TNF-a, is distinctly different from that mediated by IFN-y in bronchial
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epithelial cells. These results thus suggest that the composition of the inflammatory milieu influences
the abundance of specific APP, which may in turn impact the ability to resolve infection and
inflammation in the lung. Further, these findings demonstrate that a pro-inflammatory cytokine can
mediate enhancement of APP with opposing functional effects (e.g., IL-17A/F enhances both LCN-2
and Elafin production). The findings in this study highlight the complexity of delineating the

immunomodulatory function of APP in the context of lung inflammation.

IL-17A/F

TNF-a IFN-y

HBEC

Figure 1.5: Disparate regulation of APP by cytokines IL-17A/F, TNF-a, or IFN-y in HBEC. Pro-
inflammatory cytokines IL-17A/F (green), TNF-a. (red), and IFN-y (blue) alter the production of APP
in HBEC. IL-17A/F enhances the production of APP LCN-2 and Elafin. TNF-a enhances the
production of Elafin. IFN-y enhances the production of CTSS and suppresses the production of Elafin.
All three cytokines suppress CTSV production. This figure created using biorender.com.
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Chapter 4: Combination of IL-17A/F and TNF-a uniquely alters the bronchial

epithelial cell proteome, and synergistically enhances proteins associated with

neutrophil migration

This section contains some text and figures from a manuscript submitted as an original article in the
Journal of Inflammation (2022). Anthony Altieri, Hadeesha Piyadasa, Mahadevappa Hemshekhar,
Natasha Osawa, Breann Recksiedler, Victor Spicer, Pieter S Hiemstra, Andrew J Halayko, and

Neeloffer Mookherjee.

A.A. and N.M. conceived and designed the study. A.A. performed majority of the experiments,
analyzed the data, and wrote the manuscript. H.P. assisted with PBEC experiments and performed the
experiments with the animal model of airway inflammation. M.H. assisted with transcriptional
analyses, neutrophil migration assays, and provided intellectual input for the study. N.O. and B.R.
performed the pharmacological inhibition studies under supervision of A.A. V.S. performed
computational analyses. P.H. provided the human PBEC, provided intellectual input into optimization
of the protocols with PBEC, and edited the manuscript. A.H. provided intellectual input with animal

model studies and edited the manuscript. N.M. obtained funding and supervised the study.

4.1 Abstract

Background: IL-17A/F and TNF-a are elevated in the lungs in chronic respiratory disease, including
severe asthma. Previous studies have demonstrated that IL-17A/F and TNF-o cooperate to exacerbate
airway inflammation, however proteins altered by their interaction are not elucidated. The impact on

the bronchial proteome has not been defined.

Objective: To determine proteins that are altered by the concurrent biological activity of IL-17A/F

and TNF-a in human bronchial epithelial cells.

Methods: | used a high-content aptamer-based proteomic array to identify proteins that are uniquely
and/or synergistically enhanced by concurrent stimulation with IL-17A/F and TNF-a in HBEC-3KT
and PBEC isolated from patients undergoing lung resection. Abundance of selected protein targets
were also confirmed in a physiologically representative mouse model of allergen-challenged airway

inflammation characterized by eosinophil and neutrophil accumulation in the lung.
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Results: The abundance of 70 proteins were significantly altered by the combination of IL-17A/F and
TNF-0, compared to either cytokine alone, of which 38 proteins was significantly enhanced by the
cytomix. Seven out of these 38 proteins were enhanced > 2-fold, of which 4 proteins were those that
promote neutrophil migration. These 4 proteins were CHDP LCN-2 and Elafin, and chemokines IL-8
and GROa. The synergistic increase of these four proteins was further confirmed in independent
experiments by western blots and ELISA. | further functionally confirmed that factors secreted by
HBEC stimulated with the combination of IL-17A/F and TNF-a uniquely enhances neutrophil
migration. In mechanistic studies, 1 showed that PI3K and PKC pathways selectively control IL-
17A/F+TNF-a-mediated synergistic production of LCN-2 and Elafin, but not chemokines. Using an
allergen HDM-challenged mouse model of airway inflammation, | also demonstrated enhancement of
IL-17A/F, TNF-a, LCN-2 and the neutrophil chemokine KC in the lungs, corroborating the in vitro

findings in vivo.

Conclusion: This study identifies proteins and signaling mediated by concurrent IL-17A/F and TNF-
a exposure in the lungs. The protein targets identified in this study may be useful for the development
of interventional strategies to target biological processes enhanced by the concurrent presence of IL-

17A/F and TNF-a, relevant to chronic respiratory disease.

4.2 Rationale & Introduction

IL-17 is a critical mediator of airway inflammation, associated with the development and increased
severity in chronic respiratory disease (93, 150, 267). IL-17 levels are significantly higher in patients
with severe asthma, in the disease phenotype that cannot be effectively controlled with available
treatments (266-268, 271, 324, 342-344). A challenge in the development of new treatments is the lack
of a comprehensive understanding of the range of molecular changes orchestrated by the interplay of
IL-17 with other cytokines that are enhanced in the lungs during chronic inflammatory respiratory

disease.

The IL-17 family of cytokines includes six different members. The highly homologous IL-17A and
IL-17F, and its heterodimer IL-17A/F, are predominantly associated with airway inflammation in
humans (172, 288). IL-17A, IL-17F, and IL-17A/F are produced by multiple cell types found at
mucosal surfaces of the lung, including CD4* T-Helper (TH)17 cells, CD8+ Tc17 effector cells, yo-T
cells, NK T cells, and ILC3 (158, 171, 172). IL-17A, IL-17F, and IL-17A/F have been demonstrated
to induce qualitatively similar gene activation; however, these are quantitatively different (159). These
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cytokines bind to the dimeric IL-17RA and IL-17RC receptor complex to mediate downstream
inflammatory responses (160, 175). IL-17RA is ubiquitously expressed, but IL-17RC is primarily
restricted to non-hematopoietic cells (176, 177). During airway inflammation the activation of the IL-
17RA/RC receptor complex in structural cells, such as airway epithelial cells, results in the production
of known IL-17 downstream targets which includes pro-inflammatory cytokines, chemokines, airway
remodeling factors, and CHDP with antimicrobial functions (15, 158, 176, 297). Although many of
these downstream targets have been identified, these are primarily characterized for IL-17A, but not
for the heterodimer IL-17A/F.

The biological activity of IL-17A, IL-17F, and the heterodimer IL-17A/F is increased in asthma
(266-271). A previous study demonstrated that mucosa airway biopsies of patients with severe asthma
have increased expression of both IL-17A and IL-17F (268). While IL-17F-producing Th17 cells are
increased in the lung submucosa of both mild-moderate and severe asthmatics, IL-17A-producing
Th17 cells are only increased in mild-moderate asthmatic subjects (270). These studies suggest that
the heterodimer IL-17A/F is more likely to be enhanced in severe asthma, compared to IL-17A alone.
In severe asthma, although the heterodimer IL-17A/F is known to interplay with other cytokines
enhanced in the lungs such as TNF-a (317, 318), the downstream targets, signaling intermediates, and
functional outcomes of this interaction remain largely unknown. Thus, the aim of this study was to
define global protein changes and signaling intermediates mediated by the heterodimer IL-17A/F, and

how these responses change in the presence of TNF-a, in bronchial epithelial cells.

| have previously demonstrated that 1L-17A/F and TNF-a alone alters specific APP and various
chemokines in HBEC (297). Therefore, in this study | comprehensively characterized the human
bronchial epithelial cellular proteome altered by IL-17A/F, in the presence and absence of TNF-a.. |
further independently confirmed the abundance of selected proteins, performed functional validation,
and examined mechanistic signaling pathways, involved in the combinatorial effect of IL-17A/F and
TNF-a in HBEC. Moreover, | confirmed the induction of selected proteins uniquely induced by the
combination of IL-17A/F and TNF-a in a mouse model of airway inflammation. Overall, the findings
in this study provide a comprehensive assessment of downstream protein targets and signaling
intermediates enhanced in response to the combinatorial effect of IL-17A/F and TNF-a,, and indicates

its relevance in the augmentation of neutrophilic airway inflammation.
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4.3 Results

4.3.1 1L-17A/F and TNF-e combination uniguely alters the bronchial epithelial cell proteome
HBEC-3KT (ATCC CRL-4051) were stimulated with IL-17A/F (50 ng/mL), in the presence and
absence TNF-a (20 ng/ml) or IFN-y (30 ng/ml), for 6, 12, 24 and 48 h. As I have demonstrated that
IFN-y mediated protein changes are distinctly different from either IL-17A/F or TNF-a (chapter 3), in

these experiments IFN-y was used as a paired control. Cytokine concentrations were selected based on
previous studies (45, 267, 271, 297) and results in chapter 3. Chemokines GROa, I1L-8, and MCP-1
production was examined in TC supernatants by ELISA (Figure 2.1). Kinetics of chemokine response
showed that all three chemokines were significantly enhanced after 24 h stimulation (Figure 2.1), albeit

differently by the different stimuli, and thus the 24 h time point was selected for the proteomics study.

Cell lysates (14 pg total protein per sample) were obtained from five independent experiments
of HBEC-3KT cells stimulated with IL-17A/F (50 ng/mL), in the presence and absence TNF-a. (20
ng/mL) or IFN-y (30 ng/mL), for 24 h. Each lysate was independently probed using the high-content
aptamer-based proteomic array (n=5 for each group). Pairwise differential analysis conducted on
normalized log2 protein abundance values showed that IL-17A/F + TNF-o cytomix significantly
altered (p<0.05) the abundance of 70 proteins, compared to either cytokine alone (Supplementary
Table II). Hierarchical clustering of the 70 uniquely abundant proteins showed a distinct protein profile
following stimulation of HBEC-3KT with the combination of IL-17A/F and TNF-a, compared to
either cytokine alone (Figure 2.2A), whereas IL-17A/F did not significantly alter IFN-y-mediated
protein production in HBEC-3KT (data not shown). Of these 70 proteins, IL-17A/F + TNF-a cytomix
increased the abundance of 38 proteins and decreased the abundance of 32 proteins, compared to either
cytokine alone (Supplementary Table 11). The 38 proteins that were significantly enhanced by the
combination of IL-17A/F + TNF-a were primarily associated with three functional categories: CHDP,
neutrophil chemotactic factors, and airway remodeling factors. Seven of the 38 proteins were
significantly increased by > 2-fold, compared to either cytokine alone (Figure 2.2B). Of these seven
proteins, five belonged to the above mentioned three functional categories: CHDP (LCN-2 and Elafin),
neutrophil chemokines (IL-8 and GROa), and airway remodeling factor matrix metalloproteinase
(MMP)13. Therefore, | selected these five proteins for further independent validation and mechanistic
studies. Four out of the five selected proteins (LCN-2, Elafin, GROa. and IL-8) are also known to
enhance neutrophil migration at mucosal surfaces (215, 224, 315, 345), albeit LCN-2 and Elafin have
been predominantly described in the context of antimicrobial functions (215, 222, 346). Based on these

results, and my previous study (chapter 3) demonstrating that the protein expression profile mediated
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by IFN-y is distinctly different from either IL-17A/F or TNF-a. (297), | used IFN-y as a paired negative

control in subsequent in vitro validation experiments.
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Figure 2.1: Kinetic profile of protein production in human bronchial epithelial cells. HBEC-3KT
cells were stimulated with either IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), IFN-y (30 ng/mL), or
cytokine combinations as indicated, for 6, 12, 24, and 48 h. TC supernatants were examined by ELISA
for secreted protein abundance of (A) IL-17A/F and/or TNF-a-associated neutrophil chemokines
GROa and IL-8, and (B) IFN-y-associated monocyte chemokine MCP-1. Increases in protein
abundance are shown after subtraction of background values in paired unstimulated cell samples in
each replicate. Each data point represents an independent experimental replicate (N>6), and lines
represent the average. Fisher’s LSD test for two-way ANOVA was used to determine statistical
significance of IL-17A/F-mediated enhancement of acute pro-inflammatory cytokines TNF-o and
IFN-y (****p<0.0001).
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Figure 2.2: Characterization of the human bronchial epithelial cell proteome. HBEC-3KT were
stimulated with IL-17A/F (50 ng/mL) in the presence and absence of TNF-a (20 ng/mL) for 24 hours.
Cell lysates (14 g total protein per sample) obtained from five independent experiments were probed
using the high-content aptamer-based proteomic array. Pairwise differential analysis was conducted
on normalized log2 protein expression values, and Welch’s t-test with a cut-off of p<0.05 was used to
select proteins that were significantly enhanced in response to the combination of IL-17A/F + TNF-a,
compared to either cytokine alone. Log2 protein abundance values were normalized per row in the
heat map to yield a consistent dynamic range for visualization. (A) Heat map generated using Multi-
Experiment Viewer Version 10.2 to visualize protein expression profile, where each column represents
an independent experiment (N=5 per condition). (B) Volcano plot demonstrating differentially
abundant proteins in response to the combination of IL-17A/F and TNF-a, compared to either cytokine
alone.
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4.3.2 IL-17A/E and TNF-a combination synergistically enhances transcription of LCN-2 and

neutrophil chemokines
HBEC-3KT cells were stimulated with IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), IFN-y (30 ng/mL),

and cytomix as indicated, for 6 h. mRNA expression of genes encoding for the proteins selected from
the proteomics data were examined by gqRT-PCR. mRNA expression of NGAL2 (encoding for LCN-
2), but not PI3 (gene for Elafin), was enhanced in a supra-additive manner (synergistically) by the
combination of IL-17A/F + TNF-a (by >19-fold) compared to unstimulated cells or each cytokine
alone (Figure 2.3A). Expression of CXCL1 and CXCL8 (encoding GROa. and IL-8 respectively) were
also enhanced in a supra-additive manner by the cytomix IL-17A/F + TNF-a (>650-fold and >400-
fold respectively) compared to unstimulated cells or each cytokine alone (Figure 2.3B). TNF-a alone
significantly enhanced the expression of MMP13 by ~100-fold compared to unstimulated cells, and
this was further significantly enhanced by IL-17A/F (Figure 2.3C). Transcription of none of the
selected proteins was enhanced in response to either IFN-y or its combination with IL-17A/F. These
results demonstrated that transcription of three out of the five selected proteins (LCN-2, GROa and
IL-8) was synergistically enhanced by the combinatorial action of IL-17A/F and TNF-a in HBEC-
3KT.

68



A NGAL2 PI3 B CXCL1 CXCL8

*%k *kk [—|
%k
ok 5 [
[ ok
30 ] 5- 1000 - 600 -
ok p 450 Q
g E v 750 - @ 3004
& 500 -
S &5 50
3 g 254 &
25—ﬁ [ B "V — *..‘
L e e
& 0,0 AN &, 0, 0 A A
SIS AL
¥ " & YooK
& &
VoY VY
c MMP13
*
*
a0 ]
*

Fold change
- N W
o O O
o O O
1 1 1

Figure 2.3: Independent validation of transcriptional responses of selected protein targets.
HBEC-3KT were stimulated with either IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), IFN-y (30 ng/mL),
or cytokine combinations as indicated, for 6 h. mMRNA was isolated and transcriptional responses
evaluated by quantitative real-time PCR for (A) CHDP LCN-2 (NGAL2) and Elafin (PI3), (B)
neutrophil chemokines GROa (CXCL1) and IL-8 (CXCL8), and (C) MMP13. Fold changes (y-axis)
for each gene was normalized to 18S RNA, and compared to unstimulated cells normalized to 1, using
the comparative AACt method. Results are shown as boxplots, wherein bars show median and IQR,
and whiskers show minimum and maximum values. Each data point represents an independent
experimental replicate (n=4). Fisher’s LSD test for one-way ANOVA was used to determine statistical
significance (*p<0.05, **p<0.01). The dashed line represents normalized baseline value of 1 for

unstimulated cells.
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4.3.3 1L-17A/F and TNFE-o combination synergistically enhances protein abundance of neutrophil
chemokines, LCN-2 and Elafin

| independently examined protein production of the five proteins (LCN-2, Elafin, GROa, 1L-8, and
MMP13) selected from the proteomics dataset, in HBEC-3KT, and in human PBEC isolated from
patients undergoing lung resection.

Independent Western blot analyses showed that protein abundance of both CHDP, LCN-2 and
Elafin, were synergistically enhanced by the cytomix IL-17A/F + TNF-a in a supra-additive manner,
compared to either cytokine alone in HBEC-3KT cell lysates (Figure 2.4). Thus, these results were

consistent with the findings from the proteomics data set.

As secreted proteins primarily mediate cellular communication and pathophysiological
changes, | also examined the abundance of the five selected proteins by ELISA in TC supernatants
obtained from HBEC-3KT cells stimulated with cytokines or cytomix as indicated, after 24 h.
Abundance of LCN-2, Elafin, GROa, and I1L-8 were all significantly enhanced by the combination of
IL-17A/F and TNF-o in a supra-additive manner, compared to either cytokine alone, in TC
supernatants obtained from HBEC-3KT cells (Figures 2.5A and 2.5B). In contrast, protein abundance
of MMP13 was significantly increased by TNF-o alone and modestly enhanced by the cytomix IL-
17A/F + TNF-a in TC supernatants (Figure 2.5C).

To confirm observed effects of protein production in primary cells, | further monitored the
abundance of the five selected proteins by ELISA in TC supernatants obtained from human PBEC
stimulated with cytokines or cytomix as indicated, after 24 h. Log2 protein abundance values obtained
from TC supernatants of PBEC and HBEC-3KT, and from the cellular proteome dataset, was
normalized per row in a heat map to obtain comparable dynamic range for visualization and for
comparative analyses. The protein abundance profile in response to combination of IL-17A/F and
TNF-o compared to either cytokine alone, in HBEC-3KT cellular proteome (Figure 2.6A) was similar
to that observed in the TC supernatants from HBEC-3KT (Figure 2.6B) and PBEC (Figure 2.6C),
except for IL-8 production. Taken together, these results overall demonstrate that the protein
production of LCN-2, Elafin, IL-8 and GROu are synergistically enhanced by the combinatorial effect
of IL-17A/F and TNF-a, and that this increased protein abundance is also found in the extracellular

milieu.
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Figure 2.4: Lipocalin-2 and Elafin protein production is synergistically enhanced in human
bronchial epithelial cell lysate. HBEC-3KT were stimulated with either IL-17A/F (50 ng/mL), TNF-
o (20 ng/mL), IFN-y (30 ng/mL), or cytomix as indicated, for 24 h. Equivalent loading of cytosolic
cell lysates (10 pg per sample) were monitored for the protein abundance of LCN-2 and Elafin by
Western blot. Changes in protein abundance are shown as the ratio of abundance in cytokine-treated
cells compared to unstimulated cells. The dashed lines represent baseline value from unstimulated
cells. Results are shown as boxplots, wherein bars show median and IQR, and whiskers show minimum
and maximum values. Each data point represents an independent experimental replicate (N=5).
Fisher’s LSD test for one-way ANOVA was used to determine statistical significance (*p<0.05,

**p<0.01).
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Figure 2.5: Independent examination of selected protein abundance in tissue culture
supernatants, in human bronchial epithelial cells. HBEC-3KT were stimulated with either IL-
17A/F (50 ng/mL), TNF-a (20 ng/mL), IFN-y (30 ng/mL), or cytokine combinations as indicated, for
24 h. TC supernatants were examined by ELISA for the protein abundance of (A) CHDP LCN-2 and
Elafin, (B) neutrophil chemokines GROa and IL-8, and (C) MMP-13. Increases in protein abundance
are reported after subtraction of background values in paired unstimulated cell samples per replicate.
The dashed lines represent average baseline value in unstimulated cells. Results are shown as boxplots,
wherein bars show median and IQR, and whiskers show minimum and maximum value. Each data
point represents an independent experimental replicate (N=7). Fisher’s LSD test for one-way ANOVA
was used to determine statistical significance (*p<0.05, ***p<0.001, ****p<0.0001).
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Figure 2.6: Comparative analyses of protein abundance profile in human bronchial epithelial
cells and primary cells isolated from lungs. HBEC-3KT (N=5) were stimulated with IL-17A/F (50
ng/mL), TNF-a (20 ng/ml), IFN-y (30 ng/mL), or cytokine combinations, as indicated for 24 h. (A)
Cell lysates were probed for select protein targets by aptamer-based proteomic array. (B) HBEC-3KT
(N=7) and (C) human PBEC (N=4 independent donors) TC supernatant was monitored for protein
abundance of LCN-2, Elafin, GROq, IL-8, and MMP13, by ELISA after 24 h. Increases in protein
abundance was calculated after subtraction of background values in paired unstimulated cells for each
biological replicate. Log2 protein abundance values were normalized per row in the heat map to yield
a consistent dynamic range for visualization and comparative analyses.
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4.3.4: The combination of IL-17A/F and TNFE-a uniguely enhances neutrophil migration
Chemokines IL-8 and GROq, as well as CHDP LCN-2 and Elafin, are known to contribute to

neutrophil accumulation at sites of inflammation (215, 224, 315, 345). Chemoattractant functions of
these proteins are primarily mediated when secreted in the extracellular milieu. My results have
demonstrated that the combination of IL-17A/F and TNF-a synergistically enhance the abundance of
these proteins in TC supernatants secreted from human bronchial epithelial cells (both HBEC and
PBEC), compared to either cytokine alone. Thus, these results suggest that the combination of IL-
17A/F and TNF-a may synergistically enhance neutrophil migration. In addition, bioinformatics
assessment of the cellular proteome that was enhanced by IL-17A/F + TNF-o compared to either
cytokine alone, using an in-house software tool specific to the aptamer-based proteomic array,
identified biological processes which drive neutrophil accumulation in the lungs, such as neutrophil
chemokine receptor binding, positive regulation of neutrophil chemotaxis, and chemokine-mediated
signaling pathways, as overrepresented biological pathways (Figure 2.7). Therefore, | further
performed functional assays to assess the effect of TC supernatants obtained from HBEC stimulated

with the combination of IL-17A/F and TNF-a on neutrophil migration.

