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Abstract

Rheumatoid arthritis (RA) is a chronic autoimmune disorder marked by joint inflammation and
progressive destruction, often preceded by the appearance of anti-citrullinated protein antibodies
(ACPA). While genetic predisposition such as the presence of HLA-DRB1 shared epitope alleles
plays a major role in disease susceptibility, environmental factors are also critical in triggering
disease onset. Among these, cigarette smoking is the most well-established risk factor, particularly
in individuals who develop ACPA-positive RA. Despite this association, the precise mechanism
linking cigarette smoke exposure to RA development remains incompletely understood. The
"mucosal origins hypothesis™ proposes that RA may initiate at mucosal surfaces, such as the lungs,
where early immune dysregulation occurs. Notably, cigarette smoke induces lung inflammation
that promotes the recruitment of neutrophils into the lungs. These neutrophils can release
neutrophil extracellular traps (NETS) enriched with citrullinated proteins through activation of
Peptidyl Arginine Deiminase (PAD), the enzyme that generates citrulline. Given this triad of
cigarette smoking, lung neutrophilia, and the generation of citrullinated autoantigens, we aimed to
investigate the contribution of cigarette smoking in the initiation of autoimmunity in RA. We
hypothesized that neutrophils generate citrullinated proteins through the formation of NETs and
activation of PADA4. This study investigated how cigarette smoke modulates neutrophil function

and inflammation in the context of RA.

The in vitro findings suggested that, cigarette smoke extract (CSE) induces PADA4-
dependent NETosis in the absence of microbial triggers and this pathway is likely mediated by the
stable chemical components present in CSE medium. While CSE did not induce degranulation, it
enhanced neutrophil responses in the presence of foreign particles, indicating selective functional

modulation.

Using the collagen-induced arthritis (C1A) mouse model combined with cigarette smoke
(CS) exposure we observed increased lung neutrophil infiltration and protein citrullination, with
more pronounced effects after prolonged exposure. Elevated NE levels and increased CCL4

expression in the CIA-CS group, highlight a neutrophil-driven inflammatory lung environment.
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Collectively, these findings reveal a complex interplay between CS exposure, neutrophil-
mediated inflammation, and the development of inflammatory arthritis. Overall, our findings
suggest that pulmonary neutrophil infiltration may drive differences in inflammatory arthritis

through the formation of immunogenic citrullinated proteins in NETS.
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1.1 Rheumatoid Arthritis: An Overview

1.1.1 Disease Mechanisms and Immune Dysregulation

Rheumatoid arthritis (RA) is a systemic autoimmune disorder marked by continued
synovial inflammation, ongoing joint damage, and involvement of tissues beyond the joints. An
estimated 1% of people worldwide are affected by it.1?? While the pathogenic mechanisms of RA
remain incompletely understood, a complex interplay between genetic and environmental factors
leads to the development of autoimmunity and a targeted inflammatory response directed at
synovial joints.*®> As such, RA involves a break of immune tolerance due to the dysregulation of
the adaptive immune system.® However, recent studies have demonstrated that the innate immune
system contributes substantially to the onset and progression of the disease.” For example, in RA
monocytes and macrophages produce pro-inflammatory cytokines such as TNF, IL-1p, IL-6 and
matrix-degrading enzymes, which lead to joint inflammation and destruction.? Various subsets of
dendritic cells also release cytokines known to be important in RA such as TNF, IL-1, IL-12, IL-
6, interferons (IFNs), and differentiation factors such as macrophage colony-stimulating factor (M-
CSF) and fibroblast growth factor (FGF).®

Neutrophils remain a key player in the innate immune response as the most abundant
leukocyte in the human body. They are found in high abundance in inflamed RA joints. Here, they
interact with immune complexes via Fcy receptors, prompting neutrophils to degranulate and
produce reactive oxygen species (ROS).1%! The excessive ROS production, while important for
host defense, contributes to bystander tissue damage. Within neutrophils a key enzyme known as
peptidyl arginine deiminase (PADA4) is activated during neutrophil extracellular traps (NETS)
formation.*> PAD4 converts arginine to citrulline, which is a post-translational modification of
proteins (PTM).22 Deletion of the gene coding for this enzyme leads to decreased levels of pro-
inflammatory cytokines, autoantibodies, and disease severity in a collagen-induced arthritis (CIA)
mouse model, a model of human RA.}* Natural killer (NK) cells also play a role in the
pathophysiology of RA by producing cytokines, causing cytotoxicity, and interacting with
monocytes to promote inflammation and tissue damage.>® Moreover, different innate lymphoid
cell (ILC) subsets play roles in RA.” There is evidence that the lymph node population skews
towards pro-inflammatory ILCs (ILC1 and ILC3) in the early stage of RA and ILC3s produce

increased 1L-17 and IL-22 that promote inflammation'®. On the other hand, ILC2s in the synovium
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of RA patients are decreased resulting in impaired regulatory T (Treg) cell function worsening the

disease.’®

While the innate immune cells play significant roles in the development of the disease,
adaptive immune cells also contribute critically. Studies have suggested that the chronic
manifestation of joint symptoms in RA may be due to the imbalance between pro-inflammatory
Thl and anti-inflammatory Th2 cells (termed Th1/Th2 imbalance).?’ Thl cells maintain the
inflammation in the synovium in RA by secreting pro-inflammatory proteins such as IFN-y, TNF-
a, and I1L-2, subsequently leading to cartilage destruction and bone erosion.?! Th17 cells produce
IL-22, which stimulates synovial fibroblast proliferation through CCL2 and supports
osteoclastogenesis.?? On the other hand, B cells play a multifaceted role in the pathogenesis of RA
via antigen presentation, autoantibody formation, and pro-inflammatory cytokine secretion.?® In
RA, B cells act as antigen presenting cells (APCs) to CD4+ T helper cells, activating the T cells
to promote inflammation but also promote affinity maturation of B cells via follicular helper T
(Tfh) cells.?* The presence of autoantibodies such as rheumatoid factor (RF) and anti-citrullinated
protein antibody (ACPA) prior to symptomatic disease is a hallmark of RA. Autoreactive B cells
produce these autoantibodies, contributing to immune complex formation and tissue damage. In
addition to these two roles, peripheral B cells in RA patients secrete pro-inflammatory cytokines
IFN-y, TNF-a, IL-6, IL-17, IL-1B, and IL-10.25 The combination of accumulated immune
complexes in the synovium along with the cytokine signaling modulates the microenvironment,
resulting in severe inflammation and erosion of adjacent cartilage and bone. While the roles of
various immune cells have been studied in the context of RA, the complete order of mechanistic

events from the break of immune tolerance to disease manifestation is not completely understood.

1.1.2 Genetic and Environmental Risk Factors

RA results from a complex interplay between genetic and environmental factors. The
heritability of RA is approximately 60%, indicating the significant role of genetic predisposition
in this disease.?” The HLA-DRB1 gene encodes a component of the major histocompatibility
complex class Il (MHC I1) involved in antigen presentation. The "shared epitope™ (SE) which is a
collection of alleles within the HLA-DRBL1 gene, is the most important genetic risk factor for RA
accounting for 11-37% of the disease heritability.?® It has been closely linked to the risk of
developing RA, more prominent joint destruction, and higher mortality.?®3%3! Over the past two
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decades, GWAS have revealed several SE risk alleles. Individuals carrying one or two SE alleles
are estimated to have a 4 to 8 times higher risk of developing RA.3? Among the various SE coding
alleles, DRB1 *0401 and *0404 have been linked early-onset RA (<40 years), but DRB1*0101 has
been linked to late-onset RA (>60 years).® In addition to the HLA-DRB1 gene, other HLA loci
have been independently associated with RA, such as: amino acid positions 9 of HLA-DPBL1, 9 of
HLA-B and 77 of HLA-A.34* Non-HLA genes have also been correlated with RA susceptibility.
One notable example is PTPN22, which encodes a lymphoid-specific phosphatase that regulates
T cell activation.®® A single-nucleotide polymorphism (SNP) rs2476601 at the minor allele R620W
of the PTPN22 gene has been shown to double the risk of RA.®” Certain haplotypes of the PADI4
have been associated with a 1.5-2 fold increased risk of RA.3® Additionally, a recent GWAS
focusing on non-HLA genes confirmed association of PTPN22, STAT4, TRAF1-C5, CTLA4 and
PADI4 with RA susceptibility.3 Taken together, these genes highlight how antigen presentation,
T cell dysregulation, and protein citrullination contribute to the pathophysiology of RA. Although
the presence of these alleles does not guarantee the onset of RA, they can lead to an immune system

susceptible to environmental triggers that initiate the development of the disease.

Of all the known environmental triggers of RA, cigarette smoking has emerged as the most
important risk factor of RA. Several epidemiological studies have demonstrated that a greater
cumulative smoking history increases the likelihood of developing RA. In a meta-analysis, it was
observed that cigarette smokers have ~2x the risk of developing RA compared to non-smokers,
and the risk was almost 1.3 times greater for female smokers than for non-smokers.*® Another
study reported that individuals with relatively low lifetime exposure (less than 10 pack years, that
is, 1 pack of cigarettes per day for 10 years) also had a higher risk of RA.*! In a Swedish cohort,
individuals who smoked and carried the SE had a substantially higher odds ratio (OR) of
developing seropositive RA (OR 10.0) compared to those with only one of the risk factors - either
the SE alone (OR 4.8) or smoking alone (OR 1.9) suggesting a critical gene-environment
interaction.*? Apart from cigarette smoking, an inhaled occupational exposure, silica dust, also
significantly elevates RA risk.*® Silica exposure is widespread in industries such as mining,
construction, and sandblasting. Alveolar macrophages are activated by silica exposure, which
results in the release of IL-1B, lysosomal rupture, ROS, and inflammasome activation.***®
Additionally, neutrophil recruitment and NET formation occur in pulmonary silicosis.*® Beyond

these two, other exposures such as air pollution, textile dust, pesticides, solvents, and farming
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agents have also been linked to the risk of RA development.*’ In addition to the different kinds of
inhaled exposures, RA susceptibility has been linked to variables such as periodontal infections
and nutrition. Various epidemiological studies have shown a correlation between periodontal
disease and RA.*4° The oral bacterium Porphyromonas gingivalis (P. gingivalis) is the most
thoroughly researched in relation to RA. It expresses an endogenous PAD enzyme called PPAD
that can citrullinate proteins to act as RA autoantigens.* Interestingly, recent literature suggests
that oral bacteria may enter the systemic circulation and expose citrullinated antigens to B cells,
thereby activating inflammatory monocytes in RA patients during a disease flare.>! Other risk
factors for RA include dietary factors and obesity. These environmental exposures increase the
risk of RA by influencing the immune system to evolve into a pro-inflammatory
microenvironment. For many RA patients, the disease develops over several years where
detectable autoimmunity remains clinically quiescent. Precisely how an individual transitions from
autoimmunity to clinical disease remains unclear. However, it remains possible that repeated
environmental insults and genetic susceptibility leads to a cascade of immunological dysregulation

which targets the synovium.

1.1.3 Role of Autoantibodies and Citrullinated Proteins

The hallmark of seropositive RA is the presence of autoantibodies, which often precede
the onset of clinical symptoms by several years. Rheumatoid Factor (RF) was the first serological
marker identified in RA patients and was included in the 1987 ACR classification criteria for the
disease.>? RFs are autoantibodies that recognize the Fc portion of 1gG and are released by B cells
within the inflamed joint.5*%* There are several isotypes of RF: IgM, IgA, and 1gG. Among these,
IgM RF is the most often tested antibody in clinical settings and is present in 60-80% of RA
patients.>® Interestingly, low-affinity IgM RF is produced transiently in healthy individuals under
normal conditions.>® However, high-affinity RF found in the RA synovium plays a specific
pathogenic role, forming immune complexes with IgG in the joints. This leads to activation of the
complement cascade and in turn recruits immune cells that lead to chronic inflammation and joint
damage.®’ In addition to secreting these antibodies, B cells that produce RF also serve as APCs,
activating autoreactive T cells and amplifying the autoimmune response. As a result, these
pathogenic B cells maintain a cycle of sustained inflammation within the inflamed joint.>® To
explain the contrasting characteristics of RF in health and RA, a recent study has shown that RF
only binds to antigen-bound IgG and not unbound IgG (due to its closed conformation).>® The
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specificity of the RF test is limited as it can also be found in other autoimmune conditions, chronic
infections or even in a proportion of healthy individuals. However, poorer disease prognosis,
aggressive articular symptoms, along with worse morbidity and mortality have all been linked to
high titers of RF in RA patients,>%

The other extensively studied autoantibody in RA is anti-citrullinated protein antibodies
(ACPA). Studies have indicated that ACPA manifests considerably earlier than RF before RA
onset %162 About two-thirds of RA patients have ACPA and it has a much higher diagnostic
specificity compared to RF (>90%).%” Importantly, ACPA positivity in individuals can be detected
as early as 10 years before the onset of RA.%-% This “preclinical phase” indicates a heightened
risk for progression to symptomatic RA. The risk at this stage is further strengthened by the
presence of genetic factors, particularly with HLA-DRB1*04 alleles, and other environmental
triggers such as cigarette smoking. The finding that these antibodies are present much earlier in
disease onset is consistent with the observational association between ACPAs and bone loss in the
preclinical phase. Studies have shown that individuals with ACPA positivity display reduced bone
mineral density (BMD).%%” By directly binding to citrullinated vimentin that is expressed on the
surface of osteoclast precursors, ACPAs can mechanistically promote the activation and
development of these bone-resorbing cells.? ACPAs can activate macrophages through immune
complexes, which trigger the release of pro-inflammatory cytokines and in turn promote bone
destruction. Macrophages reside in the synovial tissue while at resting state and are potent immune
effectors that, when triggered, can cause inflammation and joint injury.5®"® Apart from the effects
on bone, ACPAs also contribute to immune activation and joint inflammation through multiple
mechanisms. As briefly mentioned earlier, ACPAs recognize proteins that have undergone
citrullination catalyzed by PAD enzymes. Commonly described citrullinated autoantigens for
ACPA include histones, type Il collagen, filaggrin, fibrinogen, vimentin, and a-enolase.” "
Studies have shown that NETs in RA patients contain a-enolase and citrullinated vimentin, which
can serve as autoantigens triggering the production of ACPAs.”> ACPAs are likely produced when
NETs release citrullinated antigens in into the extracellular space. Interestingly, the immune
complexes (ICs) that contain ACPAs can not only induce further NET formation but also release
of pro-inflammatory cytokines such as TNF-o, IL-1p, IL-6 by neutrophils, and dendritic cells.”®"”
Further, ACPAs can induce neutrophils to release PAD enzymes in the peripheral blood of RA
patients. Upon PAD4 activation, citrullinated histones are released locally, which serve as
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autoantigens and promote clonal expansion of B cells, ultimately increasing the synthesis of
ACPA."® Therefore, there appears to be a self-perpetuating cycle between ACPAs and innate cell
stimulation that sustains the chronic inflammation observed within the joint. Moreover, according
to recent research, ACPAs have a higher affinity for FcyRIlla on immune cells due to their
improved Fc-glycan alterations.’”® These glycan alterations intensify downstream pathways such
as complement activation, pro-inflammatory cytokine release, and antibody-dependent cellular
cytotoxicity (ADCC). In parallel, citrullinated proteins themselves are being increasingly
recognized as contributors to RA pathogenesis. For example, citrullinated fibrinogen enhances the
activation of synovial macrophages via TLR4, promoting IL-6 and TNF-a secretion.? In vivo
studies have demonstrated strong evidence for the pathogenic synergy between ACPAs and
citrullinated antigens. In the CIA mouse model, immunization of mice with citrullinated proteins,
such as citrullinated fibrinogen or a-enolase, leads to robust T and B cell responses and exacerbates
arthritis, particularly when combined with ACPA transfer.8%%2 In humanized mouse models
expressing RA-susceptible HLA alleles, ACPAs accelerate arthritis onset and severity by

enhancing Th17 polarization, synovial inflammation, and osteoclast activity.®

Aside from ACPA, other autoantibodies that target PTMs have been described in RA. For
example, the recent discovery of anti-carbamylated protein (anti-CarP) can also act as an
autoantibody in RA. The target proteins of anti-carP are altered by the PTM named carbamylation,
where lysine residues are converted into homocitrulline by cyanate.®* Anti-CarP antibodies are
found in about 44% of RA patients.®® These antibodies have been detected in multiple RA cohorts
and are notably more prevalent in RA than in healthy controls.258 Like ACPA, these antibodies
can also appear years before RA develops®® and are linked to disease progression and joint damage,
particularly in ACPA-negative patients. Evidently, various autoantibodies and citrullinated

proteins play a significant role in the development of RA.
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1.2 Neutrophils and NETosis
1.2.1 Neutrophil Effector Functions

