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Zusammenfassung

Die chronisch obstruktive Lungenerkrankung (COPD) ist eine progrediente
Atemwegserkrankung, die durch eine persistierende Entziindung der Atemwege
gekennzeichnet ist. Diese Entziindung ist iiberwiegend neutrophil dominiert, hdufig gegeniiber
Kortikosteroiden unempfindlich und eng mit der IL-23/IL-17A-Achse assoziiert, einem
zentralen Treiber Th17-vermittelter Immunantworten. Diese Achse steht zudem in Verbindung
mit dem Januskinase/Signal Transducer and Activator of Transcription (JAK/STAT)-
Signalweg, insbesondere iiber die Kinasen TYK2 und JAK1, deren Rolle bei der neutrophilen
Entziindung bei COPD bislang nicht vollstindig geklart ist.

Ziel der vorliegenden Arbeit war es, die Expression und Aktivierung von JAK-Kinasen,
insbesondere TYK2 und JAKI, in Immunzellen aus Blutproben von COPD-Patienten,
Rauchern ohne COPD sowie gesunden Kontrollpersonen zu untersuchen und deren Bedeutung
fir  neutrophil  vermittelte  Entziindungsprozesse = zu  charakterisieren.  Mittels
Durchflusszytometrie konnten signifikant erhdhte Phosphorylierungsniveaus von TYK2 und
JAK1 in Neutrophilen von COPD-Patienten und Rauchern im Vergleich zu gesunden
Kontrollpersonen nachgewiesen werden.

Zusatzlich wurde der Einfluss der IL-23/IL-17A-Achse auf neutrophile Effektorfunktionen
sowie das therapeutische Potenzial des TYK2/JAK1-Inhibitors Brepocitinib untersucht. IL-23
und IL-17A verstdrkten sowohl die Aktivierung von Neutrophilen als auch die Freisetzung von
IL-8 aus bronchialen Epithelzellen. Diese Effekte konnten durch Brepocitinib wirksam
gehemmt werden. Zudem zeigten Neutrophile von COPD-Patienten und Rauchern eine erhdhte
Expression des Glukokortikoidrezeptors B (GRp), der mit Kortikosteroidresistenz assoziiert ist.
Dieser Phénotyp lief3 sich durch Stimulation mit IL-23 und IL-17A reproduzieren und ebenfalls
durch Brepocitinib unterdriicken. In vivo-Experimente zeigten aulerdem, dass Brepocitinib die
durch IL-23 oder Lipopolysaccharid induzierte Rekrutierung von Neutrophilen in Modellen
akuter Entziindung verhindern konnte.

Zusammenfassend zeigen die Ergebnisse, dass die IL-23/IL-17A-Achse eine wichtige Rolle bei
der neutrophilen Entziindung und der Entwicklung von Kortikosteroidresistenz bei COPD
spielt. Die pharmakologische Hemmung von TYK2/JAK1 durch Brepocitinib schwéchte diese
Prozesse wirksam ab. TYK?2 und JAK1 stellen somit potenzielle therapeutische Zielstrukturen
dar, die bestehende Behandlungsstrategien erginzen konnten, um Atemwegsentziindung zu

reduzieren und die Steroidsensitivitat bei schwerer COPD zu verbessern.
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Abstract

Chronic obstructive pulmonary disease (COPD) is a progressive respiratory disorder
characterized by persistent airway inflammation. This inflammation is predominantly
neutrophilic, often corticosteroid-insensitive, and associated with the IL-23/IL-17A axis, a key
driver of the Thl17-mediated immune responses. The IL-23/IL-17A axis is connected to the
Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway,
especially through TYK2 and JAK1, whose roles in neutrophilic inflammation in COPD are
still under investigation.

In this study, we examined the expression and activation of JAKSs, particularly TYK2 and JAK,
in immune cells isolated from blood samples of patients with COPD, smokers without COPD
and matched healthy controls to better understand the role of JAK kinases in neutrophil-related
inflammation in COPD. Notably, flow cytometric analysis revealed significantly higher
phosphorylation levels of TYK2 and JAKI in neutrophils from COPD patients and smokers
compared to healthy controls. We also investigated how the IL-23/IL-17A axis regulates
neutrophil effector functions and evaluated the potential of a TYK2/JAKI inhibitor,
brepocitinib, as a therapeutic strategy for COPD. Our results showed that IL-23 and IL-17A
enhanced neutrophil activation and IL-8 release from bronchial epithelial cells, effects that were
effectively suppressed by brepocitinib. Additionally, neutrophils from COPD patients and
smokers exhibited higher expression of glucocorticoid receptor B, a mechanism linked to
corticosteroid resistance. This phenotype was recapitulated by treatment with IL-23 and IL-17A
and was suppressed by brepocitinib. In vivo experiments further demonstrated that brepocitinib
prevented neutrophil recruitment induced by IL-23 or LPS in models of acute inflammation.
Collectively, these findings suggest that the 1L-23/IL-17A axis promotes neutrophil-driven
inflammation and corticosteroid resistance in COPD, which can be mitigated by TYK2/JAK1
inhibition with brepocitinib. This highlights TYK2/JAK1 as a promising therapeutic target that
may complement existing treatments to reduce airway inflammation and restore steroid

sensitivity in severe COPD.
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1. Introduction

1.1. General aspects of lung inflammation

The lungs are constantly exposed to environmental stimuli such as airborne pathogens,
allergens, pollutants, and particulate matter. To ensure effective gas exchange while protecting
the host, the respiratory system employs tightly controlled immune responses that balance
defense and tissue preservation [1]. Under physiological conditions, the lung maintains immune
homeostasis and tolerance to innocuous inhaled antigens, preventing unnecessary inflammation
while remaining poised to mount rapid immune responses to pathogens. Disruption of this
balance promotes pathological inflammation and disease. Lung inflammation is the immune
response to these irritants, infections, or allergens, involving immune cells and mediators that
facilitate rapid detection and removal of harmful stimuli through coordinated innate and
adaptive immunity [2]. Key lung-resident immune cells, including alveolar macrophages,
dendritic cells, and innate lymphoid cells, play central roles in sensing danger signals and
shaping early inflammatory responses [3]. Airway structural cells, especially epithelial cells,
serve as a physical barrier and also act as an active immune barrier by releasing cytokines,
chemokines, and danger-associated molecular patterns to initiate inflammation [3]. Pulmonary
endothelial cells further contribute to inflammatory responses by regulating leukocyte
recruitment and vascular permeability, which can promote tissue edema and impair gas
exchange during severe inflammation [4]. Generally, this inflammation can be classified as
acute, such as pneumonia and acute respiratory distress syndrome (ARDS), or chronic, as seen
in asthma and chronic obstructive pulmonary disease (COPD) [4]. Although acute inflammation
helps in tissue protection and repair, chronic persistent inflammation can damage lung tissue,
impair airway exchange, and lead to serious conditions like COPD, asthma, ARDS, and
idiopathic pulmonary fibrosis. Sustained inflammatory signaling promotes airway remodeling,
extracellular matrix deposition, and fibrotic changes that can result in irreversible structural
alterations and progressive loss of lung function. The shift from acute to chronic lung
inflammation involves a complex network of immune responses in the lungs [5]. The magnitude
and persistence of lung inflammation are further influenced by host-related factors such as
genetic susceptibility, aging, smoking status, occupational exposures, and the airway

microbiome [6,7].
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The airway epithelium acts as the first line of defense by trapping and neutralizing harmful
substances through the secretion of mucins, defensins, lysozyme, lactoferrin, and nitric oxide
[2,8]. During these inflammatory responses, epithelial cells further release proinflammatory
cytokines and mediators, and reactive oxygen species, which lead to the recruitment, activation,
and interactions of immune cells within the pulmonary microenvironment. This cascade causes
excessive mucus production, airway sensitivity, and tissue damage, resulting in diverse
inflammatory patterns with distinct cellular and molecular mechanisms [8]. Understanding this
complex network of interactions has led to the concept of inflammatory endotypes, in which
different immune mechanisms drive disease variation and influence clinical outcomes.
Currently, chronic lung inflammation is simplified as Type 2-driven and non-Type 2 pathways,
which include Thl- and IL17-mediated endotypes, each characterized by distinct cytokine

profiles, cellular infiltrates, and therapeutic responses [9,10].

Chronic airway disease, therefore, emerges from maladaptive crosstalk between epithelial
barrier cells and innate immune cells, creating self-sustaining inflammatory loops that

perpetuate tissue injury.

1.2. Inflammatory endotypes of chronic airway disease

Type 2 Inflammation

One of the most well-characterized inflammatory endotypes in the lung is Th2 or Type 2
inflammation. This pathway emerges when epithelial injury or allergen exposure triggers
epithelial-derived alarmins like IL-33, IL-25, and thymic stromal lymphopoietin [11]. These
alarmins promote the differentiation and activation of CD4" T helper 2 cells and type 2 innate
lymphoid cells. The cytokine environment, mainly IL-4, IL-5, and IL-13, drives eosinophil
recruitment, immunoglobulin E production, mucus overproduction, and structural airway
changes [11]. Type 2 inflammation is also associated with mast cell activation, basophil
recruitment, and airway hyperresponsiveness, which contribute to bronchoconstriction and
symptom exacerbation. This pathway's coordinated action explains common features across
various chronic inflammatory lung diseases, such as asthma, and has facilitated the development

of targeted treatments that specifically block Type 2 signaling [10]. Biomarkers such as blood
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and sputum eosinophil counts, periostin, and fractional exhaled nitric oxide (FeNO) are

commonly used to identify Type 2—high inflammatory profiles in patients [12].

Non-Type 2 Inflammation

While Type 2 pathways are prominent, a significant portion of chronic lung inflammation
cannot be solely explained by Th2-driven mechanisms. This underscores the importance of non-
Th2 inflammatory pathways, mainly involving Th1 and Th17 cells, along with innate immune
activation [13]. Additional contributors include cytotoxic T lymphocytes, natural killer cells,
and pattern recognition receptor—mediated signaling in response to microbial products and
tissue damage [14]. These pathways produce cytokines such as interferon-y, IL-17, IL-6, and
tumor necrosis factor-a [15]. Such cytokines promote neutrophil recruitment and macrophage
activation, thereby sustaining inflammation and causing further epithelial damage [15]. Non-
Th2 inflammation is frequently linked to bacterial colonization, viral infections, and exposure
to cigarette smoke or environmental pollutants, which further amplify inflammatory signaling
[16]. This non-Th2 endotype is characterized by its lower responsiveness to corticosteroids and
is associated with increased severity in conditions like COPD [9,17]. Despite the fundamental
difference, Th2 and non-Th2 inflammatory endotypes often coexist or change over time due to
environmental factors, infections, and host influences [18]. This plasticity contributes to clinical

heterogeneity and poses challenges for patient stratification and targeted therapy.

IL-17-driven Inflammation

In the context of inflammatory airway diseases, particular attention has been given to the non—
Type 2 inflammatory endotype, especially IL-17-driven inflammation. Chronic airway
inflammation in COPD is increasingly associated with persistent IL-17-driven immune
responses [9]. Continuous inflammatory signals in the lung environment sustain Th17 cells and
develop a cytokine network that promotes their activity and survival. Th17 cells also interact
with epithelial cells, neutrophils, and macrophages, amplifying local inflammatory loops and
perpetuating tissue injury. In this context, the IL-23/IL-17A axis is a critical pathway that helps
explain how Thl7-related cytokines drive inflammatory processes in COPD [9,19].
Dysregulation of this axis has been linked to neutrophilic inflammation, mucus hypersecretion,
airway remodeling, and steroid-resistant disease phenotypes. Given the growing evidence
linking IL-17-driven immune responses and the IL-23/IL-17A axis to neutrophilic airway

inflammation, it is essential to consider these mechanisms in the context of chronic obstructive
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pulmonary disease (COPD), a condition in which persistent airway inflammation and immune

dysregulation are central to disease development and progression.

1.3.Chronic Obstructive Pulmonary Disease (COPD)

COPD is a chronic inflammatory lung disease characterized by persistent airflow limitation that
is usually progressive and associated with an abnormal inflammatory response of the lungs to
harmful particles or gases, as well as chronic bronchitis and emphysema [20,21]. Pathologically,
COPD is marked by small airway inflammation, mucus hypersecretion, airway wall thickening,
and destruction of alveolar structures, leading to impaired gas exchange. The FEV1/FVC ratio
(ratio of the forced expiratory volume in the first second to the forced vital capacity of the lungs)
in COPD is usually <70%, reflecting an obstructive spirometry pattern. According to the Global
Initiative for Chronic Obstructive Lung Disease (GOLD), COPD is classified in four stages
from 1-mild to 4-very severe based on the degree of airflow limitation [20,21]. Beyond airflow
limitation, disease severity is also influenced by symptom burden and exacerbation frequency,

reflecting the heterogeneity of COPD phenotypes.

1.3.1. Causes and epidemiology

The primary cause of COPD is tobacco smoke exposure. Other risk factors include prolonged
exposure to air pollution, occupational dust and particulate matter, environmental toxins, and
pathogens [21,22]. Genetic risk factors, such as al-antitrypsin deficiency, account for only a
small percentage of cases [21]. Host susceptibility factors, including sex, age, and genetic
polymorphisms in inflammatory and antioxidant pathways, further modulate disease risk and
progression. Recent studies also indicate that factors such as impaired lung development,
recurrent childhood respiratory infections, socioeconomic challenges, and early environmental
exposures may increase the risk of COPD in the later phases of life [23]. These early-life
influences are increasingly recognized as contributors to reduced lung function trajectories that

predispose individuals to COPD in adulthood.

Epidemiologically, COPD is the third leading cause of death worldwide, making it a serious
global health problem [20]. Its prevalence is increasing, particularly in low- and middle-income
countries, driven by continued exposure to environmental pollutants, smoking, and aging

populations [24]. Underdiagnosis and delayed diagnosis further contribute to the high global
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burden of disease. It has become a systemic disease due to comorbidities like cardiovascular
disease, metabolic disorders, osteoporosis, and lung cancer, all of which contribute to a poorer
overall prognosis [25]. Systemic inflammation is thought to be a central mechanism linking

pulmonary pathology with extrapulmonary comorbidities in COPD.