HBEC-3KT cells were stimulated with IL-17A/F (50 ng/mL) in the presence and absence of
TNF-o (20 ng/mL) for 24 h. Subsequently TC supernatants were used in the bottom chamber of
Transwell plates to examine trans-well migration of neutrophils isolated from human blood (Figure
2.8A). Recombinant chemokine IL-8 (30 ng/mL) was used as a positive control in the bottom chamber
of Transwell plates. TC supernatant obtained from cells stimulated with the combination of IL-17A/F
and TNF-a significantly enhanced neutrophil migration, compared to that obtained from unstimulated
cells (Figure 2.8B). TC supernatants obtained from cells stimulated with either IL-17A/F or TNF-a
alone did not significantly enhance neutrophil migration (Figure 2.8B). These results demonstrated
that factors secreted in the TC supernatants obtained from bronchial epithelial cells stimulated with

the combination of IL-17A/F and TNF-o uniquely enhanced neutrophil migration.
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Figure 2.7: Pathway enrichment analysis. HBEC-3KT cells were stimulated with IL-17A/F (50
ng/mL) in the presence/absence of TNF-a (20 ng/mL) for 24 hours. Cell lysates (14 ug total protein
per sample) obtained from five experimental replicates were probed independently using the high-
content aptamer-based proteomic array. Pairwise differential analysis was conducted on normalized
log2 protein expression values, and Welch’s t-test with a cut-off of p<0.05 was used to select proteins
that were significantly enhanced in response to the combination of IL-17A/F + TNF-a, compared to
either cytokine alone. Statistically significant pathway enrichment was also determined by selecting
positively up-regulated (>0.2 log2 protein abundance) proteins (n=30) using an in-house analytical
tool developed to compute enrichment specific to the aptamer-specific collection of >1300 proteins.
The enrichment score represents the probability that the submitted collection of proteins would occur
within a given biological process due to randomness.
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Figure 2.8: Functional validation of neutrophil migration enhanced by the combination of IL-
17A/F and TNF-a. HBEC-3KT were stimulated with IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), IFN-
v (30 ng/mL), or cytomix combinations, as indicated. Tissue culture supernatants were collected after
24 h and used in trans-well cell migration assays, to monitor the migration of neutrophils isolated from
human blood. Cell culture medium spiked with human recombinant IL-8 (30 ng/mL) was used as a
positive control. Results are shown as boxplots with the median line and IQR, and whiskers show
minimum and maximum values. Each data point represents an independent experimental replicate with
HBEC supernatant (N=4), using neutrophil isolated from one donor. Each dot represents the average
number of neutrophils that traversed the membrane within two hours in each experiment. One-way
ANOVA with Bonferroni’s post-hoc test for multiple comparisons was used for statistical significance
compared to unstimulated cells as control (***p<0.001, ****p < 0.0001).
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4.3.5 LCN2 and Elafin production mediated by the combination of IL-17A/F and TNF-« involves

PKC and PI3K signaling pathways

Protein expression profiles obtained from the proteomics dataset were analyzed using the IPA
bioinformatics platform (Qiagen) to identify inhibitors of overrepresented signaling pathways.
Comparative analyses of log2 expression values of the proteins that were differentially expressed in
response to IL-17A/F + TNF-a (Supplementary Table II), identified PI3K inhibitor LY294002, PKC
inhibitor GO6976, and MEK inhibitor PD98059, as upstream chemical inhibitors for proteins that were
significantly altered by IL-17A/F + TNF-a compared to either cytokine alone. Based on these in silico
results, HBEC-3KT cells were pre-treated with LY294002, GO6976, and PD98059 at various
concentrations (4 to 16 uM) for one hour prior to stimulation with IL-17A/F, TNF-a, or IL-17A/F +
TNF-o cytomix as indicated. TC supernatants collected 24 h after stimulation were used to examine
the protein abundance of LCN-2, Elafin, GROa, and IL-8, as these proteins were demonstrated to be
synergistically enhanced by the combination of IL-17A/F and TNF-a (Figure 2.5). PI3K inhibitor
LY294002 significantly suppressed IL-17A/F + TNF-a-mediated production of LCN-2 and Elafin at
all concentrations tested, in a dose-dependent manner (Figure 2.9A). PKC inhibitor GO6976 also
decreased the production of LCN-2 and Elafin, albeit at the higher concentrations (Figure 2.9B). MEK
inhibitor PD98059 suppressed Elafin production in a dose dependent manner but did not affect LCN-
2 production (Figure 2.9C).

In contrast, none of the inhibitors suppressed IL-17A/F + TNF-a-mediated enhancement of
neutrophil chemokines GROa and IL-8 (Figure 2.10). These results demonstrate that PI3K and PKC
pathways selectively control the synergistic effect of IL-17A/F + TNF-a-mediated production of
CHDP LCN-2 and Elafin, but not the production of IL-8 and GROa, in HBEC. These results suggest
that disparate mechanisms are involved in the synergistic enhancement of CHDP and chemokines,
mediated by the combination of IL-17A/F and TNF-a.

To determine the impact of select pharmacological inhibitors on neutrophil migration, HBEC-
3KT cells were pre-treated with 16 uM LY294002 or GO6976 for 1 h at 37°C, prior to stimulation
with IL-17A/F + TNF-a cytomix as indicated. TC supernatants were collected 24 h after stimulation
and ELISA was used to confirm that 16 uM LY 294002 or GO6976 significantly suppressed IL-17A/F
+ TNF-a-mediated enhancement of LCN-2 and Elafin (Figure 2.11). Next, | functionally validated the
effect of the combination of IL-17A/F and TNF-o on neutrophil migration in the presence/absence of

select pharmacological inhibitors. TC supernatants were then used in the bottom chamber of Transwell
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plates to examine trans-well migration of neutrophils isolated from human blood. Recombinant
chemokine 1L-8 (30 ng/mL) was used as a positive control, whereas media was used as a vehicle
control. TC supernatant obtained from cells stimulated with the combination of IL-17A/F and TNF-a
tended enhanced neutrophil migration (p = 0.07), compared to that obtained from unstimulated cells,
but suppression of LCN-2 and Elafin by pharmacological inhibition did not alter neutrophil migration
(Figure 2.11). These results indicate that the bronchial proteome induced in response to the
combination of IL-17A/F + TNF-o has multiple redundant, secreted proteins which can enhance
neutrophil recruitment. These results highlight that unique proteome enhanced in response to the

combination of IL-17A/F + TNF-a drives neutrophil migration, as compared to any protein alone.
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Figure 2.9: Assessment of pharmacological inhibitors on IL-17A/F + TNF-a mediated LCN-2
and Elafin production. HBEC-3KT cells were pre-treated with pharmacological inhibitors (A)
LY294002 (PI3Ki), (B) GO6976 (PKCi), and (C) PD98059 (MEK:I), for 1 h prior to stimulation with
IL-17A/F (50 ng/mL), TNF-a (20 ng/mL), or the combination of IL-17A/F and TNF-a. TC
supernatants were collected after 24 h and examined for LCN-2 and Elafin abundance by ELISA.
Protein abundance shown is after subtraction of background abundance in paired unstimulated cells in
each independent replicate. Each data point represents an independent experimental replicate (N=4),
and the line represents the average. Two-way ANOVA with Dunnett’s test for multiple comparisons
was used to determine statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 2.10: Assessment of pharmacological inhibitors on IL-17A/F + TNF-a mediated GROa
and IL-8 production. HBEC-3KT cells were pre-treated with pharmacological inhibitors (A)
LY294002 (PI3Ki), (B) GO6976 (PKCi), and (C) PD98059 (MEKIi), for 1 h prior to stimulation with
IL-17A/F (50 ng/mL), TNF-a. (20 ng/mL) or the combination of IL-17A/F and TNF-a. TC supernatants
were collected after 24 h and examined for GROa and IL-8 abundance by ELISA. Protein abundance
shown is after subtraction of background abundance in paired unstimulated cells from each
independent replicate. Each data point represents results from an independent experimental replicate
(N=4) and the line represents the average. Two-way ANOVA with Dunnett’s test for multiple
comparisons was used to determine statistical significance.
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Figure 2.11: Assessment of pharmacological inhibitors on IL-17A/F + TNF-a mediated
neutrophil migration. HBEC-3KT were stimulated with combination of IL-17A/F (50 ng/mL) and
TNF-a (20 ng/mL) in the presence/absence of pharmacological inhibitors LY 294002 (P13Ki; 16 uM)
and GO6976 (PKCi; 16 uM) as indicated. (A) Tissue culture supernatants were collected after 24 h
and monitored for the abundance of LCN-2 and Elafin by ELISA. Protein abundance shown is after
subtraction of background abundance in paired unstimulated cells from each independent replicate.
Each data point represents results an independent experimental replicate (N=4). (B) Tissue culture
supernatants were collected after 24 h and used in trans-well cell migration assays, to monitor the
migration of neutrophils isolated from human blood. Cell culture medium spiked with human
recombinant IL-8 (30 ng/mL) was used as a positive control, whereas media was used as a vehicle
control. Each dot represents the average number of neutrophils that traversed the membrane within
two hours in each experiment. Increases in neutrophil migration was calculated after subtraction of
background values in paired unstimulated cells for each biological replicate. Results are shown as
boxplots, wherein bars show median and IQR, and whiskers show minimum and maximum value.
Each data point represents results an independent experimental replicate (N=4). One-way ANOVA
with Bonferroni’s post-hoc test for multiple comparisons was used for statistical significance
compared to unstimulated cells as control (*p<0.05, **p<0.01).
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4.3.6: In vivo validation of selected protein targets in a murine model of airway inflammation

Previous reports have shown that repeated intranasal challenge with HDM for two weeks results in
airway inflammation with increased neutrophil accumulation in the lungs of BALB/c mice (45, 294).
To corroborate our in vitro findings in a physiologically representative model of airway inflammation,
we measured the abundance of IL-17A, IL-17F, heterodimer IL-17A/F, and TNF-a in the BAL and
lung tissue lysates obtained from mice challenged with HDM for two weeks. IL-17A and IL-17A/F,
but not IL-17F, were significantly higher in BAL from HDM-challenged mice, compared to allergen-
naive mice (Figure 2.12A). The concentration of TNF-a was also significantly higher in the BAL from
HDM-challenged mice (Figure 2.12A).

As both IL-17A/F and TNF-a were increased in the BAL of HDM-challenged mice, next I
examined the abundance of the proteins that was identified to be increased by the combination of these
two cytokines in the in vitro studies described above. Therefore, | examined the abundance of CHDP
LCN-2, Elafin, and the murine neutrophil chemokine KC (mouse homolog of human GROaq) in BAL
and lung tissue lysates. Abundance of LCN-2 and KC was significantly increased in BAL, but not in
the lung tissue lysates, in HDM-challenged mice compared to allergen-naive mice (Figures 2.12B &
212C). These results demonstrated a concurrent increase of IL-17A/F and TNF-o in BAL of allergen-
challenged mice, along with the neutrophil chemoattractant KC and CHDP LCN-2 and Elafin (also
known to be neutrophil chemoattractants). These results corroborated the in vitro findings in bronchial
epithelial cells (Figures 2.4 & 2.5) confirming the proteins targets synergistically enhanced by IL-
17A/F and TNF-a in an in vivo model.
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Figure 2.12: Assessment of protein production in the lungs of a mouse model of house dust mite-
induced airway inflammation. Female BALB/c mice challenged with i.n. administration of ~25 pg
(35 uL of 7 ug/mL saline) of HDM for five consecutive days per week for two weeks. BAL and lung
tissue lysates obtained from allergen-naive (N=5) and HDM-challenged (N=5) mice were monitored
for the abundance of (A) cytokines IL-17A, IL-17A/F, IL-17F, and TNF-a, and (B) KC by multiplex
MSD platform. Undetectable values of cytokine were assigned a value of 1/4 the minimum detectable
limit. (C) BAL of HDM-challenged (N=4) and allergen-naive (N=4) mice were monitored for the
abundance of LCN-2 and Elafin by Western blot. Results are shown as boxplots, wherein bars show
median and IQR, and whiskers show minimum and maximum points. Each data point represents an
individual mouse. Statistical analysis was performed using two-way ANOVA with Bonferroni’s post-
hoc test for multiple comparisons. Statistical significance denotes differences compared to control (*p

< 0.05, **p < 0.01, ***p < 0.001).
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4.4 DISCUSSION
In this study, | showed that the combinatorial effect of IL-17A/F and TNF-a uniquely alters the

proteome of HBEC, and primarily enhances proteins in three functional categories, neutrophilic
chemokines, CHDP with antimicrobial and immunomodulatory functions, and airway remodeling
factors. In independent validation studies, | demonstrated that the combination of IL-17A/F and TNF-
a synergistically enhances the production of LCN-2, Elafin, GROa, and IL-8, in TC supernatants from
HBEC (cell line and primary cells). Interestingly, the two CHDP (LCN-2 and Elafin) identified to be
synergistically enhanced by the combination of IL-17A/F and TNF-o also promote neutrophil
migration (215, 224, 315). These findings were functionally corroborated by my results demonstrating
that secreted factors from HBEC-3KT stimulated with the combination of IL-17A/F and TNF-a
uniquely promote neutrophil migration, while those from cells stimulated with either cytokine alone
do not. In further mechanistic studies, | showed that PI3K and PKC pathways are involved in the
synergistic enhancement of CHDP LCN-2 and Elafin, but not neutrophilic chemokines. My results
indicate that disparate pathways control the synergistic enhancement of CHDP compared to the
induction of chemokines, in response to concurrent activation by IL-17A/F and TNF-o in HBEC-3KT.
| also demonstrated in vivo that IL-17A/F and TNF-a, as well as the proteins identified from the in
vitro studies e.g., LCN-2, and the mouse homolog of GROa (KC), are significantly increased in the
BAL of allergen-challenged mice, using a murine model of allergen-challenged airway inflammation
known to increase neutrophil accumulation in the lungs (45, 294). These results are corroborated by
previous studies demonstrating individual CHDP and chemokine induction in response to IL-17A
(215, 347). The findings in this study identify proteins that are uniquely altered in response to
concurrent activation with the heterodimer IL-17A/F and TNF-a in the lung, and conclusively
demonstrate that the synergistic effect of these two cytokines leads to the enhancement of secreted

proteins that promote neutrophil migration in the context of airway inflammation.

This is the first study to detail proteins that are uniquely or synergistically altered by the combined
effect of IL-17A/F and TNF-a in HBEC, using a proteomics approach. Although previous studies have
demonstrated synergy between IL-17 and TNF-a in promoting inflammatory responses in different
cell types such as endothelial cells, hepatocytes, synovial fibroblasts, and AEC, these previous studies
were primarily focused on IL-17A (176, 204-206, 348). Relative quantitation of protein candidates
identified to be uniquely or synergistically enhanced by the combination of IL-17A/F and TNF-a
within the bronchial epithelial proteome in this study, suggests that the IL-17A/F-centric protein

biosignature is further enhanced by TNF-a during concurrent activation by these two cytokines. This
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is corroborated by a recent study demonstrating that pro-inflammatory responses mediated by IL-17A
and IL-17F are potentiated by TNF-a in synoviocytes (349). A previous study has demonstrated that
IL-17A enhances the expression CXCL3, CSF3, SAA1, and CCL20 in primary AEC (266), and these
molecular candidates were also found to be enhanced by the combination of IL-17A/F and TNF-a in
our proteomics dataset. It is thus likely that the combination of IL-17A and TNF-a. may result in a
similar protein biosignature that is defined here for the heterodimer IL-17A/F. Nonetheless, these
studies indicate that acute pro-inflammatory cytokines such as TNF-a, produced in the presence of
pathogenic and/or environmental factors e.g., air pollution, allergens, and fungi, exacerbate IL17A/F-

mediated responses to promote airway inflammation (312, 313, 342).

The pathophysiology of chronic respiratory diseases characterized by airway inflammation is
known to be driven by the cooperative interaction between various pro-inflammatory mediators (158).
TNF-a along with the IL-17 family of cytokines, including IL-17A/F, is enhanced in severe asthma
(15, 93, 150, 266-268, 270, 317, 318, 324, 342, 343). Research in the phenotypic heterogeneity of
asthma has shown that the immunophenotype of severe asthma is complex, which includes both Th2-
high and Th2-low/Th1+Th17-high disease (93, 150). Typically, severe steroid-unresponsive asthma
characterized by neutrophilia exhibits a Th2-low/Th17-high airway inflammation, with elevated levels
of IL-17A, IL-17A/F, and TNF-o at mucosal surfaces of the airway (93, 150, 320, 350, 351).
Neutrophil accumulation in the lung also results in NET formation in the airways (147, 150), which
can increase Th17 differentiation and subsequently IL-17 production (150). In addition, neutrophils
are also capable of recruiting Th17 cells via CCL20 and CCL2 (352). Therefore, neutrophilic
accumulation in the airways may prolong IL-17A/F-mediated airway inflammation through a positive
feedback loop, resulting in sustained inflammation and subsequent tissue damage. The only IL-17
family member produced by AEC is IL-17C, which is released by epithelia following activation with
various stimuli, including pro-inflammatory cytokines such as TNF-a (162). IL-17C enhances the
transcription of downstream targets which includes S100A9, GROq, IL-8, CSF3, and CCL20 via the
activation of IL-17RA and IL-17RE receptors (163). Although, I did not show the involvement of
autocrine 1L-17C signaling in the combinatorial effect of IL-17A/F and TNF-a, some of the IL-17C
targets such as GROa and IL-8 were shown to be synergistically enhanced by the combination of IL-
17A/F and TNF-a in this study. Therefore, it is possible that concurrent activation with IL17A/F and
TNF-a. may enhance IL-17C abundance in bronchial epithelial cells, perhaps at an earlier time point
than that examined in this study and amplify the autocrine activity of IL-17C. Interestingly, clinical

trials with either anti-TNF-a strategies or blocking the IL-17RA receptor did not adequately control
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severe asthma (353-355). In this context, the list of proteins and pathways defined in this study may
be valuable to design new interventions to specifically target the combinatorial effect of IL-17A/F and

TNF-a for the control of severe asthma.

Molecular mechanisms that underlie the cooperative effect of IL-17A/F and TNF-a are not
understood. IL-17A, IL-17F, and IL-17A/F signal via the heterodimeric receptor IL-17RA/RC, with
varying affinities (153). These IL-17 members induce modest levels of downstream signaling and
inflammatory responses, instead synergistically enhance signaling pathways through cooperative
effect with acute pro-inflammatory cytokines such as TNF-o (356). Previous studies have
demonstrated that synergistic effects of IL-17A and TNF-o are mediated through the activation of
pathways such as NF-xB, MAPK, protein kinase B and PI3K pathways (204, 357, 358). Aligned with
this, I demonstrated that the synergistic effect of IL-17A/F and TNF-a involves the PI3K and PKC
pathways in HBEC-3KT. However, my results also suggest that there may be disparate signaling
mechanisms that control different downstream responses mediated by the combinatorial action of IL-
17A/F and TNF-a.. This is indicated by my results demonstrating that cytomix IL-17A/F + TNF-a-
mediated synergistic enhancement of CHDP LCN-2 and Elafin is dependent on PKC and PI3K
signaling pathways, but this is not the case for enhancement of chemokines IL-8 and GROa.
Mechanisms previously suggested for the synergistic effects of IL-17A and TNF-a include IL-17A-
mediated increase in the expression of TNF-a receptor Il in hepatocytes and synoviocytes (204, 359),
and post-transcriptional mRNA stabilization of TNF-a-induced chemokines by I1L-17A (198, 2009,
360). As TNF-a-family receptors were not demonstrated to be uniquely enhanced by the combination
of IL-17A/F and TNF-a in our proteomics dataset, our results suggest that the combinatorial effects
of IL-17A/F and TNF-a. may not be driven by TNF-a-receptor. Previous studies have also shown that
production of the murine neutrophilic chemokine KC is initiated transcriptionally through activation
of the NF-xB pathway by TNF-a, while IL-17A drives chemokine mRNA stabilization through an
Act-1 dependent mechanism (198, 360). However, the chemokines defined in this study, GROa and
IL-8, were enhanced in a supra-additive manner both at the transcriptional level and protein production.
Thus, my results suggest that the mechanisms associated with the synergistic enhancement of
neutrophilic chemokines by IL-17A/F and TNF-a. may not be solely dependent on post-transcriptional
regulation. However, my findings also indicate that the synergistic increase of Elafin protein
production may be regulated post-transcriptionally, as mRNA expression of Elafin was not enhanced
by IL-17A/F and TNF-a in HBEC-3KT. These studies highlight the complex, overlapping and unique,
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signaling mechanisms involved in the regulation of downstream responses mediated by the concurrent

activation of IL-17 family of cytokines and TNF-a in the lungs, which needs to be fully elucidated.

4.5 Summary
The outcome of inflammation is dependent on the overall composition of cytokines (14), wherein the

multitude of cytokines present in the inflammatory milieu may invoke redundant, antagonistic, or
synergistic effects which dictate immune responses (10, 12). Therefore, to determine if IL-17A/F-
mediated inflammation was relevant in a complex environment representative of neutrophilic airway
inflammation, | defined global protein changes in response to IL-17A/F in the presence/absence of
other pro-inflammatory mediators involved neutrophilic airway inflammation, including TNF-a and
IFN-y in bronchial epithelial cells and in a mouse model of mixed eosinophilic/neutrophilic airway

inflammation.

In this study, | showed that the combinatorial effect of IL-17A/F and TNF-a. uniquely enhanced
the production of 38 proteins, compared to either cytokine alone, in HBEC-3KT at 24 h. These 38
proteins primarily belonged to three functional categories, including CHDP with antimicrobial and
immunomodulatory functions, neutrophil-associated chemokines, and airway remodeling factors. Four
of seven dominant protein targets (increased > 2-fold) were those that promote neutrophil migration.
These included the CHDP LCN-2 and Elafin, as well as the neutrophil-associated chemokines GROa
and IL-8. Expression and abundance changes for these proteins were confirmed in independent
validation studies in HBEC-3KT and PBEC isolated from patients undergoing lung resection. Further,
these changes were functionally corroborated by my results which demonstrated that proteins secreted
from HBEC-3KT stimulated with combinations of IL-17A/F and TNF-a for 24 h uniquely enhance
neutrophil migration compared to those stimulated with either cytokine alone. In mechanistic studies,
| demonstrated that activation of PI3K and PKC regulated the production of neutrophil-associated
CHDP (e.g., LCN-2 and Elafin), but not neutrophil-associated chemokines (e.g., GROa and IL-8). |
demonstrated in vivo that IL-17A, IL-17A/F, TNF-a, as well as select protein targets including LCN-
2 and KC (mouse analog of GROa) were concurrently increased in the BAL of allergen-challenged

mice, using a mouse model of airway inflammation characterized by airway inflammation in the lungs.

Taken together, this study conclusively demonstrates that IL-17A/F-mediated inflammation

leads to enhancement of secreted proteins which promote neutrophil migration in the context of airway
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inflammation. The findings in this study provide insight into the fundamental understanding of
downstream protein targets and pathways in response to the combinatorial activity of TNF-a along
with the IL-17-family heterodimer IL-17A/F, in the context of airway inflammation. The protein
targets identified in this study will be useful for the development of interventional strategies to target
biological processes enhanced by the presence of IL-17A/F and TNF-a, relevant to chronic respiratory

diseases such as steroid-unresponsive severe asthma.

In addition, this study along with the study detailed in chapter 3, characterized complex IL-
17A/F-mediated inflammation (in the presence/absence of other cytokines) in bronchial epithelial cells
and demonstrated the role of this cytokine in enhancing neutrophil migration to sites of inflammation
via the induction of neutrophil-associated CHDP. Therefore, these studies provided novel CHDP
targets (e.g., LCN-2, Elafin) and immunological processes (e.g., neutrophil accumulation in the lung)
in which to investigate the role of cathelicidin LL-37 in regulating IL-17A/F-mediated inflammation
in the lung. Furthermore, these results, when taken together with previous studies, facilitated the
selection of a physiologically representative mouse model of IL-17-dependent neutrophil
accumulation in the lung. As a result, IL-17A/F-mediated protein targets (e.g., LCN-2) and a mouse
model of neutrophilic airway inflammation were selected to define regulation of IL-17A/F-mediated

inflammatory signaling by LL-37 in vitro and in vivo.
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Figure 2.13: Combination of IL-17A/F + TNF-a uniquely alters the bronchial epithelial cell
proteome to enhance proteins which enhance neutrophil migration. IL-17A/F + TNF-a indirectly
enhance neutrophil migration to the lung by increasing production neutrophil-associated CHDP (e.g.,
LCN-2) and chemokines (e.g., GROa and IL-8) in HBEC. This figure created using biorender.com.
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Chapter 5: Cathelicidin LL-37 Modulates IL-17A/F-Mediated Transcription

Factors and RNA Binding to Proteins to Suppress Lipocalin-2 Production and

Limit Neutrophil Accumulation

This section contains some text and figures from a manuscript to be submitted as an original article in
the Journal of Mucosal Immunology (2022). Anthony Altieri, Dylan Lloyd, Mahadevappa

Hemshekhar, and Neeloffer Mookherjee.