Neutrophils are the most abundant immune cells in the blood, representing about 50%-70%
of all circulating leukocytes.*® They are the first responders of the innate immune system in the
event of an infection or inflammatory response. Neutrophils have a characteristic nucleus, which
is usually divided into three to five linked lobes which is where the term "polymorphonuclear
leukocytes™ is derived. In addition, this lobulated nuclear morphology serves a functional purpose
by enhancing nuclear deformability. The nuclear envelope of neutrophils is composed of fewer
components (lamins A/C, B1 and B2, LBR, emerin and LAP2p), allowing more flexibility.%*%2
Both of these features enable neutrophils to pass through narrow intercellular junctions during
transendothelial migration, which is essential for their rapid recruitment to inflammatory or
infected tissues. Inside the cytoplasm, actin filaments and microtubules are abundant, and these
are required for the coordinated shape changes necessary for different effector functions.®
Neutrophils are also part of a specialized cell family termed “granulocytes” due to the wide range
of granules present in their cytoplasm. Granules are membrane-bound vesicles that act as stores of
strong antibacterial and immunoregulatory proteins. At least four subsets of these granules have
been distinguished: primary or azurophilic, secondary or specific, tertiary or gelatinase, and
secretory vesicles.®* These subsets are generated successively during neutrophil maturation within
the bone marrow. The primary granules are enriched in MPO, serine proteases (neutrophil elastase
or NE, proteinase 3, cathepsin G, and azurocidin), o-defensins, lysozyme, and Cap57
(bactericidal/permeability-increasing protein, BPI).%>® Secondary granules include lactoferrin,
NADPH oxidase components, lipocalin/NGAL, and other bacteriostatic proteins. In contrast,
tertiary granules are abundant in matrix-degrading enzymes such as MMP-9, collagenase, and
antibacterial proteins such as cathelicidin.®* Secretory vesicles, however, are rapidly mobilized to
the plasma membrane and include receptors crucial for pathogen recognition, endothelial
adherence, and extravasation.®® Apart from being structurally unique, neutrophils also have a
distinct metabolic profile. Their primary source of energy is anaerobic glycolysis rather than
mitochondria-derived ATP, which enables them to operate under the hypoxic conditions observed
in inflammatory tissues.®” Neutrophils are short-lived, with a typical lifespan of 6 to 12 hours in
circulation. However, neutrophils are thought to live for prolonged periods under inflammatory

conditions. Upon the resolution of inflammation, they go through apoptosis via macrophages,
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thereby restoring tissue homeostasis.*® Neutrophils’ primary effector functions for host defense
include phagocytosis, degranulation, and NET formation (or NETosis). These mechanisms work
synergistically to contain infections during the early immune response. However, dysregulation of
these functions can lead to immunopathology, including chronic inflammation and autoimmune

diseases.

Phagocytosis is a fundamental mechanism through which neutrophils eliminate invading
pathogens. The cascade of phagocytosis is initiated upon recognition of a foreign pathogen as an
invader This recognition is mediated either directly via pattern recognition receptors (PRRS) or
indirectly through opsonins. An array of PRRs including toll-like receptors (TLRs), NOD-like
receptors (NLRs), and scavenger receptors, are expressed by neutrophils. These receptors can
identify bacteria, fungi, and viruses by detecting conserved microbial components such as
lipopolysaccharide (LPS), lipoteichoic acid (LTA), and PB-glucans.*® Neutrophils can also
indirectly recognize opsonized pathogens, whereby pathogens are coated with 1gG or complement
component C3b to flag them for killing.1%° Opsonins bind to specific receptors on the surface of
neutrophils to improve phagocytosis. While complement receptors like CR1 and CR3 recognize
C3b and iC3b, neutrophil Fcy receptors like FcyRIIA and FeyRIIIB bind to IgG.1%* Neutrophils
use actin-mediated membrane remodeling to start the engulfment process after identifying the
pathogen.!%? The cascade involves spleen tyrosine kinase (Syk), phosphoinositide 3-kinase (PI13K),
phospholipase Cy (PLCy), and small GTPases, including Racl, RhoA, and Cdc42 and thus
cytoskeletal changes required for particle internalization are made.’*® As a result, a membrane-
bound structure called a phagosome is formed surrounding the engulfed microbe. The phagosome
fuses with lysosomal compartments and neutrophilic granules. Within the phagolysosomes, both
oxidative and non-oxidative processes are utilized for intracellular killing. The NADPH oxidase
complex on the phagosomal membrane transforms molecular oxygen into ROS, facilitating the
oxidative burst. Hydrogen peroxide created from superoxide anions via NADPH oxidase is used
up by the granular enzyme MPO to form hypochlorous acid (HOCI), a strong microbicidal
oxidant.®* Non-oxidative processes are also important and typically involve antimicrobial
peptides and proteases. Defensins break down microbial membranes by creating pores, while
lysozyme breaks down bacterial peptidoglycan, and serine proteases such as NE and cathepsin G

break down microbial proteins and render virulence factors inactive.1%>1%



Jeba Atkia Maisha

Another crucial effector function of neutrophils is degranulation, which is the controlled
exocytosis of granule contents into the phagosome or extracellular space. When an infection or
tissue damage occurs, this procedure enables neutrophils to release antibacterial compounds and
immunomodulatory proteins.!%” Degranulation of neutrophils can be triggered by various stimuli.
Granule exocytosis is triggered by immune complexes, 1gG-coated pathogens, and bacterial
products engaging the Fcy receptors and PRRs, respectively. Chemoattractants such as N-
formylmethionyl-leucyl-phenylalanine (fMLP), IL-8, and complement component Cb5a can
activate downstream signaling cascades that involve intracellular calcium mobilization, protein
kinase C (PKC), and the MAPK/ERK pathway, which coordinates membrane fusion and granule
trafficking.X®® Interestingly, secretory vesicles are the first and quickest to be released, whereas
azurophilic granules require the highest threshold of stimulant. This ensures that potentially
harmful enzymes are only released under conditions of severe infection or tissue damage. The
intracellular vesicle transport mechanism that facilitates granule exocytosis includes Rab GTPases
like Rab27a and Rab27b.1% Degranulation of neutrophils serves as both an immunomodulatory
and antibacterial function. For instance, cathepsin G and NE break down microbial components
and also serve to restructure host tissue, whereas lactoferrin chelates iron, limiting its availability
to bacteria. Matrix metalloproteinases, such as MMP-9, break down extracellular matrix
components to promote immune cell motility. On the other hand, cathelicidin can play
immunomodulatory roles. Certain granular proteins, such as azurocidin, also have chemotactic

qualities that can attract monocytes and other immune cells to the site of infection.

The comparatively newly discovered effector function of neutrophils is NETosis. NET
formation can be triggered by a wide range of stimuli and thus it is involved in an array of
immunological defense mechanisms. For example, bacteria, viruses, fungi, and parasites,
pathogen-associated molecular patterns (PAMPSs) like LPS, damage-associated molecular patterns
(DAMPs) like extracellular ATP, and pro-inflammatory cytokines like IL-8, TNF-a, and GM-CSF
can all trigger NETosis. Additionally, immune complexes, nitric oxide, and monosodium urate
crystals can also serve as stimuli.''%'! Two types of NETosis have been described: lytic (or
suicidal) NETosis and non-lytic (or vital) NETosis. The lytic NETosis, also known as classical
NETosis, occurs over hours and causes the neutrophils to perish. Based on the participation of
NADPH oxidase, lytic NETosis is further divided into NADPH-dependent and NADPH-
independent types.!? The stimulus plays an important role in NET formation since proteomic
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analyses have revealed an array of PTMs and NET constitution depending on the type of stimulus
received.''® However, complement proteins including C3b and C5a, other cytokines, and ligands
that interact with TLRs or 1gG-Fc receptors are frequently responsible for the initiation of typical
lytic NETosis..!** The endoplasmic reticulum releases calcium when a receptor is activated. By
activating PKC through the RAF-MEK-MAPK/ERK signaling cascade, the resultant increase in
cytoplasmic calcium causes gp91phox to become phosphorylated. This starts the synthesis of ROS
by making it easier for membrane-bound NADPH oxidase subunits to assemble at the phagosomal
or cytoplasmic membranes.!*>1® Following this, MPO, NE and other lytic enzymes are released
into the cytosol. MPO aids in the release NE into the cytoplasm by oxidizing it.**” The influx of
calcium also promotes the disintegration of actin and vimentin molecules. Calpain is activated by
citrullination and an increase in calcium levels which plays a role in nuclear lamin and filaments
decondensation. Simultaneously, NE attaches to and breaks down actin fibers in order to reach the
nucleus. Once there, NE breaks down the nuclear membrane allowing water infiltration.!*” NE
cleaves histones present on the tightly wound chromatin called nucleosomes, ultimately leading to
chromatin decondensation. Furthermore, PAD4 becomes activated by binding to calcium ions or
by ROS. Within the nucleus, PAD4 citrullinates arginine (positively charged), converting the
amino acid to citrulline (neutral charged) of histones which relaxes the histone-DNA bond. As a
result, there is further chromatin decondensation.''® Ultimately, DNA, cytosolic, and granular

proteins extrude through gasdermin D-mediated pores formed on the plasma membrane.!®

During vital or non-lytic NETosis, neutrophils release the nuclear (or mitochondrial) DNA
and continue to be viable to perform antimicrobial activities such as recruitment, chemotaxis, and
phagocytosis. The identification of complement receptor and activated platelet serve as stimuli for
non-lytic NETosis. Staphylococcus aureus, Escherichia coli, and Candida albicans can serve to
activate complement receptors and TLRs to initiate vital NETosis. In this case, the small
conductance potassium channel member three (SK) is where calcium influx begins, activating both
PAD4 and NE. These enzymes translocate to the nucleus and cause chromatin decondensation as
above. After the chromatin is expelled via vesicular transportation, the blebs re-fuse with the
plasma membrane. As a result, the plasma membrane remains intact and the now anucleated
neutrophils continue their antimicrobial activities such as phagocytosis and migration.*? Lytic
NETosis takes roughly 3-4 hours, however, non-lytic NETosis takes approximately 5-60
minutes.'?® NETs typically consist of a DNA backbone adorned with a variety of antimicrobial

11



Jeba Atkia Maisha

and immunologically active proteins derived from neutrophil granules and cytoplasm. These
consist of lactoferrin, gelatinase, lysozyme, defensins, MPO, NE, cathepsin G, histones (H1, H2A,
H2B, H3, and H4), and PAD4. A large number of these substances have direct antibacterial
properties. While enzymes such as NE break down bacterial virulence components, histones and
MPO have microbicidal effects. Nevertheless, if NETs persist or are not adequately removed, these

cytotoxic molecules may also harm host tissues.

Lytic (slow cell death) and non-lytic NETosis. This figure was obtained from Nat Rev Immunol
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Figure 1: Two forms of Neutrophil Extracellular Traps (NETs) formation

18, 134-147 (2018)*

1.2.2 NETs and PAD Enzymes in RA

NET formation serves as a rich source of citrullinated autoantigens such as citrullinated
histones (H3, H4), vimentin, a-enolase, fibrinogen, and myeloperoxidase which are known ACPA
targets.”® Interestingly, neutrophils from RA patients have increased levels of the PAD4 enzyme,
which is required during NETosis and aids in the production of these neoepitopes.*? Citrullination

in NETs enables the break of immunological tolerance, particularly in genetically predisposed
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individuals with HLA-DRB1 shared epitope alleles. As discussed in a previous section, these
citrullinated peptides are preferentially presented to autoreactive CD4+ T cells in these individuals.
In fact, by binding citrullinated targets on the neutrophil surface and activating Fcy receptors,
ACPAs themselves have been demonstrated to intensify NETosis, resulting in increased ROS
generation and PADA4 activation.'?® This creates a feed-forward loop in which NETSs stimulate the
formation of ACPAs, which in turn intensify NETosis. This inflammatory circuit reinforces itself,
worsening tissue damage and the uncontrolled autoantibody production. Additionally, NETs can
also serve as a pro-inflammatory stimulus within the synovial joint. Pro-inflammatory cytokines
such as TNF-a, IL-1pB, and IL-6 which are key contributors to RA pathology are released when
extracellular DNA and related proteins in NETSs activate PRRs such as TLR9, TLR4 on dendritic
cells and macrophages.'?#1?> Moreover, NETs interact with synovial fibroblasts, causing them to
release chemokines and MMPs, which aid in the destruction of joints and immune cell
recruitment.’?® Ineffective NET clearance in RA further exacerbates this loop. Under normal
circumstances, nucleases such as DNase | break down NETSs, and macrophages remove the
resultant DNA-protein complexes. However, in RA, this mechanism is often impaired either due
to anti-NET antibodies, DNase resistance, or macrophage dysfunction — resulting in ongoing
exposure to citrullinated autoantigens and further immunological activation.?” Persistent NETs in
the synovial environment sustain joint inflammation and destruction leading to the production of
ICs that deposit in tissues, trigger complement pathways, and chemoattract in more neutrophils.
The paradox of immunological responses RA is best exemplified by NETosis, which begin as a
defense mechanism, but develops into a pathological process that triggers and maintains

autoimmune inflammation.
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1.3 Cigarette Smoking as a Modifiable Risk Factor
1.3.1 Smoking and RA Susceptibility

Cigarette smoking continues to be the most widely recognized risk factor for the
development and severity of RA, particularly in genetically predisposed individuals. Over the past
20 years, immunological and mechanistic research has established smoking as a major factor in
the pathophysiology of RA, particularly due to its ability to disrupt immune tolerance at mucosal
surfaces.'?812° Several other epidemiological studies have shown that there is an established
association between cigarette smoking and RA. As mentioned in a previous section, according to
a seminal study from the Swedish Epidemiological Investigation of Rheumatoid Arthritis (EIRA),
ever-smokers were twice as likely as never-smokers to develop ACPA-positive RA, and there was
a dose-response relationship between smoking duration and intensity.’3® These findings are
corroborated by further data from the Nurses’ Health Study I and II in the United States, which
showed that smoking for ten years or more raises the chance of developing RA even after stopping,
with the risk continuing for up to 20 years after quitting.** All of these data points to smoking as
a significant avoidable contribution to the burden of RA in addition to being a risk factor. Figure

2 represents a list of studies establishing a strong association between cigarette smoking and RA.