1.3.2. Symptoms, endotypes, and pathology

COPD shows symptoms such as shortness of breath, cough, sputum production, and frequent
exacerbations. Patients may also experience wheezing, chest tightness, exercise intolerance,
fatigue, and weight loss, particularly in advanced disease stages. The disease is heterogeneous,
encompassing a range of inflammatory endotypes. Neutrophilic inflammation is a major
characteristic of COPD, reflected by increased neutrophil counts in blood and sputum. Notably,
this neutrophilic inflammatory endotype has been associated with corticosteroid resistance [26].
This endotype is often linked to heightened activity of Th17-related cytokines, including IL-
17A and IL-23, and to increased bacterial colonization of the airways. A subset of COPD
patients also shows eosinophilic inflammation, marked by higher eosinophil counts in sputum
and blood. Eosinophilia in COPD has been seen as a shared characteristic with asthma, linked
to elevated IL-5 levels [27]. In fact, high blood eosinophil levels serve as a biomarker for
predicting the response to inhaled corticosteroids in acute exacerbations of COPD [28]. These
inflammatory endotypes are not fixed and may shift over time or during exacerbations,

contributing to clinical heterogeneity and variable treatment responses.

Pathologically, COPD is characterized by 2 main features: chronic bronchitis and emphysema.
Chronic bronchitis is characterized by thickened airway walls, increased goblet cells, excess
mucus, and impaired mucociliary clearance, leading to airflow obstruction. Emphysema, on the
other hand, leads to irreversible destruction of alveolar walls, loss of elasticity, and enlarged air
spaces that affect gas exchange [29,30]. Additional pathological features include small airway
fibrosis, smooth muscle hypertrophy, vascular remodeling, and infiltration of inflammatory
cells in the airway wall and lung parenchyma. The progression of the disease is characterized
by recurrent exacerbations. These exacerbations are often caused by viral or bacterial infections
and environmental pollutants. Acute exacerbations are accompanied by transient surges in
airway and systemic inflammation, often marked by increased neutrophil activation and

cytokine release. Repeated episodes speed up lung function decline, raise the risk of death, and
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add to the overall disease burden [31-33]. Frequent exacerbators represent a distinct clinical

phenotype with worse prognosis and higher healthcare utilization.

1.3.3. Immune cell activity

Inflammation in COPD involves both innate and adaptive immune responses. Neutrophils are
key innate immune cells present in the airways and blood of many COPD patients, contributing
to tissue damage through the release of proteases, reactive oxygen species, and neutrophil
extracellular traps. In addition to their tissue-destructive capacity, activated neutrophils
contribute to mucus hypersecretion and impair host defense by altering epithelial barrier
integrity. An important factor in lung damage is the imbalance of protease activity from
neutrophils [34]. Enzymes like neutrophil elastase and matrix metalloproteinases, when
released excessively, degrade the extracellular matrix and damage alveolar walls [34]. This
proteolytic activity is closely linked to emphysema and lasting airflow obstruction.
Furthermore, repeated injury and abnormal repair lead to airway remodeling, fibrosis, and small
airway narrowing, worsening the disease [34]. Persistent neutrophil activation is also associated
with increased bacterial colonization and recurrent exacerbations. Macrophages in COPD also

display altered polarization states, contributing to impaired resolution of inflammation.

Alveolar macrophages increase in number and show altered functions, including reduced
phagocytosis and increased production of inflammatory mediators. These dysfunctional
macrophages are central to maintaining chronic inflammation and increasing infection risk [35].
Adaptive immune responses also play a significant role in COPD. Lung tissue exhibits higher
levels of CD8* cytotoxic T lymphocytes, which are associated with severe forms of the disease
and are implicated in alveolar cell death and tissue damage [36]. CD4" T helper cells, especially
Th1 and Th17 subsets, contribute to ongoing inflammation by releasing interferon-y and IL-17,
respectively, which primarily lead to neutrophil recruitment and are linked to resistance to
steroids [35]. These adaptive immune responses often persist even after smoking cessation,
indicating long-lasting immune imprinting in the lung microenvironment. The detection of
lymphoid follicles containing B cells and plasma cells in some airways of a subset of patients
suggests that humoral immunity might also be connected to the development of COPD [37].
These tertiary lymphoid structures are associated with chronic antigen exposure and may

contribute to sustained local immune activation.
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Innate lymphoid cells (ILCs), particularly group 3 innate lymphoid cells (ILC3s), have also
emerged as important contributors to COPD-associated inflammation. ILC3s respond to 1L-23
stimulation by producing IL-17A and IL-22, thereby promoting neutrophil recruitment and
amplification of airway inflammation. Increased IL-17-producing ILC populations have been
associated with cigarette smoke-induced immune dysregulation, neutrophilic inflammation, and
disease severity in COPD, highlighting the contribution of innate IL-17-producing cells
alongside Th17 lymphocytes in COPD pathogenesis [38,39] .

Among the immune cells contributing to COPD pathogenesis, neutrophils represent a dominant
inflammatory population and are strongly associated with disease severity, mucus

hypersecretion, and corticosteroid resistance.

1.4.  Neutrophils

Neutrophils are the most abundant circulating leukocytes and serve as a vital first line of defense
in innate immunity [40,41]. They promptly respond to tissue damage or infection signals,
carrying out vigorous effector actions to eliminate pathogens [40]. The key effector functions
include phagocytosis, degranulation, and generation of reactive oxygen species (ROS) [42].
Neutrophils internalize pathogens and degrade them using hydrolytic enzymes and ROS [43].
Degranulation releases antimicrobial peptides, proteases, and enzymes such as the serine
proteases, neutrophil elastase, cathepsin G, and proteinase 3, the cationic antimicrobial
defensins, myeloperoxidase (MPO), lactoferrin, lysozyme, and matrix metalloproteinase-9
(MMP-9) from distinct granule subsets that contribute to microbial killing and tissue
remodeling [44]. ROS generation through the NADPH oxidase complex provides an additional
and crucial antimicrobial pathway, particularly effective against engulfed pathogens [45].
Neutrophils can also form neutrophil extracellular traps (NETs), extracellular web-like
structures composed of DNA, histones, and antimicrobial proteins that immobilize and

neutralize microbes [46].

In addition to frontline host defense, neutrophils maintain tissue and immune homeostasis under
steady-state conditions. They continuously migrate through tissues, clearing debris and
interacting with macrophages and dendritic cells to influence immune regulation [47].

Neutrophils also contribute to tissue repair, supporting angiogenesis and remodeling through
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factors such as VEGF and matrix [48,49]. During inflammation, neutrophils are rapidly
recruited to infected or damaged tissues in response to chemokines such as CXCLS,
complement fragments, and formyl peptides [41]. At inflammatory sites, they deploy
antimicrobial strategies including ROS production, degranulation, and NET release to eliminate
pathogens [43]. Neutrophils also secrete cytokines and chemokines that amplify immune
responses and recruit additional immune cells, thereby shaping the inflammatory environment
[50]. Interactions between neutrophils, endothelial cells, platelets, and lymphocytes influence
vascular permeability, thrombosis, and the transition from innate to adaptive immunity [51].
However, excessive or uncontrolled neutrophil activation contributes to pathology. For
example, in acute lung injury where high ROS and protease production damage epithelial

barriers [52].

1.5. IL-23 and IL-17A
1.5.1. History

In the late 1990s, it was found that using IL-12p40 neutralizing antibodies or disrupting the IL-
12p40 gene to block IL-12 signaling provides protection in models of autoimmune diseases
[53-55]. However, targeting the other IL-12 subunit, IL-12p35 worsened disease outcomes
[56]. This was clarified through a computational sequence screening, which showed that the IL-
12p40 subunit can form dimers not only with IL-12p35 but also with another subunit, p19. The
resulting heterodimer composed of IL-12p40 and p19 was termed IL-23. Thus, a novel member
of the IL-12 cytokine family, now known as IL-23, was discovered by Oppmann et al. in 2000
[57]. This discovery helped resolve discrepancies in earlier IL-12 functional studies and led to
the recognition of IL-23 as a key driver of chronic inflammatory and autoimmune pathology

rather than classical Th1-mediated immunity.

Interleukin-17A (IL-17A), originally known as cytotoxic T-lymphocyte-associated antigen 8
(CTLA-8), was first discovered in 1993 at the transcriptional level in a rodent T-cell hybridoma
by Rouvier et al. [58]. IL-17A is the first IL-17 cytokine family member to be discovered.
Human and mouse IL-17A were subsequently cloned [59,60]. The initial functional studies
showed that IL-17A is a strong proinflammatory cytokine that can induce IL-6 and other
inflammatory mediators owing to its role in immune regulation and host defense [60,61].

Eventually, IL-17A was identified as the key cytokine of the Th17 subset of CD4* T helper cells,
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which are distinct from Thl and Th2 lineages and play a key role in inflammation associated
with various autoimmune and inflammatory diseases [62,63]. The subsequent identification of
the IL-17A provided a mechanistic framework linking IL-23 signaling to IL-17A-driven chronic

inflammation.

1.5.2. Cellular sources and synthesis

IL-23 is a cytokine that plays an important role in the immune system. It is classically secreted
by antigen-presenting cells (APCs) such as dendritic cells, macrophages, and monocytes [64]
in response to pathogen-associated molecular patterns and other immune signals, and
contributes to the T helper (Th) 1 and Th17 immune response [57,64,65]. This process is
essential for initiating and maintaining immune responses crucial in inflammation and
autoimmunity [56]. IL-23 expression is tightly regulated by pattern recognition receptors,
including Toll-like receptors and NOD-like receptors, which integrate microbial and danger
signals in inflamed tissues. Recent research has expanded the understanding of IL-23 sources
in chronic inflammatory diseases and infections. Notably, airway epithelial cells have been
shown to produce IL-23, particularly in respiratory diseases such as COPD and severe asthma
[66]. Upon chronic exposure to proinflammatory mediators or acute viral infections, these
epithelial cells release 1L-23, promoting the activation and expansion of Thl7 cells [66].
Similarly, keratinocytes in skin diseases [67] and even neutrophils, under certain inflammatory
conditions, have been observed to be sources of IL-23 [68,69]. This expands the understanding
of IL-23's role beyond traditional sources, highlighting its involvement in pathological immune
responses across different tissues. The production of IL-23 by non-APC sources including
epithelial cells, highlights its importance in chronic inflammatory disease development,
positioning it as a key target for treatments that aim to control inflammation in these conditions.
Persistent IL-23 production contributes to the maintenance of pathogenic Th17 responses and

the amplification of local inflammatory circuits within affected tissues.

For IL-17A, the primary source is Th17 cells. However, recent studies indicate that IL-17A can
be synthesized by a heterogeneous network of immune cells beyond classical Thl7
lymphocytes, like innate-like lymphocytes such as yd T cells and type 3 innate lymphoid cells
(ILC3). Under inflammatory conditions, neutrophils have also been reported to release IL-17A
and IL-17RC, enabling autocrine functions like reactive oxygen species generation and

antimicrobial responses [70]. Immunohistochemical analysis of COPD lung tissue shows that
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IL-17A is produced not only by Th17 lymphocytes but also by neutrophils and macrophages in
the small airway subepithelium [71]. Experimental emphysema murine models show that yo T
cells are a major source of IL-17A, which initiates early inflammatory responses and supports
neutrophil-related pathways in the lung [72]. Altered ILC3 populations in inflammatory
conditions can produce IL-17A and are associated with neutrophilia and increased disease
severity in COPD [38]. These findings collectively show that, although Th17 cells are major
contributors to IL-17A production, IL-17-driven inflammation such as COPD likely reflects
coordinated contributions from both adaptive and innate immune cell populations. The
multiplicity of IL-17A—producing cell types underscores the redundancy and robustness of IL-

17-associated inflammatory circuits in chronic lung disease.

1.5.3. Structure, receptors, and signaling pathways

The IL-23 signaling cascade is a tightly regulated pathway that plays a central role in the
differentiation and function of Th17 cells, which are critical in autoimmunity and inflammation.
The cascade is initiated with the binding of IL-23, a heterodimeric cytokine composed of two
subunits: p19, which is unique to IL-23, and p40, which is shared with IL-12 [57], to the IL-23
receptor complex, a heterodimer consisting of IL-23R and IL-12RB1 [57,73]. Structurally, IL-
23 belongs to the IL-12 cytokine family, whose members share common receptor subunits and
exhibit overlapping yet distinct biological functions. This receptor is expressed on various
immune cells, including memory T cells, natural killer (NK) cells, dendritic cells, Th17 cells,
and innate lymphoid cells (ILCs), especially ILC3. On release from antigen-presenting cells
such as macrophages and dendritic cells, IL-23 binds to its receptor complex, initiating the
intracellular Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling
pathway [74]. The interaction between receptor and ligand causes autophosphorylation and
activates JAK2 and TYK?2, which subsequently phosphorylate specific tyrosine residues on the
cytoplasmic tails of the IL-23 receptor subunits [74]. These phosphorylated residues serve as
docking sites for STAT proteins, which are crucial transcription factors involved in cytokine
signaling [74]. Among the STAT proteins, STAT3 is recruited to the phosphorylated receptor
complex [75]. Upon phosphorylation, STAT3 dimerizes and translocates into the nucleus. In the
nucleus, it attaches to specific DNA sequences in the promoter regions of target genes,
triggering the transcription of genes that play roles in inflammatory responses, cell survival,

proliferation, and differentiation [75]. In addition to STAT3, STAT4 and STATS can also be

Page 22 of 132



activated in certain cellular contexts, contributing to the functional heterogeneity of IL-23
responses. The IL-23 signaling pathway also interacts with other cytokine pathways to balance
protective immunity and harmful autoimmunity. For example, IL-6 and TGF- help initiate
Th17 cell differentiation, while IL-23 is crucial for their expansion, promotion, and
pathogenicity [76]. Additionally, the pathway is subject to regulatory feedback mechanisms,
including the induction of Suppressor of Cytokine Signaling (SOCS) proteins. For instance,
SOCS3 attaches to JAK2 or the IL-23 receptor complex, blocking STAT3 activation and
inhibiting further signaling to prevent excessive inflammation [77,78]. Dysregulation of these
feedback loops contributes to sustained IL-23/IL-17 signaling observed in chronic
inflammatory diseases such as COPD. These regulatory mechanisms ensure that the immune

response is controlled and help prevent potential tissue damage.