A.A. and N.M. conceived and designed the study. A.A. performed majority of the experiments,
analyzed the data, and wrote the manuscript. D.L. performed the Western blots. M.H. assisted with
animal model studies and provided intellectual input for the study. N.M. obtained funding and

supervised the study.

5.1 Abstract

Background: Asthma is a heterogeneous disease reflecting different pathophysiology. Inhaled
allergen-mediated disease can be Th2-driven or Th2-low/Th17-driven. The Th2-low/Th17-driven
disease shows predominantly neutrophilic inflammation and is associated with non-responsiveness to
ICS. There are currently no effective therapies for the control of steroid-unresponsive, severe asthma.
This disease is characterized by the increased abundance of IL-17A/F in the lungs. Neutrophilic
inflammation also results in increased abundance of the sole human cathelicidin peptide, LL-37, in the
lungs. However, molecular changes in response to the interplay of IL-17A/F and LL-37 in the lungs

have not been defined.

Objective: | aimed to identify molecular targets of IL-17A/F altered by LL-37 during airway
inflammation. These targets may represent pivotal checkpoints in airway inflammation that can be

used to develop new therapeutic strategies.

Methods: HBEC-3KT were stimulated with IL-17A/F (50 ng/mL). Cell lysates (N=5) were probed
using high-content aptamer-based proteomic profiling. Differential analysis was performed on
normalized log2 protein expression values, along with Welch’s t-test (p<0.05) to identify differentially
abundant proteins. The identified IL-17A/F-mediated molecular signature was independently
confirmed in vitro using HBEC-3KT cell line, and ex vivo using PBEC isolated from three individuals

undergoing lung resection, in the presence and absence of LL-37 (0.25 uM). These findings were
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validated in vivo using a physiologically representative model of neutrophilic airway inflammation in

male and female mice.

Results: Proteomic profiling and independent confirmatory studies demonstrated that IL-17A/F
enhanced the production of 20 proteins in HBEC-3KT. Proteins that were increased by >2-fold
included neutrophil-associated CHDP LCN-2 and Elafin. The neutrophil chemokine GROa. was also
significantly enhanced by IL-17A/F. LL-37 selectively altered IL-17A/F-mediated increase of these
proteins in bronchial epithelial cells. LL-37 suppressed the abundance of IL-17A/F-mediated LCN-2,
and in contrast enhanced the abundance of GROa. LL-37 did not alter IL-17A/F-mediated Elafin
production. Select findings were validated in vivo using a physiologically representative mouse model
of neutrophilic airway inflammation, using a recall challenge of allergen with low concentration of
endotoxin during the allergen sensitization phase. This mouse model is characterized by IL-17-
mediated neutrophil accumulation and NETosis in the lung. In this model, | demonstrated that CRAMP
(mouse analog of LL-37), IL-17A/F, LCN-2, and NE (a neutrophil activation marker) are concurrently
enhanced. LCN-2 positively correlated with NE abundance, whereas CRAMP negatively correlated
with LCN-2 abundance and neutrophil accumulation in the lungs. In mechanistic studies | showed that
LL-37-mediated regulation of IL-17A/F-signature of inflammatory mediators is associated with
decreased abundance of transcription factor C/EBPf and increased abundance of RNA binding protein

(RBP) Regnase-1, which promote and suppress IL-17-mediated LCN-2 production respectively.

Conclusion: Results of this study indicate that physiological concentrations of LL-37 selectively alter
IL-17A/F-mediated inflammation in bronchial epithelial cells. Taken together, my data suggests that
cathelicidin peptides suppresses IL-17A/F-mediated LCN-2 production and limits neutrophil
accumulation in the lung. The proteins identified in this study (e.g., C/EBPJ, Regnase-1) to be altered
by IL-17A/F and/or LL-37 may represent pivotal checkpoints in neutrophilic airway inflammation and

can be used to develop new therapeutic strategies.

5.2 Rationale & Introduction

CHDP, also known as AMP, are small endogenous peptides with direct and indirect anti-infective and
immunomodulatory capabilities (19-21). The CHDP human cathelicidin LL-37 and mouse analog
CRAMP regulate inflammation in a highly complex manner, as illustrated by their ability to selectively
alter inflammation by modulating cell recruitment and activation (28, 32, 44, 117, 119-121, 123, 132,

133). Moreover, in addition to regulating inflammation initiated by pathogenic stimuli (32, 33, 44,

91



103, 134-136), previous studies have demonstrated that cathelicidins are critical regulators of cytokine-
mediated inflammation. For example, LL-37 suppresses the production of pro-inflammatory
mediators, while simultaneously enhancing the production of chemokines and anti-inflammatory
molecules (43, 115, 137). Furthermore, LL-37 levels are elevated in chronic inflammatory diseases of
the lung (138, 147), but the role of LL-37 is not well understood. Therefore, mechanistic studies
demonstrating the ability of LL-37 to selectively alter cytokine-mediated inflammation have led to

investigations into its role in cytokine-driven chronic inflammatory disease.

Asthma is a heterogenous disease characterized by airway inflammation that is either Th2-
driven or Th2-low/Th17-driven. Th2-low/Th17-driven disease is characterized by elevated IL-17A/F
levels, neutrophil accumulation in the lung, as well as non-responsiveness to treatment (158, 225-227,
268, 270). IL-17A/F increases neutrophil accumulation in the lung by enhancing the production of
neutrophil-associated chemokines in non-hematopoietic cells, including bronchial epithelial cells (160,
175-177). In addition, LL-37 levels are increased in Th2-low/Th17-driven asthma characterized by
neutrophil accumulation (147). One previous study demonstrated that individuals with neutrophilic
asthma had increased NET formation, significantly higher levels of LL-37, and increased NE levels,
compared to individuals with non-neutrophilic asthma and healthy controls (147). Moreover, one
recent study has demonstrated that CRAMP potentiates IL-17A/F-producing Th17 cells in the lung by
enhancing AHR and RORyt transcription factor expression in a TGF-B1-dependent manner (124).
Despite this, the role of LL-37 in asthma characterized by IL-17-driven neutrophil accumulation is not
well understood. Therefore, | investigated the impact of LL-37 on IL-17A/F-mediated airway
inflammation in HBEC, and in a physiologically representative mouse model of neutrophilic airway
inflammation which was previously shown to be characterized by IL-17-dependent neutrophil
accumulation in the lung (150). As LL-37 is known to play a role in facilitating immune homeostasis
(18, 105), I hypothesized that LL-37 limits neutrophil accumulation in the lung by selectively
regulating IL-17A/F-mediated inflammation in bronchial epithelial cells.

In this study | performed proteomic profiling to determine the dominant protein targets
enhanced in response to IL-17A/F-mediated inflammation in HBEC-3KT. These protein targets were
used to characterize the effect of physiologically representative concentrations of cathelicidin LL-37
on IL-17A/F-mediated inflammation using the HBEC-3KT cell line and in PBEC isolated from
individuals undergoing lung resection. In addition, | used a physiologically relevant mouse model of

neutrophilic airway inflammation to determine the relationship between neutrophil accumulation as
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well as activation, CRAMP (mouse cathelicidin), and selected protein targets from the proteomic array

results.

Here, | demonstrated that the sole human cathelicidin LL-37 selectively suppresses IL-17A/F-
mediated LCN-2 abundance in bronchial epithelial cells. LCN-2 is a secreted peptide with
antimicrobial functions and plays a role in innate immunity by promoting neutrophil chemotaxis and
activation (224, 361). Further, | validated these findings in vivo using a mouse model of neutrophilic
airway inflammation (150). | demonstrated that CRAMP (mouse analog of LL-37), IL-17A/F, LCN-
2, and neutrophil activation marker NE were concurrently elevated in the lungs in the mouse model
neutrophilic airway inflammation. In addition, | demonstrate that CRAMP is negatively correlated
with LCN-2 abundance, as well as neutrophil accumulation in the lung. Moreover, by interrogating
novel IL-17-mediated signaling intermediates, | demonstrated that LL-37 suppresses IL-17A/F-
mediated C/EBPf production, a transcription factor required for LCN-2 production, in HBEC-3KT.
In addition, I demonstrated LL-37 enhances IL-17A/F-mediated endoribonuclease Regnase-1
production, a feedback inhibitor of IL-17 signal transduction, in human PBEC. Based on my findings,
| propose a novel mechanism wherein cathelicidin LL-37 selectively alters cytokine-mediated
inflammation and promotes immune homeostasis by simultaneously altering transcription factors and
the post-transcriptional machinery which controls mRNA abundance, and therefore the inflammatory
milieu. As a result, the proteins identified in this study may represent pivotal checkpoints in

neutrophilic airway inflammation and can be examined to develop new therapeutic strategies.

5.3 Results:

5.3.1 IL-17A/F alters the bronchial epithelial cell proteome and significantly increases the

abundance of neutrophil chemotactic proteins

To determine the dominant proteins produced in response to IL-17A/F-mediated lung inflammation, |
performed aptamer-based proteomic profiling of HBEC-3KT (ATCC® CRL-4051™) at 24 h. Pairwise
differential analysis conducted on normalized log2 protein abundance values demonstrated that IL-
17AJF significantly alters the abundance of 25 proteins in HBEC-3KT after 24 h; increasing the
abundance of 20 and suppressing the abundance of 5 proteins (Figure 3.1A). The proteins with the
greatest increase in abundance (>2-fold) in response to IL-17A/F-mediated inflammation were
neutrophil-associated CHDP LCN-2, which promotes neutrophil activation in addition to recruitment
(224), and Elafin, which prevents damage to the airway epithelium during lung inflammation by

degrading serine proteases such as NE (337, 362). GROa was selected for further investigation due to

93



its role as a neutrophil-recruiting chemokine (363) and as a positive control for selective enhancement
by LL-37 (117). Moreover, as secreted proteins primarily mediate cellular communication, I confirmed
the abundance of these three selected proteins in HBEC-3KT TC supernatant by ELISA after 24 h
post-stimulation (Figure 3.1B). This data suggests that IL-17A/F-mediated inflammation indirectly
enhances neutrophil accumulation in the lung by increasing the abundance and secretion of neutrophil-

associated chemotactic factor production in bronchial epithelial cells.
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Figure 3.1: IL-17A/F-mediated bronchial proteome. HBEC-3KT were stimulated IL-17A/F (50
ng/mL) and compared to unstimulated controls after 24 h. (A) Cell lysates (14 ug total protein per
sample) obtained from five independent experiments were independently probed using the high-
content aptamer-based proteomic array (N=5). Pairwise differential analysis was conducted on
normalized log2 protein expression values, and Welch’s t-test with a cutoff of p<0.05 was used to
select protein abundance changes that were significantly altered in response to the combination of IL-
17A/F. (B) TC supernatant was collected from cells 24 h post-stimulation, and the abundance of LCN-
2, Elafin, and GROa was examined by ELISA. Y-axis represents ng/mL. Each dot represents an
independent experiment, and bars show the median and min-max range. Repeated measures one-way
ANOVA with Fisher’s least significant difference test was used for statistical analysis (*»<0.05,
**%p<0.005).
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5.3.2 LL-37 and citrullinated LL-37 suppress IL-17A/F-mediated LCN-2 production in bronchial

epithelial cells
Previous studies have demonstrated that LL-37 indirectly promotes neutrophil recruitment (32) and

selectively suppresses cytokine-mediated inflammation (43). Therefore, | hypothesized that
cathelicidin LL-37 would selectively alter IL-17A/F-mediated production of neutrophil-associated
proteins in bronchial epithelial cells. As the concentration of LL-37 in individuals with neutrophilic
airway inflammation ranges from 0.25 uM to 1 uM (147), | performed dose titrations to select a
concentration within this range that enhanced chemokine production, but not cellular cytotoxicity.
HBEC-3KT cells were stimulated with LL-37 and a scrambled control peptide sLL-37 for 24 h, and
the abundance of chemokines GROa. and IL-8 was measured in TC supernatants by ELISA. 0.25 uM
and 0.5 uM concentrations of LL-37 induced a statistically significant increase in GROa and IL-8
(Figure 3.2A). In addition, cellular cytotoxicity was examined by monitoring the release of LDH,
which demonstrated that 0.25 uM and 0.5 uM concentrations did not cause a significant increase in
cellular cytotoxicity (Figure 3.2B) in HBEC-3KT 24 h post-stimulation. In addition, |1 examined
whether citrullination of LL-37, a post-translational modification of LL-37 which occurs in the lungs
during airway inflammation (138-142), changes the ability LL-37 to enhance the production of GROa.
and I1L-8. HBEC-3KT were stimulated with 0.25 uM LL-37, citLL-37, or sLL-37 and the abundance
of chemokines GROa and IL-8 was measured in TC supernatants by ELISA 24 h post-stimulation.
0.25 uM LL-37 significantly increased the abundance of GROa ~26% compared to unstimulated
HBEC-3KT, whereas citLL-37 did not (Figure 3.2C). In addition, both LL-37 and citLL-37
significantly increased the abundance of IL-8 by ~323% and ~182% respectively (Figure 3.2C).
However, citrullination of LL-37 dampened the enhancement of IL-8 compared to LL-37 by ~33%
(p=0.07). These results suggest that citrullination of LL-37 reduces pro-inflammatory activity
compared to native LL-37. Based on these results, 0.25 uM of LL-37 and related peptides were used
in subsequent experiments to determine the impact of LL-37 to on IL-17A/F-mediated protein

production on bronchial epithelial cells.

Therefore, HBEC-3KT were stimulated with 0.25 uM of LL-37, citLL-37, or sLL-37, in the
presence and absence of IL-17A/F (50 ng/mL). The abundance of selected IL-17A/F-mediated protein
targets identified from the results of the proteomic array, including LCN-2, Elafin, and GROa were
measured in TC supernatant by ELISA, 24 h post-stimulation. LL-37 and citLL-37 suppressed IL-
17A/F-mediated LCN-2 production ~53% and ~50% respectively in HBEC-3KT (Figure 3.3A) but did
not alter Elafin production (Figure 3.3B). In contrast, combinations of IL-17A/F and LL-37 or citLL-
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37 significantly enhanced GROa production by ~313% and ~210% respectively at 24 h in HBEC-
3KT. However, citrullination of LL-37 limited GROa production in combination with IL-17A/F
(Figure 3.3C). These results demonstrated that LL-37 selectively alters IL-17A/F-mediated CHDP
production and neutrophil chemotactic factors. Moreover, citrullination of LL-37 does not suppress all

LL-37 immunomodulatory functions.
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Figure 3.2: Physiological concentration of LL-37 enhances GROa and IL-8 secretion without
enhancing cellular cytotoxicity. TC supernatant collected from HBEC-3KT stimulated with various
concentrations of LL-37 and scrambled control peptide sLL-37 were examined for the abundance of
neutrophil-associated chemokines (A) GROa and 1L-8 by ELISA and for (B) LDH release as a marker
for cellular cytotoxicity, 24 h post-stimulation. Each dot represents an independent experiment
compared to paired unstimulated HBEC-3KT, and dashed lines show the average. (C) HBEC-3KT
were stimulated with 0.25 uM LL-37, citLL-37, and sLL-37 and TC supernatant was examined for the
abundance of GROa and IL-8 24 h post-stimulation by ELISA. Each dot represents an independent
experiment, and bars show the median and min-max range. Repeated measures one-way ANOVA with
Fisher’s least significant difference test was used for statistical analysis (*p<0.05,

#4p<0.005, ****p<0.0001).

*#p<0.001,
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Figure 3.3: LL-37 and citLL-37 selectively alter IL-17A/F-mediated protein production in
HBEC-3KT. HBEC-3KT (N=7) were stimulated with LL-37, citLL-37, or sLL-37 (0.25 uM) in the
presence and absence of IL-17A/F (50 ng/mL). TC supernatant collected 24 h post-stimulation was
examined for abundance of (A) LCN-2 Elafin, and GROa by ELISA. Y-axis represents % change
compared to paired unstimulated controls within donors. Each dot represents an independent
experiment, and bars show the median and min-max range. Repeated measures one-way ANOVA with
Fisher’s least significant difference test was used for statistical analysis (*p<0.05, ****p<0.0001).

98



5.3.3 IL-17-mediated neutrophilic mouse model of airway inflammation

To test the relevance of LL-37 in modulating IL-17A/F-mediated inflammation | performed in vivo
validation of select protein targets in a mouse model of neutrophilic airway inflammation (Figure
3.5A). The model in this study is based on a previous study that demonstrated concomitant intranasal
(i.n.) administration of HDM and low concentration of LPS during the allergen sensitization phase
results in enhanced IL-17-mediated neutrophil accumulation, NET formation, and PADI4-dependent
citrullination in the lungs of male mice (150). | expanded on this model and used both male and female
mice for this study, as most allergen challenge models use female mice. There were no changes to the
survival rate (data not shown) or weight of male or female mice after 15 days (Figure 3.5A & 3.5B). |
measured leukocyte accumulation by cell differential analysis in the BAL 24 h after the last HDM
challenge. Male and female mice sensitized with co-challenge of HDM and LPS showed a clear
neutrophil-skewed airway inflammation compared to other allergen or endotoxin alone sensitized
groups of mice (Figure 3.6). There were no differences in total leukocyte accumulation in HDM-
challenged mice compared to HDM + LPS sensitized mice (Figure 3.6B). Consistent with the previous
study (150), neutrophil accumulation in the BAL was significantly increased in male mice sensitized
with HDM + LPS compared to those sensitized with HDM alone, which was not noted in female mice
(Figure 3.6C). However, eosinophil accumulation in the BAL decreased in female mice sensitized with
HDM + LPS compared to those sensitized with HDM alone (Figure 3.6D), indicating that the ratio of
neutrophils to eosinophils would be skewed toward a robust neutrophilic inflammation. In male and
female mice, i.n. sensitization with HDM + LPS increased macrophage accumulation in the BAL
(Figure 3.6E) while lymphocyte accumulation was unchanged (Figure 3.6F). Moreover, comparative
analysis of individual cell populations as compared to overall cell accumulation in the BAL (i.e., cell
percentages) demonstrated that eosinophil percentages were significantly lower in female mice
sensitized with HDM + LPS (~18%) as compared to female mice sensitized with HDM alone (~32%)
(Figure 3.6G). These results were similar in male mice; eosinophil percentages were significantly
lower in male mice sensitized with HDM + LPS (~33%) as compared to male mice sensitized with
HDM alone (~53%; Figure 3.6H). Moreover, neutrophil percentages were higher (p = 0.09) in male
mice sensitized with HDM and LPS (~28%) as compared to mice sensitized with HDM alone (~21%).
Taken together, these results confirmed that co-challenge of allergen with low concentration of
endotoxin during sensitization induces an endotype indicative of neutrophilic inflammation, which is
associated with severe asthma, characterized by increased accumulation of neutrophils and/or

decreased eosinophils, in the lungs of male and female mice.

99



A B

—@— Saline - HDM —¥— HDM+LPS —— LPS

G sz
= 2
= -—
D '87
[} R
= =
& :
(0] 72}
< 3
©
5 2
[V
14 T T T 19 T T I
0 5 10 15 0 5 10 15
Day Day

Figure 3.5 HDM + LPS sensitization temporarily decreases body weight after 3 consecutive days
of intranasal administration. Female and male BALB/c mice (8-10 weeks; N>4 per group) were
challenged (i.n.) with saline, 25 pg (35 puL of 7 pg/mL saline), HDM protein extract with or without 1
pg LPS (35 pL of 0.03 pg/mL saline), or LPS (35 pL of 0.03 pg/mL saline) once daily for 3 days (days
0 to 2). Beginning on day 7, 25 pg of HDM (as described above) was administered i.n. for 8 days (days
7 to 14), once daily, to groups previously challenged with either HDM or combination of HDM + LPS.
Data points represent mean of N=5 mice, and whiskers represent standard error. Statistical analysis was
determined by two-way ANOVA with Dunnett’s multiple comparisons test and represents statistical
comparisons between saline controls and HDM + LPS treated mice (**p < 0.01, *p<0.001). HDM, house
dust mite; LPS, lipopolysaccharide.
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Figure 3.6: Co-challenge of HDM + LPS during sensitization induces disparate immune cell
accumulation in the lungs of female and male mice, compared to allergen challenge alone. Female
and male BALB/c mice (8-10 weeks; N>4 per group) were challenged (i.n.) with saline, 25 pg (35 pL
of 7 pg/mL saline), HDM protein extract with or without 1 pg LPS (35 pL of 0.03 pg/mL saline), or
LPS (35 uL of 0.03 pg/mL saline) once daily for 3 days (days 0 to 2). Beginning on day 7, 25 ug of
HDM (as described above) was administered i.n. for 8 days (days 7 to 14), once daily, to groups
previously challenged with either HDM or combination of HDM + LPS. (A) Schematic of HDM +
LPS- challenge. BAL collected 24 h after the last HDM challenge were used for assessment of (B)
total cells, (C) neutrophils, (D) eosinophils, (E) macrophage, and (F) lymphocytes. Cell percentages
((count of individual cell populations / count total cell accumulation) x 100) in the BAL of (F) female
and (G) male mice were assessed. Bars show median and IQR, whiskers show minimum and maximum
points, + denotes average. Statistical analysis was determined by one-way analysis of variance with
Fisher’s LSD test (*p<0.05, **p<0.001, ***p<0.005, ****p<0.0001). HDM, house dust mite; LPS,
lipopolysaccharide.
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5.3.4 CRAMP, IL-17A/F, LCN-2, and NE are concurrently increased in a mouse model of

neutrophilic airway inflammation

Patients with neutrophilic asthma have elevated NET formation, LL-37 abundance, and NE levels
compared to individuals with non-neutrophilic asthma and healthy controls (147). Despite this,
whether CRAMP (mouse analog of LL-37) levels are enhanced during IL-17-driven neutrophil
accumulation in the lungs of is not known in murine models. This is an important consideration as
murine models of allergen-challenged airway inflammation are used for preclinical studies of asthma.
Therefore, | determined the abundance of CRAMP and select protein targets associated with IL-17A/F-
mediated inflammation, including IL-17A/F, LCN-2, and NE by ELISA, in the lungs of female and
male mice in the neutrophilic airway inflammation model (HDM + LPS sensitization), and compared
the findings to all other groups; allergen-naive, LPS alone, and HDM alone (which typically shows an
eosinophilic inflammation profile) (150). CRAMP and IL-17A/F abundance in the BAL of HDM +
LPS sensitized mice was significantly increased compared to both HDM sensitized and saline controls.
CRAMP abundance in the BAL of mice sensitized with HDM + LPS was significantly increased by
~146% and ~197% in female and male mice, respectively, compared to HDM sensitized mice (Figure
3.7A). Similarly, IL-17A/F abundance in the BAL of mice sensitized with HDM + LPS was
significantly increased by ~71% and ~61% in female and male mice, respectively compared to HDM-
challenged mice (Figure 3.7B). In mice sensitized with HDM + LPS, NE abundance in the BAL and
tissue was significantly increased compared to HDM and saline controls. In female mice, NE
abundance in the BAL and tissue was significantly increased ~204% and ~131% respectively,
compared to HDM sensitized mice (Figures 3.7C and 3.7D). In male mice, NE abundance in the BAL
and tissue was significantly increased ~77% and ~82% respectively, in mice sensitized with HDM +
LPS, compared to HDM sensitized mice (Figures 3.7C and 3.7D). The concurrent increase in NE,
CRAMP, and IL-17A/F in HDM + LPS sensitized mice compared to both HDM, and saline controls
suggest that CRAMP and IL-17A/F are elevated during neutrophilic inflammation in the lung. LCN-2
abundance was increased in the BAL and tissue of female and male mice sensitized with HDM + LPS
compared to HDM and controls. In female mice sensitized with HDM + LPS, LCN-2 abundance in
the BAL was increased ~8% (p=0.06) compared to HDM controls (Figure 3.7E), whereas LCN-2
abundance in the tissue of female HDM + LPS sensitized mice was significantly enhanced ~61%
compared to HDM controls (Figure 3.7F). Results were similar in male mice, where LCN-2 abundance
in the BAL and tissue was significantly increased ~12% and ~91% respectively, compared to HDM
sensitized mice (Figures 3.7E and 3.7F). Taken together, these results suggest that LCN-2 may function
as a tissue-derived neutrophil chemotactic factor in neutrophilic inflammation characterized by the
concurrent increase of CRAMP and IL-17A/F.
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Figure 3.7: CRAMP, IL-17A/F, LCN-2, and NE are increased in the lung during neutrophilic
airway inflammation compared to eosinophilic airway inflammation. Female and male BALB/c
mice (8-10 weeks; N>4 per group) were challenged (i.n.) with saline, 25 pg (35 pL of 7 pg/mL saline),
HDM protein extract with or without 1 ug LPS (35 uL of 0.03 pg/mL saline), or LPS (35 pL of 0.03
pg/mL saline) once daily for 3 days (days 0 to 2). Beginning on day 7, 25 ug of HDM (as described
above) was administered i.n. for 8 days (days 7 to 14), once daily, to groups previously challenged
with either HDM or combination of HDM + LPS. Abundance of (A) CRAMP and (B) IL-17A/F in the
BAL were assessed by ELISA. Abundance of LCN-2 in the (C) BAL and (D) tissue were assessed by
ELISA. Abundance of NE in the (E) BAL and (F) tissue were assessed by ELISA. Bars show median
and IQR, whiskers show minimum and maximum points, + denotes average. Statistical analysis was
determined by one-way analysis of variance with Fisher’s LSD test (¥p<0.05, **p<0.001, ***p<0.005,
***¥n<0.0001). HDM, house dust mite; LPS, lipopolysaccharide.
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5.3.5 CRAMP abundance is negatively correlated with LCN-2 and neutrophil accumulation in the

lung
To determine the precise relationship between CRAMP, IL-17A/F, LCN-2, neutrophil activity (using