The bioactive and hazardous compounds found in tobacco smoke are primarily responsible
for the molecular pathways via which smoking cigarettes causes RA. Roughly 70 recognized
carcinogens and a wide range of immunomodulatory and pro-inflammatory compounds are among
the more than 7,000 chemicals found in cigarette smoke. Among these, the main alkaloid in
tobacco, nicotine, has intricate immunological consequences. In some situations, nicotine can
have immunosuppressive effects, but long-term exposure has been linked to dendritic cell
activation and an increase in pro-inflammatory cytokines such TNF-a and IL-6.%2 In RA, IL-6 is
essential for Th17 cell differentiation and B-cell activation, both of which are necessary for the
production of autoantibodies. Acrolein which is a highly reactive aldehyde is produced during the
burning of organic material, can bond with proteins to produce neoantigens. The immune system
is more likely to identify these altered proteins as foreign, which might result in autoreactive
reactions. Additionally, acrolein depletes glutathione, which weakens antioxidant defenses and
prolongs oxidative stress, which is known to have a role in the pathophysiology of RA 3313

Polycyclic aromatic hydrocarbons (PAHSs) are strong ligands of the aryl hydrocarbon receptor
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(AhR), a transcription factor that affects the development of immune cells. PAH-induced AhR
activation stimulates Th17 cell growth and increases IL-22 production, both of which are linked
to RA and mucosal immunological dysregulation.’® Moreover, PAHs encourage epigenetic
modifications and DNA damage, which may activate autoreactive immune responses. Cigarette
smoke is also a major source of particulate matters which can penetrate deep into the lungs and
systemic circulation. Exposure to PMyo increases the expression of neutrophils and changes lung
histopathology, which may connect cigarette smoking to the breakdown of self-tolerance in RA. 1%
Notably, ROS and reactive nitrogen species (RNS), which harm proteins, lipids, and DNA, are
abundant in cigarette smoke. As a result, persistent cigarette smoking leads to an oxidative stress
within the microenvironment which may be crucial for the formation of citrulline. Therefore,

cigarette smoking plays a central role in RA susceptibility, particularly in ACPA-positive disease.

First # RA
Exposure  Author Study type Cohort Outcome Risk of exposure cases Reference
Meta-analysis (3
Cigarette prospective cohorts, Ever smoking: RF+ RA RR 2.47, RF-
Smoking Di Giuseppe 7 case-control) Multiple RF +/- RA RA RR 1.58 4552 (28)
Cigarette ACPA +/- Ever smoking: ACPA+ RA OR 1.9,
Smoking Hedstrom Case-Control Sweden (EIRA) RA ACPA- RAOR 1.3 3655 (29)
Cigarette ACPA +/-
Smoking Too Case-Control Malaysia (MyEIRA) RA Ever smoking: ACPA+ RA OR 4.1 1076 (30)
Cigarette
Smoking Bang Case-Control Korea RA Ever smoking: RA OR 2.7 1482 (31)

Ever smoking: ACPA+ RA OR 1.22

Cigarette ACPA +/- to 57.4; stratified by pack-year

Smoking Pederson Case-Control Denmark RA exposure AND SE+/- 515 (32)
Cigarette

Smoking Kochi Case-Control Japan RA Ever smoking: RA OR 1.15 to 1.35 2015 (33)
Cigarette USA (Women’s Health Ever smoking: RA RR 1.10 to 1.32;

Smoking Karlson Retrospective Cohort Cohort) RA stratified by pack-year 7697 (25)
Cigarette USA (Nurses Health

Smoking Costenbader = Retrospective Cohort Study) RA Ever smoking: RA RR 1.47 680 (26)

Sweden (Swedish

Cigarette Mammography

Smoking Di Giuseppe Retrospective Cohort Cohort) RA Ever smoking: RA RR 2.31 219 (27)
Cigarette Netherlands (IgM RF

Smoking de Hair Prospective Cohort or ACPA + at-risk) RA Ever smoking: Sero+ RA HR 9.6 15 (34)

United Kingdom
Cigarette (Leeds; RF or ACPA+
Smoking Ponchel Prospective Cohort with joint pain) RA Ever smoking: Sero+ RA OR 3.1 125 (35)

ACPA, anti-citrullinated protein antibodies; RF, Rheumatoid Factor; EIRA, Epidemiological Investigation of Rheumatoid Arthritis; RR, Relative Risk; OR, Odds Ratio; HR, Hazards Ratio. All
RR/OR/HR are statistically significant unless otherwise stated.

Figure 2: List of epidemiological studies showing the association between cigarette smoking
and RA

This table was obtained from Front. Immunol. 14:1221125.1%"
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1.3.2 Mechanisms of Cigarette Smoke-Induced Inflammation

Cigarette smoke (CS) can contribute to RA development by a series of pathogenic
mechanisms which begin at the lung mucosa, and progress to systemic inflammation and
autoimmunity. As mentioned in the previous section, cellular and molecular changes including
oxidative stress, epithelial damage, immune cell activation, post-translational modifications of
proteins like citrullination, and a loss of immunological tolerance serve as the foundation for this
transformation. The mucosal surface of the respiratory tract serves as a first line of defense against
toxins like CS, and the lungs are a vital interface between the immune system and the environment.
Components of CS have the ability to directly harm airway epithelial cells, interfere with the
epithelial barrier, and cause a local inflammatory reaction when inhaled. DAMPs such as high
mobility group box 1 protein (HMGBL1) are released as a result of the oxidative stress caused by
CS, which also damages epithelial cells and causes mitochondrial malfunction.®® PRRs such as
TLRs and NLRs on dendritic cells (DCs), alveolar macrophages, and airway epithelial cells
recognize these signals and start pro-inflammatory signaling cascades.'**!4° Pro-inflammatory
cytokines like IL-1pB, IL-6, and TNF-a, as well as chemokines CXCLS8 (IL-8), are released when
the TLR4/MyD88 pathway is activated in response to DAMPs induced by CS.'*! As discussed
earlier, the two main early events that connect smoking to the production of autoantigens are
increased NET formation and pulmonary PAD activity. Additionally, it has been demonstrated
that CS increases the production of PAD enzymes in macrophages and lung epithelial cells, which
caused enhanced citrullination of cytoskeletal and structural proteins such histone, fibrinogen,
vimentin, and enolase.'*? An overabundance of citrullinated proteins may lead to DCs engulfment
and processing to present them in the context of MHC class Il molecules, especially those that are
highly linked to the HLA-DRB1 common epitope allele. Citrullinated antigens and HLA-DRB1
SE molecules interact with activated CD4+ T cells, which in turn create Th17 and Tfh cells, that
are critical for ACPA formation. The connection between innate and adaptive immunity appears
to be mediated by lung-resident DCs. DCs exposed to CS exhibit enhanced antigen presentation
capacity, increased expression of co-stimulatory molecules (CD80, CD86), and production of
Th17 polarization-promoting cytokines IL-6 and IL-23.14® After migrating from the inflammatory
lung to draining lymph nodes, these DCs prime autoreactive T cell responses by presenting naive
T cells with citrullinated peptides. The pro-inflammatory cytokine IL-17A, which is produced by

Th17 cells produced in this setting, activates neutrophils, synoviocytes, and osteoclast precursors.
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Additionally, IL-17 maintains a feed-forward loop of inflammation by acting on lung epithelial
and endothelial cells, which prolongs tissue damage and propagates inflammation.** Smokers
have reduced Treg function, which may serve to increase autoreactivity and a lack of peripheral
tolerance.!*>14¢ The altered pro-inflammatory and regulatory T cell balance in the lungs may
accelerate the autoimmune process by encouraging immunological dysregulation and epitope
dissemination. Several intertwined pathways are likely involved in the transition from mucosal to
systemic inflammation due to CS. First, pro-inflammatory cytokines such as IL-6, TNF-a, and IL-
1B that are generated in the lungs may enter the systemic circulation leading to persistent low-
grade inflammatory condition. Moreover, autoreactive cells that have been activated in pulmonary
lymphoid tissues may migrate via the blood to secondary lymphoid organs. Research has shown
that the lungs of smokers and preclinical RA patients have inducible bronchus-associated
lymphoid tissue (iBALT), indicating that the lung's tertiary lymphoid structures might be potential
sites for antigen presentation and affinity maturation.*” Furthermore, ACPA produced in the lungs
can reach the bloodstream and combine with citrullinated antigens in other parts of the body, such
as the joints, to create immune complexes. These immune complexes lead to tissue inflammation,
complement activation, and cytokine production by activating the Fcy receptors on neutrophils and
macrophages. Additionally, CS leads to epigenetic changes such as DNA methylation, histone
alterations, and microRNA dysregulation in local cells. As such, even with smoking cessation,
these modifications can result in immune cell reprogramming and long-term changes in gene
expression patterns and cell function. For example, smokers have been shown to have DNA
hypomethylation of immune-related genes in monocytes and T cells, which is linked to increased
production of MHC molecules and pro-inflammatory cytokines.**® Hence, CS is heavily involved

in inducing immune responses across almost all kinds of immune cells.
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1.4 Role of Lung Inflammation in RA

The lung and other mucosal sites remain crucial for autoimmunity development in RA.
This is particularly true for genetically predisposed people who are exposed to environmental risk
factors such as cigarette smoke. Long-term lung diseases such as chronic obstructive pulmonary
disease (COPD) and interstitial lung disease (ILD) have been shown to increase the risk of
developing RA. Furthermore, even before clinical arthritis appears, anti-citrullinated protein
antibody (ACPA)-positive individuals have been shown to have subclinical pulmonary
abnormalities, such as airway wall thickening, ground-glass opacities, and bronchiectasis.**® These
changes are often accompanied by abnormal pulmonary function tests (e.g., reduced diffusion
capacity), even in the absence of respiratory symptoms. Investigations using bronchoalveolar
lavage (BAL) have found that at-risk patients had higher amounts of neutrophils, lymphocytes,
and inflammatory cytokines such as IL-6 and IL-8, suggesting that lung mucosal inflammation
might be a site of autoimmune priming.#*° According to the mucosal origins hypothesis of RA,
autoantibodies are produced as a result of immune dysregulation that starts in mucosal locations
such the gut, oral cavity, and lung.®® The lung has attracted special attention among them due to
the various immune cells and the clear role for inhaled exposures in the development of the disease.
The lung epithelium, particularly the distal airways, has innate immune receptors such as TLRs,
which can identify pollutants, microbial products, and CS components. Once activated, alveolar
macrophages release TNF-a and IL-6.1°2 These cytokines aid autoreactive B cells by promoting
local development of Th17 and Tfh cells and increasing PAD expression. It is possible that the
draining lymph nodes of the lungs act as a bridge connecting systemic and pulmonary immunity.
Additionally, antigen-loaded DCs from the lung can migrate to mediastinal lymph nodes, where
they activate autoreactive T and B cells that can subsequently settle in synovial tissues.**® Beyond
its role in disease initiation, the lung is also a major site of RA-associated morbidity. One common
extra-articular symptom that can appear before, during, or following the development of arthritis
is RA-associated interstitial lung disease (RA-ILD).1* In RA patients, ILD is linked to a worse
prognosis and a lower survival rate. Fibrosis, immune complex deposition, and chronic
inflammation are some of the pathogenic processes of RA-ILD. It is noteworthy that individuals
with RA-ILD frequently exhibit elevated ACPA titers, indicating that systemic autoimmunity

persists in targeting pulmonary tissues.>*
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1.5 Collagen-Induced Arthritis (CIA) Model and CS Exposure

One of the most popular and well-studied experimental models for studying human RA is
the Collagen-Induced Arthritis (CIA) model. The CIA model was first created in the early 1980s
and first reported by Trentham and associates in 1977. It was shown that immunizing susceptible
rodent strains with type 11 collagen (CI1), the main collagen component of articular cartilage, would
lead to a polyarthritis that resembled human RA in many clinical and histological aspects.™>
Researchers now have a repeatable, immune-mediated platform to investigate the pathophysiology
of autoimmune arthritis to study RA. In this model, the disease usually appears after receiving a
second injection (booster) of type Il collagen emulsified in incomplete Freund's adjuvant (IFA)
from a cow, chicken, or mouse. The ensuing immune response mimics some of the pathological
features observed in RA patients. Importantly, the CIA model requires both innate and adaptive
immunological responses, such as autoreactive T cells, B cells, and pro-inflammatory cytokines
including TNF-a, IL-6, and IL-17.1% A critical feature of the CIA model is its dependence on
genetic susceptibility, similar to human RA. Strikingly, similar to human RA, the disease does not
develop consistently among mice strains, and only those with certain MHC class Il alleles (such
as H-29 or H-2") exhibit considerable vulnerability.?>” Because of this genetic requirement, CIA is
a valuable model for investigating gene-environment interactions and their role in autoimmune
arthritis. The significance of the microbiome in regulating the onset and course of CIA has come

into focus more recently. %8159

Outside of genetic alterations, there are a variety of modifications that may be used to
induce CIA in susceptible mice. To overcome the variability of arthritis onset, many have turned
to a synchronized model of CIA where LPS, a component of Gram-negative bacterial cell walls,
is used to synchronize disease onset and severity after the booster injection.’®® Mechanistically,
LPS is a TLR4 agonist, which amplifies inflammation by activating innate immune pathways such
as NF-«kB signaling and cytokine production. Hence, LPS co-administration is particularly helpful
in experimental design when arthritis development is required. Additionally, it may replicate an

environmental trigger in human RA, such as microbial dysbiosis and infections.

In the CIA model, CS exposure has been shown in many studies to lead to more severe
arthritis. When mice are given cigarette smoke condensate (CSC) at the time of collagen

immunization, for example, the severity of their rheumatoid arthritis like symptoms increase. Both
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young and elderly mice display a dose-dependent increase, suggesting that CSC has a systemic
influence on the development of arthritis.’®! Consistent with this, nasal exposure to CSC also
increases the development and progression of joint abnormalities in CIA mice.'®? In contrast, other
research has found that exposure to CS delays the onset of RA like symptoms. In a study, it was
observed that there was a substantial delay in the onset of these symptoms in DBA/1 mice that
were exposed to CS for 16 weeks in comparison with non-smoking controls prior to collagen
immunization. Interestingly, these mice also exhibited lower levels of anti-collagen type Il (anti-
ClIl) and anti-cyclic citrullinated peptide (aCCP) antibodies, suggesting an immunomodulatory
effect of CS when given prior to the first injection of collagen.'®® Mice treated with nicotine alone
showed a similar delay, suggesting that nicotine may act as a mediator of this protective effect,
which may be due to reduced Th17 responses and IL-6 production, both of which are important in
the pathophysiology of human RA. Another study showed that nicotine suppressed Th17 responses
by activating the cholinergic anti-inflammatory pathway, which in turn decreased CIA.*%4 Overall,
the literature suggests that CS exposure prior to injection of collagen reduces inflammatory

arthritis severity, while the disease is more severe when provided after collagen exposure.
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Chapter 2: Thesis Overview
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2.1 Study Rationale

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by joint
inflammation and destruction, often preceded by the development of ACPA.52 While genetic
predisposition especially HLA-DRB1 shared epitope alleles play a significant role in the disease?®-
81 environmental triggers are also crucial triggers. The most well-known and modifiable risk factor
among the environmental triggers is cigarette smoking, particularly for ACPA-positive RA.1%
However, the underlying mechanism of this association is not clearly understood. On the other
hand, neutrophils are abundant in inflamed joints and by activating PAD enzymes during NETosis
aid in the production of citrullinated proteins. Citrullinated antigens, if dysregulated, can cause
break of immune tolerance. CS directly impacts neutrophils in the lungs by encouraging neutrophil
recruitment through ROS and chemical irritants. CS exposure has also been associated with
increased PAD expression and activity. Therefore, CS may prime neutrophils to play a role in the
break of immune tolerance via dysregulated PAD production that occurs before established
arthritis. This study aims to investigate how cigarette smoke influences neutrophil survival, PAD
activation, and NET formation in the lungs, driving the production of citrullinated autoantigens

and potentially promoting RA development.

2.2. Gap in Knowledge

Despite strong epidemiological evidence linking CS to RA, the precise immunological

mechanisms by which smoke-induced activity in the lungs initiates autoimmunity remain unclear.

2.3 Overall Hypothesis
Cigarette smoke stimulates neutrophils to undergo NET formation which leads to RA

autoimmunity and development.

2.4 Specific Aims

1. Examine the influence of cigarette smoke extract (CSE) on neutrophil mediated inflammation.

a. Determine the effect of CSE on neutrophil degranulation, NET formation and

phagocytosis.
b. Elucidate the intracellular cascade that regulates CSE-induced NET formation.