IL-17A interacts with a heterodimeric receptor made up of IL-17RA and IL-17RC, found on
both immune and non-immune cells [79]. IL-17 receptor family members share a conserved
SEFIR (similar expression to fibroblast growth factor genes and IL-17Rs) domain that is
essential for downstream adaptor protein recruitment and signal transduction. Normally, IL-
17A mainly targets epithelial cells and myeloid cells such as monocytes, macrophages, and
dendritic cells, aiding in host defense and tissue surveillance [80]. During inflammatory states,
increased IL-17A expands and intensifies its cellular targets to include neutrophils, fibroblasts,
endothelial cells, and smooth muscle cells, thereby boosting inflammatory responses

throughout tissues [81].

Activation of the IL-17 receptor complex triggers ACT1-dependent signaling pathways, which
then activate NF-kB, MAPK, and C/EBP pathways [66]. ACT1 functions as a central adaptor
molecule that couples IL-17 receptor engagement to downstream pro-inflammatory gene
transcription and mRNA stabilization. This activation leads to the production of pro-
inflammatory cytokines like CXCL1, CXCLS8 (IL-8), and granulocyte colony-stimulating factor
(G-CSF), which promote neutrophil recruitment and activation [82]. In addition to cytokine
induction, IL-17A signaling enhances the stability of inflammatory mRNAs, thereby prolonging

inflammatory mediator production at sites of tissue injury.

Although IL-17A classically signals via ACT1-dependent NF-kB and MAPK pathways, several
studies demonstrate indirect and direct involvement of the JAK/STAT. IL-17A itself promotes
the production of IL-6 and other cytokines that trigger JAK/STAT activation, thus indirectly
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enhancing STAT-dependent inflammatory responses [83]. Another study demonstrated that IL-
17A can trigger tyrosine phosphorylation of several JAKs (JAKI1, JAK2, JAK3, TYK2) and
STATs (STAT1, STAT2, STAT3, STAT4) in U937 human monocytic cells. This finding supports
the idea that IL-17A directly activates JAK/STAT signaling, independently of IL-23/Th17
differentiation [84]. It has also been reported that IL-17A activates JAK/STAT signaling to
affect drug-metabolizing enzymes and transporters in HepaRG cells [85]. This indicates that
IL-17A signaling can interact with the JAK/STAT pathway in a cell-type- and context-
dependent manner, extending beyond its canonical signaling pathway. This signaling plasticity
may contribute to heterogeneous therapeutic responses observed in IL-17A—targeted and JAK-

inhibitor—based interventions.

1.6. The IL-23/IL-17A axis in IL-17 driven inflammation

While Th17 cells contribute to protection and tissue homeostasis under physiological conditions
[86], their activation by IL-23 leads to sustained inflammation and prolonged tissue damage.
This dual role highlights the context-dependent nature of Th17 responses, which can be either
protective or pathogenic depending on the inflammatory microenvironment. Alongside other
cytokines like IL-6, TGF-f, IL-1p, and IL-21, IL-23 promotes and maintains the differentiation
of naive CD4+ T cells into Th17 cells. IL-23 and T cell receptor engagement in response to
external stimuli, along with cytokine signaling from TGF-f, IL-1, and IL-6, activate the master
transcription regulator Retinoic acid receptor-related orphan receptor gamma t (RORyt). This
initiates Th17 polarization and promotes Th17 family cytokine and IL-23R expression [65,87].
Additional transcription factors, including BATF and IRF4, cooperate with RORYt to stabilize
Th17 lineage commitment. This is followed by IL-23 binding to IL-23R, activating the
transcription factor STAT3, which enhances the transcription of IL-23R and RORtyt.
Consequently, 1L-23 creates a positive feedback loop that promotes a more pathogenic
phenotype in Th17 cells by supporting their polarization and survival [65], as well as the
expression of pro-inflammatory cytokines, while suppressing anti-inflammatory cytokines such
as IL-10 [88]. This self-amplifying IL-23/IL-17 axis contributes to the persistence of

inflammatory responses and limits the resolution of inflammation.

Upon activation by 1L-23, Th17 cells secrete a range of cytokines including IL-17A, IL-17F,
IL-22, GM-CSF and TNF-a [75]. These cytokines act on epithelial, endothelial, and stromal
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cells to amplify inflammatory signaling and reshape the local tissue microenvironment. In
addition they mediate neutrophilic inflammation by promoting neutrophil recruitment to sites
of infection and tissue damage [75,89]. IL-17A and IL-17F are potent inducers of chemokines
like IL-8/CXCLS, which attract neutrophils and amplify the inflammatory response [89,90].
Besides chemokine induction, IL-17 family cytokines enhance granulopoiesis by promoting G-
CSF production, further increasing circulating neutrophil numbers. Although the neutrophilic
response plays a crucial role in defending against infections, excessive IL-23-driven Thl17
polarization can cause chronic inflammation in autoimmune diseases like psoriasis, rheumatoid
arthritis, inflammatory bowel disease, and multiple sclerosis. In these conditions, continuous
recruitment and activation of neutrophils by Thl7 cytokines lead to tissue damage and
worsening of the disease [68,91,92]. These pathogenic processes are frequently associated with
resistance to conventional anti-inflammatory therapies, highlighting the clinical relevance of
targeting the IL-23/IL-17 axis. IL-23-driven Th17 polarization also contributes to chronic lung
inflammation seen in conditions like COPD and severe asthma. In the lungs, cytokines
produced by Th17 cells lead to ongoing neutrophil recruitment and activation, which causes
persistent neutrophilic inflammation, airway remodeling, and continuous impairment of lung
function [17,90]. Sustained activation of this axis contributes to steroid-resistant inflammatory

phenotypes and disease progression in chronic airway diseases.

1.7. The IL-23/IL-17A axis in COPD
1.7.1. TIL-23/IL-17A signalling and downstream mechanisms in COPD

In COPD, exposure to stimuli like cigarette smoke, oxidative stress, and microorganisms
eventually leads to the activation of APCs, leading to the release of 1L-23 [26,93]. Airway
epithelial cells can also contribute to IL-23 production in response to chronic injury and
infection, further amplifying local Th17-supportive environments. APC-derived IL-23 binds to
its receptor on T helper cells, promoting Th17 polarization and stabilizing ILC3 cells [19].
Meanwhile, TGF-f increases IL-23R expression, which helps drive the differentiation process
[94], wherein IL-23 primarily supports Th-17 cell survival, expansion, and maintenance [19].
This establishes a sustained inflammatory niche within the airway mucosa that favors persistent
Th17 activity. Th17 cells produce IL-17A, leading to activation of epithelial cells. This results
in the release of chemokines like CXCL1 and CXCLS8/IL-8 from these cells, which help sustain
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and attract neutrophils to the airways [19]. IL-17A also enhances G-CSF production, promoting
neutrophil production in the bone marrow and contributing to systemic neutrophilia. Besides
the NF-«xB and MAPK pathways [5], JAK/STAT signaling plays a vital role in these processes,
with IL-23 signaling through JAK2-TYK?2, which then activates STAT3 and STAT4 to promote
Th17 polarization [17]. Sustained activation of these pathways contributes to chronic

neutrophilic inflammation and steroid-resistant disease phenotypes in COPD.

1.7.2. Role of IL-23/IL-17A in COPD pathogenesis and progression

Lung inflammation and the development of emphysema in COPD are believed to be regulated
by this [L-23/IL-17 pathway [95]. Higher serum levels of IL-23 have been observed in patients
with COPD [96]. Serum IL-23 levels are positively correlated with GOLD grading, mMRC
scores (Modified Medical Research Council), and a longer clinical medical history. Conversely,
they are negatively correlated with FEVI/FVC and FEV1% [96]. These associations suggest
that IL-23 may serve as a biomarker of disease severity and progression. IL-23 levels in sputum
show a significant correlation with the percentage of neutrophils in both healthy individuals and
COPD patients. Furthermore, IL-23 expression is elevated in patients with neutrophilic
inflammation compared to those with eosinophilic airway inflammation [97]. This supports the
link between IL-23 signaling and the neutrophilic endotype of COPD. IL-23 has also been
associated with mucus production in COPD, especially evident in murine models wherein
Mucin-5B (Muc5B) —/— mice, apoptotic macrophages accumulated in the lungs, and IL-23
production was decreased [98], whereas in Muc5b transgenic mice, IL-23 production was
higher, along with improved macrophage activity [98]. These findings highlight the interplay

between mucus biology, macrophage clearance, and IL-23-driven immune regulation.

Studies suggest that increased IL-23 expression in the bronchial mucosa of stable COPD
patients might play a role in the development of the disease, as a higher number of IL-23-
positive cells have been observed in the bronchial epithelium and submucosa of COPD patients
compared to non-smokers [99]. This indicates that IL-23 signaling is active even in stable
disease and may contribute to subclinical inflammation. Meanwhile, the study from Liang et al.
highlights IL-23's key role as a mediator in cigarette smoke-induced lung inflammation, a
hallmark of COPD. In a mouse model, 1L-23, produced by activated dendritic cells after
cigarette smoke exposure, promoted the differentiation of innate lymphoid cells into NCR—

ILC3s. These NCR—ILC3s released IL-17A, which promotes neutrophilic inflammation and
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contributes to chronic lung damage. The IL-23/ILC3 pathway may be a key mechanism behind
immune imbalance and tissue injury in smoking-related COPD [100]. This provides evidence
that IL-23 drives both adaptive and innate lymphoid inflammatory circuits in COPD. Recent
studies have demonstrated that inhibiting IL-23 signaling using a monoclonal antibody in a
mouse model of emphysema significantly reduced smoke-induced emphysema, as well as
immune cell infiltration, oxidative stress, and apoptosis [101]. These preclinical findings

support IL-23 as a disease-modifying target rather than solely a symptom-modifying mediator.

IL-17A has been reported to be increased in COPD patients and associated with disease
progression in COPD. IL-17A expression is observed to be elevated in lung tissue and linked
with severe airflow limitation and lymphoid neogenesis in advanced COPD patients [102].
Lymphoid neogenesis reflects persistent antigen-driven immune activation within the lung
microenvironment. IL-17A is primarily known to promote neutrophil recruitment in COPD
pathogenesis by inducing neutrophil-recruiting chemokines and cytokines such as IL-8,
CXCL1, and GM-CSF from airway epithelial and structural cells, as discussed earlier.
Experimental studies show IL-17A is also essential for smoke- and pathogen-related
neutrophilia, and that neutralizing IL-17A significantly reduces neutrophil recruitment,
underscoring its significant role in COPD [103]. These findings position IL-17A as a key

amplifier of innate immune cell recruitment during both stable disease and exacerbations.

It has been reported that patients with COPD exhibit elevated IL-17A levels in sputum and
serum, which correlate with disease severity and neutrophilic infiltration into the airways,
suggesting that IL-17A contributes to persistent inflammation and exacerbation risk [104].
Elevated systemic IL-17A levels also indicate spillover of airway inflammation into the
circulation, linking pulmonary and systemic disease manifestations. In murine models using
COPD-relevant stimuli, it has been shown that IL-17A/IL-17RA axis-driven airway
inflammation and fibrosis can be disrupted by genetic or antibody-mediated targeting of the
pathway [105]. This supports a causal role of IL-17A signaling in airway remodeling and

fibrotic progression.

Despite IL17A's primary role in neutrophil recruitment and worsening of COPD, some studies
suggest a protective function of other Th17 cytokines, particularly IL-22. In a cigarette smoke
(CS)-induced murine model with bacterial infection, defective IL-22 production was observed

in conventional T cells [106], while exogenous administration of IL-22 protected CS-exposed
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mice from bacterial infection. This was accompanied by reduced IL-23 production in alveolar
macrophages and dendritic cells of CS-exposed mice. Likewise, in COPD patients, the Th17
cytokine responses (IL-22, IL-17A) to bacterial infections were also diminished, which
correlated with lower IL-23 production from peripheral blood mononuclear cells (PBMCs)
[106]. These findings suggest that impaired IL-23/IL-17 axis regulation may compromise
antimicrobial defense in COPD. Therefore, a delicate balance exists between the different Th17
cytokines, with IL-23 likely serving as the primary polarizing cytokine. The study by Mardi et
al. found that in patients with moderate and severe COPD, nanocurcumin supplementation
significantly reduced IL-23 levels. This reduction downregulated Th17 cells and related pro-
inflammatory cytokines such as IL-17. The modulation of the IL-23/IL-17A axis decreased
systemic inflammation, further highlighting the importance of targeting this axis in COPD
patients [107]. These findings support the concept that partial modulation, rather than complete
blockade, of the IL-23/IL-17 axis may offer therapeutic benefit while preserving host defense.

It has been reported that an IL-17A airway epithelial gene expression signature defines a
specific COPD patient subgroup characterized by higher neutrophil levels, more airway
obstruction, and reduced response to corticosteroids, regardless of eosinophilic or type 2
inflammation. This indicates IL-17A’s role in steroid resistance [108]. This molecular
stratification highlights the potential of IL-17A-related biomarkers for patient endotyping and
treatment selection. Studies in airway cells and disease models show that IL-17A can work
together with glucocorticoids to activate neutrophil-promoting genes like CSF3. This
interaction may weaken the effectiveness of glucocorticoids and promote ongoing neutrophilic
inflammation [109]. This synergistic pro-neutrophilic effect provides a mechanistic explanation

for glucocorticoid resistance in IL-17A-high COPD.

These findings support the broader idea of an IL-23/IL-17A axis, where IL-23 maintains
pathogenic IL-17 responses that lead to ongoing neutrophilic inflammation and tissue injury. In
COPD, the IL-23/IL-17-axis driven neutrophilic response is especially significant because
neutrophils are key players in mucus hypersecretion, protease release, and oxidative tissue
damage. These processes contribute to airway obstruction and resistance to steroids. IL-17A’s
role in promoting the production of chemokines and growth factors that attract neutrophils
creates a mechanistic link between Th17 cell polarization, IL-23 regulation, and the neutrophilic
endotype seen in many COPD patients. Collectively, these mechanisms place the IL-23/IL-17A

axis at the center of COPD immunopathogenesis and treatment resistance.
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1.8. The IL-23/IL-17A axis as a major driver of steroid resistance

The glucocorticoid receptor (GR) has several isoforms, primarily generated via alternate
splicing and translation initiation. The main isoform, GRa, binds glucocorticoids and moves to
the nucleus, where it promotes anti-inflammatory gene expression and inhibits pro-
inflammatory factors like NF-xB [110,111]. In addition to transrepression of pro-inflammatory
transcription factors, GRa can induce the expression of anti-inflammatory mediators such as
MKP-1 and GILZ, which further dampen inflammatory signaling cascades. In contrast, GR3
results from alternative splicing at exon 9B and acts as a dominant-negative inhibitor: it can
bind to DNA response elements but lacks the ligand-binding domain, which prevents
glucocorticoid binding [112]. GRB can also sequester transcriptional coactivators, thereby
further limiting GRo—mediated gene regulation. Other isoforms, such as GRy, GRA, and GRP,
show reduced transcriptional activity. Nonetheless, their relative abundance can regulate an
individual’s sensitivity to glucocorticoids. Cell type—specific expression patterns of GR
isoforms further contribute to heterogeneous steroid responses across different immune and
structural cell populations in the lung. Epigenetic regulation and microRNA-mediated control
of GR isoform expression have also been implicated in shaping cell-specific steroid

responsiveness.