NE as a marker), and neutrophil accumulation in vivo, | performed correlative assessments in lungs of
mice with neutrophilic-skewed airway inflammation (HDM + LPS group), 24 h after the last HDM
challenge. LCN-2 and NE abundance were significantly, positively correlated in the lung tissue of
female mice (Figure 3.8A), suggesting that LCN-2 drives neutrophil accumulation and activation in
the lung. However, CRAMP abundance in the BAL and LCN-2 abundance in the tissue were
significantly, negatively correlated in the lungs of female mice (Figure 3.8B), which suggests that
CRAMP may limit tissue-derived LCN-2 production to limit neutrophil accumulation and activation
in the lung. As CRAMP and LCN-2 were negatively correlated, | determined the relationship between
CRAMP and neutrophil accumulation in the lungs of mice challenged with HDM + LPS. In male and
female mice, there was a significant negative correlation between CRAMP and neutrophil
accumulation that differed by tissue compartment. In female mice, CRAMP abundance in the tissue
and neutrophil accumulation in the lung had a significant, negative correlation (Figure 3.8C), whereas
in male mice CRAMP abundance in the BAL and neutrophil accumulation were significantly,
negatively correlated. Taken together with my previous results, this data suggests that CRAMP limits

neutrophil accumulation by decreasing IL-17A/F-mediated LCN-2 production in the lung.
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Figure 3.8: CRAMP limits neutrophil accumulation in the lungs of mice with neutrophilic airway
inflammation. Female and male BALB/c mice (8-10 weeks; N>4 per group) were challenged (i.n.)
with HDM protein extract with 1 ug LPS (35 uL of 0.03 pg/mL saline) once daily for 3 days (days 0
to 2). Beginning on day 7, 25 pg of HDM (as described above) was administered i.n. for 8 days (days
7 to 14), once daily, to groups previously challenged with combination of HDM + LPS. BAL and lung
tissue were collected 24 h after the last HDM challenge. Abundance of CRAMP, LCN-2, and NE was
assessed by ELISA. Neutrophil numbers were assessed by cell differential assessment. Pearson’s
correlation analysis was performed to determine the correlations between the targets as indicated. p <
0.05 were considered statistically significant.
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5.3.6 LL-37 suppresses the abundance of IL-17-mediated CEBPB abundance, a critical

transcription factor for LCN-2 production

Previous studies have demonstrated that IL-17A induces NF-kB signal transduction to enhance the
transcription of transcription factors (TF) which disparately regulate the production LCN-2 and GROa
in epithelial cells (197, 202). Here, IL-17A-mediated induction of TF 1xB{ and C/EBPJ are required
for the transcription of LCN-2, whereas the transcription of GROa is dependent solely of IkBZ (197,
202). In addition, IL-17A activates competing RBP, including Arid5a and endoribonuclease Regnase-
1/MCPIP1, which are critical promoters and inhibitors of IL-17-mediated signal transduction,
respectively (197, 200). Arid5a positively regulates the translation NFKBIZ (gene of IkBC) and
CEBPB (gene of C/EBPp). Arid5a prevents NFKBIZ, but not CEBPB, degradation by Regnase-1
(197). Further, one previous study performed in epithelial cells demonstrated that Regnase-1 directly
degrades CXCL1 (gene of GROa) mMRNA (200). Moreover, a previous study demonstrated that LL-37
alters NF-«B signaling to enhance GROa production in bronchial epithelial cells (117). Therefore, |
hypothesized that the mechanisms related to the ability of LL-37 and citLL-37 to suppress IL-17A/F-
mediated production of LCN-2 and enhance IL-17A/F-mediated enhancement of GROa are by altering
the abundance of ARID5A (gene of Arid5a), ZCH312A (gene of Regnase-1), NFKBIZ, and CEBPB in
bronchial epithelial cells. As such, HBEC-3KT were stimulated with 0.25 uM of LL-37, citLL-37, or
sLL-37, in the presence and absence of IL-17A/F (50 ng/mL). The mRNA abundance of selected IL-
17A/F-mediated protein targets, such as NGAL2, as well as signaling intermediates, including,
ARID5A, ZCH312A, NFKBIZ, and CEBPB were measured by qRT-PCR, 3 and 6 h post-stimulation.

At 3 h post-stimulation, there were no significant changes to IL-17A/F-mediated NGAL2 or
ARID5A mRNA abundance (Figures 3.9A and 3.9B). However, IL-17A/F significantly enhanced the
abundance of ZCH312A and NFKBIZ by ~2.5- and ~3.5-fold, respectively, compared to unstimulated
HBEC-3KT (Figure 3.9B and 3.9C). The combination of LL-37 and IL-17A/F, but not citLL-37 and
IL-17AJ/F significantly enhanced the abundance of CEBPB mRNA abundance by ~1.6-fold compared
to unstimulated controls (Figure 3.9C). Notably, LL-37 significantly enhanced IL-17A/F-mediated
NFKBIZ mRNA abundance by ~4.3-fold compared to IL-17A/F stimulated cells, whereas citLL-37
did not (Figure 3.9C). At 6 h post-stimulation, a ~2.2-fold increase in IL-17A/F-mediated NGAL2
MRNA abundance was suppressed to baseline by both LL-37 and citLL-37 (Figure 3.10A). There were
no significant changes to ARID5A mRNA abundance (Figure 3.10B). IL-17A/F significantly enhanced
ZCH312A and NFKBIZ mRNA abundance by ~2.8-fold and ~5.1-fold respectively, compared to
unstimulated HBEC-3KT (Figures 3.10B and 3.10C). Finally, both LL-37 and citLL-37 significantly
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suppressed IL-17A/F-mediated increases in CEBPB mRNA abundance from ~1.5-fold to baseline
(Figure 3.10C). These results suggest that LL-37 and citLL-37 suppress IL-17A/F-mediated increases
in LCN-2 production by decreasing the abundance of CEBPB mRNA. In addition, these results suggest
that LL-37 enhances GROa production to a greater degree than citLL-37 due to its ability to enhance
IL-17A/F-mediated NFKBIZ mRNA abundance, which was not enhanced by citLL-37.
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Figure 3.9: LL-37, but not citLL-37, enhances IL-17A/F-mediated increases in NFKBIZ and
CEBPB mRNA abundance. HBEC-3KT (N=3) were stimulated with LL-37, citLL-37, or sLL-37
(0.25 uM) in the presence and absence of IL-17A/F (50 ng/mL). mRNA was isolated 3 h post-
stimulation and transcriptional responses evaluated by quantitative real-time PCR for (A) CHDP LCN-
2 (NGAL2) (B) RBP Arid5a (ARID5A) and Regnase-1 (ZCH312A) and (C) transcription factors 1kBg
(NFKBIZ) and C/EBP (CEBPB). Fold changes (y-axis) for each gene was normalized to 18S RNA,
and compared to unstimulated cells normalized to 1, using the comparative AACt method Each data
point represents an independent experimental replicate and bars show the mean and SEM. Fisher’s
LSD test for one-way ANOVA was used to determine statistical significance (*p<0.05, **p<0.01,
***n<0.001, ****p<0.0001).
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Figure 3.10: LL-37 and citLL-37 suppress IL-17A/F-mediated increases in NGAL2 and CEBPB
MRNA abundance. HBEC-3KT (N=3) were stimulated with LL-37, citLL-37, or sLL-37 (0.25 uM)
in the presence and absence of IL-17A/F (50 ng/mL). mRNA was isolated 6 h post-stimulation and
transcriptional responses evaluated by quantitative real-time PCR for (A) CHDP LCN-2 (NGAL2) (B)
RBP Arid5a (ARID5A) and Regnase-1 (ZCH312A) and (C) transcription factors 1«B{ (NFKBIZ) and
C/EBPp (CEBPB). Fold changes (y-axis) for each gene was normalized to 18S RNA, and compared
to unstimulated cells normalized to 1, using the comparative AACt method Each data point represents
an independent experimental replicate and bars show the mean and SEM. Fisher’s LSD test for one-
way ANOVA was used to determine statistical significance (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001).
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5.3.7 citLL-37 simultaneously suppresses IL-17A/F-mediated LCN-2 production while enhancing

the abundance of IL-17A/F-mediated Regnase-1, a feedback inhibitor of IL-17 signal transduction

In additional confirmational studies, | validated my results from HBEC-3KT in physiologically
representative PBEC isolated from patients undergoing lung resection. | stimulated PBEC with 0.25
uM of LL-37, citLL-37, or sLL-37, in the presence and absence of IL-17A/F (50 ng/mL). The
abundance of selected IL-17A/F-mediated protein targets identified from the results of the proteomic
array, including LCN-2, Elafin, and GROa were measured in TC supernatant by ELISA 24 h post-
stimulation. | demonstrated that the protein abundance profiles in response to LL-37, citLL-37, and
sLL-37, in the presence and absence of IL-17A/F, were overall similar 24 h post-stimulation in human
PBEC compared to that observed in HBEC-3KT cell line. A notable exception in human PBEC was
that citLL-37 significantly suppressed IL-17A/F-mediated LCN-2 production by ~95% whereas LL-
37 did not (Figure 3.11). Taken together with my previous studies in HBEC-3KT (Figure 3.3), this
data suggests that LL-37 limits certain neutrophil chemotactic factors such as CHDP LCN-2 but
maintains or enhances chemokines such as Groa. This differential effect of LL-37 on CHDPs
compared to chemokines is maintained and/or enhanced by the citrullinated peptide. For example, the
ability of LL-37 to suppress IL-17A/F-induced LCN-2 is enhanced by citLL-37, which is notable in
human PBEC.
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Figure 3.11: LL-37 and citLL-37 selectively alter IL-17A/F-mediated protein production in
PBEC. Human PBEC obtained from three independent donors (N=3, n = 2) were stimulated with LL-37,
citLL-37, or sLL-37 (0.25 uM) in the presence and absence of IL-17A/F (50 ng/mL). TC supernatant
collected 24 h post-stimulation was examined for the abundance of LCN-2, Elafin, and GROa by
ELISA. Y-axis represents % change compared to paired unstimulated controls within donors. Each dot
represents an independent experiment, and bars show the median and min-max range. Repeated measures
one-way analysis of variance with Fisher’s least significant difference test was used for statistical analysis
(¥*p=<0.05, **p<0.001, ****p<0.0001).
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Moreover, | investigated the ability of LL-37, citL-37, and sLL-37 to alter the abundance of
IL-17-mediated transcription factors and RBP in PBEC. | stimulated PBEC with 0.25 uM of LL-37,
citLL-37, or sLL-37, in the presence and absence of IL-17A/F (50 ng/mL) and confirmed the ability
of LL-37, citLL-37, and sLL-37 to alter the protein abundance of selected protein targets. First, |
monitored the abundance of NF-kB p65, as well as phosphorylation of p-IKKa/f (S176/180), which
is required for the activation of IKK kinases and subsequent NF-kB activation by Western blots, 30
minutes (min) post-stimulation in PBEC. In addition, | investigated the ability of LL-37, citLL-37, and
sLL-37 to alter the abundance of select protein targets, including Arid5a, Regnase-1, 1xB(, and
C/EBP 30 min and 24 h post-stimulation in PBEC. LL-37, but not citLL-37, significantly enhanced
phosphorylation of p-IKKa/p (S176/180) by ~63%, and significantly enhanced the abundance of the
NF-kB subunit p65 by ~59% compared to unstimulated PBEC after 30 mins (Figure 3.12A). However,
LL-37 and citLL-37 significantly enhanced the abundance of Regnase-1 30 mins post-stimulation by
~79% and ~69% respectively, compared to unstimulated PBEC (Figure 3.12B). In addition, IL-17A/F
enhanced the abundance of Arid5a by ~112% at 30 mins, compared to unstimulated PBEC (Figure
3.12B). Moreover, IL-17A/F significantly increased the abundance of Arid5a and 1kBC by 65% and
~1212%, respectively compared to unstimulated PBEC 24 h post-stimulation (Figure 3.13).
Furthermore, combinations of LL-37 and IL-17A/F significantly enhanced the abundance of Regnase-
1 ~394%, compared to IL-17A/F stimulated cells and combinations of citLL-37 and IL-17A/F
enhanced the abundance of Regnase-1 ~318% (p=0.06) compared to IL-17A/F PBEC (Figure 3.13).
Taken together, these results suggest that the biological activity of LL-37 engages both NF-xB
activation and Regnase-1, whereas that of citLL-37 enhances Regnase-1 without mediating NF-xB
activation, at the time points examined. These results also indicate that suppression of IL-17A/F-
mediated LCN-2 production by these peptides by engaging Regnase-1, which is a known feedback
inhibitor of IL-17 signaling transduction. Taken together, these studies suggest that citrullination of
LL-37 may be a post-translational mechanism to limit the pro-inflammatory arm of LL-37 via the
selective loss of NF-kB activation, engaging the feedback inhibitory activity of Regnase-1, to maintain
/ enhance suppression of IL-17A/F-mediated LCN-2 production in bronchial epithelial cells. In
comparison to signal transduction studies performed in HBEC-KT measuring mRNA abundance
which suggested that LL-37 and citLL-37 suppress IL-17A/F-mediated LCN-2 production by limiting
C/EBPp production (Figure 3.10), these studies indicate that additional regulatory mechanisms may

be activated by LL-37 and citLL-37 in individuals with chronic airway inflammation.
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Figure 3.12: LL-37 and citLL-37 enhance Regnase-1, a feedback inhibitor of IL-17-mediated
signal transduction in PBEC. Human PBEC obtained from three independent donors (N=3) were
stimulated with IL-17A/F (50 ng/mL) or LL-37, citLL-37, and sLL-37 (0.25 uM). Total cell lysate (25
ng) was collected from cells stimulated with LL-37, citLL-37, and sLL-37 (0.25 uM) to determine the
abundance of (A) p-IKKo/f (S176/180) and NF-xB p65 30 minutes post-stimulation, as well as (B)
IL-17 signal transduction proteins including Arid5a, Regnase-1, 1«B(, and C/EBPB 30 mins post-
stimulation by Western blot. Y-axis represents % change compared to paired unstimulated controls
within donors. Each dot represents an independent experiment, and bars show the mean and SEM.
Repeated measures one-way ANOVA with Fisher’s least significant difference test was used for
statistical analysis (¥p<0.05, **p<0.001 ).
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Figure 3.13: LL-37 and citLL-37 enhance Regnase-1 in the presence of IL-17A/F-mediated
inflammation in PBEC. Human PBEC obtained from three independent donors (N=3) were
stimulated with IL-17A/F (50 ng/mL) or LL-37, citLL-37, and sLL-37 (0.25 uM). Total cell lysate (25
ug) was collected from cells stimulated with LL-37, citLL-37, and sLL-37 (0.25 uM) to determine the
abundance of IL-17 signal transduction proteins including Arid5a, Regnase-1, 1kB(, and C/EBPf 24
h post-stimulation by Western blot. Y-axis represents % change compared to paired unstimulated
controls within donors. Each dot represents an independent experiment, and bars show the mean and
SEM. Repeated measures one-way ANOVA with Fisher’s least significant difference test was used for
statistical analysis (¥p<0.05, **p<0.001 ).
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Figure 3.14: Representative blots for evaluating the impact of LL-37 and citLL-37on IL-17A/F-
mediated inflammation in PBEC. Human PBEC obtained from one independent donor (N=1) was
stimulated with IL-17A/F (50 ng/mL) or LL-37, citLL-37, and sLL-37 (0.25 uM) and used as a
representative blot. Total cell lysate (25 pug) was collected from cells stimulated with LL-37, citLL-37,
and sLL-37 (0.25 uM) to determine the abundance of p-IKKa/B (S176/180) and NF-kB p65 30 minutes
post-stimulation as well as the abundance of IL-17 signal transduction proteins including Arid5a,
Regnase-1, kB, and C/EBP 30 mins and 24 h post-stimulation by Western blot. Y-axis represents
% change compared to paired unstimulated controls within donors. Each dot represents an independent
experiment, and bars show the mean and SEM. Repeated measures one-way ANOVA with Fisher’s
least significant difference test was used for statistical analysis (*»<0.05, **p<0.001).
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5.3.8 LL-37, but not citLL-37 enhances the production of CCL20 in the presence/absence of IL-
17A/F
Previous studies have demonstrated that IL-17A enhances the production of Th17-recruiting

chemokine CCL20 in neutrophilic airway inflammation (48) and in epithelial cells (197, 200). In
similar fashion to GROaq, IL-17A-mediated transcription of CCL20 is solely dependent on IkBC, but
is directly targeted by endonuclease Regnase-1 for mRNA degradation (197, 202). Therefore, as an
additional line of investigation, | determined the ability of LL-37 and citLL-37 to alter Th17-recruiting
chemokine CCL20 production in the presence/absence of IL-17A/F in bronchial epithelial cells.
HBEC-3KT and PBEC isolated from patients undergoing lung resection were stimulated with 0.25
uM LL-37, citLL-37, or sLL-37 in the presence/absence of IL-17A/F (50 ng/mL), and the abundance
of CCL20 was measured by ELISA, in TC supernatant 24 h post-stimulation. LL-37 significantly
enhanced the production of CCL20 in the presence / absence of IL-17A/F-mediated inflammation by
~121% and ~190%, respectively compared to unstimulated HBEC-3KT (Figure 3.15A). In addition,
citrullination of LL-37 abrogated the production of CCL20 in the presence/absence of IL-17A/F in
HBEC-3KT (Figure 3.15A). A similar trend was observed in human PBEC, wherein LL-37
significantly enhanced the production of CCL20 in the presence / absence of IL-17A/F-mediated
inflammation by ~208% and ~532%, respectively compared to unstimulated PBEC (Figure 3.15B).
Further citrullination of LL-37 dampened CCL20 production by ~50% (p=0.06) in the absence of IL-
17A/F and significantly dampened CCL20 production by ~35% in the presence of IL-17A/F in PBEC
(Figure 3.15B). These results provide additional mechanistic that evidence citrullination of LL-37
results in the selective loss of IL-17A/F-mediated 1kBC, activity, without altering the activity of the
endoribonuclease Regnase-1. Taken together with previous results, these results suggest that
citrullination of LL-37 is a homeostatic feedback mechanism which limits both neutrophil and Th17

accumulation in the lung by limiting chemokine production compared to native LL-37.
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Figure 3.15: LL-37, but not citLL-37, enhances IL-17A/F-mediated CCL20 production in
bronchial epithelial cells. (A) HBEC-3KT (N=6) and (B) human PBEC (N=3, n=2) were stimulated
with LL-37, citLL-37, or sLL-37 (0.25 uM), in the presence/absence of IL-17A/F (50 ng/mL). Tissue
culture supernatant collected 24h post-stimulation was examined for abundance of CCL20 by ELISA.
Y-axis represents % change compared to paired unstimulated cells for each replicate. Each dot
represents an independent experiment, and bars show the median and min-max range. Repeated
measures one-way analysis of variance with Fisher’s least significant difference test was used for
statistical analysis (**p<0.001, ***p<0.005, ****p<0.0001).
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5.4 Discussion

In this study, I identified proteins that are enhanced by IL-17A/F in bronchial epithelial cells, which
included two CHDP, LCN-2 and Elafin. In addition to its anti-infective activity (215, 222), LCN-2
enhances neutrophil migration in chronic inflammatory disease (224, 361, 364). For example, a
previous study investigating the role of LCN-2 in a mouse model of psoriasis, demonstrated that
neutralization of LCN-2 significantly reduced neutrophil accumulation in sites of inflammation (224).
In addition, this study demonstrated that administration of recombinant mouse (rm)LCN-2 resulted in
a dose dependent increase in neutrophil-derived TNF-a, IL-6, and IL-8 via the extracellular signal-
related kinase (Erk)-1/2 and p38-mitogen-activated protein kinase (MAPK) signaling pathways.
Another study demonstrated that recombinant human (rh)LCN-2 and rmLCN-2 enhanced neutrophil
migration in an Erk-1/2-dependent manner and subsequently demonstrated that monoclonal antibody-
based neutralization of LCN-2 reduced neutrophil migration in the early phase of acute inflammation
(361). Moreover, in addition to its antimicrobial activity against respiratory pathogens (346), previous
studies have demonstrated cytokines IL-1p and TNF-a enhance the transcription of NE inhibitor Elafin
in AEC to protect the epithelial barrier from neutrophil-mediated damage (365). This study was
corroborated by another which demonstrated that NE increases Elafin transcription in PBEC to limit
epithelial damage in the lung (315). My results demonstrating that IL-17A/F enhances neutrophil-
associated CHDP, including LCN-2 and Elafin, are corroborated by previous studies demonstrating
that IL-17 indirectly recruits neutrophils to the lung by stimulating the production of chemokines in
non-hematopoietic immune cells (158, 225-227, 335).

Based on these results, LCN-2 and Elafin were selected to further investigate the impact of
physiologically relevant concentrations of cathelicidin LL-37 on IL-17A/F-mediated protein
production in the lung. It should be noted that LL-37 is increased in the lungs during neutrophilic
inflammation and found enhanced in NET (147). Therefore, how LL-37 changes IL-17A/F-mediated
downstream responses warrant investigation. Here, | demonstrate that LL-37 selectively suppresses
IL-17A/F-mediated LCN-2 production, without altering Elafin production in human bronchial
epithelial cells. These results indicate that LL-37 may be regulating specific mediators that promote
neutrophil recruitment in the lungs such as LCN-2, without compromising proteins which protect
against airway remodeling such as Elafin. Prolonged, chronic airway inflammation leads to permanent
structural changes, called airway remodeling, which include narrow and thickened airways and
ultimately, difficulty breathing, a critical feature of asthma pathogenesis (366). Elafin has been

previously shown to be protective in the process of airway remodeling (315, 365). Thus, my results
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suggest that LL-37 may have a protective effect on airway remodeling, as it does not suppress Elafin
production. However, both LCN-2 and Elafin also have potent antimicrobial functions (215, 222, 346).
Therefore, the impact of a CHDP such as LL-37 on other CHDPs during bronchial inflammation
remains unclear in the context of antimicrobial functions. Nevertheless, my findings show that LL-37
selectively suppress IL-17A/F-mediated LCN-2 without impairing Elafin production, which indicates
disparate functions in the context of airway inflammation compared to remodeling, which needs further

investigation.