2. Characterize the effect of cigarette smoking on NET formation and protein citrullination in vivo.
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Chapter 3: Materials & Methods
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3.1 Healthy Donor
3.1.1 Blood Collection from Healthy Donors

The human blood collection procedure was approved by the University of Manitoba
Biomedical Research Ethics Board (#HS25252). In compliance with the Declaration of Helsinki,
written informed consent was obtained from each blood donor. The donor's demographic data (age
and sex) was collected with their consent and managed following the University of Manitoba's
guidelines regarding the Personal Health Information Act. Healthy donors between the ages of 18
and 65 with no reported serious health issues were selected. Donors were given a comprehensive
checklist to assess their eligibility for the study prior to blood draw. The checklist included
questions about any possible chronic conditions (e.g., diabetes, cancer, inflammatory bowel
diseases, celiac disease, and rheumatoid arthritis), fear of needles and/or bruising, any long-term
medications, possible smoking habit, and the possibility of a recent infection within the previous
few weeks. Donors who answered no to all of the aforementioned questions were eligible to

participate in the research.

3.1.2 Neutrophil Isolation from Healthy Donor Blood

Blood collected from healthy donor samples was separated using the Ficoll-Paque
PREMIUM (Cytvia) density gradient medium followed by centrifugation (acceleration 1,
deceleration 0, 1440 RPM, 24°C, 20 minutes). From the resulting layers, the
erythrocyte/granulocyte fraction was collected and subjected to further purification using the
EasySep™ RBC Depletion Reagent, following the manufacturer’s protocol (Stemcell
Technologies). In brief, 5 mL of the erythrocyte/granulocyte layer was mixed with 5 mL of 12 mM
Ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich) prepared in 1X PBS (pH 7.2, Gibco),
yielding a final EDTA concentration of 6 mM. This suspension was then diluted with 10 mL of
2% FBS (Thermo Fisher Scientific) in 1X PBS (pH 7.2). Next, 500 uL of the RBC depletion
reagent was added, and the mixture was incubated at room temperature (RT) on a magnet with the
tube lid open for 10 minutes. After incubation, the clear fraction along with 1 mL of the RBC
fraction was transferred to a new tube (Falcon), followed by the addition of 250 pL of the reagent.
The tube was placed back on the magnet, and the incubation step was repeated as before. After

this, only the clear fraction was transferred again to a new tube and incubated on the magnet for
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an additional 10 minutes at RT. Finally, the clear fraction was collected into another fresh tube,
and the cells were manually counted using a hemocytometer. The resulting neutrophil population

was at least 98% pure, based on nuclear morphology observed under a microscope (Nikon, Japan).

3.2 Cigarette Smoke Extract (CSE) Medium Preparation

The CSE medium was prepared according to a previously published method with minor
modifications.?®® In brief, the smoke of one 1R6F research-grade cigarette (University of
Kentucky, Lexington, KY) was passed through 50 mL of RPMI 1640 medium (without phenol
red, Gibco) using a vacuum pump. This medium was then filtered through a 0.22 um filter (Merck
Millipore) to remove any particles and bacteria. This was considered a stock medium of 100%

CSE and was stored at -80°C in aliquots for using in experiments.
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3.3 In Vitro Experiments for Neutrophil Functions

3.3.1 Flow Cytometry to Detect Neutrophil Activation and Degranulation

To assess neutrophil activation and/or degranulation following CSE stimulation, flow
cytometry was conducted using a panel of surface marker antibodies. A stock cell suspension was
prepared at a cell density of 1 x 10° cells/mL for this assay. Following neutrophil isolation, cells
were counted and aliquoted into triplicates of 100,000 cells each (equivalent to 100 pL of the
stock) into round-bottom polystyrene tubes (Falcon) under four conditions: (i) unstained; (ii)
stained — untreated; (iii) stained — lonophore (A23187, Sigma-Aldrich); and (iv) stained — CSE.
Here, lonophore serves as a positive control as it is a potent trigger of NETosis. The medium

composition for each condition is outlined in Table 1.

Table 1: Media Composition for Neutrophil Stimulation

Medium Reagent Volume (in 1 mL)
Unstained RPMI 1640 1mL
Stained — untreated RPMI 1640 1mL
] lonophore A23187 (5 uM) 1pL
Stained — lonophore
RPMI 1640 999 uL
Stained — CSE 100% CSE medium 1mL

The tubes were centrifuged at 1500 RPM for 5 minutes, after which the supernatant was
carefully decanted to preserve the cell pellet. Each pellet was then resuspended in its respective
treatment medium (RPMI 1640, lonophore, or 100% CSE) and incubated at 37°C and 5% CO for
60 minutes. After incubation, cells were centrifuged again at 1500 RPM for 5 minutes, and the
supernatant was collected into separate microcentrifuge tubes (Bio-Rad) without disturbing the
pellet. The supernatant was used for the enzyme activity assay discussed in section 3.3.2. The
pellets were subsequently fixed in 4 mL of a fixing solution (1:10 dilution of FACS™ Lysing
Solution (BD Biosciences) in MilliQ water) and incubated at room temperature (RT) for 10
minutes. During fixation, a master mix (MM) of antibodies was prepared by adding 1 pL of each
antibody per sample: FITC CD11b (BioLegend), BV786 CD16 (BD Biosciences), V450 CD63
(BD Biosciences), APC CD32 (BioLegend), BUV737 CD64 (BD Biosciences), and PE-Cy7
CD66b (Invitrogen by Thermo Fisher), all diluted in 100 pL per sample of eBiosciences™ Flow
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Cytometry Staining Buffer (Invitrogen by Thermo Fisher). Following fixation, cells were
centrifuged at 1500 RPM for 5 minutes, and the fixing solution was gently aspirated. Each pellet
was then resuspended in 100 pL of MM, while the unstained control was resuspended in 100 pL
of staining buffer without antibodies. In addition to these, compensation controls were also
prepared before the first experiment to set up accurate voltage and gating parameters. For that, one
tube was used per antibody where each tube contained one drop of UltraComp eBeads™
Compensation Beads (Invitrogen by Thermo Fischer) and the 1 pL of the corresponding antibody.
All tubes were kept on ice and protected from light for 30 minutes. After this incubation, 1 mL of
the flow buffer was added to each tube, followed by another centrifugation at 1500 RPM for 5
minutes. Finally, supernatants were removed, and cell pellets were resuspended in 500 pL of the
flow buffer. Samples were promptly analyzed using the LSRFortessa flow cytometer (BD
Biosciences). For each sample, 10,000 events were collected, and mean fluorescence intensity
(MFI) was measured for each marker using BD FACSDiva software (BD Biosciences) on
granulocytes gated based on FSC-A vs. SSC-A and single cells gated on SSC-A vs. SSC-H.

FlowJo Software (v10.9.0, BD Biosciences) was used for subsequent data analysis.

Table 2: Human Neutrophil Surface Marker Panel

Surface Marker Fluorophore Laser (Detection Range)
CD11b FITC Blue (515-545)
CD16 BV786 Violet (750-810)
CD63 V450 Violet (425-475)
CD32 APC Red (663-667)
CDo64 BUV737 UV (723-757)
CD66b PE-Cy5 Yellow Green (655-685)

3.3.2 Enzyme Activity Assay

Neutrophils release granular proteases upon degranulation, so assessing protease activity
in the supernatants can serve as an indicator of degranulation, particularly by measuring the
activity of the activity serine proteases such as neutrophil elastase (NE) and proteinase 3 (PR3).
To evaluate this, supernatants were collected following treatment with the various media described

in the previous section (3.3.1). These supernatants were centrifuged at 11,000 RPM for 5 minutes

27



Jeba Atkia Maisha

at 4°C to eliminate any remaining cellular debris. The cleared supernatants were then aliquoted
and stored at -80°C until used for the assay. To ensure equal protein input across samples, the total
protein concentration in each sample was first quantified using the Pierce™ Bicinchoninic Acid
(BCA) Protein Assay Kits (Thermo Fisher Scientific), following the manufacturer’s protocol. For
the enzyme activity assay, a Greiner 96-well flat-bottom black plate (Millipore Sigma) was
prepared with reagents added in the following sequence: 80 uL of 100 uM HEPES buffer (pH 7.6,
containing 1.5M NacCl) was dispensed into all wells, followed by 8 puL of IGEPAL detergent
(Sigma Aldrich) diluted 1:100 in 1X PBS. Next, 47 uL of the respective sample supernatants
(Untreated/lonophore/CSE) were added to designated wells in duplicate. Purified PR3 (Athens
Research & Technology) and purified NE (Athens Research & Technology) were also included in
the assay plate as controls to confirm the assay was working. The plate was incubated at 37°C for
5 minutes. After incubation, either fluorescent PR3 substrate (Biosynth) or fluorescent NE
substrate (Biosynth) was added to the wells, and the plate was immediately subjected to kinetic
reading for 45 minutes, with measurements taken every 1 minute at 37°C using excitation/emission

wavelengths of 320/420 nm in the Synergy H1 microplate reader (BioTek).

3.3.3 Phagocytosis Assay (IgG and heat-killed E. coli)

The impact of CSE stimulation on neutrophil phagocytic function was initially assessed
using the 1gG Phagocytosis Assay Kit (Cayman), following the manufacturer’s protocol. For this
assay, a stock cell suspension at a cell density of 3.5 x 10°¢ cells/mL was prepared. There were
three conditions: (i) unstained; (ii) untreated; and (iii) CSE. Neutrophils were aliquoted into six
replicates, each containing 350,000 cells (100 pL of the stock cell suspension) in round-bottom
polystyrene tubes for each condition. All tubes were centrifuged at 1500 RPM for 5 minutes.
Simultaneously, FITC-labeled IgG beads provided in the kit were diluted 1:400 in either pre-
warmed RPMI 1640 or 100% CSE medium. For immunofluorescence imaging, 50 pL of each cell
suspension was placed onto coverslips pre-coated with 0.01% poly-L-lysine (Sigma-Aldrich)
placed in separate wells of a Costar® 24-well flat bottom plate (Corning Inc.). Both the tubes and
the coverslip containing plate were incubated at 37°C and 5% CO: for 5 minutes. After incubation,
tubes were centrifuged again under the same conditions, while the coverslips were fixed with 500
pL of 4% paraformaldehyde (PFA) in PBS (Thermo Fisher Scientific) for 10 minutes after
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removing the excess media. Supernatants from the tubes were gently aspirated, followed by a
single wash with 200 pL of the wash buffer provided in the kit. The wash buffer was then decanted,
and the neutrophils were resuspended in 300 pL of flow cytometry staining buffer. Samples were
analyzed using the LSRFortessa flow cytometer (BD Biosciences). A total of 10,000 events were
acquired for each sample, and data analysis was performed using FlowJo Software (v10.9.0, BD
Biosciences). Meanwhile, PFA was removed from the coverslips and replaced with 300 pL of 1X
PBS. The coverslips were then stored at 4°C overnight for further staining and
immunofluorescence imaging (discussed in 3.3.5). This experiment was repeated using the heat-
killed E. coli phagocytosis assay kit (Cayman) but with a 1:2 dilution for the E. coli suspension in

the respective medium.

3.3.4 Detection of extracellular DNA release from Neutrophils

During NETosis, neutrophils release extracellular DNA, which was detected in this
experiment using SYTOX™ Green (Invitrogen by Thermo Fisher), a fluorescent nucleic acid stain.
Since this dye cannot permeate intact cell membranes, it selectively stains extracellular nucleic
acids, allowing fluorescent detection of DNA released during NETosis. In brief, following
neutrophil isolation and counting, cells were divided into round-bottom polystyrene tubes at a
density of 1x10° cells/mL under the following conditions: (1) untreated; (ii) lonophore; (iii) CSE;
and (iv) negative control (as described in Table 3). The tubes were centrifuged at 1500 RPM for 5
minutes. While centrifugation was in progress, media specific to each condition were prepared.
After centrifugation, the supernatants were carefully decanted, and cell pellets were resuspended
in their respective media. The resuspended cells were then immediately plated on to a Nunc 96-
well optical bottom black plate (Thermo Fischer Scientific), with 6-8 replicate wells for each
condition. Fluorescence was measured kinetically using the Synergy H1 microplate reader
(BioTek) under the following parameters: readings taken every hour over an 8-hour period at 37°C,
with excitation/emission wavelengths set to 485/528 nm, and all wells scaled relative to high signal

negative control wells.
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Table 3: Media Composition for Extracellular DNA Detection

Medium Reagent Volume (in 1 mL)
RPMI 1640 999 pL
Untreated
SYTOX™ Green (5 uM) 1puL
lonophore A23187 (5 uM) 1L
lonophore SYTOX™ Green (5 uM) 1L
RPMI 1640 998 uL
100% CSE medium 999 uL
CSE
SYTOX™ Green (5 pM) 1pL
Negative Control RPMI 1640 1mL

3.3.5 Immunofluorescence Imaging to Detect NETosis/Phagocytosis

For immunofluorescence imaging of NETS, neutrophils were first isolated and counted,
then centrifuged at 1500 RPM for 5 minutes. The cell pellets were resuspended in either RPMI
1640 or 100% CSE medium. A volume of 500 pL from each suspension was placed onto the
coverslips pre-coated with 0.01% poly-L-lysine, which were positioned in individual wells of a
Costar 24-well flat-bottom plate. The plate was incubated at 37°C with 5% CO. for 3 hours, as
neutrophils typically release NETs within 2—4 hours following stimulation®®. After incubation,
excess medium was carefully removed, and the cells on the coverslips were fixed using 500 pL of
4% paraformaldehyde (PFA) in PBS for 10 minutes. The PFA was then aspirated and replaced
with 300 pL of 1X PBS. Coverslips were stored overnight at 4°C. The next day, PBS was removed
from the wells, and the coverslips were blocked with 0.2% gelatin (Sigma Aldrich) in PBS at 37°C
for 30 minutes. Following the blocking step, the coverslips were inverted on 10 pL drops of the
primary antibody - Mouse ELA2 Monoclonal Antibody (4E11) (Abnova by Thermo Fisher
Scientific) (1:50 diluted in 0.2% gelatin) and were incubated at 37°C for 1 hour. Afterward,
coverslips were placed back in the wells and washed three times with 1X PBS for 5 minutes each
on a shaker. Subsequently, coverslips were again inverted on 10 pL drops of the secondary
antibody - Alexa Fluor™ Plus 488 Goat anti-Rabbit IgG (Invitrogen by Thermo Fisher) (1:100

diluted in 0.2% gelatin), followed by a 30-minute incubation at 37°C. The washing procedure was
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then repeated as previously described. Next, the coverslips were counterstained with a DNA dye
Hoechst 33258 (Invitrogen by Thermo Fisher) (1:1000 diluted in 1X PBS) at 37°C for 10 minutes.
This was followed by three washes of milliQ water, each for 5 minutes. Finally, the coverslips
were mounted on glass slides with ProLong™ Diamond Antifade Mountant (Invitrogen by
Thermo Fisher), and images were captured using a Carl Zeiss Axio Lab A1 microscope (Carl Zeiss,
Oberkochen, Germany). Images were obtained using a 20X magnification per slide. For the
coverslips obtained from the phagocytosis assay, the blocking was followed by the DNA staining,
and mounting steps as described above, and imaging was performed at 20X magnification using
the same microscope. Image processing and overlaying were done on the ZEISS Efficient

Navigation (ZEN) software.