A lower GRa/GRp ratio characterizes corticosteroid resistance and can arise from increased
GRp levels, decreased GRa levels, or a combination of both [113]. Reduced corticosteroid
sensitivity—particularly in immune and epithelial cells—is frequently caused by inflammatory
signals or oxidative stress. These factors can shift isoform balance toward GR or hinder GRa
signaling via mechanisms like phosphorylation, disrupted coregulator interactions, or decreased
HDAC?2 activity, leading to resistance [111,113]. Post-translational modifications of GRa,
including phosphorylation and nitrosylation, further modulate receptor stability and
transcriptional competence under inflammatory conditions. Additional mechanisms, including
altered nuclear translocation of GRa and impaired glucocorticoid-induced transrepression of
inflammatory genes, further contribute to reduced steroid efficacy in chronic inflammatory lung
disease. Defective resolution pathways, including impaired induction of anti-inflammatory
macrophage phenotypes, also contribute to persistent steroid insensitivity in chronic airway
inflammation. Recent evidence suggests that IL-23 is crucial in developing corticosteroid
resistance in lung inflammation by affecting the functions of both immune and structural cells.

In peripheral blood mononuclear cells from asthma patients, IL-23 combined with IL-17A
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increases GRP expression and lowers the GRa/GRp ratio, which reduces the effectiveness of
dexamethasone and weakens the suppression of inflammatory genes [114]. This mechanism
provides a molecular link between IL-17-driven inflammation and steroid-refractory disease
phenotypes. Besides affecting immune cells, IL-23 and IL-17A make airway structural cells
like fibroblasts and endothelial cells resistant to steroids by blocking glucocorticoid-triggered
cell death. This resistance leads to ongoing inflammation and plays a role in airway remodeling,
a characteristic feature of severe, treatment-resistant asthma [115]. In addition, IL-17A—
mediated activation of MAPK pathways can directly antagonize GRa transcriptional activity,

further weakening steroid responsiveness in inflamed lung tissue.

The significance of IL-23 signaling in corticosteroid resistance has also been shown in vivo. In
mouse asthma models, IL-23 expression in the epithelium rises during allergen exposure.
Blocking IL-23 pharmacologically results in notable decreases in airway inflammation, mucus
secretion, and levels of Th2/Th17 cytokines—characteristics linked to corticosteroid-resistant
disease types [66]. Furthermore, in chronic and fibrotic lung diseases, heightened activity of the
IL-17/IL-23 pathway has been linked to higher GRp levels and reduced responsiveness to
corticosteroids [116]. Mechanistically, this resistance is enhanced via downstream signaling
pathways such as STAT3 and MAPK, along with decreased HDAC?2 activity, all of which hinder
GRa function and interfere with normal glucocorticoid signaling [11,116]. These pathways
converge to create a feed-forward loop in which persistent inflammation further suppresses
steroid sensitivity, thereby perpetuating disease severity. These findings collectively emphasize
IL-23 as a central driver of corticosteroid resistance in various cellular compartments and
disease settings, reinforcing its promise as a therapeutic target in severe, treatment-resistant

airway inflammation.

Any therapeutic strategy targeting this axis must therefore balance suppression of pathogenic
inflammation with preservation of antimicrobial host defense, a particularly critical

consideration in infection-prone COPD patients.

1.9. Therapeutic management of COPD and limitations
Currently, there is no cure for COPD. Available treatments include bronchodilators,
corticosteroids, and antibiotics [117]. Small-molecule anti-inflammatory drugs, such as

phosphodiesterase 4 (PDE4) inhibitors, are also used to reduce exacerbations [118]. Long-
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acting bronchodilators, such as P:-agonists and muscarinic antagonists, are essential in
managing COPD because they relax airway smooth muscle and enhance airflow. Systemic and
inhaled corticosteroids (ICS) are primarily used during acute exacerbations to reduce
inflammation and improve lung function. Inhaled corticosteroids (ICS) are administered in
combination with long-acting bronchodilators in stable COPD with eosinophilic inflammation
to reduce exacerbations [117]. However, COPD inflammation is mainly neutrophilic and
resistant to steroids, which reduces the effectiveness of corticosteroids [119]. Long-term ICS
increases pneumonia risk, and repeated use of systemic steroids can cause systemic toxicity
[120]. Since corticosteroids don't prevent disease progression or reverse lung damage,
alternative therapies for steroid-resistant inflammation are needed. Antibiotics are also used in
COPD to manage acute exacerbations associated with bacterial infections. Common agents
used include amoxicillin—clavulanate, macrolides (like azithromycin), doxycycline, and
respiratory fluoroquinolones [121]. Macrolides are also prescribed long-term in selected
patients for their immunomodulatory properties, which help reduce exacerbation frequency by
suppressing neutrophilic inflammation, but prolonged use leads to the development of antibiotic
resistance [122]. Besides antibiotic resistance, there are other limitations due to overuse of
antibiotics, such as limited efficacy against non-bacterial infections, and risks of toxicity and
microbiome disruption [123,124]. Therefore, none of the current treatments can reverse lung
structural damage or improve the long-term decline in lung function associated with COPD.
These limitations highlight the need for mechanism-based therapies that address disease-driving

inflammatory pathways rather than only symptom control.

1.10. Emerging therapeutic targeting I1L-23/IL-17A axis
IL-23

Given the established role of the IL-23/IL-17A axis in the pathogenesis and corticosteroid
resistance in COPD, it represents a potential therapeutic target for the development of precision
medicines, particularly for inflammation-driven phenotypes. While IL-23 Monoclonal
antibodies that selectively inhibit the IL-23 p19 subunit, like guselkumab [125], risankizumab
[126], tildrakizumab [127], mirikizumab [128] as well as the IL-12/IL-23 p40 inhibitor
ustekinumab [129] have been quite effective in psoriasis and autoimmunity, there are limited

studies in the context of lung inflammation. CS- and elastase-induced emphysema models in
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mice demonstrated that IL-23-neutralizing antibodies can reduce the severity of the disease
[101]. However, so far, there is no clinical evidence that IL-23 antibodies are effective in
treating COPD, and they are limited by the risks of increased infections resulting from reduced
Th17-mediated antimicrobial defense [130]. This underscores the challenge of balancing

inflammation suppression with preservation of host defense in the lung.
IL-17A

Similarly, IL-17-neutralizing antibody treatment, even after lung damage had been established,
showed effectiveness in a CS-induced in vivo model [131]. However, clinical trials in asthma
using IL-17A pathway blockade (e.g., anti-IL-17RA brodalumab) failed to improve lung
function or symptom control, indicating that IL-17A is not a dominant disease driver in
heterogeneous airway diseases [132]. Secukinumab, a human IgGlk monoclonal antibody
targeting IL-17A, is currently approved for treating plaque psoriasis and psoriatic arthritis.
However, in a Phase II study evaluating its safety, tolerability, and efficacy in patients with
severe asthma, no improvement in the “Asthma Control Questionnaire” was observed, and the
study was discontinued by the manufacturer [133]. This is the only known clinical study of

secukinumab in severe asthma.

Another major limitation is that IL-17A inhibition is consistently associated with increased
respiratory infections in COPD patients [130]. In a study by Christeson et al., COPD patients
were primarily identified as having an IL-17A-high molecular phenotype characterized by
neutrophilia and reduced corticosteroid responsiveness, but in vivo IL-17A blockade did not
restore steroid resistance [134]. Consequently, despite a few promising preclinical data, clinical
evidence supporting IL-17A antibodies in COPD remains weak. These findings suggest that IL-
17A may act more as an amplifier of disease rather than a single dominant driver in COPD

pathogenesis.
JAK inhibitors

Recent preclinical studies have demonstrated that JAK inhibitors can reduce lung inflammation
and tissue damage in COPD models [135-137]. Furthermore, inhaled frevecitinib (KN-002;
NCT05006521) was well tolerated by COPD patients and outcomes support further evaluation
to determine its clinical efficacy [138]. Inhaled delivery may reduce systemic
immunosuppression and infection risk compared to systemic JAK inhibition. Beyond COPD,

JAK inhibitors such as tofacitinib, baricitinib, and upadacitinib have been approved for
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autoimmune diseases, including rheumatoid arthritis, psoriatic arthritis, ulcerative colitis, and
atopic dermatitis, due to their high efficacy in targeting neutrophilic inflammation driven by the
IL-23/IL-17A axis [139]. Taken together, these observations underscore the need for more
detailed exploration of JAK inhibitors as potential therapies for neutrophilic inflammation in
COPD driven by the IL-23/IL-17A axis. Targeting shared downstream signaling nodes may

offer broader anti-inflammatory effects than cytokine-specific blockade.

To summarize, in the current scenario, COPD remains a heterogeneous disease, with current
therapies often failing to comprehensively target the various inflammatory endotypes and
molecular mechanisms that drive its progression. Many patients continue to experience steroid-
resistant inflammation, persistent symptoms, and frequent exacerbations despite optimal
treatment. Existing therapies mainly focus on symptom relief, exercise, and preventing
exacerbations, but don't target underlying disease mechanisms. Therefore, there's increasing
interest in developing precision medicine and treatments that address these core mechanisms.
Stratifying patients based on molecular endotypes, such as IL-23/IL-17A-high neutrophilic

inflammation, may improve therapeutic efficacy and reduce unnecessary immunosuppression.

1.11. Research gaps and rationale of the thesis

Despite extensive evidence linking the IL-23/IL-17A axis to neutrophilic airway inflammation
in COPD, several key mechanistic aspects remain unresolved. In particular, it remains unclear
whether IL-23 and IL-17A directly reprogram human neutrophil effector functions under
COPD-relevant conditions or primarily act indirectly via epithelial and stromal intermediates.
Furthermore, although IL-23 classically signals via JAK2 and TYK2 in lymphoid cells, the
extent to which TYK2 and JAK1 signaling pathways are engaged in neutrophils in smokers and
COPD patients has not been systematically investigated. Importantly, the contribution of
TYK2/JAK1 activation to the development of steroid-resistant neutrophilic inflammation in
COPD remains poorly defined. These gaps limit the translation of IL-23/IL-17A biology into

effective, mechanism-based therapies for neutrophilic COPD endotypes.

Investigating whether IL-23 and IL-17A directly affect neutrophil functions, along with the
roles of TYK2 and JAKI signaling pathways and glucocorticoid receptor expressions in
neutrophils from smokers and COPD patients, could provide valuable mechanistic insights into

the factors driving steroid-resistant inflammation in COPD. Additionally, pharmacological
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inhibition of TYK?2 and JAK1 could help determine the functional importance of these signaling
pathways in regulating neutrophilic inflammation in COPD. Gaining a better understanding of
these pathways will assist in identifying new therapeutic targets within the IL-23/IL-17A axis
and support the development of more effective treatment strategies for neutrophilic COPD

endotypes.
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2. Hypothesis

I hypothesize that the IL-23/IL-17A axis directly primes neutrophil effector functions in COPD
and that this process is mediated through dysregulated JAK/STAT signaling. Furthermore,
pharmacological inhibition of JAK signaling may attenuate pathogenic neutrophilic
inflammation while preserving essential host defense mechanisms. Therefore, this thesis is

based on the following hypotheses:
1. The IL-23/IL-17A axis primes neutrophil effector functions in airway inflammation

2. The JAK/STAT pathway is dysregulated in patients with neutrophilic respiratory

inflammation

3. Pharmacological inhibition of JAK signaling may complement existing therapeutic
strategies in COPD by attenuating pathogenic inflammatory signaling with the potential

to preserve essential host defense mechanisms.

3.  Aim and objectives

The aim of this thesis is to investigate the role of JAK inhibition in IL-23/IL-17A-driven
neutrophilic inflammation in COPD, with a focus on identifying mechanistic links between
cytokine signaling, neutrophil function, and steroid resistance. To achieve this aim, the

following objectives were addressed:
1. Evaluate JAK and phosphor-JAK protein abundance in COPD patients and smokers.

2. Investigate the contribution of the IL-23/IL-17A axis to neutrophil effector function

including migration, activation, and inflammatory mediator release.

3. Assess the impact of JAK inhibition on neutrophil-mediated inflammatory responses

under IL-23/IL-17A-driven inflammatory conditions.

To achieve these objectives, this thesis integrates complementary experimental approaches
across human patient samples, in vitro neutrophil and epithelial cell systems, and in vivo airway
inflammation models. This integrated strategy enables systematic dissection of IL-23/IL-17A-
driven signaling in human neutrophils, including the characterization of TYK2/JAK1 activation

in smokers and COPD patients, the functional reprogramming of neutrophil effector responses
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by IL-17A cytokine, and the modulation of glucocorticoid receptor isoform balance under
inflammatory conditions. By interrogating shared downstream signaling nodes rather than
single cytokines, this work provides mechanistic insight into how IL-23/IL-17A-driven
inflammatory circuits can be targeted across epithelial, immune, and tissue compartments in

COPD.

In this study, we employed a TYK2/JAK1 inhibitor, Brepocitinib, a dual TYK2/JAK1 inhibitor
that has demonstrated efficacy in phase II clinical trials for psoriatic arthritis, a disease similarly
characterized by IL-23-driven neutrophilic inflammation [140]. The use of brepocitinib allows
interrogation of shared downstream signaling nodes within the IL-23/IL-17A axis that are not

directly targeted by cytokine-specific biologics.

Page 36 of 132



4. Materials

All reagents, antibodies, and kits used in this study are listed below; detailed buffer

compositions are provided in Appendix.