I confirmed some of my findings in vivo using a physiologically representative mouse model
of airway inflammation with allergen HDM along with low concentration of endotoxin during the
sensitization phase which results in IL-17-driven neutrophil accumulation and NET formation in the
lung (150). | demonstrated that CRAMP (the mouse analog of LL-37), IL-17A/F, LCN-2, and NE are
all concurrently elevated in the lungs with increased neutrophilic accumulation in this mouse model.
These proteins were comparatively lower in mice challenged with allergen alone wherein the
inflammatory milieu is typically eosinophilic airway inflammation. I demonstrated that LCN-2
positively correlates with NE in the lungs, suggesting that LCN-2 may play a role in facilitating
neutrophilic airway inflammation in IL-17A/F-driven airway inflammation. Moreover, | demonstrated
that CRAMP negatively correlates with both LCN-2 abundance and neutrophil accumulation. Taken
together, the in vitro and in vivo results suggest that cathelicidins may be limiting neutrophilic
inflammation by suppressing the production of LCN-2, which needs further functional investigation.
Further, in mechanistic studies, |1 showed that LL-37 suppresses the abundance of C/EBP3 mRNA, a
critical transcription factor required for LCN-2 production in HBEC-3KT (197), whereas LL-37
enhances the RNA-binding protein Regnase-1, which is a critical feedback inhibitor of IL-17-mediated
signal transduction and LCN-2 production in PBEC (197, 200). My results suggest that LL-37
selectively alters the inflammatory milieu by modifying both transcription factors and post-

transcriptional signaling, a finding that is novel in the context of the immunobiology of cathelicidins

To my knowledge, this is the first study to demonstrate that LL-37 selectively suppresses
cytokine-mediated production of pro-inflammatory mediators (e.g., LCN-2) in non-hematopoietic
cells, a process that was previously demonstrated in leukocytes. For example, a previous study
demonstrated that LL-37 suppresses IL-32-induced pro-inflammatory cytokines TNF-a, IL-6 and IL-
1B and enhances anti-inflammatory cytokine IL-1RA through suppression of Fyn (Y420) Src Kinase
signaling in human macrophages and PBMC (43), highlighting the anti-inflammatory capacity of LL-
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37 in cytokine-mediated inflammation in leukocytes. Conversely, other studies investigating the
function of LL-37 in non-hematopoietic innate immune cells demonstrated that combination of LL-37
and IL-17A induces the transcription of TNF-a in a human synovial sarcoma cell line (115), and LL-
37 with IL-1p synergistically increases I1L-8 production in AEC (137). To the best of my knowledge,
my results are the first to demonstrate that LL-37 can selectively suppress pro-inflammatory mediator
such as LCN-2 production in non-hematopoietic immune structural cells, such as epithelial cells. In
addition, the ability of LL-37 to selectively suppress IL-17A/F-mediated LCN-2 production highlights
the role of crosstalk between CHDPs in regulating the inflammatory cascade. Previous studies
investigating the regulatory activity of CHDP primarily focused on downstream pro-inflammatory and
anti-inflammatory cytokines as readouts for inflammation (32, 33, 43, 44). Here, | demonstrate that
cathelicidin disparately alters the production of other CHDP such as LCN-2 and Elafin. To the best of
my knowledge, this is the first report that demonstrates the ability of LL-37 to alter the production of
other CHDP. The aspect of how the network of various CHDP is altered by the activity of cathelicidins

is an important regulatory component that needs to further investigation.

The mechanistic underpinnings of LL-37 on IL-17A/F-mediated regulation in bronchial
epithelial cells have not been investigated. Here | demonstrate that LL-37 and citLL-37 suppress IL-
17A/F-mediated production of CEBPB (gene of C/EBPB) mRNA. One study has demonstrated that
IL-17A-mediated production of LCN-2 is dependent on transcription factors C/EBPf and IkBC in
epithelial cells (197). However, another study demonstrated that LCN-2 production enhanced by the
combination of IL-17A and TNF-o was regulated by 1«BC but not C/EBP in AEC (202). Nonetheless,
my findings suggest that LL-37 and citLL-37 suppress IL-17A/F-mediated LCN-2 production by
suppressing IL-17A/F-mediated CEBPB transcription. In addition, post-transcriptional regulation
plays a critical role in regulation of inflammation (192, 193). Previous studies have demonstrated IL-
17-mediated inflammation is a function of the competitive interplay of RBP which regulate the
production of critical transcription factors required for the induction of neutrophil-associated
chemokines and CHDP, including LCN-2 (197, 200). Further, these studies have demonstrated that
Regnase-1 is a critical feedback inhibitor of IL-17-mediated LCN-2 production (197, 200). Here, |
demonstrate that LL-37 and citLL-37 increase IL-17AF/-mediated Regnase-1 abundance in human
PBEC. This suggests that LL-37 may selectively regulate 1L-17A/F-mediated LCN-2 production by
altering the proteins which control post-transcriptional regulation. Although the impact of LL-37 on
post-transcriptional regulation is not completely defined here, my findings are supported by previous

studies investigating the mechanism of LL-37 in inflammation. For example, a previous study
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demonstrated that TNF-o suppression was associated with a direct interaction between LL-37 and
GAPDH in monocytes (44), whereas another demonstrated that GAPDH moonlights as an RBP to
represses TNF-a. production in monocytes by increasing the degradation of TNFa mRNA (367).
Therefore, in addition to the results in this study, previous findings suggest that one of the mechanisms
by which LL-37 selectively alters inflammation is by modifying post-transcriptional regulation. The
precise role of LL-37 in selectively regulating inflammation through alterations to the post-

transcriptional machinery represents is an exciting line of investigation for future mechanistic studies.

Previous investigations delineating the role of LL-37 in regulating inflammation have
demonstrated that citrullination of LL-37 impairs its ability to regulate anti-infective inflammation
(138-142). For example, citrullination of LL-37 limits LPS neutralizing activity of the native peptide
(139-141) and increases serum pro-inflammatory cytokine IL-6 abundance in a model of sepsis (140).
Additionally, reports have demonstrated that PADI2- and PADI4-dependent citrullination of LL-37 is
a relevant post-translational modification in the human lung (138, 139), and that PADI4 activation is
increased in IL-17-driven neutrophilic airway inflammation (150). Taken together, this suggests that
citrullination may alter the ability of LL-37 to regulate cytokine-driven inflammation, a process that
has yet to be investigated. In contrast to previous reports, | demonstrate that citrullination does not
limit the ability of LL-37 to suppress inflammation. For example, | demonstrated that citrullination of
LL-37 dampens the ability of LL-37 to enhance GROa and CCL20 production in the presence of IL-
17A/F. Furthermore, | demonstrated that LL-37, but not citLL37, enhanced IL-17A/F-mediated
enhancement of IkB{ mRNA abundance. As a previous study has demonstrated that KD of 1kB{
abrogated IL-17A-mediated induction of CXCL1 (gene of GROa) (200), this suggests that the
differential activity of LL-37 and citLL-37 on IL-17A/F-mediated GROa and CCL20 production is
due to the selective loss of kB mMRNA abundance increases by citLL-37. In addition, | demonstrated
that citrullinated LL-37 suppresses IL-17A/F-mediated LCN-2 production in human bronchial
epithelial cells, wherein LCN-2 levels were suppressed to baseline in human primary cells. Moreover,
| demonstrate that citrullination of LL-37 results in the selective loss of pro-inflammatory NF-«B
signal transduction, without altering the increase in anti-inflammatory Regnase-1 abundance in human
PBEC. Overall, these results suggest that citrullination may selectively limit pro-inflammatory
functions of LL-37 without impairing the ability to limit its anti-inflammatory functions. Note that my
studies are in the context of cytokine-mediated inflammation, as opposed to pathogen-associated
inflammation as reported in the above-mentioned previous studies. Thus, the contradictory findings in

my study demonstrating that citrullination does not impair all immunomodulatory functions of LL-37
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may be because in the above mentioned previous studies the anti-infective / immunomodulatory
properties of citLL-37 was examined in the context of endotoxin and the loss of binding negatively
charged endotoxin by citLL-37 (138). To my knowledge, my findings show for the first time that
citrullination does not impair all immunomodulatory functions of LL-37, and that it may be a
mechanism to facilitate immune homeostasis by selectively limiting the peptide’s pro-inflammatory
functions. This opens new avenue of research for further examining the impact of citrullination on LL-

37-mediated regulatory functions within cytokine-driven inflammatory milieu.

Previous studies have demonstrated that cathelicidin levels are altered during airway
inflammation (102, 139, 146-148), however whether these peptides are increased or decreased seems
to be dependent on the Kinetic and type of airway inflammation. Thus, the role of these peptides in the
pathogenesis of airway inflammation, including IL-17-driven neutrophilic airway inflammation (and
therefore severe asthma) remains unclear. I demonstrate that CRAMP (a mouse analog of LL-37)
levels are increased along with IL-17A/F in a model that is characterized by neutrophilic-skewed
airway inflammation. Neutrophils are a dominant source of cathelicidins in chronic lung disease
characterized by airway inflammation (368). Concomitant increase in LL-37 with markers of NET
formation, including NE and extracellular DNA has been previously demonstrated in humans (147).
Mouse model studies have shown that CRAMP is decreased in eosinophilic airway inflammation
compared to naive mice (102). Here, | demonstrate that CRAMP is negatively correlated with LCN-2
abundance and neutrophil accumulation in the murine lung. In human cells, | demonstrate that LL-37
suppresses IL-17A/F mediated production of LCN-2. Taken together, these findings suggest that
CRAMP secretion by neutrophils may be a negative-feedback loop to limit IL-17A/F-mediated
neutrophil recruitment via LCN-2 to the lung. However, regulation of IL-17A/F-mediated downstream
processes by cathelicidins may be time-dependent. Recently, one study has demonstrated that
cathelicidin potentiates IL-17A/F-producing Th17 cells in the lung (124), suggesting that cathelicidin
may drive neutrophil accumulation in the lung during the initiation phase of inflammation. Therefore,
based on my results, | speculate that cathelicidins may play a role in limiting neutrophilic airway
inflammation at a later time point by intervening in IL-17-mediated downstream response such as
LCN-2. As such, the precise role that cathelicidins such as LL-37 plays in the initiation and resolution
of IL-17A/F-mediated neutrophilic inflammation warrants further investigation, as that could lead to

the identification of new regulatory mechanisms related to severe asthma.

Severe, late-onset, neutrophilic asthma predominantly affects females compared to males (369,

370). In addition, Th17-mediated airway inflammation is enhanced in females compared to males
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(370). Therefore, while not the primary focus of my study, | also performed sex-disaggregated data
analysis to account for sex-differences in the mouse model of neutrophilic airway inflammation. Here,
| demonstrate that cathelicidin CRAMP abundance is negatively correlated with neutrophil
accumulation in the lung in both sexes, yet this correlation differed by tissue compartments. In female
mice, CRAMP abundance in the tissue was negatively correlated with neutrophil accumulation in the
lungs. Conversely, in male mice CRAMP abundance in the BAL was negatively correlated with
neutrophil accumulation in the lung. The significance of these sex-specific differences in CRAMP

abundance and subsequent impact on neutrophil accumulation requires future investigation.

5.5 Summary
In this study, | demonstrate that LL-37 selectively alters the IL-17A/F-mediated bronchial proteome

to suppress CHDP LCN-2 production without limiting other proteins such as Elafin and Gro-a. In
mechanistic studies | show that the ability of LL-37 and citrullinated LL-37 to selectively limit LCN-
2 production may be by altering the production of transcription factors, such as C/EBPf or by engaging
post-transcriptional machinery, such as Regnase-1. Moreover, | demonstrate that citrullination of LL-
37 may be a homeostatic feedback mechanism which dampens the production of neutrophil- and Th17-
recruiting chemokines. In an in vivo model I show that although cathelicidin CRAMP, LCN-2, NE and
IL-17A/F are concurrently enhanced in the lungs in a model of neutrophilic airway inflammation, the
level of CRAMP negatively correlates with LCN-2 and neutrophil accumulation. Thus, cathelicidins
may play a role in limiting neutrophilic inflammation, albeit that will depend on the kinetics of
inflammatory response. Overall, the findings in this study provide insight into the interplay of LL-37
and IL-17A/F during neutrophilic airway inflammation, and therefore relevant to the immunobiology
of severe, uncontrolled asthma. As a result, the protein targets identified by this study may be useful
to develop interventional strategies derived from cathelicidin LL-37 (e.g., synthetic IDR peptides)
which target the biological processes identified to regulate IL-17-driven neutrophil accumulation in
the lung. These will be beneficial in chronic respiratory diseases such as steroid-unresponsive asthma
or COPD.

127



IL-17A/F IL-17A/F

1

Bronchial Bronchial
Epithelial Cells Epithelial Cells

-I- LL-37 LL-37
LCN-2 LCN-2 GROa GRO«a

SOSTSOPOSOON SSTSOPONOON

Figure 3.16: LL-37 alters TF and RBP to limit IL-17A/F-mediated LCN-2 production and
enhance GROa and CCL20 production in bronchial epithelial cells. 1L-17A/F-mediated
inflammation disparately enhances production of neutrophil-associated CHDP (e.g., LCN-2) and
chemokines (e.g., GROa, CCL20) via differential dependence on the TF C/EBPp. LL-37 and citLL-
37 decreases the abundance of TF (e.g., C/EBP) and RBP (e.g., Regnase-1), which positively and
negatively regulate LCN-2 production, respectively. Alternatively, LL-37 but not citLL-37, enhances
the abundance of 1kBC, resulting in differential production of GROa, CCL20. This figure created
using biorender.com.
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Chapter 6: Cathelicidin LL-37 suppresses TNF-a-mediated production of airway

remodeling factors MMP9 & MMP13 in human bronchial epithelial cells

6.1 Abstract

Background: Asthma is a heterogenous disease characterized by chronic inflammation in the lung.
Chronic airway inflammation can lead to permanent structural changes (known as airway remodeling)
in the lungs. TNF-a is a critical mediator of airway inflammation and is associated with increased
severity in chronic respiratory diseases. Similarly, human host defence peptide cathelicidin LL-37 is
also enhanced in airway inflammation. LL-37 has been previously shown to increase the production
of tissue inhibitor of metalloproteinase (TIMP)-1, a negative regulator of matrix metalloproteinases,
which is known to play a protective role in airway remodeling and AHR. However, the interplay of

TNF-a and LL-37 in the context of airway remodelling has not yet been defined.

Objective: To characterize protein changes in response to TNF-a and LL-37 in bronchial epithelial

cells.

Methods: HBEC-3KT were stimulated with TNF-o (20 ng/mL). Cell lysates (N=5) were probed using
a high content aptamer-based proteomic array at 24 h. Differential analysis was performed on
normalized log2 protein expression values, along with Welch’s t-test (p<0.05) to identify proteins that
were significantly changed in response to TNF-a. Proteins known to be associated with airway
remodeling, MMP9 and MMP13, were significantly enhanced by TNF-a and selected for independent
studies. These proteins were independently validated by ELISA in HBEC-3KT, and in human PBEC
obtained from resected lung tissue (in submerged and physiologically representative, mucocilliary-
differentiated air-liquid interface (ALI) cultures) after 24 h. Related signaling pathways were
examined using pharmacological inhibitors targeting SRC, PI3K, and PKC. The ability of
physiological concentrations of LL-37 to selectively alter the production of the selected airway
remodeling factors MMP9 and MMP13 was further examined in HBEC-3KT and PBEC at 24 h.
Western blots were performed to determine alterations to PI3K signal transduction by LL-37 in HBEC-
3KT after 30 m.

Results: Proteomic profiling and independent validation studies demonstrated that TNF-o enhanced
the abundance of airway remodeling factors MMP9 and MMP13 in HBEC-3KT and human PBEC.
Pharmacological inhibition of SRC signaling suppressed TNF-a-mediated production of MMP9 &
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MMP13 in HBEC-3KT. Pharmacological inhibition of PI3K suppressed TNF-a-mediated MMP13
production, but not TNF-a.-mediated MMP9 production in HBEC-3KT. Physiological concentrations
of LL-37 suppressed the abundance of TNF-a-mediated MMP9 and MMP13 production in HBEC-
3KT. Mechanistic studies showed that LL-37 enhanced phospho-AKT(T308) in HBEC-3KT after 30

m stimulation.

Conclusion: These results indicate that LL-37 may protect against detrimental airway remodeling by

suppressing TNF-a-mediated MMP9 and MMP13 production in human bronchial epithelial cells.

6.2 Introduction

CHDP are small endogenous peptides with direct and indirect anti-infective and immunomodulatory
capabilities (19-21). Two best characterized families of CHDP in mammals are defensins and
cathelicidins. The sole human cathelicidin is LL-37 has been shown to selectively modulate cytokine-
mediated inflammation (19-21). In addition, mounting evidence suggests that LL-37 contributes to
wound healing and tissue remodeling (371, 372). For example, one recent study has demonstrated that
physiological concentrations of LL-37 enhanced the production of tissue inhibitor of metalloproteinase
(TIMP)-1, a negative regulator of tissue remodeling factors (i.e., MMP), in gingival fibroblasts (373).
However, the impact of LL-37 on inflammatory cytokine-driven processes and its subsequent effect

on tissue remodeling factors is not well understood.

Airway inflammation is a central component of chronic inflammatory disease of the airways,
including asthma. Chronic airway inflammation can cause airway remodeling, defined by permanent
structural changes in the airways (e.g., narrowed, and thickened airways). Airway remodeling is
irreversible and changes to the structure of the airway may lead to long-term loss of function (70, 71).
The airway inflammation in asthma which leads to airway remodeling is heterogeneous and may be
either Th2-driven or Th2-low/Th17-driven. The Th2-low/Th17-driven disease is associated with
increased accumulation of neutrophils in the lungs, elevated levels of TNF-a. (317, 318, 326, 374), and
elevated expression of TNF-a-inducible airway remodeling factor MMP9 (79, 375). Although
neutrophilic asthma is also associated with elevated levels of LL-37 (147), it remains to be defined
how LL-37 changes TNF-a-induced airway remodeling factors in bronchial epithelial cells. Therefore,
in this study | investigated the effect of LL-37 on TNF-a-mediated MMP production in human
bronchial epithelial cells. As a previous study has indicated that LL-37 may decrease total MMP
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activity (373), | hypothesized that LL-37 would selectively suppress TNF-a-mediated MMP

production in bronchial epithelial cells.

Here, 1 demonstrate that MMP9 and MMP13 are the dominant airway remodeling factors
enhanced in response to TNF-a in HBEC-3KT and human PBEC. Further, | demonstrate that TNF-o.-
mediated MMP9 and MMP13 production is significantly suppressed by pharmacological inhibitors
specific to Src and PKC signaling intermediates, indicating the involvement of these pathways in TNF-
a-mediated MMP9 and MMP13 production. In addition, | demonstrate that TNF-a-mediated MMP13
production is significantly suppressed by pharmacological inhibitors specific to PI3K, whereas MMP9
production is not. Moreover, | demonstrate that LL-37 selectively suppresses MMP9 and MMP13
production. | also demonstrate that LL-37 enhances the phosphorylation of PI3K-related signal
transduction factor AKT(T308) but not AKT(S473), which is associated with negative regulation of
PI3K/AKT signaling (376). These findings suggest that LL-37 suppresses TNF-a-mediated production
and secretion of MMP13 in bronchial epithelial cells by modulating the PI3K/AKT signal transduction
pathway. Therefore, LL-37 may intervene in the process of airway remodeling in neutrophilic

inflammation.

6.3 Results

6.3.1 TNF-a enhances airway remodeling factor MMP9 and MMP13 abundance in bronchial
epithelial cells

To identify the proteins that were enhanced in response to TNF-a., | performed proteomic profiling of

human bronchial epithelial cells (HBEC-3KT; ATCC® CRL-4051™) stimulated with TNF-a (20

ng/mL) for 24 h. Cell lysates (14 pg total protein per sample) were obtained from five independent
experiments of HBEC-3KT cells in the presence/absence of TNF-a (20 ng/mL). Each lysate was
independently probed using high content aptamer-based proteomic profiling (N=5 for each group).
The concentration of TNF-a and the time point selected were based on previous studies (45, 377).
Pairwise differential analysis conducted on normalized log2 protein expression values demonstrated
that TNF-a significantly altered the abundance of 124 proteins compared to unstimulated cells (Figure
4.1A); increasing the abundance of 62 proteins and decreasing the abundance of 62 proteins. The
protein with the greatest increase in abundance was MMP9 (~10-fold increase), an airway remodeling
factor associated with neutrophilic airway inflammation and the development of experimental acute
lung injury (79, 378). In addition, the airway remodeling factor MMP13 (~3-fold increase) was also

significantly increased. MMP13 is associated with bleomycin-induced pulmonary fibrosis (379). To
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confirm TNF-a-mediated increase in these proteins, | performed independent studies to examine MMP
production by ELISA. | stimulated HBEC-3KT with TNF-a (20 ng/mL), and in parallel used IFN-y
(30 ng/mL) stimulation as a negative control and monitored TC supernatants by ELISA at 24 h. TNF-
o enhanced MMP9 and MMP13 abundance in the supernatant compared to unstimulated controls
(~2700% and ~3000% increase respectively) in HBEC-3KT (Figure 4.1B & 4.1C) at 24 h.