3.3.6 Isolation of NETs

To identify the presence of citrullination in NETs induced by different stimulants
(lonophore, PMA, and CSE), NETs were isolated. Following neutrophil isolation and counting,
cells were centrifuged at 1500 RPM for 5 minutes. The pellets were then resuspended in one of
the following media: (i) lonophore; (ii) Phorbol 12-myristate 13-acetate (PMA) (Thermo Fisher
Scientific); or (iii) CSE, at a concentration of 3.5%10¢ cells/mL. Both Ionophore and PMA were
used as alternative NETosis-inducing agents. The media compositions were consistent with the
earlier experiments (1 uL of 5 uM lonophore or PMA in 999 mL of RPMI, or 1 mL of 100% CSE
medium). The neutrophil suspensions were seeded into individual wells of a Costar 12-well flat-
bottom plate (Stemcell Technologies) and incubated for ~4 hours at 37°C with 5% CO.. During
this period, the neutrophils formed a thin, adherent layer at the bottom of each well. Care was taken
to avoid disturbing this layer while carefully aspirating the excess media. To digest and release
NETs, 330 uL of Micrococcal Nuclease Solution (>100 U/uL, Thermo Scientific), diluted 1:5000
in RPMI 1640, was added to the center of each well. The plate was gently shaken and left
undisturbed at RT for 10 minutes. Following incubation, the supernatants were carefully aspirated
and transferred into microcentrifuge tubes (Bio-Rad). The tubes were then centrifuged at 11,000
RPM for 5 minutes at 4°C to remove any residual cell debris. The clear supernatants were
subsequently collected into new microcentrifuge tubes and stored at -80°C in aliquots for

downstream analyses.
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3.3.7 Detection of Citrulline in NETs

To assess citrullination in NETS, the total protein concentration of the samples was first
determined using the Pierce™ BCA Protein Assay Kits (Thermo Fisher Scientific), in accordance
with the manufacturer’s protocol. Subsequently, 40 pL. sample volumes were prepared containing
approximately 20 pg of protein, and the remaining volume was adjusted with milliQ water. Each
sample then received 10 pL of 100% Trichloroacetic acid (TCA, Sigma Aldrich). Following this,
1 pL of 10 mM Citrulline-specific Probe-rhodamine (Rh-PG) (Cayman) was added to each tube.
The samples were incubated at 37°C for 30 minutes. After incubation, 10 pL of 0.1M citrulline
(Sigma Aldrich) was added to the tubes, which were then vortexed and placed on ice for 30
minutes. The samples were centrifuged at 10,000 x g at 4°C for 15 minutes. The supernatant was
gently discarded, and the resulting pellet was resuspended in 500 pL of cold (-20°C) acetone
(Sigma Aldrich). The centrifugation step was repeated under the same conditions, and the acetone
wash was performed once more. After the final wash, the supernatant was discarded, and 20 pL of
a mixture containing 0.1M dithiothreitol (DTT, Sigma Aldrich), NuPAGE™ LDS Sample Buffer
(Thermo Fisher Scientific), and milliQ water (composition detailed in Table 4) was added to each
pellet. The samples were boiled in a sand bath for 10 minutes and then sonicated for 15 minutes.
Subsequently, the full contents of each sample were loaded into a 10-well NuPAGE™ Bis-Tris
Mini Protein Gel (4-12%, Thermo Fisher Scientific). A 3 pL aliquot of the iBright™ Prestained
Protein Ladder (Thermo Fisher Scientific), covering a molecular weight range of 11 to 155 kDa,
was used as a marker. The gel electrophoresis was carried out with 20X Bolt™ MOPS SDS
Running Buffer (Thermo Fischer Scientific) at 120 volts for 90 minutes. SYPRO™ Ruby protein
gel stain (Thermo Fischer Scientific) was used to detect proteins. Gel images were captured using
the Amersham™ Imager 680 (GE Healthcare).

Table 4: Composition for DTT + Sample Buffer + milliQ Water in Citrullination Probing

Reagent Concentration Volume (in 100 pL)
Dithiothreitol (DTT) 0.1M 9.67 pL
NuPAGE™ LDS Sample Buffer 4X 64.5 pL
milliQ Water - 25.8 uL
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Figure 3: Working Principle of the Citrulline Phenylglyoxal-Rhodamine Probe

(A) The rhodamine—phenylglyoxal (Rh—-PG) probe selectively targets citrulline over arginine
under acidic pH conditions; (B) Arginine (green squares) residues of histone 3 (H3) that convert
to citrulline (blue diamonds) by the action of PAD4 are labeled by the Rh-PG probe under acidic
conditions. Fluorescent analysis in gel can then reveal citrullinated proteins. The figure was
obtained from J. Am. Chem. Soc. 2012, 134, 41, 17015-17018¢’

3.3.8 PAD4 Inhibition Assay

Citrullination is catalyzed by PAD enzymes, with PAD4 specifically recognized as an
important player in NET formation.'®® To determine whether PAD4 activation is required for NET
generation when stimulated by CSE, a pan-PAD inhibitor called Cl-Amidine (Cayman), which
targets multiple PAD isoforms, was initially used. Following the same experimental approach
described in section 3.3.4, extracellular DNA release was assessed under the following conditions:
(i) untreated; (ii) untreated + CI-Amidine; (iii) CSE; (iv) CSE + CI-Amidine; and (v) negative
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control. The media composition for each condition is detailed in Table 5. Subsequently, a specific
PAD4 inhibitor, GSK484 (Cayman), was also tested, given the known involvement of PAD4 in
NETosis. Fluorescence readings were taken kinetically using the Synergy H1 microplate reader
(BioTek) under the following settings: measurements every hour over an 8-hour period at 37°C,
using excitation/emission wavelengths of 485/528 nm, with all wells normalized relative to high

signal negative control wells.

Table 5: Media Composition for PAD/4 Inhibition Assay

Medium Reagent Volume (in 1 mL)
RPMI 1640 999 pL
Untreated
SYTOX™ Green (5 pM) 1L
RPMI 1640 998 uL
SYTOX™ Green (5 pM) 1L

Untreated + Cl-Amidine/GSK484

Cl-Amidine (500 puM)/

1uL
GSK484 (10 uM)
100% CSE medium 999 uL
CSE
SYTOX™ Green (5 pM) 1L
100% CSE medium 999 uL
o SYTOX™ Green (5 uM) 1L
CSE + Cl-Amidine/GSK484 __
Cl-Amidine (500 puM)/
1puL
GSK484 (10 uM)
Negative Control RPMI 1640 1mL
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3.4 Animal Models and Experimental Design
3.4.1 Mice

Male DBA/1J (~6 weeks old) were obtained from The Jackson Laboratory. Mice were
housed in the Children’s Hospital Research Institute of Manitoba (CHRIM) satellite animal care
facility (an extension of the central animal care facility) at the University of Manitoba. Upon
arrival, the mice were randomly housed by the animal care facility staff, with no more than five

mice per cage, and were acclimatized for two weeks prior to the start of the experiment.

3.4.2 Collagen-Induced Arthritis Cigarette Smoke Exposure Model (Synchronized and Non-
Synchronized)

The two CIA models used in this study were adapted with slight modification from
previously published protocols.?®®1"* The study received ethical approval from the University of
Manitoba Animal Research Ethics and Compliance Board (protocol #82024-010/1 (AC11885)).17?
In the first experimental setup which incorporated LPS (outlined in Figure 4), mice were divided
into four groups: (i) Saline-FA (n = 5); (ii) Saline-CS (n = 5); (iii) CIA-FA (n = 5); and (iv) CIA-
CS (n=8). In addition to receiving either saline or collagen injections, mice were exposed to either
fresh air (FA) or cigarette smoke (CS). Each group was housed in a separate cage. Because the
CIA-CS group consisted of 8 mice, they were split into two cages, with 5 mice in one and 3 in the
other. Mice in the CIA-FA and CIA-CS groups were anesthetized with 4% isoflurane and given a
subcutaneous (s.c.) injection of 100 ug bovine collagen I (CII) (Chondrex Inc., Redmond, WA,
USA) emulsified in complete Freund’s adjuvant (Chondrex Inc.) at a site 1.5 cm from the base of
the tail on day 0. This was followed by a booster injection (s.c.) on day 21 using 50 pg of bovine
CII emulsified in incomplete Freund’s adjuvant (Chondrex Inc.). To synchronize disease onset
across animals, all mice received an intraperitoneal (i.p.) injection of 20 pug LPS (E. coli 0111:B4)
(Chondrex Inc.) on day 25. For cigarette smoke exposure, Standard 1R6F research-grade cigarettes
(University of Kentucky, Lexington, KY) were used. The smoke from 10 cigarettes was delivered
using the SCIREQ InExpose® smoking robot (SCIREQ, Montreal, QC, Canada) at a rate of 2
L/min, with one puff per minute and five puffs per cigarette. Mice in the Saline-FA and CIA-FA
groups were exposed to room air in a foreign cage during the CS exposure sessions. Smoke

exposure was conducted for 1 hour daily at the same time, 5 days a week, from day 1 through day
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28. Mice were monitored every other day for changes in body weight, grooming behavior, and
activity levels. Joint thickness measurements were taken every 48 hours starting on day 22 using
a digital slide caliper. Clinical scoring was performed based on previously established
criteria.}”31 Scoring was defined as follows: 0 = normal joint; 1 = paw swelling only; 2 = swelling
with one affected joint; 3 = multiple affected joints in a limb; and 4 = all joints involved or limb
fusion. Each mouse received a cumulative clinical score ranging from 0 to 16 by summing the
scores of all four paws. On day 29, all mice were anesthetized with 4% isoflurane and euthanized

via cardiac puncture.

A) Collagen-Induced Arthritis Cigarette Smoke Exposure Model (with LPS)

Clinical
Scoring
P — First immunization Second immunization  Small volume IP injection Blood and
- \ by tail injection by tail injection (100-150 pL) (20 pg LPS) BALF
. (100 pg Cll + CFA) (50 g Cil + IFA) blood draw collection
DBA/T : 1 : | : |
d (7-8 weeks old) Day 0 Day 21 Day 23 Day 25 Day 29
b 1R6F research grade cigarette/fresh air exposure "
. . (2 L/min, one puff/minute, 5 puffs/cigarette)
1 hour/day, 5 days/week
B) Collagen-Induced Arthritis Cigarette Smoke Exposure Model (without LPS)
Clinical
Scoring
I N 1
P First immunization Small volume ~ Second immunization Blood and
=iy } by tail injection (100-150 pL) by tail injection BALF
s (100 g Cll + CFA) blood draw (50 pg Cil + IFA) collection
——— | | 1 1L | |
DBA/“I T T T 77 T T
O (78 weeks old) Day 0 Day 14 Day 21 Day 32 Day 58
) TR6F research grade cigarette/fresh air exposure i
. . (2 L/min, one puff/minute, 5 puffs/cigarette)

1 hour/day, 5 days/week

[Cil: bovine collagen type li; CFA: complete Freund's adjuvant; IFA: incomplete Freund's adjuvant/

Figure 4: Collagen-Induced Arthritis Cigarette Smoke Exposure Models (with and without
LPS)

(A) CIA — Cigarette Smoke Exposure model with LPS or, the synchronized model with an
intraperitoneal (i.p.) LPS injection on day 25. (B) CIA — Cigarette Smoke Exposure model without
any LPS injection, or the non-synchronized model which continued up to day 58 from the first ClI
injection. Image created with BioRender.com
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In the second experimental setup, also illustrated in Figure 3, the intraperitoneal (i.p.)
injection of LPS was omitted. As a result, this setup followed a conventional CIA model, in which
the onset of arthritic symptoms occurs over a longer duration. As in the first setup, mice were
assigned to four groups, though with different sample sizes: (i) Saline-FA (n = 3); (ii) Saline-CS
(n = 23); (iii) CIA-FA (n = 6); and (iv) CIA-CS (n = 6). Each group was housed separately with 3
mice per cage, leading to two cages each for the CIA-FA and CIA-CS groups. The bovine CII
injections were administered in the same manner as described in the previous model. Following
each injection, mice were physically and visually assessed every other day for one week. Clinical
scoring began on day 32 and continued through day 58. On day 59, all mice were anesthetized

with 4% isoflurane and euthanized by cardiac puncture.

3.4.3 Bronchoalveolar Lavage Fluid (BALF) Collection

Immediately following euthanasia, the skin overlying the trachea was carefully dissected
using dissecting scissors (VWR) to expose the trachea. A small incision was made to allow the
insertion of a 20-gauge catheter (BD Biosciences) into the trachea. Once inserted, the catheter was
secured in place by tying a thread around both the catheter and the trachea. A 1 mL syringe (BD
Biosciences) containing saline (Fisher Scientific) was then attached to the catheter. Saline was
gently instilled into the lungs and subsequently aspirated to collect the lavage fluid. This process
of instillation and aspiration was repeated twice. Two separate washes were performed using 1 mL
of saline each, and the resulting BALF was collected into a 2 mL microcentrifuge tube (Bio-Rad)
and kept on ice. The collected BALF was centrifuged at 150 x g for 10 minutes at 10°C. The
supernatant was then carefully transferred into fresh microcentrifuge tubes and stored at -80°C.

The remaining cell pellets were used for immunophenotyping by flow cytometry.

3.4.4 Blood (Serum) Collection

In the first experimental setup, a small volume of blood (100-150 pL) was collected on
day 23 as “pre-LPS” blood. In the second experimental setup, a similar volume (100-150 pL) was
collected on day 14. On the day of euthanasia, the blood obtained through cardiac puncture was
stored in 1.6 mL microcentrifuge tubes (Bio-Rad). Following the collection of BALF, the

diaphragm was cut, and the heart was dissected to access any remaining blood. This additional
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blood was collected using a syringe without a needle and added to the corresponding
microcentrifuge tubes. For the post-processing, the blood samples were left undisturbed at RT for
1 hour. After incubation, the samples were centrifuged at 6000 RPM for 10 minutes. The resulting
serum was carefully transferred into new microcentrifuge tubes. This centrifugation process was
repeated once more before aliquoting the serum and storing the samples at -80°C for further

analysis.

3.4.5 Immunophenotyping of BAL Cells

Cells obtained from the BAL were stained with a panel of antibodies to immunophenotype
innate immune cell populations. Each tube was brought to volume with 1 mL of eBiosciences™
Flow Cytometry Staining Buffer (Invitrogen by Thermo Fisher), followed by centrifugation at
1200 RPM for 5 minutes at 4°C. During this step, the MM was prepared using the following
antibodies: APC anti-mouse Ly-6G, FITC anti-mouse CD11c, PerCP-Cy5.5 anti-mouse F4/80, PE
anti-mouse CD170 (Siglec-F), and PE-Cy7 anti-mouse/human CD11b (BioLegend). The MM was

calculated as follows:
MM = amount of each antibody + amount of flow buffer
Where, Amount of each antibody = (number of samples + 1) x 0.5 pL

And, Amount of flow buffer = ((number of samples + 1) x 20 pL) — (number of antibodies x

amount of each antibody)

For the first experimental setup, compensation controls were prepared using UltraComp
eBeads™ Compensation Beads (Invitrogen by Thermo Fisher) and 0.5 pL of the respective
antibody. After centrifugation and supernatant removal, the cells were resuspended in 20 L of the
prepared MM and gently vortexed. Both the compensation control and the sample tubes were
incubated on ice and protected from light for 30 minutes. Following incubation, 1 mL of flow
buffer was added to each tube, which were then centrifuged again at 1200 RPM for 5 minutes at
4°C. After aspirating the supernatant, 300 pL of 2% PFA in PBS (Thermo Fisher Scientific) was
added to each tube. The samples were vortexed and incubated on ice in the dark for 15 minutes.
Subsequently, 1 mL of flow buffer was added, and the tubes were centrifuged again under the

same conditions. Finally, the supernatant was removed, and the cells were resuspended in 400 pL
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of flow buffer. The stained samples were analyzed using the LSRFortessa flow cytometer (BD
Biosciences). For each sample, 10,000 events were collected, and the data were analyzed using

FlowJo Software (v10.9.0, BD Biosciences).

Table 6: Panel for Immunophenotyping Mouse BAL Cells

Marker Fluorophore Laser (Detection Range)
Ly-6G APC Red (663-667)
CD170 (Siglec-F) PE Green (578-594)
CD11c FITC Blue (515-545)
F4/80 PerCP-Cy5.5 Blue (685-735)
CD11b PE-Cy7 Yellow Green (750-810)

3.4.6 of Cytokines and Chemokines

The total protein concentration in the BALF was quantified using the Pierce™ BCA
Protein Assay Kits (Thermo Fisher Scientific) to ensure that sufficient protein was available for
evaluating the expression of various biomarkers. Subsequently, the protein expression levels of a
panel of cytokines and chemokines were assessed in both BALF and serum samples collected at
different time points from both experimental models, using the multiplex Olink® Target 48/96
platform (Olink Biosciences), following the manufacturer’s guidelines. A 48-plex panel was
utilized for the first model, while a 96-plex panel was applied in the second model. The proteomic
expressions of the following cytokines and chemokines were analyzed: CXCL1, CXCL2, IL1a,
IL1B, CSF2, CSF3, IL17a, IL17f, TNF, and CCL4. The values obtained for analysis were
expressed in normalized protein expression units (NPX).