Table 1: List of reagents

Reagents Catalog number Company

FIX&PERM Szabo-Scandic NORGAS-002-1

dihydrorhodamine-123 D1054 Sigma

Recombinant mouse IL-23 589002 Biolegend

LPS L-2880 Sigma

Ketamidor 100 mg/mL (ketamine) _ Vetviva

Rompun 20 mg/mL (xylaxine) _ Elanco

Human IL-8/CXCL8 DuoSet ELISA kit DY208-05 R&D Systems

LEGENDplex Human Inflammation Panel 1 | 740809 Biolegend

Recombinant Human IL-23 11340233 ImmunoTools

Recombinant Human IL-17A 11340174 ImmunoTools

Brepocitinib S8804 Selleck Chemicals

Deucravacitinib HY-117287 Medchemexpress
MCE

IL-8 11349084 Immunotools

CSa 2037-C5-025 R&D

Polycarbonate filters (3 um pore size, PVP- | PCTF30258050 Sterlitech

free)

Purecol 5005-B Advanced BioMatrix

Human fibronectin C-43060 PromoCell

BSA A7906 Sigma-Aldrich

BD lysing solution 349202 BD

PBMC spin medium 60-00092-12 Pluriselect

PET membrane inserts 3460 Corning
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12-well plates 3506 Corning

BEpiCM-b SCC3211-b ScienCell Research
Laboratories

DMEM 36250 STEMCELL
Technologies

BEpiCGS 3262 ScienCell Research
Laboratories

HEPES 15630056 Thermo Fisher
Scientific

GlutaMAX 35050038 Thermo Fisher
Scientific

Penicillin/ streptomycin (Pen/Strep) SCCO0513 ScienCell Research
Laboratories

EC-23 4011 Tocris

3RA4F reference cigarettes _ University of
Kentucky, Lexington,
KY, USA

Triton X-100 T8787 Merck

TrueVIEW® Autofluorescence Quenching | SP-8400 Vector Laboratories

Kit

Vectashield Vibrance mounting medium | H-1800 Vector Laboratories

with DAPI

Table 2: List of antibodies

Antibody Catalog number | Company Dilution factor

Fc receptor blocking | 422302 Biolegend 1:50

solution

TYK2 NBP2-76968 Novus Biologicals 1:50

pTYK2 bs-3437R-TR Bioss 1:50

(Tyr1054/Tyr1055)
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JAK2 bs-0908R-TR Bioss 1:50
pJAK2 bs-2485R-TR Bioss 1:50
(Tyr1007/Tyr1008)

JAK1 bsm-54138R Bioss 1:50
pJAK1 bs-3238R-TR Bioss 1:50
(Tyr1022/Tyr1023)

Glucocorticoid receptor | PA1-516 Invitrogen 1:50
a

Glucocorticoid receptor | BS-13385R-TR Bioss 1:50
p

AF647-conjugated AT78957 Invitrogen 1:500
secondary antibody

CD14 BV421 301830 Biolegend 1:100
CD3 APC-Cy7 300426 Biolegend 1:150
CD8 BV510 344732 Biolegend 1:100
CD4 AF488 317420 Biolegend 1:100
CD16-PerCP-Cy5.5 302009 Biolegend 1:200
CDI11b-PE 301305 Biolegend 1:50
True stain fcX 101320 Biolegend 1:100
CD11b (PE-Cy7) 552850 BD Pharmingen 1:200
CDl1l1c (BV421) 562782 BD Pharmingen 1:200
Ly6G (APC) 127614 Biolegend 1:500
CD3 (FITC) 100203 Biolegend 1:100
Siglec-F (PE) 552128 BD Pharmingen 1:100
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5. Methods

Some parts of this section have been adapted from Nayak BB et al., Am J Physiol Lung Cell
Mol Physiol, 2026.

5.1.  Ethical approval

All experiments involving human material were conducted in accordance with the Declaration
of Helsinki and were approved by the appropriate Institutional Review Boards and carried out
with written consent from all donors prior to sample collection. All samples were processed and
analyzed in a coded, pseudonymized manner to protect donor identity. The use of human
samples was approved by the Institutional Review Board of the Medical University of Graz
(Healthy Blood donors: EK 17-291 ex 05/06; COPD blood donors: 30-537 ex 17/18; lung tissue
conditioned media: EK Nr: 1170/2024). Animal experiments were approved by the Austrian
Federal Ministry of Science and Research's Animal Ethics Committee, adhering to the European
Community’s Council Directive (2022-0.137.219). All animal procedures were performed in
accordance with national and institutional guidelines for animal welfare and complied with the

principles of the 3Rs (Replacement, Reduction, and Refinement).

Primary bronchial epithelial cells were isolated from macroscopically normal lung tissue
obtained from patients undergoing resection surgery for lung cancer at the Leiden University
Medical Center, the Netherlands. Patients from which this lung tissue was derived were enrolled
in the biobank via a no-objection system for coded anonymous further use of such tissue

(www.coreon.org). Samples from this Biobank were approved for research use by the

institutional medical ethical committee (BB22.006/AB/ab). Since 01-09-2022, patients are
enrolled in the biobank using written informed consent in accordance with local regulations

from the LUMC biobank with approval by the institutional medical ethical committee
(B20.042/KB/kb).

5.2. Blood donors
Blood was collected every day from healthy volunteers for functional assays. All donors were

adults and provided written informed consent prior to participation. The volunteers were
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classified into allergic and non-allergic donors based on symptoms reported in response to
aeroallergens like house dust mite, grass, or tree pollen. The presence of allergen-specific IgE
antibodies confirmed allergic sensitization. Total (=100 kU/l) and specific IgE (class 1: 0,35-
0,69 kU/L; class 2: 0,7-3,49 kU/1; class 3: 3,5-17,4 kU/I; class 4: 17,5-49,9 kU/1: class 5: 50-
100; class 6 >100) was measured at the Department of Dermatology and Venerology of the
Medical University of Graz. Donors were excluded if they reported acute infections, chronic

inflammatory diseases, or immunomodulatory medication use at the time of blood donation.

For whole blood staining, blood was collected from individuals with COPD, smokers without
COPD, allergic individuals, and their respective controls, such as non-COPD individuals, non-
smokers, and non-allergic individuals, respectively. All participants were clinically stable at the
time of sampling and had not experienced acute infections within the preceding weeks. The
blood donors among these groups are age- and sex-matched to avoid disparity between the
groups. Medication use, smoking status, and recent respiratory infections were recorded to
account for potential confounders. The diagnosis of COPD and the severity of airflow limitation
were established according to the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) recommendations [21] by respiratory physicians at the Division of Respiratory
Medicine at the Medical University of Graz. Clinical data, including lung function parameters

and smoking history, were obtained from medical records where available.

Table 1: Demographic table of COPD patients and healthy controls

Parameter COPD Patients (n=17) Controls (n=7) p-
value
Age in years (mean = SD) 64.1+9.3 60.3+7.7 0.29
Sex (Male: Female) 9:8 4:3 -
Vital Capacity [% predicted] 82.9+204 - -
FVC [% predicted] 47.4+£16.8 - -
FEV1 [% predicted] 453+12.3 - -
Stage / Clinical notes COPD II-1V - -

(GOLD II-IVE; COPD III-E; mixed COPD/asthma)
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Table 2: Demographic table of smokers and non-smokers

Parameter Non-smoker (n=10) Smoker (n=8) p-value
Age in years (mean = SD) 355+ 10.9 304+6.7 0.24
Sex (Male: Female) 6:4 4:4 —
Cigarettes Smoked (mean = SD/day) None 93+59 —

Table 3: Demographic table of allergic and non-allergic blood donors

Parameter Non-allergic (m=6)  Allergic (n =6) p-value
Age in years (mean = SD) 33.5+9.2 27.33+£1.36 0.16
Sex (Male: Female) 1:5 33 —

IgE (IU/mL) 55.0+54.6 276.2 +190.4 0.01

5.3. Preparation of human peripheral blood leukocytes
Peripheral blood leukocytes were isolated from citrated whole blood. Plasma was separated
from the blood by centrifugation at 400 % g for 20 minutes at room temperature using a low
brake setting. After plasma removal, erythrocyte sedimentation was performed using dextran
for 30 minutes at room temperature. The upper leukocyte-rich dextran phase was carefully
layered onto 15 mL of PBMC spin medium (Pluriselect) without disturbing the gradient. This
was followed by density gradient centrifugation at 400 x g for 20 minutes at room temperature.
After centrifugation, the peripheral blood mononuclear cell (PBMC) layer and PBMC spin
medium were gently aspirated and discarded. The cell pellet, containing polymorphonuclear
leukocytes (PMNL), was resuspended in washing buffer and centrifuged at 400 x g for 7
minutes with maximum brake to remove residual plasma proteins and platelets. To eliminate
remaining erythrocytes, the PMNL pellet was subjected to hypotonic lysis by resuspension in
0.2% saline, followed by gentle mixing. The suspension was then made isotonic by adding 1.6%
saline. An additional washing buffer was added, and the suspension was centrifuged again at

400 x g for 7 minutes with maximum brake. The final PMNL pellet was collected and used for
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functional assays. Neutrophils were identified within PMNL by flow cytometric analysis either
by excluding eosinophils based on their characteristic autofluorescence or by using an antibody

against the neutrophil surface marker CD16 [141].

5.4. Flow cytometric staining and phospho-flow
Whole blood collected from blood donors was lysed using BD FACS lysing solution. This was
followed by cell fixation and permeabilization using FIX&PERM (Mubio). For fixation, Mubio
FIX&PERM solution A was added and incubated for 15 minutes in the dark at room
temperature. The sample was then centrifuged at 400 x g for 7 minutes, and the supernatant
discarded. Next, the cells were permeabilized using Mubio FIX&PERM solution B, added to
the cells and incubated for 15 minutes in the dark at room temperature. The cells were
centrifuged again at 400 X g for 7 minutes, and the supernatant discarded. The cells were
blocked using Fc receptor blocking solution (Biolegend) for 20 minutes at room temperature.
Isotype and fluorescence minus one (FMO) controls were included to define background
staining and gating thresholds. Intracellular staining was performed using primary antibodies
targeting TYK2 (Novus Biologicals), pTYK2(Tyr1054/Tyr1055), JAK?2,
pJAK2(Tyr1007/Tyr1008), JAK1 and pJAKI1(Tyr1022/Tyr1023) (Bioss), and glucocorticoid
receptor o/f (Invitrogen/Bioss) for 30 minutes at 4°C. Following this, the samples were
centrifuged again at 400 x g for 7 minutes, and the supernatant discarded. The samples were
then incubated with the AF647-conjugated secondary antibody (Invitrogen) for 30 minutes at
4°C. The samples were centrifuged again at 400 x g for 7 minutes, and the supernatant
discarded. Surface markers were stained using antibodies against CD14 BV421, CD3 APC-
Cy7, CD8 BV510, and CD4 AF488 (Biolegend) for 15 minutes at 4°C. The samples were
centrifuged once more at 400 x g for 7 minutes, and the supernatant was discarded; the pellet
was resuspended in fixation buffer. Compensation controls were prepared using single-stained
samples. Finally, the samples were acquired using a BD FACSCanto II flow cytometer and
analyzed with FlowJo v10.7.1. Results were reported as AGeoMean = GeoMean_stained
sample — GeoMean FMO (mean + SD) [142] All analyses were performed using identical

gating strategies across donor groups to ensure comparability.

For the flow cytometric staining of the glucocorticoid receptors o/, PMNLs were first treated

with IL-17A and IL-23 (10 ng/mL) in the presence or absence of brepocitinib (300 nM) for 3
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hours at 37°C. Vehicle-treated controls were included for all conditions. In another set of
experiments, PMNLs were stimulated with other cytokines or chemokines like IL-8 (10 nM)

for 1 hour at 37°C or C5a (30 nM) for 20 minutes at 37°C.

This was followed by cell fixation and permeabilization using FIX&PERM (Mubio). For
fixation, Mubio FIX&PERM solution A was added and incubated for 15 minutes in the dark at
room temperature. The sample was then centrifuged at 400 x g for 7 minutes, and the
supernatant was discarded. Next, the cells were permeabilized using Mubio FIX&PERM
solution B, added to the cells and incubated for 15 minutes in the dark at room temperature. The
cells were centrifuged again at 400 x g for 7 minutes, and the supernatant was discarded. The
cells were blocked using Fc receptor blocking solution (Biolegend) for 20 minutes at room
temperature. Isotype and fluorescence minus one (FMO) controls were included to define
background staining. Intracellular staining was performed using primary antibodies targeting
glucocorticoid receptor o/f (Invitrogen/Bioss) for 30 minutes at 4°C. Following this, the
samples were centrifuged again at 400 x g for 7 minutes, and the supernatant was discarded.
The samples were then incubated with the AF647-conjugated secondary antibody (Invitrogen)
for 30 minutes at 4°C. The samples were centrifuged again at 400 x g for 7 minutes, and the
supernatant discarded. The samples were centrifuged once more at 400 x g for 7 minutes, and
the supernatant discarded and resuspended in fixation buffer. Then the samples were acquired
using a BD FACSCanto II flow cytometer and analyzed with FlowJo v10.7.1. Neutrophils were
gated out of PMNL by excluding eosinophils based on their autofluorescence. Gating strategies
were applied identically across all experimental conditions. Results were reported as fold
change in the geometric mean fluorescence intensity (MFI) in response to the secondary

antibody [141].