In addition, | performed experiments in PBEC isolated from individuals undergoing lung
resection, to confirm the findings in primary cells. These experiments were performed in both
submerged PBEC cell cultures (2D) and in physiologically representative, mucocilliary-differentiated
ALI-PBEC cultures. These cells were stimulated with a range of concentrations of TNF-a and IFN-y
as indicated, and TC were monitored for the abundance of MMP9 and MMP13 by ELISA after 24 h.
In submerged PBEC cultures, TNF-a significantly enhanced MMP9 abundance (~1000% increase)
and increased MMP13 abundance (~200% increase, p = 0.062) TNF-a after 24 h in TC supernatant
(Figure 4.2A). In mucocilliary-differentiated PBEC-ALI cultures, TNF-o enhanced MMP9 and
MMP13 production (Figure 4.2B), but additional experiments are required to determine if these
changes are statistically significant. These results suggest that TNF-a drives airway remodeling by
enhancing the abundance of MMP9 and MMP13 in bronchial epithelial cells. Therefore, MMP9 and
MMP13 were selected as protein targets to investigate of the impact of the human cathelicidin LL-37

on these proteins and subsequent airway remodelling.
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Figure 4.1: TNF-a enhances MMP9 and MMP13 production in HBEC-3KT at 24 h. HBEC-3KT
were stimulated with TNF-a (20 ng/mL) and compared to unstimulated (CTL) cells after 24 hours. (A)
Cell lysates (14 pg total protein per sample) obtained from five independent experiments were probed
using the high-content aptamer-based proteomic array. Pairwise differential analysis was conducted on
normalized log2 protein expression values, and Welch’s t-test with a cutoff of p<0.05 was used to select
protein abundance changes that were significantly altered in response to the combination of TNF-q..
Volcano plot demonstrating differentially abundant proteins in response to TNF-o compared to CTL. (B)
HBEC-3KT supernatant was collected from cells 24 h post-stimulation to determine the abundance of
MMP9 & MMP13. Y-axis represents ng/mL. Each dot represents an independent experiment, and bars
show the median and min-max range. One-way ANOVA with Fisher’s least significant difference test was

used for statistical analysis (****p<0.0001).
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Figure 4.2: TNF-a significantly increases MMP9 & MMP13 abundance in PBEC at 24 h. Human
PBEC were stimulated with TNF-a (20 ng/mL) or IFN-y (30 ng/mL) for 24 hours. (A) Tissue culture
supernatant from PBEC isolated from 4 separate individuals undergoing lung resection (N=4) was
examined for the abundance of airway remodeling factors MMP9 and MMP13 by ELISA. Y-axis
represents ng/mL. Each dot represents an independent experiment, and bars show the median and IQR,
whereas whiskers show min-max range. Repeated measures one-way ANOVA with Fisher’s least
significant difference test was used for statistical analysis (*p<0.05). (B) Supernatants from the basal side
of differentiated PBEC air-liquid interface (ALI) cultures (PBEC from N=2 independent donors) was
collected after 24 h and examined for the abundance of MMP9 and MMP13 by ELISA. Y-axis represents
ng/mL. Each dot represents an independent experiment, and bars show the median and min-max range.
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6.3.2 TNEF-a-mediated enhancement of MMP9 and MMP13 involves Src-kinase activity

Previous studies have demonstrated that PI3K, PKC, and Src regulate MMP9 production in virally
transformed AEC (380). In addition, one study demonstrated that Src is upstream of PI3K signaling in
alveolar epithelial cells (381). Therefore, | hypothesized that PI3K, PKC, and Src regulate MMP9
and/or MMP13 production in bronchial epithelial cells. As such, | examined the effect of specific
pharmacological inhibitors to determine the impact of these pathways on TNF-a-mediated MMP9 and
MMP13 production. HBEC-3KT were pre-treated with pharmacological inhibitors specific to Src
(SRCi; SRC1i and Dasatinib), PI3K (PI3Ki; LY294002), and PKC (PKCi; GO6976) at various
concentrations as indicated for 1 h prior to treatment with TNF-a (20 ng/mL). SRCi concentrations
were selected based on previous studies (380). Abundance of MMP9 and MMP13 were monitored in
TC supernatants by ELISA after 24 h. SRCi and Dasatinib at 1uM suppressed the production of TNF-
o-mediated MMP9 and MMP13 by ~50%. Further, 5uM concentration of the inhibitors abrogated
TNF-a-mediated MMP9 and MMP13 production (Figure 4.3A & 4.3B).

Similarly, PKC inhibitor (GO6976) mitigated MMP13 and MMP9 production in HBEC-3KT
after 24 h (Figure 4.4A and 4.4B). In addition, PI3K inhibitor (LY294002) mitigated MMP13
production, but did not alter MMP9 production in HBEC-3KT after 24 h (Figure 4.4A and 4.4B) These
results indicate that TNF-o-mediated production of MMP9 and MMP13 are differentially regulated
by PI3K signaling in HBEC-3KT.
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Figure 4.3: Src inhibitors suppress TNF-a-mediated MMP9 and MMP13 production. HBEC-
3KT cells were pre-treated with pharmacological inhibitors SRC1 Inhibitor (SRCi) and Dasatinib for
1 h prior to stimulation with TNF-a. (20 ng/mL). TC supernatants were collected after 24 h and
examined for protein production by ELISA for (A) MMP9 and (B) MMP13. Y-axis represents ng/mlL.
Each data point represents one independent replicate (N=4), and the line represents the average values.
Two-way ANOVA with Dunnett’s test for multiple comparisons was used to determine statistical

significance (***p<0.001, ****p<0.0001).
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Figure 4.4: PI3Ki and PKCi suppress TNF-a-mediated MMP13 production. HBEC-3KT cells
were pre-treated with pharmacological PI13K inhibitor (PI3Ki; LY290042) and PKC inhibitor (PKCi;
G06976) for 1 h prior to stimulation with TNF-o (20 ng/mL). Tissue culture supernatants were
collected after 24 h and examined for protein production by ELISA for (A) MMP9 and (B) MMP13.
Y-axis represents ng/mL. Each data point represents one independent replicate (N=4), and the line
represents the average. Two-way analysis of variance (ANOVA) with Dunnett’s test for multiple
comparisons was used to determine statistical significance (***p<0.001, ****p<0.0001).
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6.3.3 LL-37 and citrullinated L1 -37 suppress TNF-a-mediated production of MMP9 and MMP13

in bronchial epithelial cells

Next, | measured the impact of LL-37 and the physiologically relevant post-translational modified
form of the peptide, citrullinated LL-37 (citLL-37), on TNF-a-mediated MMP9 and MMP13
production in bronchial epithelial cells. In vitro and in vivo studies have demonstrated that one to all
five arginine residues in LL-37 can be converted to citrulline (138-140), which decreases the ability of
the peptide to neutralize LPS and consequent pro-inflammatory mediators (139-141), as well as
significantly attenuate anti-bacterial (138, 139) and anti-viral properties (142), compared to native LL-
37. A scrambled peptide (sLL-37) was used as a paired control. The concentration of LL-37 was
selected based of previous experiments, where 0.25 uM LL-37 induced a statistically significant
increase in GROa and IL-8 (Figure 3.2A) without a corresponding increase in cellular cytotoxicity
(Figure 3.2B) in HBEC-3KT 24 h post-stimulation. HBEC-3KT and human PBEC were stimulated
with LL-37, citLL-37, or sLL-37 (0.25 uM of each peptide) in the presence/absence of TNF-a (20
ng/mL). The abundance of MMP9 and MMP13 was measured by ELISA in TC supernatant 24 h post-
stimulation. LL-37 and citLL-37 significantly suppressed TNF-a-mediated MMP9 production by
~53% and ~50% respectively in HBEC-3KT (Figure 4.5A). In addition, LL-37 abrogated TNF-a-
mediated MMP13 production with a ~91% reduction, whereas citLL-37 suppressed TNF-a-mediated
MMP13 by ~54% (p=0.064), in HBEC-3KT (Figure 4.5A). The ability of LL-37 and citLL-37 to
suppress TNF-a-mediated MMP9 and MMP13 production in bronchial epithelial cells suggests that

LL-37 may potentially limit airway remodeling in the lung.

Although TNF-a enhanced MMP9 and MMP13 production in PBEC, LL-37 and citLL-37 did
not suppress its production in human PBEC (Figure 4.5B). This discrepancy may be because the PBEC
are isolated from patients undergoing lung resection and therefore these individuals may have
heightened underlying inflammatory status wherein the process of lung remodeling has already been
initiated. Nevertheless, the data from HBEC-3KT suggests that LL-37 suppresses TNF-a-mediated
enhancement of MMP9 and MMP13, and that this function is not lost by citrullination of the peptide.
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Figure 4.5: LL-37 & citLL-37 suppress TNF-a-mediated MMP9 & MMP13 production in
HBEC-3KT, but not PBEC. HBEC were stimulated with LL-37, citLL-37, and sLL-37 (0.25 uM) in
the presence/absence of TNF-a (20 ng/mL). Tissue culture supernatant collected after 24 h were used to
examine the abundance of MMP9 and MMP13 in (A) HBEC-3KT (N=5) and (B) human PBEC (N=3,
n=2), by ELISA. Supernatant was diluted 1:3 for ELISA. Y-axis represents % change compared to paired
unstimulated controls within each independent experimental replicate. Each dot represents an independent
experiment, and bars show the median and IQR, whereas whiskers show min-max range. Two-way analysis

of variance with Fisher’s least significant difference test was used for statistical analysis (**p<0.001,
*%p<0.005, ****p<0.0001).
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6.3.4 LL-37 and citLL-37 modulate intracellular AKT signaling.

Previous studies have demonstrated that LL-37 selectively alters inflammation by modifying
intracellular PI3K and Src kinase signal transduction pathways. For example, LL-37 enhances PI3K
signaling alone (103) and in combination with IL-1f to enhance the production of chemokine MCP-3
in PBMC (104). Moreover, another study demonstrated that LL-37 suppresses IL-32-induced pro-
inflammatory cytokines TNF-a, IL-6, and IL-1p through suppression of Fyn (Y420) Src Kinase
signaling in human monocyte-like cells and PBMC (43). As | have demonstrated that TNF-o-mediated
enhancement of MMP9 and MMP13 involved Src and PI3K pathways (Figures 4.3 & 4.4), |
hypothesized that LL-37 suppresses TNF-a-mediated production of MMP9 and MMP13 by altering
intracellular signal transduction involving these pathways. AKT signal transduction is regulated by
phosphorylation of two critical sites, T308 and S473 (376). Maximal AKT signal transduction requires
phosphorylation of T308 and S473 simultaneously, whereas phosphorylation of AKT at site T308, but
not S473, results in negative regulation of AKT-signaling (376). Therefore, p-SRC, p-AKT(T308),
and p-AKT(s473) were selected as intracellular, mechanistic protein targets to investigate the selective
intracellular immunomodulation by LL-37 pertaining to MMP9 and MMP13 production in bronchial
epithelial cells. I stimulated HBEC-3KT with 0.25 uM of LL-37, citLL-37, and sLL-37 and monitored
phosphorylation intermediates p-SRC, p-AKT(T308), and p-AKT(S473), using phospho site-specific
antibodies by Western blot after 30 min stimulation of the cells. There was no significant change on
p-SRC by the peptides after 30 min (Figure 4.7A). LL-37 significantly enhanced abundance of p-
AKT(T308) by ~32% compared to unstimulated HBEC-3KT. LL-37 did not alter the abundance of p-
AKT(S473) after 30 min, suggesting that LL-37 negatively regulates PISK/AKT signal transduction
pathways. Moreover, citLL-37 significantly increased the abundance of p-AKT(T308) by ~50% and
p-AKT(S473) by 20% to unstimulated HBEC-3KT, suggesting that the reduced ability of citLL-37 to
suppress MMP13 production (Figure 4.5A) is due to dual phosphorylation of AKT(T308, S473).
Nonetheless, this data suggests that LL-37 and citLL-37 suppress TNF-o-mediated MMP13
production, by selectively altering PISK-AKT signal transduction pathways in HBEC-3KT. In
addition, this data suggests that LL-37 uses additional regulatory mechanisms to suppress TNF-a-

mediated MMP9 production. These additional mechanisms require future investigation.
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Figure 4.7: LL-37 and citLL-37 alter AKT phosphorylation at sites T308 and S473. HBEC-3KT
(N=3) were stimulated with LL-37, citLL-37, and sLL-37 (0.25 uM) in the presence/absence of TNF-a.
(20 ng/mL). Total cell lysate (25 ng) was collected from cells 30 min post-stimulation to determine the
abundance of (A) p-SRC, (B) p-AKT(T308), and (C) p-AKT(S473) by Western blot. Y-axis represents %
change compared to paired unstimulated controls within donors. Each dot represents an independent
experiment, and bars show the median and min-max range. Repeated measures one-way ANOVA with
Fisher’s least significant difference test was used for statistical analysis (*p<0.05).

141



6.4 Discussion

In this study, I demonstrated that TNF-a. enhances the production and secretion of airway remodeling
factors MMP9 and MMP13 in HBEC, including both HBEC-3KT and PBEC isolated from patients
undergoing lung resection. Neutrophilic asthma is associated with elevated levels of TNF-a (79, 317,
318). Individuals with severe, neutrophilic inflammation typically have poor responses to treatments
that suppress eosinophils, including corticosteroids (79, 93). In addition to chronic cytokine-driven
inflammation, asthma is characterized by irreversible structural changes to the airways, referred to as
airway remodeling (382-384). Previous studies have demonstrated the detrimental effects of TNF-a
on airway remodeling, including epithelial barrier integrity (385, 386), epithelial-mesenchymal
transition (387), and blood vessel remodeling (388) in the bronchial epithelium. In addition, the altered
expression and activity of several MMPs, have been implicated in the pathogenesis of asthma (389,
390). Patients with poor responses to corticosteroids (severe asthmatics), had increased levels of and
activity of MMP9 in their sputum compared to patients who responded to corticosteroids and healthy
controls (391). Furthermore, reduced sputum MMP9/TIMP-1 ratio in asthmatics is associated with
measures of airway remodeling, including increased airway obstruction (392, 393), computed
tomography (CT)-based measures of increased airway wall area and thickness (393), and increased CT
scan lung abnormalities (394). Limited data is available on the levels of MMP13 in severe asthmatics.
However, Bayesian network analysis investigating pathobiological parameters in asthmatics identified
that MMP13 was positively correlated with markers of neutrophilic airway inflammation, including
neutrophil elastase (390), suggesting that MMP13 is associated with the pathogenesis of severe,
neutrophilic asthma. In addition, previous studies have demonstrated that MMP9 and MMP13 are
associated with the development of experimental acute lung injury (79, 378) and bleomycin-induced
pulmonary fibrosis (379), respectively. Taken together, this suggests TNF-a-mediated inflammation
drives airway remodeling by enhancing MMP9 and MMP13 production in HBEC of severe,
neutrophilic asthmatics.

The sole human cathelicidin, LL-37, is elevated in severe, neutrophilic asthmatics compared to
healthy controls (147). In this study, | demonstrated that cathelicidin LL-37 suppresses TNF-a-
mediated production of MMP9 and MMP13 to limit the abundance of these airway remodeling factors
in bronchial epithelial cells. Previous studies have demonstrated LL-37 (and LL-37 derivative 1G-19)
selectively alter cytokine-mediated inflammation to suppress the production of pro-inflammatory
mediators in vitro (43) and in vivo (101). LL-37 suppressed IL-32-mediated TNF-a, IL-6, and IL-1p
production through suppression of Fyn (Y420) Src Kinase signaling in human macrophages and

142



PBMC (43). Additionally, one study performed in gingival fibroblasts demonstrated that LL-37 alone
tended to decrease the combined enzymatic activity of MMPs in gingival fibroblasts (373). However,
this is the first study to detail (1) specific, statistically significant changes to MMP production in
bronchial epithelial cells by LL-37 and (2) demonstrate that LL-37 suppresses TNF-a-mediated airway
inflammation and/or remodeling factors. Taken together, these findings suggest that LL-37 limits
TNF-a-mediated airway remodeling and protects against detrimental airway structure changes which
occur in severe, neutrophilic asthmatics. For example, LL-37 may limit MMP9-driven increases in
airway thickness (393), airway obstruction (392, 393), and lung abnormalities (394). However, this
requires further investigation, as functional measurements of airway remodeling are beyond the scope
of this study. Nonetheless, my finding that LL-37 limits the production TNF-a-mediated remodeling
factors MMP9 and MMP13 may be relevant in other chronic inflammatory diseases, including
rheumatoid arthritis, which is characterized by MMP-driven tissue remodeling (395), as well as
elevated TNF-a (43, 101) and cathelicidin LL-37 (102).

Limited studies have shown that LL-37 undergoes specific PTM which can alter the biological
function of LL-37. In vitro and in vivo studies have demonstrated that one to all five arginine residues
in LL-37 can be converted from arginine to citrulline by PADI2 and PADI4 enzymes, which are that
are enhanced in inflammatory conditions (138-140). Citrullination decreases the ability of LL-37 to
neutralize LPS and limit downstream pro-inflammatory mediators production (139-141), as well as
attenuate anti-bacterial (138, 139) and anti-viral properties (142), compared to native LL-37.
Citrullination of LL-37 also results in lowered suppression of pro-inflammatory mediator production
in response to lipoteichoic acid and poly(l:C) (140). Moreover, citrullination of LL-37 increases serum
levels of IL-6 as well as increases sepsis, morbidity, and mortality in a mouse model of d-
galactosamine—sensitized endotoxin shock (140). Therefore, citrullination appears to result in the
selective loss of the anti-inflammatory capability of LL-37 during infection. The impact of
citrullination on the biological activities of LL-37 warrants detailed investigation as this PTM occurs
in the human lung (139), and LL-37 can mediate both effector and regulatory activity in inflammatory
diseases. In this study, | demonstrate that LL-37 and citLL-37 similarly mitigated TNF-a-mediated
MMP9 production in HBEC-3KT. In addition, | demonstrated that LL-37 and citLL-37 suppressed
TNF-a-mediated MMP13 production in HBEC-3KT, albeit with a greater reduction by LL-37 when
compared to citLL-37. Neither LL-37 or citLL-37 suppressed TNF-o.-mediated MMP9 and MMP13
production in PBEC isolated from patients undergoing lung resection, likely due to long standing

and/or pre-existing changes to lung remodeling. Nonetheless, these findings demonstrate the disparate
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effect that citrullination of LL-37 has on anti-infective as compared to cytokine-driven inflammation.
This aligns with previous studies demonstrating that citrullination of LL-37 limits binding of
negatively charged infective molecules, including LPS (138), a property which doesn’t apply to the
interplay of LL-37 and TNF-a. in this in vitro study. However, additional studies are required to fully
delineate the difference between LL-37 and citLL-37 in the context of inflammation and airway
remodeling, as this study investigated the differences between LL-37 and citLL-37 on a limited number

of airway remodeling factors.

In this study, | also demonstrated that pharmacological inhibitors specific to Src, including
SRC1 inhibitor (SRC1i) and Dasatinib, as well as pharmacological inhibitors specific to PKC
(GO6976) limited the production of TNF-a-mediated MMP9 and MMP13 production in HBEC.
Similarly, | demonstrated that pharmacological inhibitors specific to PI3K (LY?294002) limited TNF-
o-mediated MMP13 production in HBEC. My results are aligned with previous studies investigating
the mechanism of MMP9 production in AEC. One previous study demonstrated that TNF-a-induced
MMP9 expression was reduced following pre-treatment with pharmacological inhibitors specific to c-
Src (PP1) and PI3K (LY294002) and transfection with siRNA specific to Src and AKT in virally
transformed human AEC (380). Moreover, this study demonstrated that pre-treatment with the
pharmacological inhibitor specific to PKC (GO6976) used in this study inhibited TNF-a-mediated
total phosphorylation of Src and AKT in HBEC (380). Taken together with my results and another
study demonstrating that Src is upstream of PI3K signaling in in alveolar epithelial cells (381), this
suggests that the interdependence of Src and/or PI3K/AKT signaling is critical in regulating TNF-o.-
mediated MMP9 and MMP13 production. Furthermore, this suggests that Src and/or PI3K/AKT signal
transduction is a critical regulator of airway remodeling, which is aligned with previous studies
demonstrating that these signaling pathways contribute to airway remodeling via the proliferation of
ASM cells (396, 397) and fibroblasts (398).

LL-37 has been previously demonstrated to intervene Src-, PI3K-, or AKT-associated signaling
pathways (43, 104). One study performed demonstrated that LL-37-suppressed Fyn (Y420) Src Kinase
signaling in human macrophages and PBMC was associated with the suppression of IL-32-mediated
TNF-a, IL-6, and IL-1B production (43). In addition, one previous study has demonstrated that LL-37
synergistically enhanced IL-13-mediated production of chemokine MCP-3, which was suppressed by
inhibition of PI3K (104). Taken together, these studies demonstrate the ability of LL-37 to intervene

within Src or PI3K/AKT signaling pathways to selectively modulate cytokine-driven inflammation,
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albeit only within hematopoietic immune cells as compared to non-hematopoietic immune cells.
Therefore, | investigated the ability of LL-37 and citLL-37 to modulate Src- and PI3K/AKT-signaling
and therefore limit TNF-o-mediated MMP9 and MMP13 production in HBEC. Phosphorylation of
two AKT phosphorylation sites (T308 and S473) is a critical node within AKT signaling (376).
Maximal AKT signal transduction requires phosphorylation of T308 and S473 simultaneously,
whereas phosphorylation of AKT at site T308, but not S473, results in negative regulation of AKT-
signaling (376). In this study, |1 demonstrated that LL-37 significantly enhanced the abundance of p-
AKT(T308), but not p-AKT(S473) compared to unstimulated HBEC, suggesting that LL-37 negatively
regulates AKT signaling to limit TNF-a-mediated MMP13 production in HBEC. In contrast to LL-
37, citLL-37 significantly increased the abundance of both phospho-sites AKT(T308 and S473)
compared to unstimulated HBEC-3KT. This disparate regulation of phosphorylation may explain the
37% greater reduction of MMP13 production by LL-37 when compared to citLL-37. This study
demonstrates the difficulty associated with determining the precise mechanisms by which LL-37 (and
CitLL-37) alter TNF-a-mediated activation of the Src-PI3K-AKT signaling pathways. Although 1
determined that (1) TNF-a-mediated MMP13 production was suppressed by pharmacological
inhibitors specific to PI3K and (2) LL-37 negatively regulates AKT-signaling, the precise time points
where the selective regulation of T308 and S473 phosphorylation was not determined in dual
stimulation conditions. In this instance, additional timepoints or kinetic PI3K/AKT activation assays
are required to fully delineate the mechanistic interplay of LL-37 and TNF-a in HBEC. Nonetheless,
these findings suggest that LL-37 (and citLL-37) to may limit other detrimental processes in airway
remodeling regulated by PI3K/AKT signaling, including airway narrowing by limiting the
proliferation of ASM cells (396, 397) and fibroblasts (398). Here, further investigation is required, and
in vivo strategies, including CRAMP (murine analog of LL-37) KO mice would be beneficial to

address the impact LL-37 on airway remodeling in chronic respiratory disease.

6.5 Summary
| previously demonstrated that combinations of IL-17A/F + TNF-a-mediated inflammation enhanced

the production of airway remodeling factor MMP13 in HBEC-3KT and PBEC at 24 h, suggesting that
MMP13 is a relevant contributor to airway remodeling during neutrophilic asthma. In this study, I
investigated the role of cathelicidin LL-37 in regulating TNF-a-mediated airway remodeling factor
production in bronchial epithelial cells. Here, | performed proteomic profiling and demonstrated that
the dominant airway remodeling factors enhanced by TNF-a-mediated inflammation are MMP9 and

MMP13, which have been implicated in the pathogenesis of airway remodeling in the lung (79, 378,
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379). Moreover, | demonstrated that pharmacological inhibitors specific to Src and PKC suppressed
MMP9 and MMP13 production in HBEC-3KT, and that inhibitors specific to PI3K suppressed TNF-
o-mediated production of MMP13. | demonstrated that LL-37 suppressed TNF-a-mediated MMP9
and MMP13 production. Further, I demonstrated that LL-37 significantly enhanced the abundance of
p-AKT(T308), but not p-AKT(S473) compared to unstimulated HBEC, demonstrating that LL-37
negatively regulates AKT-signaling. Taken together, these results suggest that LL-37 limits
detrimental airway remodeling in the lung by negatively regulating PI3K/AKT signaling to limit TNF-
a-mediated MMP13 production in HBEC. In addition, these results suggest that LL-37 uses additional
regulatory mechanisms to suppress MMP9 production. This is the first study to demonstrate that LL-

37 suppresses MMP production in the presence/absence of cytokine-driven inflammation.