3.4.7 Anti-Mouse Collagen Antibody ELISA with BALF and Serum

Mice produce high levels of serum antibodies against the injected CII, and due to the
conserved amino acid sequences in type Il collagen, these antibodies can cross-react with the
body's own type Il collagen, contributing to the development of arthritis. As a result, the levels of
antibodies targeting autologous collagen serve as a reliable indicator of arthritis onset and severity
in the experimental mice. Accordingly, antibody levels in both BALF and serum samples from

both models were measured using an enzyme-linked immunosorbent assay (ELISA) with the
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Mouse Anti-Mouse Type Il Collagen 1gG Antibody Assay Kit (Chondrex Inc.), following the
manufacturer’s protocol. For BALF samples, a 1:4 dilution was applied, whereas serum collected

at various time points was diluted at a ratio of 1:10000.

3.4.8 Anti-NE ELISA with BALF and Serum

Considering the established role of NETs in the pathogenesis of rheumatoid arthritis'’®, the
possible presence of NETs was assessed by measuring neutrophil elastase (NE) levels in BALF
and serum samples using an ELISA. The Mouse ELA2 Quantikine ELISA Kit (R&D Systems,
Minnesota, USA) was used for this purpose following the manufacturer’s instructions. BALF

samples were diluted at a ratio of 1:2, while serum samples were diluted 1:25 for the assay.

3.4.9 Detection of Citrulline in BALF
Citrulline levels in the BALF samples from both models were measured following the same

protocol described in section 3.3.7, with each sample containing approximately 20 pg of protein.

3.5 Statistical Analyses

All data analyses were conducted using GraphPad Prism version 10.4.0. For comparisons
between two groups, such as in the degranulation flow cytometry, phagocytosis flow cytometry,
and PAD4 inhibition experiments with sample size < 20, the non-parametric Mann-Whitney U test
was applied. For comparisons involving more than two groups, including analyses of neutrophil
percentages, cytokine and chemokine levels in BALF and serum, anti-NE ELISA, and anti-mouse
collagen 11 antibody ELISA experiments, one-way ANOVA followed by Tukey’s multiple
comparison test was used. A p-value of less than 0.05 was considered statistically significant.
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Chapter 4: Results
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4.1 In Vitro Findings on the Effect of CSE on Neutrophilic Functions
4.1.1 CSE does not lead to Neutrophil Degranulation

The first aim was to evaluate the impact of 100% CSE medium on key neutrophil function
and phenotype, including surface marker expression, degranulation, phagocytosis, and NET
formation. Neutrophils were treated with 100% CSE medium, and the most relevant cluster of
differentiation (CD) markers associated with neutrophil activation and degranulation were selected

for analysis (as listed in Table 7).

Table 7: Specificity of Human Neutrophil CD Markers

Surface Marker Specificity Function
) B — integrin involved in neutrophil migration and
CD11b Gelatinase Granules ]
adhesion'’®
FeyRIIIb involved in neutrophil degranulation,
CD16 FcyRIIIb _ o
phagocytosis and oxidative burst!’"178
. Tetraspanin involved in neutrophil activation,
CD63 Azurophilic Granules )
granule targeting and release! 1€
FcyRII involved in immune complex interaction
CD32 FeyRII ] o
and neutrophil activation!®!
FcyRI involved in IgG binding, phagocytosis
CD64 FcyRI ! _ _g _g prgoey
and ADCC during inflammation®”’
Protein involved in neutrophil activation,
CD66b Specific Granules adhesion, degranulation and ROS
productiont82183

Flow cytometry showed that the expression levels of these markers in CSE-treated
neutrophils did not increase relative to those in untreated neutrophils (p = ns) (Figure 5A). To
validate these findings, the enzymatic activities of granular proteins NE and PR3, which are
typically released during degranulation, were measured in the corresponding cell supernatants.
Each sample generated a progress curve based on substrate consumption, recorded at one-minute
intervals over a 45-minute period. Linear regression was applied to each curve, and the slope was

used to quantify enzymatic activity.*® Recombinant PR3 and HNE were included as positive
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controls to confirm assay validity (data not shown). The results indicated that the activities of both
NE and PR3 in CSE-treated samples were similar to those in supernatants from untreated

neutrophils (p = ns) (Figure 5B). Each data point in the graphs represents an individual replicate.
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Figure 5: CSE-stimulated neutrophils behave similarly to untreated neutrophils after 1 hour
of stimulation as shown by surface markers and granular enzyme activities

(A) Surface expression of degranulation and activation markers CD11b, CD16, CD63, CD32,
CD64, and CD66b on neutrophils stimulated for 1 hour, analyzed by flow cytometry. Results are
presented as relative mean fluorescence intensity (MFI). Data represent mean = SEM from
individual experiments (n = 3), and comparisons between untreated and CSE-treated groups were
made using the Mann-Whitney U test; ns = not significant. (B) Enzymatic activity of PR3 and NE
in cell supernatants after 60 minutes in culture at 37°C. Results are shown as ARFU/min, and
comparisons between enzyme activities in the supernatants from untreated and CSE-treated
neutrophils were performed using the Mann-Whitney U test; ns.
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4.1.2 CSE Increases Phagocytic Activity of Neutrophils

To determine whether CSE influences neutrophils capacity to phagocytose foreign entities,
fluorescently (FITC) labeled IgG-latex beads were used. 1gG is recognized by the FcyR receptors
on neutrophils®®, which allows for identification and engulfment of the latex beads. To assess non

FCyR mediated phagocytosis, heat-killed E. coli was used.
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Figure 6: CSE-treated neutrophils show enhanced phagocytosis of 1gG-latex beads and heat-
killed E. coli

(A) Phagocytic activity of untreated and CSE-treated neutrophils (18.96 fold higher than untreated)
measured in the presence of FITC IgG-labeled latex beads at a 1:400 dilution, following a 5-minute
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incubation at 37°C. (B) Neutrophils were stained with Hoechst dye and incubated with 1:400 FITC
IgG-labeled latex beads for 5 minutes. Fluorescence from chromatin stained with Hoechst (blue)
and IgG-latex beads stained with FITC (green) was captured at 20X magnification, and images
were overlaid using the ZEN software (scale bars, 50 um). (C) Phagocytic activity of untreated
and CSE-treated neutrophils (1.35 fold higher than untreated) in the presence of FITC-labeled
heat-killed E. coli at a 1:2 dilution, incubated for 5 minutes at 37°C. Data in panels A and C are
expressed as relative mean fluorescence intensity (MFI). Statistical comparison of relative MFI
between untreated and CSE-treated neutrophils in panels A and C was performed using the Mann-
Whitney U test; **, p < 0.01.

A comparison between untreated and CSE-treated neutrophils revealed about a 20-fold
increase in the phagocytic capacity of the CSE-treated cells without any pre-treatment (Figure
6A). This finding was supported by immunofluorescence imaging: in the untreated condition,
neutrophils appeared intact and stained only with the Hoechst (blue) dye, whereas in the CSE-
treated group, cells showed increased uptake of the green FITC-labeled latex beads (Figure 6B).
Although the difference in phagocytosis between untreated and CSE-treated neutrophils was less
pronounced with heat-killed E. coli (1.35 fold versus 18.96 fold in the 1gG-beads phagocytosis),
the CSE-treated group exhibited a significantly higher phagocytic response (Figure 6C). These
results suggest that CSE enhances the ability of neutrophils to phagocytose both artificial and
physiologically relevant foreign particles.

4.1.3 Neutrophils undergo NETosis when stimulated with CSE

To investigate the effect of CSE on NET formation, the total DNA released from
neutrophils upon stimulation with CSE was measured. Since DNA can also be released during
spontaneous cell death, the measurement was performed kinetically to determine the specific time
point at which DNA release begins. NET formation typically occurs after >120 minutes, while
necrotic cells death occurs at earlier time points.'®® Immunofluorescence imaging was used to

visualize DNA and NE and validate the findings from the plate assay.

The extracellular DNA release assay (8 hours with readings taken every 30 minutes),
showed CSE-treated neutrophils begin to release DNA around 2.5 to 3 hours post-treatment
(Figure 7A). This elevated release continued consistently throughout the kinetic measurement.
The timing of the release was indicative of NETosis. To confirm that NETs were being formed,
immunofluorescence imaging was performed after fixing untreated and CSE-treated neutrophils
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(at 3 hour) and staining for DNA (Hoechst) and NE (AF488). Imaging revealed that untreated
neutrophils retained intact chromatin and cell membranes, while CSE-treated neutrophils
displayed extracellular DNA strands decorated with NE, consistent with NET formation (Figure
7B).
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Figure 7: CSE-treated neutrophils go through enhanced NETosis

(A) Extracellular DNA release from untreated and CSE-treated neutrophils measured by
fluorescence (SYTOX green) reads made over time at 37°C. The results are shown as relative
fluorescence units (RFU), and statistical comparisons of DNA release between untreated and CSE-
treated neutrophils at various time points were performed using multiple Mann-Whitney tests; **,
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p < 0.01. (B) Immunofluorescence images of neutrophils stained with AF488 Neutrophil Elastase
(green) and Hoechst-stained DNA (blue) were captured separately at 20X magnification and
merged using the ZEN software (scale bars, 50 um).

4.1.4 CSE Induces Citrullinated Protein Production via PAD4-mediated NETosis

The formation of NETSs typically requires activation of the enzyme PAD4, which is
responsible for the citrullination of histone and other proteins. To determine whether citrullinated
proteins were generated in NETs derived from neutrophils stimulated with the CSE medium, in-
gel fluorescence imaging was performed. The in-gel fluorescence revealed citrullination between
the 21 kDa and 32 kDa bands, which corresponds to the expected molecular weights of neutrophil
serine proteases such as NE, PR3, and cathepsin G.18 Strong fluorescence was also detected
around the 11 kDa region, possibly indicative of histone subunits (10-15 kDa).*®” Furthermore, a
band at ~95 kDa was observed. These findings confirmed that citrullinated proteins were present
in the NETSs isolated from CSE-treated neutrophils (Figure 8A). In the SYPRO™ Ruby stained
gel, a high level of protein deposition was also evident just above the 11 kDa marker, likely

indicative of histone subunits, as these are found in high abundance in NETs (Figure 8B).

Given the observation that CSE-generated NETS are citrullinated, we next investigated the
involvement of PAD enzymes. A pan-PAD inhibitor, CI-Amidine, was first used to assess its effect
on extracellular NET release. A 30-minute pre-treatment with 500 uM CI-A significantly reduced
(p =0.0286) DNA release from neutrophils under CSE stimulation (Figure 8C). Given neutrophils
contain both PAD4 and PAD2, 5 uM of GSK484, which is a PAD4-specific inhibitor was then
used for pre-treatment prior to stimulation with CSE medium. GSK484 also significantly
decreased (p = 0.0286) extracellular DNA release from neutrophils stimulated with CSE (Figure
8D).
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Figure 8: CSE induces citrullinated protein release in NET in a PAD4-dependent pathway

(A) In-gel fluorescence images of NETs derived from neutrophils stimulated with lonophore,
PMA, and CSE, using the Citrulline-specific Rhodamine-Phenylglyoxal probe. (B) The
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corresponding gel stained with SYPRO™ Ruby to visualize overall protein content. (C)
Measurement of extracellular DNA release from neutrophils pre-treated with 500 uM CI-Amidine.
(D) Measurement of extracellular DNA release from neutrophils pre-treated with 5 uM GSK484.
Comparisons of DNA release between CSE-treated and inhibitor-pre-treated neutrophils in panels
C and D were analyzed using the Mann-Whitney U test; *, p < 0.05.
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4.2 In Vivo Findings on the Effects of CS in Synchronized CIA Mouse Model

4.2.1 Clinical Score, Disease Incidence, and Anti-Mouse Collagen Il Autoantibody

To evaluate clinical scores, the thickness of the paws and joints was measured and summed
to assign a total clinical score to each mouse. In this model, clinical scoring was conducted from
day 22 to day 29. Following the LPS injection, disease progression appeared similar in both the
CIA-FA (n =4) and CIA-CS (n =7) groups (Figure 9A). However, the trajectory of disease onset
did appear to be different between the two groups. The CIA-FA group developed arthritis earlier
(day 25) than the CIA-CS group. In spite of this, the CIA-FA clinical scores steadily increased
until study end, with the CIA-CS group scores rising more rapidly between day 27 and day 29. All
mice in both CIA groups expectedly developed arthritis, and there was no statistically significant
difference in clinical scores between the two groups (Figure 9A). The levels of anti-mouse
collagen autoantibodies between CIA-CS (n = 6) and CIA-FA (n =4) in pre-LPS (p = 0.87), post-
LPS (p = 0.87) serums and BALF (p = 0.99) were not significantly different (Figures 9B, 9C, and
9D).

50



Jeba Atkia Maisha

A
15+
-+ Saline-FA
—»— Saline-CS
g 104 ]ns —— CIA-FA
& - CIACS
I
2
=
5 5
04—
0 2021 22 23 24 25 26 27 28 29 30
Number of Days
B C D
pre-LPS Serum post-LPS Serum day 29 BALF
* EE TS
ns
150 sk ns 200 0.05- sk ok ns
jy .y ns ns any
= = =
2 2 = E
= = 150+ £ 020
2 1004 2 2
o] o -
< = g 0.15
= = 100 =
5 g & 0.10
8 507 g g
8 8 8 0.05
= g - e 5
© © ©
O-—eoper—oopoe— 0-— . . ‘ 0.00-—wepew—vopee |
Q,Q?- Q'CJGJ ?.g?' vo‘-a ?;QV‘ Q"OCJ Q?‘ ?‘O“O QV" 0’0‘5 Vg?‘ ?:O‘-O
N . ™\ N & o5 N N & S N A\
& S ¢ 9 & N © o O o

Figure 9: Clinical score and anti-mouse collagen antibodies in pre-LPS, post-LPS (day 29)
serums and day 29 BALF (synchronized model)

(A) Clinical scores monitored from day 22 to day 29. The scoring was done using previously
defined criteria as discussed in the methods. (B-C) Anti-mouse collagen antibody levels in pre-
LPS, post-LPS (day 29) serums and day 29 BALF using anti-mouse collagen Il antibody ELISA.
Bars show median and the whiskers show all points (n = 2/4/5/6). Data were analyzed using one-
way ANOVA with Tukey’s correction for multiple comparisons. **, p < 0.01; **** p < 0.0001,
ns.
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4.2.2 Lung Neutrophil Recruitment and Neutrophils Associated Chemokines and Cytokines