5.5. Cytokine treatments
Human PMNL were stimulated with 10 ng/mL recombinant IL-17A and IL-23, a concentration
widely used in neutrophil and airway-inflammation studies [143,144]. This dose is more likely
to approximate local cytokine levels within inflamed tissue than systemic concentrations, as
serum levels in COPD patients are typically in the pg/mL range [145]. Consistent with this
rationale, reported ECso values for IL-17A- and IL-23-receptor activation also fall within the

ng/mL range [146—148].
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SSC-A
SSC-A

Methods Figure 1. The flow cytometric gating strategy used for the whole blood staining
identifying various immune populations like CD3+, CD4+, CD8+, CD14+, neutrophils and

5.6. Migration assay

PMNL were resuspended in assay buffer to attain a concentration of 2 million cells per mL. The
assay buffer consists of 90 mg Glucose, 50 mg BSA, and 500 uL HEPES, then the total volume
is brought to 50 mL by adding PBS (+Ca*/+Mg*"). Then the PMNL were pretreated with
cytokines (IL-17A (10 ng/mL) or/and IL-23 (10 ng/mL)) for 30 minutes in the presence or
absence of brepocitinib for 1 hour at 37°C. Vehicle-treated controls were included for all
conditions. Cells were added into the upper wells of a 48-well Boyden chamber fitted along
with polycarbonate filters (Sum pore size, PVP-free) and migrated towards the stimulants like
IL-8 (10 nM), IL-17A (10 ng/mL), IL-23 (10 ng/mL), conditioned media obtained from lung
tissue, or PBEC-ALI cultures placed in the lower wells in the Boyden chamber. All conditions
were tested in parallel using cells from the same donor to minimize inter-donor variability. The
Boyden chamber containing the cells and stimulant was incubated for 60 minutes at 37°C. The
cells migrating towards the stimulant into the lower wells were collected and counted using
flow cytometry. Neutrophils were gated out of PMNL by excluding eosinophils based on their
autofluorescence. Identical gating strategies were applied across all experimental conditions.
Results were reported as response normalised to the vehicle response [149]. All migration

experiments were performed in technical replicates and repeated with cells from multiple
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independent donors. This assay does not distinguish chemotaxis from chemokinesis; therefore,

we refer to the response as increased migration.

5.7.  CDI1b activation assay

PMNLs were freshly isolated and co-cultured for 2 hours with cytokine- and/or brepocitinib-
treated PBECs and stained with CD16-PerCP-Cy5.5 for 5 minutes at room temperature,
followed by staining with CD11b-PE for 20 minutes at 37°C. Vehicle-treated controls and
unstimulated controls were included in each experiment. Cells were fixed with 4%
formaldehyde and analyzed using flow cytometry. Results were reported as response normalised
to the vehicle control [150]. All conditions were performed in parallel using cells from the same

donor to minimize inter-donor variability.

Besides the co-culture setup, PMNL were first treated with cytokines IL-17A (10 ng/mL) and
IL-23 (10 ng/mL) for 30 minutes at 37°C, stained with CD16-PerCP-Cy5.5 (to divide them into
CD16+ neutrophils and CD16- eosinophils) and CD11b-PE for 5 minutes at room temperature.
Then the PMNL are stimulated with serial dilutions of C5a for 20 minutes at 37°C and analyzed

by flow cytometry. Results were reported as response normalised to the vehicle control.

5.8.  ROS production
To study the priming effects of cytokines on PMNL, cells were pretreated with cytokines such
as IL-17A (10 ng/mL) or IL-23 (10 ng/mL) for 30 minutes at 37°C, followed by addition of
1 uM dihydrorhodamine-123 (Fisher Scientific) for 5 minutes at 37°C and then stimulated with
serial dilutions of C5a for 20 min at 37°C. Unstimulated and vehicle-treated controls were

included to define baseline ROS production.

To further understand the effects of brepocitinib along with the cytokines, PMNL were
pretreated with brepocitinib for 1 hour at 37°C and with cytokines like IL-17A (10 ng/mL) or
IL-23 (10 ng/mL) in the last 30 minutes of the one hour and incubated with 1 uM
dihydrorhodamine-123 (Fisher Scientific) for 5 min at 37°C followed by C5a stimulation for
20 min at 37°C. All treatments were performed in parallel using cells from the same donor to
minimize inter-donor variability. Production of reactive oxygen species (ROS) was quantified
as the increase in fluorescence in the B530/30 channel due to oxidation of nonfluorescent

dihydrorhodamine-123 into fluorescent rhodamine-123 by flow cytometry (BD FACSCanto II)
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and analyzed by FlowJo 10.7.1 software. ROS production was expressed as fold change in the
geometric mean fluorescence intensity (MFI) in response to the vehicle group. Neutrophils were
gated out of PMNL by excluding eosinophils based on their autofluorescence [151]. Identical
gating strategies were applied across all conditions, and experiments were repeated with cells

from multiple independent donors.

5.9. Calcium flux assay
PMNLs were isolated from peripheral blood samples and subsequently resuspended in assay
buffer to achieve a final concentration of 1 x 1076 cells/mL The assay buffer consists of 90 mg
Glucose, 50 mg BSA, and 500 pL HEPES, then the total volume is brought to 50 mL by adding
PBS (+Ca*/+Mg?"). For each experimental setup, 500 pL of the cell suspension was mixed
thoroughly with 0.5 pL of Fluo-3 AM (at a concentration of 2 mM, obtained from Thermo
Fisher Scientific) and an equal volume of Pluronic F-127 (20% in DMSO, sourced from Sigma-
Aldrich) and was then incubated at room temperature, in the dark, for 1 hour. PE-Cy5-
conjugated anti-CD16 antibody (BioLegend) was added after 50 minutes to gate out neutrophils
from PMNL. PMNLs were pretreated for 30 minutes at 37°C with cytokines, either IL-17A (10
ng/mL), IL-23 (10 ng/mL), or a vehicle control. All conditions were performed in parallel using
cells from the same donor to minimize inter-donor variability. Following pretreatment, the cells
were stimulated with IL-8 at a final concentration of 10 nM to induce calcium flux. As controls,
IL-8 acted as a positive stimulant while unstimulated cells served as a negative baseline
reference. Fluorescence was recorded continuously to capture peak calcium responses and
response kinetics. Calcium mobilization was immediately monitored after stimulation using an
Accuri C6 flow cytometer (BD Biosciences), with fluorescence signals detected in the FITC

channel [152]. Identical acquisition settings were used for all samples within an experiment.

5.10. Primary Human Bronchial Epithelial Cell (PBEC) culture and co-culture

5.10.1.  PBEC culture
PBECs (passage 1) were cultured in T75 flasks coated with 30 pg/mL Purecol, 5 pg/mL human
fibronectin, and 10 pug/mL BSA for 5 days. Cells from five non-COPD donors were pooled and
seeded at high density (160,000 cells) on 0.4 um PET membrane inserts (cellQART) in 12-well
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plates. Cells were maintained in a 1:1 mixture of BEpiCM-b (ScienCell) and DMEM
(STEMCELL Technologies), supplemented with BEpiCGS, 12.5 mM HEPES, two mM
GlutaMAX, 100 U/mL penicillin, and 100 pg/mL streptomycin—referred to as complete BD
medium (¢cBD). 1 nM EC-23 (a light-stable retinoic acid analogue) was added during submerged
culture. Once confluent, ALI (air-liquid interface) differentiation was initiated by removing the
apical medium and increasing EC-23 to 50 nM. Medium was changed three times per week,
and the apical surface was washed with 200 uL. warm PBS for 10 minutes at 37°C. Cultures
were used after 14 days of ALI differentiation when ciliary activity and all major airway

epithelial cell types were observed [153,154].

5.10.2.  PBEC treatment and neutrophil co-culture
ALI-differentiated PBECs were treated for 7 days starting with day 0, with a positive control
(TNFa + IL-1pB at 20 ng/mL), either alone or in combination with cytokines (IL-17A or IL-23
at 10 ng/mL), with or without JAK1/TYK2 inhibitor (brepocitinib or deucravacitinib) (300 nM)
added to the 1 mL basal medium. On day 7, the medium was replaced with fresh medium and
incubated for 24 hours. On day 8, 200uL of the basal medium was collected as conditioned
medium, and replaced with 200 pL fresh medium. Freshly isolated PMNLs were then added to
the basal side of the inserts and co-cultured for 2 hours. Conditioned medium collected prior to

PMNL co-culture was used for downstream analyses.

5.10.3.  Chronic cigarette smoke exposure
In a separate experiment, ALI-differentiated PBECs were exposed to freshly generated whole
cigarette smoke using 3R4F reference cigarettes (University of Kentucky, Lexington, KY, USA)
for 7 days. During this smoke exposure, cells were placed in modified hypoxic chambers for 4—
5 minutes and exposed to either cigarette smoke from one cigarette or to room air. After
exposure, smoke was removed by ventilation with air for over 10 minutes, and cells were then
returned to the incubator overnight. About 18-20 hours later, ALI-PBECs were washed apically
with PBS and, four hours afterward, exposed again to cigarette smoke. This cycle was repeated

daily from day 0 to day 7, with or without brepocitinib (300 nM) added to the basal medium
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[155,156]. On day 7, the medium was replaced, and the cells were incubated for 24 hours. On

day 8, conditioned media were collected and used for ELISA.

5.11. Cytokine measurement
IL-8 levels in conditioned media were determined using the DuoSet ELISA kit (R&D Systems)
following the manufacturer's protocol. Absorbance was measured at 450 nm, with background

correction at 540 nm, using a microplate reader as recommended in the instructions.

Serum levels of IL-23, IL-17A, and IL-8—from COPD patients and healthy donors were
quantified using the LEGENDplex Human Inflammation Panel 1 (BioLegend, Cat. #740809),
according to the manufacturer’s instructions. In brief, serum samples or standards were
incubated with fluorescence-labeled capture beads in a V-bottom 96-well plate, then
sequentially with detection antibodies and streptavidin-PE. Following the final wash, bead
populations were analyzed by flow cytometry. Cytokine concentrations were expressed as
median fluorescence intensity (MFI) for each analyte and analyzed with LEGENDplex

software.

5.12. In vivo models
Eight- to 12-week-old C57BL/6 female mice were used in two experimental models. In the first
model, the mice were treated intranasally with IL-23 (2 pg) or saline (vehicle control) in
combination with brepocitinib (3 mg/kg) or saline, given via oral gavage, once daily for three

consecutive days.

In the second setup, mice were treated intranasally with lipopolysaccharide (LPS, 5 ug) or saline
(vehicle control) to induce acute lung inflammation, along with oral administration of
brepocitinib (10 mg/kg) or saline, also once daily for three days. On day 4, animals were
sacrificed and bronchoalveolar lavage fluid (BALF) samples were collected. The immune cell
populations in the BALF were analyzed by flow cytometric staining. All procedures were

performed at the same time of day to minimize circadian variability.

After the collection, BALF is immediately placed on ice and kept on it throughout the
experiment. Then the collected BALF was washed with BAL buffer (centrifuged for 7 minutes
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at 400 x g). Next, the pellet was hemolysed with a NH4CI lysis solution for 5 minutes under
constant shaking. The samples were then washed in BAL buffer and resuspended in FC block
solution (1:100 prepared in BAL buffer). This is followed by marker staining with antibodies
against CD11b PE-Cy7 (1:200), CD11¢ BV421 (1:200), Ly6G APC (1:500), CD3 FITC (1:200),
and Siglec-F PE (1:100) in staining buffer, incubated for 30 minutes on ice. The cells are then
washed, fixed for 30 minutes, and resuspended in staining buffer. Fluorescence minus one
(FMO) and single-stain compensation controls were included for accurate gating. The immune
cell populations in the BALF were measured using flow cytometry, and the results are expressed
as cells per mL of BALF [157]. Identical gating strategies were applied across all treatment

groups, and analyses were performed blinded to treatment conditions.
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Methods Figure 2. The flow cytometric gating strategy used for BALF staining identifies
various immune populations, including CD3+ cells, alveolar macrophages, neutrophils, and

5.13. Immunofluorescence (IF)
Paraffin-embedded mice lung tissue sections were deparaffinized by incubating in xylol for 40
minutes, followed by a 50% xylol/100% ethanol mixture (1:2) for 2 minutes. The tissue sections
were then rehydrated by passing the slides through graded ethanol dilutions (100%, 96%, 80%.,
70%, and 50%) for 15 seconds each, followed by a 5-minute wash in distilled water. The slides
were washed three times in PBS for 10 minutes each on a shaker. Antigen retrieval was

performed in 10 mM sodium citrate buffer (pH 6.0) by heating in a microwave at 850 W for 10

Page 50 of 132



minutes. The slides were cooled at room temperature for 30-60 minutes, then washed three
times in PBS for 10 minutes each. Non-specific binding sites were blocked with 10% normal
goat serum in PBS containing 0.2% Triton X-100 for 1 hour at room temperature. The sections
were then incubated overnight at room temperature with the primary antibody (pTYK2, 1:100
dilution in 1% goat serum with 0.2% Triton X-100) in a humidified chamber. After three PBS
washes, the slides were incubated with the AF647-labeled secondary antibody (Invitrogen,
1:500 in PBS with 0.2% Triton X-100) for 2 hours at room temperature in a humidified chamber.
Slides were washed again with PBS three times. Autofluorescence was quenched using the
TrueVIEW® Autofluorescence Quenching Kit (Vector Lab SP8400 kit) for 5 minutes, then the
slides were washed once more in PBS for 5 minutes with gentle shaking. Finally, sections were
mounted using VECTASHIELD Vibrance antifade mounting medium containing DAPI (Vector
Lab H1800) and prepared for imaging [158]. Photomicrographs of stained slides were captured
using the Olympus IX73 fluorescence microscope. All images from each treatment group across
experiments were captured simultaneously and with identical settings in a blinded manner. The
images were then analyzed using Image J software. Regions of interest were defined using
consistent criteria across samples, and background fluorescence was subtracted prior to

quantification.

5.14. Western blot

Twenty million PMNL treated with vehicle, IL-17A, or IL-23 for 15 minutes were resuspended
in 65 pL of RIPA lysis buffer (Thermo Fisher Scientific) supplemented with 3x Halt Protease
and Phosphatase Inhibitor (Thermo Fisher Scientific). Cells were incubated on ice for 30
minutes to allow lysis and subsequently centrifuged at 14,000 x g for 15 minutes. The
supernatants (protein lysates) were collected, and the pellets discarded. Total protein
concentrations were determined using the Pierce BCA assay kit (Thermo Fisher Scientific).
Equal amounts of protein (50 pug per sample) were separated by SDS—PAGE on 4%—20% Tris-
glycine gradient gels (Thermo Fisher Scientific) and transferred to polyvinylidene fluoride
membranes using the iBlot dry transfer system (Thermo Fisher Scientific), following the
manufacturer’s instructions. Membranes were blocked in 3% BSA for 1 hour at room
temperature and subsequently incubated with primary antibodies (rabbit anti-pTYK2, 1:1,000;
rabbit anti-TYK2, 1:1,000; or mouse anti-B-actin, 1:5,000) overnight at 4 °C. After washing
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with Tris-buffered saline containing 0.1% Tween-20, membranes were incubated with HRP-
conjugated secondary antibodies (goat anti-rabbit, 1:5,000 for pTYK2 and TYK2; goat anti-
mouse, 1:5,000 for B-actin). Protein bands were visualized using HRP detection reagent (Bio-
Rad) and imaged with the iBright Imaging System (Thermo Fisher Scientific). Densitometric
analysis of blots was performed using the iBright analysis software, with B-actin serving as the

loading control.