Ultimately, | demonstrated that LL-37 suppresses TNF-a-mediated MMP9 and MMP13 production in
bronchial epithelial cells and that suppression of TNF-a-mediated MMP13 is associated with negative
regulation of PI3K/AKT signaling. The findings in this study provide insight into the interplay of LL-
37 and TNF-a in bronchial inflammation and on subsequent airway remodeling, a process associated
with prolonged detrimental inflammation in severe, uncontrolled asthma. Phospho-sites targeted by
LL-37, such AKT(T308 and S473) identified by this study may be useful to develop interventional
strategies derived from cathelicidin LL-37 (i.e., IDR peptides) to intervene in the biological processes
associated with TNF-a-driven airway remodeling in the lung, which is relevant to chronic respiratory

diseases including steroid-unresponsive asthma or COPD.
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Figure 4.8: LL-37 and citLL-37 limits TNF-a-mediated airway remodeling factor MMP9 and
MMP13 production in the lung. TNF-a enhances the production of MMP9 and MMP13 in HBEC.
Pharmacological inhibitors specific to PI3K abrogate TNF-a-mediated MMP13, but not MMP9
production. LL-37 and citLL-37 suppress TNF-a-mediated production of airway remodeling factors,
MMP9 and MMP13 in HBEC. LL-37 increases the abundance of p-AKT(T308), but not p-AKT(S473)
which is associated with negative regulation of PI3K signal transduction. Dashed lines represent
predicted impact. This figure created using biorender.com.
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Chapter 7. Overall Significance

7.1 Significance of LL-37 in IL-17A/E-mediated airway inflammation

The overall aim of this thesis was to determine the interplay between human cathelicidin LL-37 and
IL-17A/F during neutrophil predominant lung inflammation indicative of severe, uncontrolled asthma.
Neutrophil-predominant lung inflammation is characterized by the complex interplay of neutrophils
that secrete LL-37 and IL-17-producing Th17 lymphocytes (147, 150). LL-37 has been shown to
specifically enhance the production of IL-17A/F-producing Th17 lymphocytes in the lung (124).
Moreover, IL-17A/F is a critical mediator in airway inflammation, which primarily targets structural
cells, including bronchial epithelial cells (176, 180, 197, 200). However, the effect of LL-37 on IL-
17A/F-mediated protein changes and signaling networks in airway inflammation is poorly understood.
Therefore, in this thesis, | examined the immunomodulatory activity of LL-37 on IL-17A/F-mediated
airway inflammation. To that end, | (1) characterized IL-17A/F-mediated inflammation (in the
presence/and absence of other pro-inflammatory cytokines) in bronchial epithelial cells, (2) defined
regulation of IL-17A/F-mediated inflammatory signaling by LL-37 in bronchial epithelial cells and (3)
validated these processes in a physiologically relevant mouse model of neutrophilic airway

inflammation.

Overall, my thesis has contributed to the scientific literature by defining protein targets and
immunological pathways enhanced in response to IL-17A/F-mediated inflammation (in the
presence/absence of other acute pro-inflammatory cytokines) in vitro and in vivo. These molecules,
including the neutrophil-associated CHDP LCN-2, may be used as protein targets to interrogate the
mechanism of chronic airway inflammation, biomarkers for precise diagnoses, and/or evaluating the
potential of novel therapies in diseases characterized by IL-17A/F-mediated inflammation. For
example, determining the abundance of a panel of proteins selected from the IL-17A/F + TNF-a-
mediated bronchial proteome (e.g., LCN-2 and Elafin) in patient sputum or serum may represent an
effective method for determining patient endotypes and providing personalized asthma treatments.
Aligned with this, sputum and serum LCN-2 has recently been used as an exploratory endpoint in a
clinical trial evaluating the efficacy and safety of riskankizumab, an anti-1L-23 antibody in adults with
severe asthma (399). Further, treatment with mAb-based therapies is not typically beneficial for
patients with severe, neutrophilic asthma (399) and additional treatment strategies are required due to
unmet clinical need. As such, using a dual pharmacology approach to inhibit the combined activity of
IL-17A/F and TNF-a to treat severe, neutrophilic asthma may be effective. Dual pharmacology

strategies, such as dupilumab, a monoclonal antibody which inhibits both IL-4 and IL-13 signaling

148



have been exploited to provide effective asthma treatments for patients with eosinophilic asthma (400-
402), suggesting this may be a viable strategy in the context of severe, neutrophilic asthma driven by
the combined activity of IL-17A/F and TNF-a..

Moreover, my thesis findings elucidate the homeostatic role of cathelicidin LL-37 (and
derivative citLL-37) in IL-17A/F-driven, and in TNF-a-driven inflammation, both applicable to severe
asthma. Here, | demonstrated that LL-37 (and citLL-37) enhance IL-17A/F-mediated Regnase-1
production, an RBP which negatively regulates IL-17-mediated inflammation (197, 200, 201) in
PBEC, suggesting that this enhancement is associated with suppression of IL-17A/F-mediated LCN-2
production. These findings provide insight into the elusive mechanisms by which CHDP regulate
inflammation and suggest that this regulation may occur by selective alterations to the intracellular
post-transcriptional machinery. However, further studies are required to determine the scope of these
alterations and whether RBP function, mMRNA decay, and protein translation kinetics are altered by
CHDP in cytokine-mediated inflammation. Nonetheless, selectively targeting proteins within the post-
transcriptional machinery may be an attractive strategy for therapeutic intervention. Here, molecular
candidates capable of modulating the kinetics and/or duration of inflammation may be beneficial in
promoting immune homeostasis in chronic inflammatory disease, without compromising the

individual’s ability to fight infection.

Further, my thesis demonstrates key differences between LL-37 and derivative citLL-37. |
demonstrated that citrullination of LL-37 dampens the ability of LL-37 to enhance GROa and CCL20
production in the presence of IL-17A/F in HBEC. | also demonstrated that LL-37, but not citLL37,
enhanced IL-17A/F-mediated enhancement of IkB mRNA abundance, suggesting that the differential
activity of LL-37 and citLL-37 on IL-17A/F-mediated GROo and CCL20 production is due to the
selective loss of 1kBL mRNA abundance increases by citLL-37. In addition, I demonstrated that
citrullination of LL-37 was required for suppression of IL-17A/F-mediated LCN-2 production and that
this suppression was associated with the selective loss of NF-xB signal transduction in PBEC. |
demonstrated that citLL-37 suppressed TNF-a-mediated MMP9 and MMP13 production similarly to
native LL-37 in HBEC. Therefore, in contrast with previous studies demonstrating that citLL-37 is
less effective than LL-37 in suppressing anti-infective inflammation, I demonstrated that citLL-37 has
equal or lesser pro-inflammatory properties in the context of cytokine-driven inflammation,
representative of chronic inflammatory disease. These findings provide insight into the role of

citrullination of LL-37 in cytokine-driven inflammation disease and suggest that citrullination may
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suppress the pro-inflammatory properties of LL-37 in chronic inflammatory disease. In addition, these
findings suggest that the incorporation of citrulline, rather than arginine into synthesized IDR peptides
may suppress their pro-inflammatory activity. However, additional studies are required, as the impact
of citrullination on LL-37 was only assessed on a limited number of downstream protein targets in the

context of IL-17A/F- and TNF-a-mediated inflammation.

The scope of my thesis findings are broad, as the mechanisms identified in the context of lung
inflammation can be expanded to other chronic inflammatory diseases characterized by the interplay
of IL-17A/F and cathelicidin LL-37, including psoriasis and MS. Ultimately, the findings in this
project can be leveraged to design IDR peptides capable of limiting detrimental prolonged lung
inflammation and airway remodeling, without compromising anti-infective immunity in patients with

limited therapeutic options such as in treatment-unresponsive severe asthma.
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Figure 5.1: LL-37 and citLL-37 limit IL-17A/F-mediated neutrophil accumulation and TNF-a-
mediated airway remodeling in neutrophilic asthma. IL-17A/F-mediated inflammation enhances
the production of LCN-2 via the transcription factors C/EBPf and IxB¢, but simultaneously regulates
the production of LCN-2 via endoribonuclease Regnase-1. LL-37 and citLL-37 suppress C/EBPf and
enhance Regnase-1 to limit LCN-2 production, and therefore neutrophil accumulation in the lung.
Citrullination of LL-37 results in the selective loss of 1kB(,induction, and therefore dampens GRO
and CCL20 production, limiting neutrophil and Th17 accumulation in the lung compared to native LL-
37. TNF-a-mediated inflammation enhances the production of airway remodeling factors MMP9 and
MMP13. LL-37 suppresses TNF-a-mediated MMP13 production through negative regulation of
PI3K/AKT signaling but suppresses MMP9 production through an unknown mechanism. Green and
red outlines represent positive regulators of signal transduction, respectively. Blue and orange arrows
represent activity of LL-37 and citLL-37, respectively. This figure created using biorender.com.
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Chapter 8: Future Directions and Supplementary Studies

In the course of my PhD program, | have performed several additional experiments that will add to

future projects in the Mookherjee lab as detailed in this chapter.

8.1 LL-37 in IEN-y-mediated airway inflammation:
8.1.1 Rationale

| demonstrated that human cathelicidin LL-37 can selectively alter cytokine driven airway
inflammation (chapters 5). My findings also showed that LL-37 has the ability to intervene in airway
remodeling (chapter 6). In addition to defining the bronchial proteome in response to IL-17A/F and/or
TNF-a, | have defined the bronchial proteome in response to IFN-y, a dataset that can be used for
future studies in the Mookherjee lab. The effect of LL-37 on IFN-y-mediated changes in the lungs
remains relatively unknown, which warrants further investigation. IFN-y is a dominant cytokine
enhanced in steroid-unresponsive airway inflammation (45, 294, 316, 403). Proteins enhanced or
suppressed by IFN-y in human bronchial epithelial cells may represent targets which can be used to
determine the impact of (1) cathelicidin LL-37 and (2) their synthetic derivatives, known as IDR
peptides on severe airway inflammation. Although this is beyond the scope of my thesis work, the

following protein targets and signaling intermediates may serve as the foundation for future projects.

8.1.2 Preliminary Results

8.1.2.1 IFN-pmediated inflammation alters the abundance of 194 different proteins in human
bronchial epithelial cells.

To identify proteins altered in response to IFN-y-mediated lung inflammation, | performed aptamer-
based proteomic profiling in HBEC-3KT (ATCC® CRL-4051™) 24 h post-stimulation with IFN-y
(30ng/mL). Pairwise differential analysis was conducted on normalized log2 protein abundance values.
| demonstrated that IFN-y enhances the abundance of 115 proteins and suppresses the abundance of
79 proteins. The proteins with the greatest increases in response to IFN-y include chemokine CXCL10,
CHDP CTSS, and metabolic factor Apolipoprotein 1 (APOL-1), whereas the proteins with the greatest
decreases in response to IFN-y included the CHDP CTSV and Elafin (Figure 5.1A). To determine the
accuracy of the proteomic array in characterizing IFN-y-mediated inflammation in HBEC-3KT, |
performed validated select protein targets in Western blots in HBEC-3KT 24 h post-treatment with
IFN-y. In accordance with the proteomic array, IFN-y enhanced CXCL10, CTSS, and APOL-1

abundance, but suppressed Elafin and Cathepsin V (Figure 5.1B). These select protein targets may be
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used to investigate the impact of the IFN-y-mediated bronchial proteome on leukocyte recruitment to

the lung, and the impact of CHDP such as LL-37 and synthetic IDR peptides on this process.
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Figure 6.1: The IFN-y-mediated bronchial proteome enhances the abundance of 115 proteins
and suppresses the abundance of 79 proteins. HBEC-3KT were stimulated with I[FN-y (30 ng/mL)
and compared to unstimulated cells (CTL) after 24 hours. (A) Equivalent loading of cytosolic cell lysates
(N=5) was monitored for changes in protein profile using a high content aptamer-based proteomic array.
Pairwise differential analysis was conducted on normalized log2 protein expression values and Welch’s t-
test with a cutoff of p<(.05 was used to select proteins that were significantly enhanced in response to IFN-
v compared to control. (B) Equivalent loading of cytosolic cell lysates (10 pg) was monitored by Western
blots for the abundance of protein targets selected from the proteomics dataset. Results shown are the
average of (N=4) independent experiments. Y-axis represents the ratio of cell treated with [FN-y compared
to unstimulated cells. Each dot represents an independent experiment, and bars show the median and IQR,
whereas whiskers show min-max range. Welch’s t-test was used for statistical analysis (*p<0.05,
**p<0.001, ****p<0.005).
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8.1.2.2 Predicted regulators of IFN-jy~mediated inflammation in HBEC

To predict dominant regulators of IFN-y-mediated inflammation in bronchial epithelial cells,
bioinformatics assessment of log2 protein abundance data from the proteomics array (detailed above)
was performed using the program Network Analyst (networkanalyst.ca). These results defined lung-
specific protein-protein interaction network of proteins that were significantly altered (p<0.05) in
response to IFN-y (Figure 5.2A) and predicted upstream regulators for IFN-y-mediated responses
(Figure 5.2B), in HBEC-3KT. The IFN-y-mediated predicted regulators in HBEC-3KT include (but
are not limited to), JAK-STAT associated signaling intermediates (e.g., STAT1, GRB2, CDK1) and
LYN kinase (45, 338, 339). These predicted intracellular regulators may serve as intracellular targets

to investigate the impact of CHDP and IDR peptides on IFN-y-mediated airway inflammation.
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Figure 6.2: Predicted regulators of IFN-y-mediated protein production. HBEC-3KT were
stimulated with IFN-y (30 ng/mL) and compared to unstimulated cells (CTL) after 24 hours. Equivalent
loading of cell lysates was monitored for the abundance of proteins after 24h using a high content aptamer-
based proteomic array. Pairwise differential analysis was conducted on normalized log2 protein expression
values and Welch’s t-test with a cutoff of p<0.05 was used to select proteins that were significantly
enhanced in response to [FN-y compared to control. NetworkAnalyst.ca was used to predict the (A) lung-
specific protein-protein minimum interaction network with one degree of separation (the IFN-y-mediated
interactome) and (B) intracellular signaling intermediates for proteins independently validated using
Western blots, wherein “betweenness” represents the degree of potential interactions as an overall score for
the connectivity of that protein, and “degree” represents the number of interactions that occur with the lung-
specific predicted IFN-y-mediated interaction network.
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8.1.2.3 IFN-y»mediated inflammation alters the phosphorylation of signaling intermediated in the
JAK-STAT pathway.

To confirm the involvement of predicted intracellular regulators of IFN-y-mediated inflammation in
HBEC-3KT, independent experiments via kinome array were performed as a second line of
investigation. This was done in collaboration with Dr. Jason Kindrachuk (Department of Medical
Microbiology, University of Manitoba). HBEC-3KT were stimulated with IFN-y (30ng/mL) for 15
mins to measure the phosphorylation of 282 unique phospho targets corresponding to 149 proteins.
Differential analysis was conducted on normalized log2 protein abundance values with a cut-off of
(p<0.05) to select proteins that were differentially phosphorylated in response to IFN-y. The IFN-y-
mediated bronchial phospho-proteome enhanced the phosphorylation of 11 proteins and suppressed
the phosphorylation of 15 proteins (Figure 5.4). This independent line of investigation showed results
similar to that predicted by the bioinformatics analysis of proteomics dataset in response to IFN-y.
Using the kinome array we confirmed the increased phosphorylation of JAK-STAT associated
signaling intermediates, including STAT-1(S708, S727) and the decreased phosphorylation of JAK-
STAT associated signaling intermediates CDK2(Y179), and GRB2(Y37). These signaling
intermediates and specific phosphorylation sites may serve as protein targets to investigate selective

immunomodulation with CHDP and IDR peptides, in the context of airway inflammation.
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Figure 6.3: IFN-y-mediated changes in the bronchial phospho-proteome enhances the
phosphorylation of 11 proteins and suppresses the phosphorylation of 15 proteins. HBEC-3KT
were stimulated with IFN-y (30 ng/mL) and compared to unstimulated cells (CTL) after 24 hours.
Equivalent loading of cell lysates (10 ng) was monitored for the phosphorylation of proteins by a
kinome array. Differential analysis was conducted on normalized log2 protein expression values with
a cutoff of p<0.05 was used to select proteins that were differentially phosphorylated in response to
IFN-y compared to control.
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Chapter 9: Appendix

9.1 Supplementary Tables

Supplementary Table I: CHDP significantly altered in response to IL-17A/F, TNF-a, or IFN-y

in HBEC-3KT 24 h post-stimulation.

Average Log2 Fold Change

Protein (compared to unstimulated cells)

NAME SWPROT ID IL-17A/F TNF-a IFN-y
ANG P03950 -0.112 0.088 -0.616
AREG P15514 0.022 0.01 -0.088
ARTN Q5T4W7 0.006 0.048 -0.036
AZU1 P20160 -0.11 -0.082 0.052

BPI P17213 0.124 0.11 -0.09
CHGA P10645 0.002 -0.006 0.028
CST1 P01037 -0.034 0.004 0.024
CST2 P09228 -0.058 0.024 0.024
CST3 P01034 -0.234 -0.08 0.59
CST4 P01036 -0.066 -0.044 -0.044
CST5 P28325 -0.03 0.022 -0.016
CST6 Q15828 -0.296 -0.268 -0.04
CST7 076096 -0.01 -0.008 -0.116
CTSA P10619 -0.136 -0.362 0.334
CTSB P07858 -0.124 -0.218 0.522
CTSD P07339 -0.186 -0.182 0.068
CTSE P14091 0.016 0.04 -0.038
CTSF QIUBX1 -0.064 -0.072 0.052
CTSG P08311 0.018 0.072 -0.082
CTSH P09668 -0.22 -0.508 -0.038
CTSS P25774 0.044 0.608 4.36
CTSV 060911 -0.566 -1.876 -2.16
CTSz Q9UBR2 -0.062 -0.02 -0.052
KNG1 P01042 -0.024 -0.034 -0.032
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LCN-2 P80188 1.858 -0.31 -0.248
LTF P02788 0.462 -0.02 0.026
NPPA P01160 0.046 0.05 -0.048
NPPB P16860 -0.026 -0.03 0.02
ELAFIN P19957 1.638 1.144 -2.09
S100A12 P80511 -0.066 -0.136 0.194
S100A4 P26447 0.016 -0.002 -0.008
S100A6 P06703 -0.014 -0.042 0.124
S100A7 P31151 -0.144 -0.234 -0.028
S100A9 P06702 0.098 -0.006 0.206
SERPIND1 P05546 -0.176 -0.202 -0.026
SLPI P03973 0.408 0.426 -0.75
TF P02787 -0.098 -0.222 -0.182
TNC P24821 0.136 1.346 0.746
VIP P01282 -0.116 -0.098 -0.064
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Supplementary Table Il: Proteins significantly altered in response to the combination of IL-
17A/F and TNF-a, compared to either cytokine alone in HBEC-3KT 24 h post-stimulation.

Average Log2 Fold Change
Protein AVG LOGZFC (IL-17A/F + TNFo vs. IL-
(normalized to unstimulated cells)
17A/F or TNFa)
SWPROT IL- TNF-  IL-17A/F + P-
NAME ID 17A/F o TNF-a DIFFERENCE SCORE
LCN-2 P80188 1.86 -0.31 4.05 3.28 8.06E-06
IL-8 P10145 0.07 0.53 3.25 2.95 3.09E-06
CFB P0O0751 0.15 1.69 3.37 2.45 7.19E-06
GRO«a P09341 0.12 0.26 1.73 1.54 2.13E-05
STC1 P52823 1.27 0.90 2.59 1.50 3.61E-08
ELAFIN P19957 1.64 1.14 2.63 1.24 5.73E-04
MMP13 P45452 -0.19 1.51 1.82 1.17 3.04E-03
IGFBP5 P24593 0.74 -0.11 1.30 0.98 1.29E-03
IGFBP3 P17936 0.57 -0.01 1.09 0.81 9.29E-05
TNC P24821 0.14 1.35 1.39 0.65 1.70E-02
PPBP P02775 -0.06 -0.12 0.48 0.57 1.76E-04
ARID3A Q99856 0.03 0.25 0.65 0.51 2.22E-04
PLAUR Q03405 0.01 1.13 1.02 0.46 4.96E-02
SLPI P03973 0.41 0.43 0.88 0.46 3.34E-04
CD55 P08174 0.09 0.32 0.63 0.42 1.46E-03
LYN P07948 -0.03 0.64 0.72 0.41 3.40E-02
CCL20 P78556 0.16 0.34 0.63 0.38 3.67E-03
S100A9 P06702 0.10 -0.01 0.39 0.34 2.19E-04
FSTL1 Q12841 -0.02 0.30 0.45 0.31 4.55E-03
HK2 P52789 0.19 0.53 0.67 0.31 2.50E-02
CSF3 P09919 0.04 0.05 0.36 0.31 4.48E-04
CXCL3 P19876 0.14 0.19 0.47 0.30 9.66E-04
CXCL2 P19875 0.14 0.19 0.47 0.30 9.66E-04
CTSS P25774 0.04 0.61 0.62 0.29 2.24E-02

161



CDH1
MICA
SAA1
ROBO2
MET
FSTL3
HBEGF
MICB
CXCL16
NTN4
FGF2
FGFR2
SIRPA
AGRP
PDGFRA
C8A
C8B
C8G
COL18A1
LTBR
CTSz
C2
PSMAG
IGFBP6
IL6
C10orf54
COL23A1
CDC2
MPO
LTBP4
LRP8
SNX4

P12830
Q29983
PODJIS

QYHCK4
P08581
095633
Q99075
Q29980

QYH2A7

QYHB63
P09038
P21802
P78324
000253
P16234
P07357
P07358
P07360
P39060
P36941

QIUBR2
P06681
P60900
P24592
P05231

Q9H7M9
Q86Y22
P06493
P05164

Q8N2S1
Q14114
095219

0.07
-0.05
0.17
0.01
-0.02
0.01
-0.07
0.04
0.09
0.09
-0.03
0.00
-0.03
0.02
0.06
0.01
0.01
0.01
-0.07
-0.01
-0.06
-0.06
-0.02
-0.08
-0.14
0.00
-0.13
0.00
-0.14
-0.12
-0.13
-0.09

-0.16
0.26
0.18
0.45
-0.11
0.19
0.06
0.23
0.19
-0.06
-0.03
0.01
0.01
0.03
0.04
0.02
0.02
0.02
-0.13
-0.03
-0.02
-0.07
-0.02
-0.14
-0.16
-0.18
-0.18
-0.12
-0.19
-0.38
-0.18
-0.10

0.21
0.34
0.41
0.46
0.15
0.31
0.19
0.30
0.30
0.17
0.10
0.07
0.03
0.05
0.01
-0.03
-0.03
-0.03
-0.16
-0.08
-0.10
-0.14
-0.10
-0.20
-0.25
-0.20
-0.28
-0.19
-0.30
-0.39
-0.32
-0.28

0.26
0.24
0.23
0.23
0.21
0.21
0.19
0.17
0.15
0.15
0.13
0.06
0.05
0.02
-0.04
-0.05
-0.05
-0.05
-0.06
-0.06
-0.06
-0.07
-0.08
-0.09
-0.10
-0.11
-0.12
-0.13
-0.14
-0.15
-0.17
-0.18

2.60E-02
4.89E-03
1.01E-03
2.33E-02
4.87E-05
3.43E-02
2.49E-02
3.32E-02
1.42E-02
2.19E-02
2.68E-02
2.32E-02
2.27E-02
4.59E-02
1.47E-02
3.67E-02
3.67E-02
3.67E-02
2.06E-02
4.46E-02
1.04E-02
1.97E-03
1.04E-02
2.32E-02
1.24E-02
3.79E-02
1.90E-03
2.05E-02
1.75E-03
3.76E-02
3.50E-04
3.24E-02
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SPARC
EREG
LAMA1
LAMB1
LAMC1
ECM1
THBS1
NRP1
EFEMP1
FTH1
FTL
LRIG3
MMP1
CTSV

P09486
014944
P25391
P07942
P11047
Q16610
P07996
014786
Q12805
P02794
P02792

Q6UXM1
P03956
060911

-0.08
-0.16
-0.21
-0.21
-0.21
-0.25
-0.15
-0.30
-0.17
-0.27
-0.27
-0.36
-0.42
-0.57

-0.03
0.11
-0.52
-0.52
-0.52
-0.65
0.13
-1.11
-0.39
-1.40
-1.40
-1.20
0.57
-1.88

-0.25
-0.24
-0.64
-0.64
-0.64
-0.73
-0.35
-1.11
-0.70
-1.40
-1.40
-1.37
-0.69
-2.15

-0.20
-0.22
-0.27
-0.27
-0.27
-0.28
-0.34
-0.40
-0.42
-0.56
-0.56
-0.59
-0.77
-0.93

6.71E-04
2.87E-02
4.00E-03
4.00E-03
4.00E-03
2.39E-02
7.22E-03
2.73E-02
1.02E-02
2.43E-02
2.43E-02
6.05E-03
9.81E-03
2.86E-03
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Supplementary table 111: Proteins significantly altered in response to IL-17A/F in HBEC-3KT
24 h post-stimulation.