To determine whether neutrophils are similarly affected as the in vitro results in a pre-
clinical model, the effect of cigarette smoking was observed in the synchronized CIA model. In
that context, neutrophil infiltration was observed within the BAL and immunophenotyping of BAL
cells was performed. Neutrophils were identified as the Siglec-F-CD11¢CDI11b*'Ly6G*
population. We found that the CIA-CS group showed the highest neutrophil infiltration when
compared to the remaining groups, although the comparison to CIA-FA was not significant
(Saline-FA = 0.9%, Saline-CS = 0.57%, CIA-FA = 2%, CIA-CS = 4.4%). Neutrophil infiltration
in the CIA-CS group was significantly higher than Saline-CS group (p = 0.0033), with the Saline-
CS group showing minimal neutrophil infiltration (Figure 10A). Additionally, the levels of
neutrophil-associated cytokines and chemokines were measured using the Olink® Target 48
platform (Olink Biosciences). The concentrations of the neutrophil chemoattractants CXCL1 and
CXCL2 were highest in the CIA-CS group (n = 6), though the differences were not statistically
significant (p = 0.18 and p = 0.97 respectively) compared to the CIA-FA group (n = 4) (Figures
10B and 10C). The Saline-CS group (n = 5) exhibited the lowest levels of these chemokines, while
the Saline-FA group (n = 5) displayed relatively higher levels, particularly for CXCL2, where
levels were similar to those as seen in both CIA groups (Figure 10C). CSF3, also known as
Granulocyte Colony Stimulating Factor (G-CSF) was found to be elevated in the CIA-CS group.
However, the increase was not significant (p = 0.64) when compared to the CIA-FA group (Figure
10D). Nevertheless, CSF3 levels in the CIA-CS group were significantly higher than those in the
Saline-CS group (Figure 10D). IL17f, another cytokine that facilitates neutrophil recruitment, also
showed elevated levels in the CIA-CS group. However, the differences were not significant when
compared to either the CIA-FA (p = 0.93) or Saline-CS (p = 0.21) groups (Figure 10E).
Inflammatory IL1a levels were elevated (p = 0.21) in the CIA-CS group compared to CIA-FA,
while low levels were observed in both the Saline-CS (n = 5) and CIA-CS groups (p = 0.98, Figure
10F). IL1B levels were comparable across both CIA groups irrespective of smoke exposure (p >
0.99, Figure 10G). TNF level was elevated (p = 0.36) in the CIA-CS group compared to CIA-FA
and significantly increased (p = 0.0013) compared to Saline-CS groups (Figure 10H). CCL4 (also
known as MIP-1p), which is involved in generating a pro-NETotic phenotype of neutrophils®,
was also elevated in the CIA-CS group. Although this elevation was not significant (p = 0.2)

compared to the CIA-FA group, it was significantly higher (p = 0.0029) than in the Saline-CS
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group (Figure 101). Overall, these data suggest that, there was increased infiltration of neutrophils
in the BAL fluid of the CIA-CS group along with overall elevated levels of pro-inflammatory and
pro-NETotic biomarkers.
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Figure 10: Neutrophil recruitment and neutrophil-related biomarkers in day 29 BALF
(synchronized model)
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(A) Percentage (%) of neutrophils (identified as Siglec-F-CD11¢—CD11b+Ly6G+) in the BAL of
different groups in the synchronized model. (B-1) CXCL1, CXCL2, CSF3, IL17f, IL1a, IL1p,
TNF, and CCLA4 levels in the BALF of different groups in the synchronized model as measured by
Olink® Target 48 platform (Olink Biosciences). Bars show median and the whiskers show all
points (n = 4/5/6/7). Data were analyzed using one-way ANOVA with Tukey’s correction for
multiple comparisons. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns.

4.2.3 Neutrophil-associated Chemokines and Cytokines in the Serum at VVarious Time Points

We next sought to evaluate the levels of neutrophil-related chemokines and cytokines in
serum during the development phase of the CIA mouse model. Using serum drawn prior to the
injection (s.c) of LPS we applied the Olink® Target 48 platform (Olink Biosciences). In the pre-
LPS serum, levels of CXCL1, CSF3, and CCL4 were elevated in the CIA-CS group (n =5). While
these elevations were not statistically significant compared to the CIA-FA group, they were
significantly higher than in the Saline-CS group (Figures 11A, 11B, and 11F). For IL17f, IL1p,
and TNF, the two CIA groups showed comparable levels, but CIA-CS levels were significantly
higher than those in the Saline-CS group (Figures 11C, 11D, and 11E).

In the end point serum, CXCL1 levels were found to be similar among the Saline-CS (n =
5), CIA-FA (n = 4), and CIA-CS (n = 5) groups (Figure 11G). For CSF3 and IL17f, increased
variability was noted within the CIA-FA group, though the differences between CIA-FA and CIA-
CS remained statistically insignificant (p = 0.16 and p = 0.8 respectively). Interestingly, both the
levels and variability of these cytokines increased substantially in the Saline-FA group (n = 5,
Figures 11H and 111), although not significantly increased when compared to pre-LPS serum
cytokine levels (p = 0.55 and p = 0.42 respectively). IL1p, TNF, and CCL4 levels continued to be
elevated in the CIA-CS group, but the lack of statistical significance (p = 0.67,p=0.4and p=0.4
respectively) between CIA-CS and CIA-FA persisted (Figures 11J, 11K, and 11L). Additionally,
the differences between CIA-CS and Saline-CS became less pronounced post-LPS (Figures 11J,
11K, and 11L).
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Figure 11: Chemokines and cytokines in pre-LPS and post-LPS (day 29) serum samples
(synchronized model)

(A-F) CXCL1, CSF3, IL17f, IL1B, TNF and CCL4 levels in the pre-LPS serum from different
groups in the synchronized model. (G-L) CXCLI1, CSF3, IL17f, IL1p3, TNF and CCL4 levels in
the pre-LPS serum from different groups in the synchronized model. Data quantified by Olink®
Target 48 platform (Olink Biosciences). Bars show median and the whiskers show all points (n =
4/5/6). Data were analyzed using one-way ANOVA with Tukey’s correction for multiple
comparisons. *, p < 0.05; **, p <0.01; ***, p < 0.001; **** p <0.0001; ns.

4.2.4 NE in BALF and Serum at Various Time Points

NE is released during NETosis and therefore to speculated on potential NETosis, the levels
of NE were measured in both BALF and serum at various time points to assess its abundance in
these samples. NE was significantly higher in the BALF of CIA-CS (h = 6) mice compared to both
CIA-FA (n =4, p = 0.013) and Saline-CS (n =5, p < 0.0001) groups (Figure 12C). Similarly, in
the pre-LPS serum, there was a significant difference in the serum NE levels between the CIA-CS
and both CIA-FA (p = 0.04) and Saline-CS (p < 0.0001) groups (Figure 12A). In the post-LPS or,
the end point serum however, we no longer observed a significant difference (p = 0.86) between
CIA-CS and CIA-FA although the difference between CIA-CS and Saline-CS remained significant
(p <0.0001). (Figure 12B).
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Figure 12: Neutrophil Elastase (NE) abundance in pre-LPS, post-LPS (day 29) serums and
day 29 BALF (synchronized model)

(A-C) Abundance of NE assessed in pre-LPS, post-LPS (day 29) serums and day 29 BALF using
Anti-NE ELISA. Bars show median and the whiskers show all points (n = 4/5/6). Data were
analyzed using one-way ANOVA with Tukey’s correction for multiple comparisons. *, p < 0.05;
** p<0.01; **** p <0.0001; ns.

4.2.5 Citrullination in the BALF

Citrullinated proteins are typically released alongside NETS, serving as potential targets
for ACPA autoantibodies. To assess the possible release of citrullinated proteins that could
contribute to disease exacerbation, the citrullination profile in the BALF was analyzed using the
citrulline phenylglyoxal-rhodamine probe. Equal amounts of protein were loaded into each well
after quantification with BCA assay. In the BALF samples, the CIA-CS group showed greater
citrullination within the 65-80 kDa range compared to the CIA-FA group (Figure 13A and Figure
13C). Additionally, citrullination was detected at 10 and 15 kDa, possibly corresponding to
citrullinated histones (Figure 13A) which are abundant in NETs. Notably, the Saline-FA group
also displayed dense bands near 65 kDa, whereas the Saline-CS group exhibited prominent bands
in the 10-15 kDa range (Figure 13A).
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Figure 13: Citrullination in BALF (synchronized model)
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(A) In-gel fluorescence images of BALF from all four groups using the Citrulline Phenylglyoxal-
Rhodamine probe. (B) The corresponding gel stained with SYPRO™ Ruby to visualize overall
protein content. (C) Band volume compared between CIA-CS and CIA-FA groups at 115 kDa, 65
kDa and 15 kDa.

4.3 In Vivo Findings on Effects of CS in Non-Synchronized CIA Mouse Model

Since the synchronized CIA mouse model did not yield definitive results regarding the
effects of CS on disease progression and endpoint results, these effects were further examined in
a non-synchronized model (without LPS injection) given the evidence from previous study

showing CS worsens disease in a conventional (non-synchronized) CIA mouse model.*8°

4.3.1 Clinical Score, Disease Incidence, and Anti-Mouse Collagen Il Autoantibody

In this model, clinical scoring began on day 32 and continued until the study endpoint on
day 58. The clinical scores were, as expected, lower compared with the synchronized model and
no significant differences observed between the CIA-CS (n = 6) and CIA-FA (n = 6) groups
(Figure 14A). However, disease incidence did differ between groups: only 33.33% (2 out of 6) of
the CIA-FA mice showed physical symptoms such as joint swelling, whereas 83.33% (5 out of 6)
of the CIA-CS mice developed joint swelling (Figure 14B). When anti-mouse collagen
autoantibodies were measured, BALF samples showed significantly higher levels (p = 0.0234) in
the CIA-CS group compared to the CIA-FA group (Figure 14E). Autoantibody levels were
elevated in the CIA-CS group compared to the CIA-FA group at day 14, although the difference
was not statistically significant (p = 0.13) (Figure 14C). By day 58, the difference in autoantibody
levels between CIA-CS and CIA-FA groups were no longer apparent (p = 0.94) (Figure 14D).
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Figure 14: Clinical score, disease incidence, and anti-mouse collagen antibodies in day 14,
and day 58 serums and day 58 BALF (non-synchronized model)

(A) Clinical scores monitored from day 32 to day 58. The scoring was done using previously
defined criteria as discussed in the methods. (B) Disease incidence in CIA-FA and CIA-CS groups.
(C-D) Anti-mouse collagen antibody levels in day 14, day 58 serums and day 58 BALF using anti-
mouse collagen Il antibody ELISA. Bars show median and the whiskers show all points (n

=3/4/5/6). Data were analyzed using one-way ANOVA with Tukey’s correction for multiple
comparisons. *, p < 0.05; **, p <0.01; ***, p < 0.001; ns.
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4.3.2 Lung Neutrophil Recruitment and Neutrophils Associated Chemokines and Cytokines

In this model, the highest neutrophil infiltration in BAL was in the CIA-CS group (n = 6),
which was significantly higher (p < 0.0001) than that in CIA-FA (n = 5) (Figure 15A).
Interestingly, the neutrophil infiltration in the BAL of the Saline-CS group was comparable to that
of the CIA-CS group (Figure 15A). To assess the levels of neutrophil-associated chemokines and
cytokines, the Olink® Target 96 platform (Olink Biosciences) was utilized. CXCL1 levels were
elevated in the CIA-CS group but were not significantly higher (p = 0.64) than those in the CIA-
FA group (Figure 15B). Notably, the Saline-FA (n = 3) group also exhibited high levels of
CXCL1, comparable (p = 0.3) to those seen in the CIA-CS group (Figure 15B). CSF2, also known
as Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF), showed the highest levels in
the Saline-FA group. However, the high variability within the CIA-CS group resulted in no
statistically significant differences across the groups (Figure 15C). The pro-inflammatory
cytokine IL1p did not show a significant increase in the CIA-CS group when compared to either
the CIA-FA (p = 0.73) or Saline-CS (n = 3, p = 0.145) groups (Figure 15D). Interestingly, IL1
level in the Saline-FA group was higher (p = 0.38) than in the Saline-CS group. When TNF levels
were compared across the groups, no statistically significant differences were observed (Figure
15E).
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Figure 15: Neutrophil recruitment and neutrophil-related biomarkers in day 58 BALF (non-
synchronized model)

(A) Percentage (%) of neutrophils (identified as Siglec-F—CD11¢—CD11b+Ly6G+) in the BAL of
different groups in the non-synchronized model. (B-E) CXCL1, CSF2, IL1p, and TNF levels in
the BALF of different groups in the synchronized model as measured by Olink® Target 96
platform (Olink Biosciences). Bars show median and the whiskers show all points (n = 3/4/5/6).
Data were analyzed using one-way ANOVA with Tukey’s correction for multiple comparisons.
*x%* p <0.0001; ns.

63



Jeba Atkia Maisha

4.3.3 Neutrophil-associated Chemokines and Cytokines in the Serum at Various Time Points

The levels of CXCL1, CSF2, IL17a, IL1B, and TNF were comparable between the CIA-
CS (n =6) and CIA-FA (n =6) groups on day 14 (Figures 16 A—E). However, CXCL1, IL17a, and
TNF levels were significantly higher (p = 0.005, p = 0.02, and p < 0.0001 respectively) in the CIA-
CS group compared to the Saline-CS group (n = 3) on day 14 (Figures 16A, 16C, and 16E). The
day 14 blood collection was intended to reflect the “pre-disease” or “induction” phase of collagen-
induced arthritis in mice and to evaluate whether CS exposure had any notable impact during this

early stage.

By day 58, CXCL1 levels in the CIA-CS group showed some variability, but there was no
significant difference (p = 0.99) between the CIA-CS and CIA-FA groups (Figure 16F). Similarly,
levels of CSF2, IL1B, and TNF remained statistically insignificant (p = 0.99, p = 0.66, and p >
0.99 respectively) between the CIA-CS and CIA-FA groups (Figures 16G, 161, and 16J). While
IL17alevels in the CIA-FA group displayed some variable values within the group (values ranging
from 1.2 pg/mL to 2.3 pg/mL), they were not significantly elevated (p = 0.5) compared to the CIA-
CS group (Figure 16H).
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Figure 16: Chemokines and cytokines in day 14 and day 58 serum samples (non-
synchronized model)

(A-E) CXCLI1, CSF2, IL17a, IL1p, and TNF levels in the day 14 serum from different groups in
the non-synchronized model. (F-J) CXCL1, CSF2, IL17a, IL1pB, and TNF levels in the day 58
serum from different groups in the non-synchronized model. Data quantified by Olink® Target 96
platform (Olink Biosciences). Bars show median and the whiskers show all points (n = 3/4/5/6).
Data were analyzed using one-way ANOVA with Tukey’s correction for multiple comparisons. *,
p <0.05; **, p <0.01; **** p <0.0001; ns.