5.15. Microarray dataset analysis
mRNA abundance data obtained from the publicly available microarray dataset GSE22148
[159], including samples from patients with moderate (stages II) and severe COPD (stages I1I
and IV) were analyzed for the levels of TYK2, JAKI, JAK2, IL23A4, IL23R, IL17A4, ILI7RA and
IL8 using RStudio (v4.1.3). Statistical significance was assessed using the Mann—Whitney U

test.

5.16. Statistical analysis
All data are presented as means + SD for n observations. n refers to the sample size, meaning
the number of biological replicates included in the analysis (e.g., number of patients, donors, or
animals). Sample size is determined based on feasibility and sample availability, while ensuring
sufficient biological replicates to allow meaningful statistical comparisons and consistency with
similar published studies. Statistical analyses were conducted using GraphPad Prism software
10.0 (La Jolla, CA, USA) and RStudio (v4.1.3). Statistical outliers were identified by the Rout
or Grubbs test. The Shapiro-Wilk test was used to confirm the normal distribution.
Comparisons between two groups were performed using either a t-test (paired or unpaired) or
the Mann-Whitney U test. More than two groups were compared using one-way or 2-way
ANOVA, followed by a post hoc test as indicated. Probability values of p < 0.05 were

considered statistically significant.
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6. Results

This section summarizes the experimental findings of our study and addresses the research
objectives outlined in the introduction earlier. The findings are supported by the relevant figures
and tables, with statistical significance is reported to highlight relevant differences between
experimental groups. Some parts of this section have been adapted from Nayak BB et al., Am

J Physiol Lung Cell Mol Physiol, 2026.

6.1. mRNA abundance of the IL-23/IL-17 axis 1s associated with disease

severity

Previous studies show that the IL-23/IL-17A axis is closely associated with neutrophilic
inflammation in COPD. Primarily because the IL-23/IL-17A axis stimulates the secretion and
release of neutrophil-recruiting chemokines such as IL-8 [160,161]. Given the crucial role of
neutrophils in COPD pathogenesis due to their persistent recruitment and activation, there is a
need to understand the clear connection of this axis with neutrophil activation, recruitment, and
inflammation. In particular, linking transcriptional regulation of this pathway to clinical disease
severity may provide mechanistic insight and biomarker potential. Thus, to further explore the
role of the IL-23/IL-17A axis in detail, we first examined the publicly available microarray data
set GSE22148 from Singh et al. [159], which provided mRNA abundance profiles of immune
cells derived from the sputum of COPD patients. The cells derived from the sputum of COPD
patients consisted primarily of neutrophils and macrophages, which are two prominent cell
populations to be found in the inflammatory milieu of COPD lungs. This dataset therefore

provides a relevant window into inflammatory signaling within the airway microenvironment.

Using this data set we studied the mRNA abundance of /L234, IL174 and ILS8 in the sputum-
derived immune cells and compared them between the patients with moderate (stage II) and
severe (stage III, IV) COPD in order to assess the disease severity correlation with
transcriptional regulation of these cytokines. The analysis revealed that there is a significant
increase in /L234 and IL8 mRNA levels in the severe COPD group when compared to the
moderate group, whereas no statistically significant change was observed in ILI17A4 levels

despite a noticeable upward trend in the severe COPD group (Fig. 1A). This pattern suggests
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that IL-23 and downstream neutrophil-recruiting signals may be more tightly linked to disease

progression than IL-17A transcription alone.

Since 1L-23 signals through the JAK/STAT pathway, particularly TYK?2 and JAK2 via IL-23
receptor (IL23R) engagement, and IL-17A may associate with several JAKs, including JAK1,
JAK2, TYK2, we further analysed the mRNA abundance of /L23R, IL17RA and these kinases
(TYK2, JAK1 and JAK?2) in relation to COPD severity. Our analysis showed that patients with
severe COPD had significantly higher T7YK2 and JAKI mRNA levels compared to those with
moderate COPD (Fig. 1C). This suggests the possibility of enhanced cytokine signaling through
TYK2-dependent pathways, which may be associated with increasing disease severity and
worsening. This finding provides a molecular rationale for targeting TYK2/JAK1 signaling in
severe neutrophilic COPD. In contrast, there was no significant difference observed for JAK2
levels between the two groups (Fig. 1C). Interestingly, /L23R mRNA level was significantly
reduced in patients with severe COPD compared to the moderate ones (Fig. 1B). This reduction
may reflect a compensatory feedback mechanism due to receptor desensitization, internalization
and downregulation in response to chronic overstimulation by elevated IL-23 levels [162]. Such
receptor downregulation is consistent with sustained pathway activation in chronic
inflammatory settings. Similar to /L7, there was no difference observed in the /L17RA levels

between severe and moderate COPD groups (Fig. 1C).
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Figure 1. mRNA abundance of the IL23A4, IL17A, IL8, IL23R, IL17RA, TYK2, JAKI, JAK2
in sputum cells from moderate and severe COPD patients. A: /L234, IL17A4, and I[L§ mRNA
abundance in sputum-derived immune cells from patients with moderate and severe COPD. B:
IL23R, IL-17RA mRNA abundance in sputum-derived immune cells from patients with
moderate and severe COPD. C. TYK2, JAKI and JAK2 mRNA levels in sputum-derived
immune cells from patients with moderate and severe COPD. For statistical analyses, Normal
distribution was confirmed using the Shapiro—Wilk test, followed by either t-test or Mann-
Whitney U test. *p <0.05, **p <0.01, ***p <0.001, ****p<0.0001, ns = not significant. Some
parts of this figure are adapted from Nayak BB et al., Am J Physiol Lung Cell Mol Physiol,
2026.
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6.2. 1IL-23,IL-17A, and IL-8 protein levels in serum from COPD

To compare the levels of IL-23, IL-17A, and IL-8 proteins between healthy individuals and
COPD patients, we analyzed serum samples from our available COPD cohort and matched
controls. This approach allowed validation of transcriptional trends at the protein level in a
clinically accessible compartment. Consistent with microarray results, we observed a trend
toward higher IL-23 levels (Fig. 2A), particularly in patients with severe COPD compared to
healthy controls and those with moderate disease. This trend supports a link between 1L-23
abundance and disease severity. Notably, serum IL-17A levels (Fig. 2B) were significantly
elevated in patients with severe COPD, whereas IL-8 levels (Fig. 2C) were increased
irrespective of disease severity. The widespread elevation of IL-8 is consistent with its role as a

general neutrophil chemoattractant in chronic airway inflammation.
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Figure 2. IL-23, IL-17A, and IL-8 serum levels in healthy donors compared to COPD
patients. A: IL-23 cytokine levels in serum from healthy donors compared to COPD patients;
healthy donors compared to severe COPD; Moderate COPD compared to severe COPD. B: IL-
17A cytokine levels in serum from healthy donors compared to COPD patients; healthy donors
compared to severe COPD; Moderate COPD compared to severe COPD. C: IL-8 cytokine levels
in serum from healthy donors compared to COPD patients; healthy donors compared to severe
COPD; Moderate COPD compared to severe COPD. Outliers were assessed using the Grubbs’
test. For statistical analyses, Normal distribution was assessed using the Shapiro—Wilk test,
followed by either t-test or Mann-Whitney U test. GeoMean-Geometric Mean; MFI-Mean
Fluorescence intensity. *p < 0.05, ns = not significant. Some parts of this figure are adapted
from Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.

6.3. TYK2 protein abundance and phosphorylation in immune cells from

COPD and healthy controls

To further validate the initial observations regarding mRNA abundance levels at the protein
level, we optimized a comprehensive whole-blood staining protocol to study both total and
phosphorylated forms of TYK2 (pTYK2 (Tyrl1054/Tyr1055)) by flow cytometry. Blood
samples were collected under the same conditions and at the same time of the day from two
groups: patients diagnosed COPD and age- and sex-matched healthy control subjects, with
demographic details outlined in Methods Table 1.

In our analysis, we focused on the following immune cell populations present in whole blood:
neutrophils, T lymphocytes identified by CD3, CD4+ helper T cells, CD8+ cytotoxic T cells,
monocytes identified by CD14, and eosinophils. Our quantitative assessment revealed that the
levels of total TYK2 protein and its phosphorylated form (pTYK2 (Tyr1054/Tyr1055)) did not
show significant differences in the examined immune cell populations of CD3- (Fig. 3A), CD4-
(Fig. 3B), CD8- (Fig. 3C), and CD14-positive cells (Fig. 3D) between COPD patients and
healthy controls. These findings suggest that TYK2 phosphorylation is not globally altered
across all circulating immune subsets in COPD. However, neutrophils from COPD patients
showed a significant increase in pTYK2 (Tyr1054/Tyr1055) levels compared to controls (Fig.
3E). This selective increase in neutrophil pTYK?2 (Tyr1054/Tyr1055) aligns with the proposed
role of TYK2 in neutrophilic inflammation. In addition, there was also a trend toward higher
total TYK2 levels in neutrophils (p=0.0521) (Fig. 3E). Interestingly, eosinophils from COPD
patients showed a significant increase in both TYK2 (p-values of 0.0406) and pTYK2
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(Tyr1054/Tyr1055) (p=0.009) levels when compared to eosinophils from healthy controls (Fig.

3F). This suggests that TYK2 signaling may also be enhanced in eosinophils in COPD,

reflecting overlapping or mixed inflammatory endotypes in subsets of patients.
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Figure 3. Differential TYK2 protein abundance and phosphorylation in the immune cells
from COPD patients compared to healthy individuals. A: TYK2 abundance and
phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in CD3+ cells from healthy donors compared to
COPD patients. B: TYK2 abundance and phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in

CD4+ cells from healthy donors compared to COPD patients.

C: TYK2 abundance and

phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in CD8+ cells from healthy donors compared to
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COPD patients. D: TYK2 abundance and phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in
CD14+ cells from healthy donors compared to COPD patients. E: TYK2 abundance and
phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in neutrophils from healthy donors compared to
COPD npatients. F: TYK2 abundance and phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in
eosinophils from healthy donors compared to COPD patients. For statistical analyses, Normal
distribution was confirmed using the Shapiro—Wilk test, followed by either t-test or Mann-
Whitney U test. AGeoMean= GeoMeanstained sample-GeoMeanrmo. GeoMean-Geometric Mean.
*p <0.05, **p < 0.01, ns = not significant. Some parts of this figure are adapted from Nayak
BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.

6.4. JAKI protein abundance and phosphorylation in immune cells from

COPD patients and healthy controls

To study JAK1 abundance, blood was collected from COPD patients and from age- and sex-
matched healthy non-smokers under the same conditions and at the same time of the day. Using
flow cytometry, we performed whole-blood staining to evaluate total JAKI and its
phosphorylated form (pJAK1 (Tyr1022/Tyr1023)) across multiple immune cell populations,
including neutrophils, CD3* T lymphocytes (Fig. 4A), CD4* helper T cells (Fig. 4B), CD8*
cytotoxic T cells (Fig. 4C), CD14" monocytes (Fig. 4D), and eosinophils (Fig. 4F). This analysis
allowed cell-type—specific assessment of JAK1 pathway phosphorylation in circulating immune
compartments. Across all examined immune subsets, the differences in total JAK1 abundance
between COPD patients and healthy controls were not statistically significant. However, there
was a significant increase in pJAKI (Tyr1022/Tyr1023) in CD8+ cytotoxic T cells and
neutrophils in the COPD group. This indicates selective phosphorylation of JAK1-dependent
signaling rather than global changes in JAK1 abundance. Although not statistically significant,
the CD3+, CD4+, and CDI14+ populations showed a trend toward increased pJAKI1
(Tyr1022/Tyr1023) levels in COPD patients compared to healthy controls. These trends suggest

broader low-grade phosphorylation of JAK1 signaling across other immune subsets in COPD.
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Figure 4. Differential JAK1 abundance and phosphorylation in the immune cells from
COPD patients compared to healthy individuals. A: JAK1 abundance and phosphorylation
(pJAK1 (Tyr1022/Tyr1023)) in CD3+ cells from healthy donors compared to COPD patients.
B: JAK1 abundance and phosphorylation (pJAKI1 (Tyr1022/Tyr1023)) in CD4+ cells from
healthy donors compared to COPD patients. C: JAK1 abundance and phosphorylation (pJAK1
(Tyr1022/Tyr1023)) in CD8+ cells from healthy donors compared to COPD patients. D: JAK1
abundance and phosphorylation (pJAK1 (Tyr1022/Tyr1023)) in CD14+ cells from healthy
donors compared to COPD patients. E: JAK1 abundance and phosphorylation (pJAKI1
(Tyr1022/Tyr1023)) in neutrophils from healthy donors compared to COPD patients. F: JAK1
abundance and phosphorylation (pJAK1 (Tyr1022/Tyr1023)) in eosinophils from healthy
donors compared to COPD patients. For statistical analyses, Normal distribution was confirmed
using the Shapiro—Wilk test, followed by either t-test or Mann-Whitney U test. AGeoMean=
GeoMeanstained sample-GeoMeanrmo. GeoMean-Geometric Mean. *p < 0.05, ns = not significant.
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Some parts of this figure are adapted from Nayak BB et al., Am J Physiol Lung Cell Mol
Physiol, 2026.