AVG LOG2 FC

NAME SWPROT ID (normalized to unstimulated cells) p-value
LCN-2 P80188 1.86 0.00039384
ELAFIN P19957 1.64 0.00735901
STC1 P52823 1.27 0.00233145
IGFBP5 P24593 0.74 0.00638196
IGFBP3 P17936 0.57 0.00283743
IL17A Q16552 0.49 0.02162217
SLPI P03973 0.41 0.01828189
FLT3 P36888 0.25 0.04376196
KIR2DL4 Q99706 0.19 0.04528727
SAA1 PODJI8 0.17 0.00725448
CXCL1 P09341 0.12 0.00062497
EDAZ2R Q9HAVS 0.08 0.04865734
CXCL13 043927 0.08 0.03957933
LEPR P48357 0.08 0.00857008
TNFSF13B Q9Y275 0.07 0.02355169
PDGFRA P16234 0.06 0.04654336
IBSP P21815 0.05 0.0190153
BMPR1A P36894 0.04 0.04357518
OMD Q99983 0.04 0.03799716
UNC5C 095185 0.03 0.0221567
VEGFA P15692 -0.07 0.02045688
LGALS3BP Q08380 -0.17 0.03782374
CST3 P01034 -0.23 0.03730624
NRP1 014786 -0.3 0.02429623
CTSV 060911 -0.57 0.04598988
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Supplementary table 1V: Proteins significantly altered in response to TNF-a in HBEC-3KT 24
h post-stimulation.

AVG LOG2 FC

NAME SWPROT ID (normalized to unstimulated cells) p-value
MMP9 P14780 3.354 9.23E-06
IL1IR2 P27930 2.208 4.78E-05
OLR1 P78380 2.116 3.52E-06
CFB P00751 1.69 8.25E-06
PLAU P00749 1.59 2.30E-06
IL1A P01583 1.578 1.44E-03
MMP13 P45452 1.508 1.86E-03
TNC P24821 1.346 1.47E-03
CXCL11 014625 1.28 1.11E-02
ELAFIN P19957 1.144 2.82E-02
PLAUR Q03405 1.126 4.89E-07
IGFBP7 Q16270 1.118 1.12E-05
ICAM1 P05362 0.99 7.88E-05
CCL5 P13501 0.968 1.72E-02
STC1 P52823 0.904 2.51E-02
LYN P07948 0.64 9.37E-03
CTSS P25774 0.608 1.70E-04
F3 P13726 0.6 1.72E-03
ISG15 P05161 0.56 1.59E-03
CXCL8 P10145 0.528 9.96E-05
IL6ST P40189 0.51 7.84E-03
ROR1 Q01973 0.504 4.33E-02
PCSK9 Q8NBP7 0.492 8.57E-04
INHBA P08476 0.478 3.89E-04
INHBB P09529 0.478 3.89E-04
ROBO2 Q9HCKA4 0.448 3.08E-02
PPIF P30405 0.436 3.62E-02
SLPI P03973 0.426 2.86E-02
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EIF4A3 P38919 0.398 2.37E-02
IL18R1 Q13478 0.334 6.16E-04
FSTL1 Q12841 0.302 1.29E-02
FUTS Q11128 0.284 9.46E-03
MMP14 P50281 0.262 5.00E-03
CXCL1 P09341 0.26 3.80E-03
MICA Q29983 0.26 1.65E-02
ERAP1 QI9NZ08 0.254 1.67E-02
ETHE1 095571 0.25 1.29E-02
MICB Q29980 0.232 4.37E-02
TNF P01375 0.196 1.00E-02
CXCL16 Q9H2A7 0.194 2.53E-02
FSTL3 095633 0.194 1.29E-02
SET Q01105 0.176 2.45E-02
FST P19883 0.154 2.56E-02
ADAMTS1 Q9UHI8 0.14 1.24E-02
LEP P41159 0.132 3.43E-02
PTPNG6 P29350 0.126 3.12E-03
CRELD1 Q96HD1 0.126 1.73E-02
LEP P41159 0.108 3.65E-02
SERPING1 P05155 0.106 1.69E-02
CCL23 P55773 0.094 1.92E-02
CPB2 Q961Y4 0.092 2.76E-02
FGF17 060258 0.09 2.01E-02
CLEC11A Q9Y 240 0.088 3.72E-02
VEGFA P15692 0.086 7.51E-03
LEPR P48357 0.08 4.28E-02
SERPINA7 P05543 0.074 3.64E-02
NOV P48745 0.072 6.70E-03
FUT3 P21217 0.072 4.94E-02
GFAP P14136 0.06 1.15E-02
DDR2 Q16832 0.054 4.07E-02
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PDGFRA P16234 0.038 3.07E-02
PPY P01298 0.036 3.79E-02
BTK Q06187 -0.07 2.49E-02

EPHA1L P21709 -0.088 3.92E-02
DIABLO QI9NR28 -0.1 1.54E-02
MSTIR Q04912 -0.12 2.64E-02
CDC2 P06493 -0.122 4.17E-02
EFNA3 P52797 -0.13 5.79E-03
IGFBP6 P24592 -0.144 3.85E-03
MYC P01106 -0.162 3.82E-02
EPHAZ2 P29317 -0.164 4.51E-02
CSF2 P04141 -0.166 4.30E-02
IL20 QONYY1 -0.17 2.39E-02
C10orf54 Q9H7M9 -0.182 1.05E-02
ADAM9 Q13443 -0.184 2.81E-02
CDNF Q49AHO0 -0.214 2.61E-02

SORCS2 Q96PQ0 -0.242 1.51E-02

CFH P08603 -0.254 5.50E-03

CD109 Q6YHK3 -0.276 3.36E-02
POR P16435 -0.28 4.53E-02
TIMP1 P01033 -0.282 4.21E-03
LIFR P42702 -0.29 2.05E-02
MFGES8 Q08431 -0.294 1.39E-02
SFRP1 Q8N474 -0.304 3.71E-02
ULBP2 Q9BZMS -0.308 3.13E-03
CTSA P10619 -0.362 1.52E-02
LTBP4 Q8N2S1 -0.376 3.05E-04
KPNAZ2 P52292 -0.38 3.85E-02
IL17RA Q96F46 -0.384 1.93E-03
TNFRSF10D Q9UBNG -0.392 1.82E-03
PTHLH P12272 -0.392 9.81E-03
PROS1 P07225 -0.402 1.94E-02
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TNFRSF1A P19438 -0.404 6.08E-03
GPC3 P51654 -0.408 1.21E-02
ALCAM Q13740 -0.426 1.75E-02
LRPAP1 P30533 -0.448 5.88E-03
SEMASA Q13591 -0.456 5.82E-04
CDK2 P24941 -0.46 2.10E-02
CCNAZ2 P20248 -0.46 2.10E-02
CTSH P09668 -0.508 2.70E-02
LAMA1 P25391 -0.516 4.87E-05
LAMB1 P07942 -0.516 4.87E-05
LAMC1 P11047 -0.516 4.87E-05
EFNAS P52803 -0.59 5.41E-04
CAT P04040 -0.598 3.46E-02
ACP5 P13686 -0.644 7.71E-04
THBS2 P35442 -0.646 4.24E-03
ECM1 Q16610 -0.648 2.99E-03
TGFBI Q15582 -0.66 1.34E-02
IL6R P08887 -0.66 2.83E-05
IGFBP2 P18065 -0.754 2.88E-03
FGF1 P05230 -0.768 2.04E-02
NOTCH1 P46531 -0.774 3.79E-04
TFF3 Q07654 -0.8 8.65E-04
BCAM P50895 -0.834 2.60E-03
EFNA2 043921 -0.978 5.49E-05
CNTN1 Q12860 -1.058 4.95E-04
NRP1 014786 -1.114 1.10E-08
LRIGS3 Q6UXM1 -1.196 6.80E-04
TNFRSF21 075509 -1.204 3.57E-04
NOTCH3 QoUM47 -1.21 4.56E-04
FTH1 P02794 -1.402 4.05E-04
FTL P02792 -1.402 4.05E-04
CTSV 060911 -1.876 3.29E-05
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Supplementary table V: Proteins significantly altered in response to IFN-y in HBEC-3KT 24 h
post-stimulation.

AVG LOG2 FC

NAME SWPROT ID (normalized to unstimulated cells) p-value
CXCL11 014625 0.00E+00 10.4
CXCL9 Q07325 0.00E+00 8.18
CXCL10 P02778 9.88E-12 6.63
C4A POCOL4 1.56E-06 6.22
C4B POCOL5 1.56E-06 6.22
CCL5 P13501 2.67E-05 4.92
CTSS P25774 2.67E-09 4.36
CFB P00751 2.42E-05 3.8
APOL1 014791 8.75E-08 3.42
STAT1 P42224 2.09E-03 3.21
ICAM1 P05362 3.18E-07 3.07
IL1R2 P27930 3.56E-04 2.89
CD274 QINZQ7 1.29E-09 2.81
CIR P00736 3.50E-06 2.63
CFH P08603 8.36E-09 2.45
B2M P61769 2.05E-05 2.35
IL18BP 095998 3.66E-08 2.34
LIFR P42702 1.14E-05 1.94
ISG15 P05161 2.29E-06 1.82
ADGRE2 Q9UHX3 1.34E-04 1.62
CCL7 P80098 4.11E-06 1.31
PLAU P00749 3.18E-05 1.29
LGALS3BP Q08380 7.96E-06 1.23
TOP1 P11387 2.60E-03 1.2
IL18R1 Q13478 2.26E-08 1.19
IFNG P01579 6.09E-04 1.16
PLAUR Q03405 2.87E-04 1.09
LYN P07948 2.34E-04 1.06
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GAS1 P54826 4.75E-05 1.02
PIGR P01833 1.39E-05 0.95
ERAP1 Q9NZ08 9.17E-06 0.88
CXCL16 Q9H2A7 5.34E-04 0.82
OLR1 P78380 8.26E-04 0.81
MET P08581 5.17E-04 0.78
IGFBP7 Q16270 2.42E-03 0.78
TNC P24821 2.53E-02 0.75
SUMO3 P55854 1.47E-03 0.72
IL6ST P40189 2.64E-03 0.71
SFRP1 Q8N474 5.75E-04 0.68
IL15RA Q13261 5.06E-06 0.65
uBC POCG48 2.96E-02 0.63
CST3 P01034 4.19E-05 0.59
POR P16435 4.12E-04 0.58
TNFRSF6B 095407 5.55E-05 0.58
HS6ST1 060243 4.74E-04 0.58
LGALSS 000214 4.14E-05 0.57
CCL22 000626 2.25E-03 0.56
PRKACA P17612 4.17E-02 0.55
PSME1 Q06323 1.26E-02 0.55
CHST15 Q7LFX5 5.26E-03 0.54
CTSB P07858 2.76E-03 0.52
SCARF1 Q14162 6.91E-05 0.52
PCSK7 Q16549 5.13E-04 0.51
PLXNB2 015031 3.50E-02 0.51
CDH1 P12830 4.18E-03 0.48
FGFR1 P11362 1.89E-02 0.47
OAS1 P00973 2.35E-05 0.44
CX3CL1 P78423 1.59E-02 0.44
SECTM1 Q8WVNG6 6.06E-06 0.43
GRN P28799 1.36E-03 0.43
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GPT P24298 4.82E-04 0.39
SERPING1 P05155 5.64E-03 0.38
SCARB?2 Q14108 3.34E-02 0.38
LGMN Q99538 5.99E-04 0.37
BGLAP P02818 5.99E-04 0.36
MIA Q16674 5.51E-07 0.34
VEGFC P49767 4.14E-02 0.34
CTSA P10619 1.05E-02 0.33
TNFRSF1A P19438 2.40E-02 0.31
ETHE1 095571 6.43E-03 0.31
CAMK1 Q14012 3.44E-02 0.27
CTSC P53634 1.91E-03 0.26
SAAl PODJI8 1.91E-02 0.26
C3 P01024 2.28E-02 0.25
MDK P21741 1.02E-03 0.25
GRB2 P62993 3.26E-02 0.24
COL18A1 P39060 1.40E-02 0.23
MSN P26038 3.67E-03 0.23
LY86 095711 3.50E-03 0.22
TLR2 060603 1.42E-02 0.22
SCGB2A1 075556 3.87E-02 0.22
FAS P25445 2.31E-02 0.22
RASA1 P20936 1.91E-02 0.22
SLAMF7 QINQ25 1.96E-03 0.22
S100A9 P06702 1.78E-03 0.21
CcD27 P26842 1.56E-02 0.2
KIRREL3 Q8I1ZU9 3.94E-03 0.19
TXNDC12 095881 1.75E-02 0.19
S100A12 P80511 1.78E-02 0.19
ADM P35318 2.86E-02 0.18
CYP3A4 P08684 2.11E-02 0.18
BCL2L1 Q07817 3.47E-02 0.18
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CDKN1B P46527 3.82E-03 0.17
AMH P03971 1.63E-02 0.17
DIABLO Q9NR28 1.04E-03 0.16
SERPINAS5 P05154 3.28E-03 0.16
PTPN2 P17706 4.61E-02 0.16
MAP2K3 P46734 4.62E-02 0.16
IFNB1 P01574 3.44E-03 0.15
BCL2A1 Q16548 4.24E-02 0.15
HPGD P15428 2.93E-02 0.14
ADSL P30566 4.26E-02 0.14
HHLAZ2 QoUM44 4.23E-03 0.13
NCR2 095944 2.54E-02 0.13
NOG Q13253 4.15E-02 0.13
EPHAL P21709 1.40E-02 0.12
IFNGR2 P38484 3.18E-02 0.12
UBE2G2 P60604 4.21E-02 0.12
CCL8 P80075 1.28E-02 0.11
SOD3 P08294 3.14E-02 0.11
BCL6 P41182 3.51E-02 0.1
MSTIR Q04912 1.62E-02 0.1
NAMPT P43490 2.50E-02 0.1
IL2RA P01589 9.39E-03 0.09
SPHK?2 QI9NRAO 2.58E-02 0.08
SERPINA7 P05543 2.34E-02 -0.06
NOV P48745 5.63E-03 -0.07
HP P0O0738 4.80E-02 -0.07
BIRC3 Q13489 1.63E-02 -0.07
LTA4H P09960 6.88E-03 -0.08
HAVCR2 Q8TDQO 3.63E-02 -0.08
FGF9 P31371 4.51E-02 -0.09
ENTPD3 075355 4.72E-02 -0.09
CCL11 P51671 1.11E-02 -0.09
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CRELD1 Q96HD1 1.74E-02 -0.11
AlP 000170 3.11E-02 -0.12
MATN3 015232 3.93E-02 -0.13
RPS6KA5 075582 2.09E-02 -0.13
MCL1 Q07820 4.28E-02 -0.14
ING1 QI9UKS53 3.13E-02 -0.14
CDC2 P06493 2.14E-02 -0.15
P4HB P0O7237 2.32E-02 -0.15
C10o0rf54 QI9H7M9 1.68E-02 -0.17
ILIRAP QI9NPH3 2.26E-02 -0.18
FST P19883 2.85E-02 -0.18
MYC P01106 2.00E-02 -0.19
ULBP3 Q9BZM4 4.08E-02 -0.19
SBDS Q9Y3AS5 2.62E-02 -0.19
CD36 P16671 1.40E-04 -0.21
TFF3 Q07654 8.86E-03 -0.21
PRKAG1 P54619 2.54E-02 -0.22
PRKAA2 P54646 2.54E-02 -0.22
PRKAB?2 043741 2.54E-02 -0.22
LTBP4 Q8N2S1 3.11E-03 -0.23
NOTCH1 P46531 7.35E-03 -0.26
FSTL3 095633 3.35E-02 -0.27
EFNAS P52803 2.14E-02 -0.28
ULBP2 Q9BZMS 1.51E-02 -0.28
GPC3 P51654 1.89E-03 -0.3
NTN4 Q9HB63 3.67E-02 -0.31
MMP10 P09238 1.73E-02 -0.32
MFGES8 Q08431 3.23E-02 -0.33
LRP8 Q14114 2.18E-02 -0.34
MATN2 000339 2.05E-03 -0.35
EREG 014944 3.22E-02 -0.37
FSTL1 Q12841 7.41E-03 -0.38




GPNMB Q14956 2.97E-02 -0.4
SPARC P09486 1.02E-02 -0.42
EIF4G2 P78344 4.02E-02 -0.44

IL6R P08887 1.06E-03 -0.45
KPNAZ2 P52292 2.60E-02 -0.5
F3 P13726 9.28E-03 -0.52
CDK2 P24941 1.43E-02 -0.53
CCNA2 P20248 1.43E-02 -0.53
DKK4 Q9UBT3 1.39E-03 -0.56
EFNA2 043921 3.56E-04 -0.59
EPHB2 P29323 1.59E-02 -0.59

ALCAM Q13740 6.28E-04 -0.61

IGFBP3 P17936 2.25E-03 -0.62
ANG P03950 1.61E-05 -0.62
DKK1 094907 4.15E-03 -0.68
TNFRSF10D QI9UBNG 1.13E-04 -0.7
LRIG3 Q6UXM1 6.71E-03 -0.72
MICA Q29983 4.85E-04 -0.73
EFEMP1 Q12805 8.44E-03 -0.74
SLPI P03973 1.90E-04 -0.75
TNFRSF21 075509 9.36E-03 -0.77
IGFBP2 P18065 2.70E-03 -0.77
SEMASA Q13591 7.08E-05 -0.78
MICB Q29980 1.83E-05 -0.79

CNTN1 Q12860 2.11E-02 -0.8

ICAM5 Q9UMFO 9.85E-05 -0.83
HAT1 014929 4.07E-02 -0.93

NOTCH3 QouUM47 3.09E-03 -0.98
IGFBPS P24593 2.48E-03 -1.02
L1CAM P32004 2.84E-03 -1.05
PCSK9 Q8NBP7 1.46E-03 -1.09
ILIRL1 Q01638 8.97E-03 -1.14

174



FLRT3 Q9NZUO 2.69E-03 -1.24
PTHLH P12272 5.84E-06 -1.6
STC1 P52823 1.45E-04 -1.86
THBS1 P07996 3.58E-04 -1.96
ELAFIN P19957 1.05E-03 -2.09
CTSV 060911 1.54E-05 -2.16
THBS2 P35442 1.71E-06 -2.19
MMP1 P03956 1.53E-03 -2.27
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9.2 Abbreviations
Air-liquid interface (ALI)
Airway epithelial cells (AEC)

Airway hyperresponsiveness (AHR)

Airway smooth muscle (ASM)

Analysis of variance (ANOVA)

Angiogenin (ANG)

Antigen presenting cells (APC)

Antimicrobial peptides (AMP)

Antimicrobial peptides and proteins (APP)
Apolipoprotein 1 (APOL-1)

Aryl hydrocarbon receptor (AHR)

Bacterial Permeability Increasing Protein (BPI)
Bicinchoninic acid (BCA)

Bone-marrow derived cells (BDMC)
Bronchoalveolar lavage (BAL)

Cationic host defense peptides (CHDP)
CCAAT/enhancer-binding protein-g (C/EBPp)
CC-chemokine receptor 3 (CCR3)

Cathelicidin-related antimicrobial peptide (CRAMP)

Cathepsin S (CTSS)

Cathepsin V (CTSV)

Central nervous system (CNS)

Chronic obstructive pulmonary disease (COPD)
Citrullinated LL-37 (citLL-37)

Cluster of differentiation (CD)
Collagen-induced arthritis (CIA)

Computed tomography (CT)

C-type lectin receptors (CLR)

Damage associated molecular patterns (DAMP)
Eosinophil cationic proteins (ECP)
Eosinophil-derived neurotoxin (EDN)
Eosinophil peroxidase (EPO)

Experimental Autoimmune Encephalitis (EAE)
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Extracellular DNA (eDNA)
Forced expiratory volume in 1 second (FEV1)

Formyl peptide receptor 1 (FPRL1)

Granulocyte—macrophage colony-stimulating factor (GM-CSF)

G protein-coupled receptors (GPCR)
Histone deacetylase (HDAC)

House dust mite (HDM)

Human bronchial epithelial cell (HBEC)
IL-17 receptor (IL-17R)

Immunoglobulin (Ig)

Ingenuity Pathway Analysis (IPA)
inhaled corticosteroids (ICS)

Innate lymphoid cells (ILC)

Interferon Regulatory Factor (IRF)-1
Interleukins (IL)

Intranasal (i.n.)

Intraperitoneal (i.p.)

Lactate Dehydrogenase (LDH)
leukotriene B4 (LTB4)

Lipocalin (LCN)

Lipopolysaccharide (LPS)

Major basic protein (MBP)

Major histocompatibility complex (MHC)
Matrix metalloproteinase (MMP)

Meso Scale Discovery (MSD)

Messenger RNA (MRNA)
Mitogen-activated protein kinase (MAPK)
Monoclonal antibody (mAb)

Monocyte chemoattractant protein-1 (MCP-1)
Mucosal-Associated Invariant T (MAIT)
Multiple sclerosis (MS)

Myeloperoxidase (MPO)

Natural Killer T (NKT)

Neutrophil elastase (NE)
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Neutrophil extracellular traps (NET)

NOD-like receptors (NLR)

Nuclear factor-xB (NF-«xB)

Nuclear factor kB activator 1 (Actl)

Ovalbumin (OVA)

Pathogen-associated molecular patterns (PAMP)
Pattern-recognition receptors (PRR)

Peptidyl arginine deiminases (PADI)

Peripheral blood mononuclear cells (PBMC)
Phosphate-buffered saline (PBS)
Polymorphonuclear neutrophilic leukocytes (PMNS)
Post-translational modifications (PTM)

Primary Bronchial Epithelial Cells (PBEC)
Reactive oxygen species (ROS)

Receptor antagonist (RA)

Retinoic acid-inducible gene (RIG)

Retinoic acid receptor-related orphan receptor-y (RORyt)
Rheumatoid arthritis (RA)

RNA-binding proteins (RBP)

Scrambled LL-37 (sLL-37)
Secretory-antileukoproteinase (SLPI)
SEF/IL-17R (SEFIR)

Tenascin (TNC)

Tissue inhibitor of metalloproteinase (TIMP)
Tissue Protein Extraction Reagent (T-Per)
T-Lymphocyte (T cell)

Transforming growth factor (TGF)-f3

Toll-like receptors (TLR)

Tumor-necrosis factor receptor—associated factor (TRAF)
Untranslated region (UTR)

Zonula occludin (ZO)
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