4.3.4 NE in BALF and Serum at Different Time Points

In this model, NE levels in the BALF were higher in the CIA-CS group (h = 6) compared
to the CIA-FA (n = 5), although this did not reach statistical significance (p = 0.99) (Figure 17C).
In the serum collected on both day 14 and day 58, NE levels were not significantly different (p =
0.6 and p = 0.4 respectively) between the two CIA groups. (Figures 17A and 14B).
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Figure 17: Neutrophil Elastase (NE) abundance in day 14, day 58 serums and day 58 BALF
(non-synchronized model)

(A-C) Abundance of NE assessed in day 14, day 58 serums and day 58 BALF using Anti-NE
ELISA. Bars show median and the whiskers show all points (n = 3/5/6). Data were analyzed using
one-way ANOVA with Tukey’s correction for multiple comparisons. *, p < 0.05; **, p < 0.01, ns.
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4.3.5 Citrullination in the BALF

For the non-synchronized model’s BALF samples, the CIA-CS group exhibited some
variability in the intensity of bands around the 50-65 kDa and 10-15 kDa ranges (Figure 18C);
however, the overall citrullination bands were more prominent compared to the CIA-FA group
(Figure 18A). Consistent with the synchronized model, the Saline-FA group showed dense bands
than the Saline-CS group, with prominent bands appearing in similar ranges as those observed in
the CIA-CS group (Figure 18A).
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Figure 18: Citrullination in BALF (non-synchronized model)
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(A) In-gel fluorescence images of BALF from all four groups using the Citrulline Phenylglyoxal-
Rhodamine probe. (B) The corresponding gel stained with SYPRO™ Ruby to visualize overall
protein content. (C) Band volume compared between CIA-CS and CIA-FA groups at 115 kDa, 65
kDa and 15 kDa.
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Chapter 5: Discussion, Conclusions, and
Limitations
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5.1 Discussion

5.1.1 Effect of CSE on neutrophil functions in the presence or absence of foreign particles
and potential mechanism of CSE-induced NETosis

This study revealed that the CSE medium does not directly trigger neutrophil degranulation
yet promotes NETosis through the activation of PAD4. Many of the known stimuli to form NETSs
in neutrophils, such as PMA or Calcium lonophore, also typically lead to degranulation. CSE is a
complex medium with over 7,000 known chemicals.*®® CSE medium is passed through a 0.22 pm
filter, particulate matter and any potential bacterial contaminants in the CSE are removed. As such,
it is unlikely that this observation is due to a contaminating microbial stimulus. Interestingly, when
IgG-coated latex beads or heat-killed E. coli were introduced in the presence of the CSE medium,
neutrophils displayed robust phagocytic activity. These results indicate that while the CSE medium
alone may not act as a trigger for degranulation, it does appear to enhance neutrophils’ immune
response in the presence of opsonized entities or foreign pathogens through robust phagocytosis
and NET formation. This finding contrasts with previous published research, which has shown
that total particulate matter (TPM) from cigarettes suppresses the bactericidal activity of
neutrophils.!®® The best-characterized pathway of NETosis involves the activation of NADPH
oxidase leading to ROS production, which in turn facilitates the nuclear translocation of NE and
MPO, and in some cases, activation of PAD4. While CS contains reactive molecules such as nitric
oxide (NO), nitrogen dioxide, oxygen free radicals, peroxynitrite, and ROS%21% these compounds
are short-lived and decompose rapidly in agueous environments. Thus, these are unlikely to cause
NADPH oxidase activation in vitro. Instead, more stable chemical constituents of the CSE
medium, such as acrolein and o, -unsaturated aldehydes like crotonaldehyde (as reported in the
certificate of analysis'® of the 1R6F reference cigarette), are capable of activating NADPH
oxidase.’®® This likely represents the initiating signal by which CSE induces NETosis. The
observation that NETs form in response to CSE in the absence of external pathogens supports the
concept of "frustrated phagocytosis,” where neutrophils lacking viable targets respond to chemical

stimuli by undergoing NETosis.%

Although some NETosis stimuli do not require PAD4 activation (e.g., Candida albicans,
Group B Streptococcus, or cytosolic Gram-negative ligands®’), this study observed that CSE-
mediated NETosis is dependent on PAD4. Given that PAD4 is a calcium-dependent enzyme, it is

likely that the CSE medium facilitates Ca** influx into neutrophils, leading to PAD4 activation.
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Prior research has demonstrated that both CS and CSE can induce calcium entry through TRPAL
channels in primary human airway smooth muscle cells.’®® Since TRPAL is also expressed on
neutrophils®® and functions as a broad chemo-sensor, it is plausible that its activation contributes
to CSE-induced NETosis. Interestingly, TRPAL1 can be activated by acrolein®®, nicotine??, or low
molecular weight organic matter such as acetaldehyde?®®?, all of which are present in the CSE
medium. This suggests a potential mechanism where stable compounds like acrolein and
crotonaldehyde activate NADPH oxidase to generate ROS, while acrolein, nicotine, and
acetaldehyde stimulate TRPA1 channels to mediate Ca** influx, thereby activating PADA4.
Together, these converge to induce PAD4-dependent NETosis in neutrophils exposed to CSE. An
alternate possibility is that CSE medium may induce hypoxia-like conditions in vitro. Cigarette
smoke exposure is known to reduce oxygen availability in tissue, leading to systemic
hypoxia.?%32% It is unclear if a similar microenvironment is replicated in vitro with CSE exposure
or whether it impacts the degree of NETosis. Notably, hypoxia has been associated with both
upregulation and suppression of NETosis in various contexts?®>2% suggesting a stimulus-
dependent effect. Whether hypoxic conditions influence CSE-mediated NETosis warrants further

investigation.

5.1.2 CS and neutrophils in the synchronized and non-synchronized CIA models

In the synchronized and non-synchronized CIA models, we observed that neutrophil
infiltration was highest in the CIA-CS group. This suggests that prolonged CS exposure amplifies
lung inflammation in inflammatory arthritis. We observed that the total neutrophil counts across
the groups were elevated in the non-synchronized model, this may be due to prolonged CS
exposure of 8 weeks as opposed to 4 weeks in the synchronized model. We also observed
interesting differences between the two models, namely that neutrophil infiltration in the
synchronized model’s Saline-CS group was comparable to the neutrophil infiltration in the CIA-
CS group of the non-synchronized model. It is notable that, the length of smoke exposure is
different between the synchronized (4 weeks) and non-synchronized models (8 weeks). Acute
model of CS exposure (1 hour twice per day) has been shown to induce neutrophil infiltration and
upregulation of chemokines in mice lungs after only 3 consecutive days.?®” However, the

comparatively longer duration of exposure in the non-synchronized model may impact the degree
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of lung injury, which in turn may lead to elevated neutrophil retention. In the synchronized model,
BALF collection was performed after a 4-week long exposure and approximately 19-20 hours after
last smoke exposure, potentially allowing the transiently recruited neutrophils to return to the
circulation. Based on our results, the 4-week exposure may not have been enough for neutrophil
retention within the lungs. However, the increased chronicity of the exposure in the non-
synchronized model may have led to longer and persistent vascular inflammation, as well as
impaired clearance, thus enhancing neutrophils in the lungs. Interestingly, nicotine has been shown
to prolong neutrophil survival by suppressing apoptosis®® which may have caused the retention of
neutrophils within the lungs independent of arthritis. Second, Chronic CS exposure can induce
vascular damage, oxidative stress, and epithelial dysfunction.?’® All of these can promote
neutrophil retention in the alveolar and perivascular spaces by upregulation of adhesion molecules
such as ICAM-1. These findings suggest that the duration of CS exposure and the extent of

neutrophil priming can have a critical influence on neutrophil dynamics in these models.

We also observed that within the BALF, CXCL1, CXCL2, CSF2, CSF3, IL-1a/B, and TNF which
were elevated in the CIA-CS group across both models. CXCL1 and CXCL2 are chemokines
secreted by the perivascular leukocytes to capture neutrophils.?!® CSF3 was specifically elevated
in the CIA-CS group of the synchronized model and has a function of regulating neutrophil
production, differentiation and functional activity at sites of inflammation.?!® CSF2 which was
elevated in the CIA-CS group of the non-synchronized model has similar function as CSF3,
especially in the context of severe inflammatory response when “emergency granulopoiesis” is
required.?® While IL-1a stimulates neutrophil migration by inducing CXCL1?%, IL-1B produced
by neutrophils works in concert with CSF2 (G-CSF) downstream to augment neutrophil
sustenance in the murine lung.?*2 TNF is involved in regulating the actin skeleton to activate and
prime neutrophils for the release of granular proteins in an inflammatory condition.?*® These
results from the study support the elevated neutrophil infiltration in the lungs observed in both
models. One interesting observation was the levels of the chemokine CCL4. In addition to its
established role in inflammation, CCL4 binds to CCR5 on neutrophils and promotes a shift toward
a CCRS5" neutrophil phenotype, which has been reported in the literature to be pro-NETotic.?
CCLA4 levels were elevated in the CIA-CS group in both BALF and at both serum time points (pre-
and post-LPS serum) in the synchronized model. Considering the increased neutrophil infiltration
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and the potential presence of pro-NETotic CCR5* neutrophils in the BALF, it is consistent that the
CIA-CS group also exhibited the highest level of protein citrullination in the BALF samples.

In the synchronized model, NE abundance was significantly elevated in the CIA-CS group
in both pre-LPS serum and BALF. However, this significance was no longer evident in the post-
LPS serum collected at the study endpoint. Levels of mouse anti-collagen autoantibodies in the
BALF or serum did not vary between CIA groups based on smoke exposure. It was notable that
following the LPS injection on day 25, all mice began to exhibit joint swelling and disease
symptoms. The onset of disease despite the absence of significantly increased mouse anti-collagen
autoantibodies in the CIA-CS group, along with the elevated NE levels in BALF and in pre-LPS
serum, suggests that CS exposure and CIA immunization may not exert an early synergistic effect.
Instead, disease manifestation in this model may depend on the additional inflammatory stimulus
provided by LPS. This interpretation is supported by observations from the non-synchronized
model, where NE levels were not significantly elevated in any of the CIA groups, but mouse anti-
collagen antibody levels were significantly higher in the BALF of CIA-CS mice, moderately
elevated in day 14 serum, and lower again by day 58 (possibly reaching a plateau), implying that
autoantibody production became systemic over time. However, in the absence of LPS-induced
synchronization, disease incidence was variable between the CIA groups, with 83.33% of CIA-CS
mice developing disease compared to only 33.33% in the CIA-FA group. This suggests that in the
synchronized model, the interaction between CS exposure and collagen immunization contributed
meaningfully to disease development, as others have shown.’* No anti-collagen antibody
differences were observed in the synchronized model, yet in the non-synchronized model, we
observed markedly elevated antibodies in the BALF at day 58. This may indicate a delayed but
important influx or local development of autoantibodies in the lungs without LPS administration,
highlighting a possible mucosal site of immune activation in the CS-CIA group. Another notable
observation is that in both models, disease symptoms appeared earlier in the CIA-FA group than
in the CIA-CS group. This may be due to the effect of nicotine, which has been shown to delay

the onset of collagen-induced arthritis in mice.???

It is worth noting that in the non-synchronized model, the incidence of inflammatory
arthritis did not reach 100% in either of the CIA groups. It has been reported that with the DBA/1

strain, disease incidence can be as high as 80-100%.22° However, only the synergy between the
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CIA and CS exposure caused the 83.33% disease incidence in the CIA-CS group. Additionally,
we observed that in the synchronized model that although all mice developed RA-like symptoms
with swelling of the paws, joints, and digits, the highest total clinical score recorded for an
individual mouse was 12, despite the maximum possible score being 16. While this reflects the
findings of the present study, prior studies using the synchronized CIA model have reported mice
reaching clinical scores as high as 15 at the study endpoint.??>2?* This outcome cannot be attributed
to the delayed onset of arthritis caused by nicotine in CS as the same trend was observed in the
CIA-FA group within the synchronized model. One plausible explanation may lie in the
microenvironment of the animal housing facility. Although the mice were not housed under sterile
conditions, it is well-established that housing conditions can influence the intestinal
microenvironment. Notably, variations in gut microbiota composition have been linked to
differential susceptibility to CIA in mice.??-22 Therefore, repeating the experiment in a different
facility and comparing disease outcomes could help determine whether the housing facility played

a role in the overall lower clinical scores and disease incidence observed in this study.

Overall, the findings from this study indicate that CS plays a multifaceted role in enhancing
neutrophil-mediated inflammation, NET formation, and citrullination during the development of
RA-like symptoms in the CIA model. While previous studies have demonstrated that CS can
induce lung neutrophilia by damaging airway epithelial cells?®, the precise mechanism by which
CS triggers NET formation remains unclear. Recent evidence suggests that prolonged CS exposure
can enhance neutrophil retention by promoting resistance to ferroptosis and inducing PAD4-
dependent NET formation in the context of COPD.??® Furthermore, factors such as exposure
duration and the microbiome appear to influence the effects of CS in the CIA model. Collectively,
data from both in vitro and in vivo experiments also highlight the contribution of cigarette smoke

components, including AhR and nicotine, in modulating neutrophil functions.
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Figure 19: Graphic Summary of the Overall Results

Overall, the figure shows that in vitro CSE medium has effects on phagocytic and NETotic
functions of neutrophils but not on degranulation and in vivo with CS exposure, there are increased
neutrophil infiltration, inflammation, citrullination and NE in mice lungs while increased anti-
mouse collagen antibodies and pro-inflammatory cytokines in serum. Image created with

BioRender.com
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5.2 Limitations

In this study, two different proteomic platforms were used: 48-plex panels for the
synchronized model and a 96-plex panel for the non-synchronized model. As a result, we were
unable to obtain paired data for several cytokines and chemokines that were absent from one panel
or the other. This limitation may have prevented us from identifying important trends, such as the
levels of CCL4 in the non-synchronized model. Although high levels of citrullination were
detected in BALF samples, ACPA levels were not measured. Including this measurement could
have added valuable insight, particularly given that only one study to date has assessed ACPA in
the CS-CIA model.?*® Serum samples were collected on day 14 in the non-synchronized model
and on day 23 in the synchronized model, making it challenging to directly compare cytokine
levels, NE abundance, and mouse anti-collagen antibody responses between the two models, as
the samples reflect different phases of disease progression. The day 14 time point was considered
to possibly get further insights on the events that occur earlier in the CIA model when the
experiment was repeated with the non-synchronized CIA model. Additionally, while comparisons
were made between control groups (Saline-FA and Saline-CS) and CIA groups in the non-
synchronized model, the small sample size of three mice per control group limits the reliability of
these comparisons. Furthermore, sex disaggregation was not performed, as all mice used in both
models were male, despite RA being approximately three times more prevalent in females than in
males.?*! CSE medium used in the in vitro experiments and the CS exposure administered in vivo
differ in chemical composition due to being in distinct phases (aqueous versus gaseous), which
may complicate direct comparisons of their effects on neutrophils. In this study, a full-body
smoking chamber was used for CS exposure. However, previous studies have shown that full-body
exposure as opposed to nose-only exposure, can lead to increased lung inflammation.222% |t
would therefore be valuable to investigate whether the mode of CS exposure has a significant

impact on disease outcomes in the two CIA models.
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Chapter 6: Future Directions
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6.1 Elucidate the Potential Receptor of CSE component on Neutrophils that

Induces NETosis

Although we demonstrate that CSE induces NETosis in neutrophils and propose potential
components in the liquid phase that may act as triggers, the specific receptor(s) involved remain
unidentified. It is known that neutrophils express aryl hydrocarbon receptors (AhR), which bind
polycyclic aromatic hydrocarbons (PAHS), as well as nicotinic acetylcholine receptors (nAChRS),
which interact with nicotine.?34?® To determine whether these components in the CSE medium
contribute to NET induction, future experiments could involve the use of AhR and nAChR
antagonists. Additionally, whether these receptor-mediated effects are functionally relevant in vivo
and influence disease outcomes could be explored using genetically modified mice deficient in

genes encoding these receptors.

6.2 Mechanistic Studies of PAD Regulation with BB-ClI Amidine and a PAD4
Deficient Mouse Model

In this study, we demonstrated the presence of NE and citrullinated proteins in the BALF
along with elevated disease markers. However, the connection between NET formation and
disease progression remains unclear. We have shown in vitro that CSE-induced NETosis is PAD4-
dependent, and have observed lung citrullination in our preclinical model. Therefore, it would be
appropriate to investigate how PAD4 inhibition impacts disease progression and whether NET
formation plays a significant role in this process. The proposed experiment would involve oral
administration of BB-CI Amidine, following the experimental design outlined here. At the end of
the study, clinical scores will be evaluated, and BALF will be analyzed for signs of pulmonary
NET formation by measuring citH3-dsDNA complexes and total protein citrullination, as well as
serum autoantibodies. Additionally, PAD4-deficient mice may be utilized to examine whether

neutrophils or NETSs contribute to disease development in the absence of PADA4.

6.3 Exploring Autoantibody Development Prior to Disease Manifestation

In the two models presented here, serum antibody levels were assessed at either the pre-

LPS or day 14 time points, both of which represent phases prior to overt disease manifestation.
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While the pre-LPS data in the synchronized model did not show a significant difference, in the
non-synchronized model, day 14 serum autoantibody levels were significantly higher in the CIA-
CS group compared to the CIA-FA group. However, antibody levels appeared to reach a plateau
across groups by the end of the study. To better understand the kinetics of autoantibody
development, it would be valuable to collect serum samples at multiple time points leading up to
disease onset. This would help identify the earliest point at which autoantibodies begin to rise and
when their levels stabilize and whether CS has any effect on the time and amount of autoantibody
production. Additionally, given the observed citrullination within the lungs, it would be beneficial
to check the ACPA levels.

6.4 Increase the Power of Analyses

Some of the analyses done here are underpowered (e.g. only 3 mice per control group in
the non-synchronized model) and therefore need to be repeated to validate the findings from this

study.
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