6.5. JAK2 protein abundance and phosphorylation in immune cells from

COPD patients and healthy controls

Using the same staining protocol and blood samples, we also evaluated total and phosphorylated
JAK2 (pJAK2 (Tyr1007/Tyr1008)), since IL.-23 signals through JAK?2 as well as TYK2. Again,
whole blood staining was performed in T lymphocytes identified by CD3 (Fig. 5A), CD4+
helper T cells (Fig. 5B), CD8+ cytotoxic T cells (Fig. 5C), monocytes identified by CD14 (Fig.
5D), neutrophils (Fig. SE), and eosinophils (Fig. S5F). This enabled direct comparison of JAK2
phosphorylation patterns with those observed for TYK2 and JAK1. Our analysis showed no
significant difference in the levels of total JAK2 protein and its phosphorylated form in all
immune cells except eosinophils. Eosinophils from COPD patients showed a significant
increase in pJAK2 (Tyr1007/Tyr1008) (p=0.0308) levels compared to controls. Again, this
selective phosphorylation of JAK2 in eosinophils suggests endotype-specific JAK pathway
engagement in subsets of COPD patients, potentially reflecting overlapping neutrophilic and

eosinophilic inflammatory phenotypes.
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Figure 5. Differential JAK2 abundance and phosphorylation in the immune cells from
COPD patients compared to healthy individuals. A: JAK2 abundance and phosphorylation
(pJAK2 (Tyr1007/Tyr1008)) in CD3+ cells from healthy donors compared to COPD patients.
B: JAK2 abundance and phosphorylation (pJAK2 (Tyr1007/Tyr1008)) in CD4+ cells from
healthy donors compared to COPD patients. C: JAK2 abundance and phosphorylation (pJAK2
(Tyr1007/Tyr1008)) in CD8+ cells from healthy donors compared to COPD patients. D: JAK2
abundance and phosphorylation (pJAK2 (Tyr1007/Tyr1008)) in CD14+ cells from healthy
donors compared to COPD patients. E: JAK2 abundance and phosphorylation (pJAK2
(Tyr1007/Tyr1008)) in neutrophils from healthy donors compared to COPD patients. F: JAK2
abundance and phosphorylation (pJAK2 (Tyr1007/Tyr1008)) in eosinophils from healthy
donors compared to COPD patients. For statistical analyses, Normal distribution was confirmed
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using the Shapiro—Wilk test, followed by either t-test or Mann-Whitney U test. AGeoMean=
GeoMeanstained sample-GeoMeangmo. GeoMean-Geometric Mean. *p <0.05, **p <0.01, ns = not
significant. Parts of this figure are adapted from Nayak BB et al., Am J Physiol Lung Cell Mol
Physiol, 2026.

6.6. TYK2 protein abundance and phosphorylation in immune cells from

smokers and healthy controls

In addition to blood from COPD patients, we also collected blood from younger smokers
without COPD and age and sex-matched healthy non-smokers as the control group (Material
and method table 2) under the same conditions and at the same time of the day. Including these
groups was particularly valuable, as smoking is a major risk factor for the development of
COPD. This comparison allowed assessment of smoking-related inflammatory signaling

independent of established disease.

Using flow cytometry, we performed whole-blood staining to study total TYK2 and its
phosphorylated form (pTYK2 (Tyr1054/Tyr1055)) in various immune populations, including T
lymphocytes identified by CD3 (Fig. 6A), CD4+ helper T cells (Fig. 6B), CD8+ cytotoxic T
cells (Fig. 6C), monocytes identified by CD14 (Fig. 6D), neutrophils (Fig. 6E) and eosinophils
(Fig. 6F). Notably, all immune cell populations from smokers also depicted a significant
increase in pTYK2 (Tyr1054/Tyr1055) levels compared to healthy controls. However, there was
no significant change in the total TYK2 levels. This pattern indicates enhanced pathway
downstream phosphorylation rather than altered protein abundance in response to cigarette
smoke exposure. Given that smoking is a major risk factor in COPD, these findings suggest that
TYK2 may contribute to early inflammatory responses associated with disease initiation. These
results further support TYK?2 as an early signaling node that may be targetable before overt

disease develops.
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Figure 6. Differential TYK?2 protein abundance and phosphorylation in the immune cells
from smokers compared to healthy non-smokers. A: TYK2 protein abundance and
phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in CD3+ cells from healthy non-smokers
compared to smokers. B: TYK2 abundance and phosphorylation (pTYK2 (Tyr1054/Tyr1055))
in CD4+ cells from healthy non-smokers compared to smokers. C: TYK2 abundance and
phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in CD8+ cells from healthy non-smokers
compared to smokers. D: TYK2 abundance and phosphorylation (pTYK2 (Tyr1054/Tyr1055))
in CD14+ cells from healthy non-smokers compared to smokers. E: TYK2 abundance and
phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in neutrophils from healthy non-smokers
compared to smokers. F: TYK2 abundance and phosphorylation (pTYK2 (Tyr1054/Tyr1055))
in eosinophils from healthy non-smokers compared to smokers. For statistical analyses, Normal

Page 64 of 132



distribution was confirmed using the Shapiro—Wilk test, followed by either t-test or Mann-
Whitney U test. AGeoMean= GeoMeansuined sample-GeoMeangmo. GeoMean-Geometric Mean.
*p < 0.05, ns = not significant. Parts of this figure are adapted from Nayak BB et al., Am J
Physiol Lung Cell Mol Physiol, 2026.

6.7. JAKI protein abundance and phosphorylation in immune cells from

smokers and non-smokers

Blood was collected from younger smokers without COPD and from age- and sex-matched
healthy non-smokers as the control group (Materials and methods table 2). This comparison
enables assessment of smoking-associated immune activation prior to clinical COPD
development. Using flow cytometry, we performed whole-blood staining to examine total JAK1
and its phosphorylated form (pJAK1 (Tyr1022/Tyr1023)) in various immune cell populations,
including T lymphocytes identified by CD3 (Fig. 7A), CD4+ helper T cells (Fig. 7B), CD8+
cytotoxic T cells (Fig. 7C), monocytes identified by CD14 (Fig. 7D), neutrophils (Fig. 7E), and
eosinophils (Fig. 7F). Immune populations such as neutrophils, CD4+ cells, and eosinophils
from smokers showed a significant increase in pJAKI1 (Tyr1022/Tyr1023) levels compared to
healthy controls. This indicates enhanced JAK1 pathway phosphorylation in key innate and
adaptive immune subsets in response to cigarette smoke exposure. Although not statistically
significant, CD3+, CD8+, and CD14+ populations showed a trend toward increased pJAKI
(Tyr1022/Tyr1023) levels in smokers compared to non-smokers. These trends suggest broader
low-grade phosphorylation of JAK1 signaling across immune compartments. In addition, there
was no significant change in total JAK1 levels in CD3+, CD4+, and CD8+ T cells. However,
CD14+ monocytes, neutrophils, and eosinophils showed a notable increase in total JAK1 levels
in smokers compared with non-smokers. This combination of increased abundance and
phosphorylation in myeloid cells may reflect heightened sensitivity to cytokine signaling in
smoke-exposed individuals. Since smoking is a significant risk factor for COPD, these findings
suggest that JAK1 may also play a role in early inflammatory responses. Together with the
TYK2 data, these results support the concept that smoking primes JAK-dependent

inflammatory signaling prior to overt disease.
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Figure 7. Differential JAK1 abundance and phosphorylation in the immune cells from
smokers compared to healthy non-smokers. A: JAK1 abundance and phosphorylation
(pJAK1 (Tyr1022/Tyr1023)) in CD3+ cells from healthy non-smokers compared to smokers.
B: JAKI abundance and phosphorylation (pJAKI1 (Tyr1022/Tyr1023)) in CD4+ cells from
healthy non-smokers compared to smokers. C: JAK1 abundance and phosphorylation (pJAK1
(Tyr1022/Tyr1023)) in CD8+ cells from healthy non-smokers compared to smokers. D: JAK1
abundance and phosphorylation (pJAK1 (Tyr1022/Tyr1023)) in CD14+ cells from healthy non-
E: JAK1 abundance and phosphorylation (pJAKI

smokers compared to smokers.

(Tyr1022/Tyr1023)) in neutrophils from healthy non-smokers compared to smokers. F: JAK1
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abundance and phosphorylation (pJAK1 (Tyr1022/Tyr1023)) in eosinophils from healthy non-
smokers compared to smokers. For statistical analyses, Normal distribution was confirmed
using the Shapiro—Wilk test, followed by either t-test or Mann-Whitney U test. AGeoMean=
GeoMeanstained sample-GeoMeanrmo. GeoMean-Geometric Mean. *p < 0.05, **p < 0.01, ns = not
significant. Parts of this figure are adapted from Nayak BB et al., Am J Physiol Lung Cell Mol
Physiol, 2026.

6.8. JAK2 protein abundance and phosphorylation in the immune cells of

blood collected from smokers and healthy controls

The blood collected from younger smokers without COPD and the age and sex-matched healthy
non-smokers as the control group (Material and method table 2) were also studied for total
JAK?2 and its phosphorylated form (pJAK2 (Tyr1007/Tyr1008)) using the same flow cytometric
whole-blood staining protocol for T lymphocytes identified by CD3 (Fig. 8A), CD4+ helper T
cells (Fig. 8B), CD8+ cytotoxic T cells (Fig. 8C), monocytes identified by CD14 (Fig. 8D),
neutrophils (Fig. 8E), and eosinophils (Fig. 8F). This allowed direct comparison of smoking-
related JAK2 phosphorylation with the patterns observed for TYK2 and JAK1.

Across all examined immune populations, including neutrophils, CD3+, CD4+, CD8+, CD14+
cells, and eosinophils, there were no significant differences in total JAK2 levels between
smokers and healthy controls. However, a significant increase in pJAK2 (Tyr1007/Tyr1008)
was observed in the CD3+, CD4+, and CD8+ T cells in smokers compared to healthy controls.
Interestingly, we also observed an increased trend of pJAK2 (Tyr1007/Tyr1008) in CD14+ cells
and eosinophils in smokers compared to healthy controls. Together, these findings suggest that
smoking primes JAK?2 signaling across multiple immune subsets, potentially contributing to

early immune dysregulation prior to overt COPD development.
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Figure 8. Differential JAK2 abundance and phosphorylation in the immune cells from
smokers compared to healthy non-smokers. A: JAK2 abundance and phosphorylation
(pJAK2 (Tyr1007/Tyr1008)) in CD3+ cells from healthy non-smokers compared to smokers.
B: JAK2 abundance and phosphorylation (pJAK2 (Tyr1007/Tyr1008)) in CD4+ cells from
healthy non-smokers compared to smokers. C: JAK2 abundance and phosphorylation (pJAK2
(Tyr1007/Tyr1008)) in CD8+ cells from healthy non-smokers compared to smokers. D: JAK2
abundance and phosphorylation (pJAK2 (Tyr1007/Tyr1008)) in CD14+ cells from healthy non-

smokers compared to smokers.

E: JAK2 abundance and phosphorylation (pJAK2

(Tyr1007/Tyr1008)) in neutrophils from healthy non-smokers compared to smokers. F: JAK2
abundance and phosphorylation (pJAK2 (Tyr1007/Tyr1008)) in eosinophils from healthy non-
smokers compared to smokers. For statistical analyses, Normal distribution was confirmed
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using the Shapiro—Wilk test, followed by either t-test or Mann-Whitney U test. AGeoMean=
GeoMeanstained sample-GeoMeanrmo. GeoMean-Geometric Mean. *p < 0.05, ns = not significant.
Parts of this figure are adapted from Nayak BB et al., Am J Physiol Lung Cell Mol Physiol,
2026.

6.9. TYK?2 protein abundance and phosphorylation in immune cells from

allergic and non-allergic individuals

In addition to COPD patients and smokers, we collected samples from allergic and non-allergic
donors (Material and method table 3) under the same conditions and at the same time of the day
and performed the same whole-blood staining to compare their TYK2 abundance and
phosphorylation (Figure 9). The allergic cohort consisted of volunteers reporting symptoms in
response to aeroallergens (house dust mite, grass, or tree pollen) with confirmed allergen-
specific IgE positivity, whereas non-allergic donors had no reported allergic symptoms or
sensitization. Including allergic donors allowed assessment of whether TYK2 phosphorylation
is a general feature of airway inflammation or specific to neutrophilic COPD-associated
inflammation. Neither neutrophils, CD3+, CD4+, CD8+ cells, nor eosinophils, showed
significant differences in either total TYK?2 levels or pTYK2 (Tyr1054/Tyr1055) between the
non-allergic and allergic group. However, a considerable decrease in both total TYK2 and
pTYK2 (Tyr1054/Tyr1055) was observed in the CD14+ monocyte population from allergic
donors compared to non-allergic healthy controls (Figure 9D). This reduction may reflect
differential regulation of TYK2 signaling in monocytes under type 2—skewed inflammatory

conditions and further supports disease-specific modulation of TYK2 pathways.
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Figure 9. Differential TYK2 abundance and phosphorylation in the immune cells from
non-allergic donors compared to allergic donors. A: TYK?2 abundance and phosphorylation
(pTYK2 (Tyr1054/Tyr1055)) in CD3+ cells from non-allergic donors compared to allergic
donors. B: TYK?2 abundance and phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in CD4+ cells

from non-allergic donors compared to allergic donors.

C: TYK2 abundance and

phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in CD8+ cells from non-allergic donors

compared to allergic donors.

D: TYK2 abundance and phosphorylation (pTYK2
(Tyr1054/Tyr1055)) in CD14+ cells from non-allergic donors compared to allergic donors. E:
TYK2 protein abundance and phosphorylation (pTYK2 (Tyr1054/Tyr1055)) in neutrophils
from non-allergic donors compared to allergic donors. F: TYK2 abundance and phosphorylation
(pTYK2 (Tyr1054/Tyr1055)) in eosinophils from non-allergic donors compared to allergic
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donors. Allergic donors were defined based on aeroallergen-associated symptoms and allergen-
specific IgE positivity; non-allergic donors had no reported allergy or sensitization. For
statistical analyses, Normal distribution was confirmed using the Shapiro—Wilk test, followed
by either t-test or Mann-Whitney U test. AGeoMean= GeoMeansuined sample-GeoOMeanrmo.
GeoMean-Geometric Mean. *p < 0.05, ns = not significant. Parts of this figure are adapted from
Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.

6.10. JAK2 protein abundance and phosphorylation in immune cells from

allergic and non-allergic individuals

Besides TYK2, we compared JAK2 abundance and phosphorylation in blood collected from
allergic and non-allergic donors (see Materials and Methods table 3). The allergic cohort
consisted of volunteers reporting symptoms in response to aeroallergens (house dust mite, grass,
or tree pollen) with confirmed allergen-specific IgE positivity, whereas non-allergic donors had
no reported allergic symptoms or sensitization. Using flow cytometry, we analyzed total JAK2
and pJAK2 (Tyr1007/Tyr1008) across immune cell types, including T lymphocytes (identified
by CD3) (Fig. 10A), helper T cells (CD4+) (Fig. 10B), cytotoxic T cells (CD8+) (Fig. 10C),
monocytes (CD14) (Fig. 10D), neutrophils (Fig. 10E), and eosinophils (Fig. 10F). This analysis
enabled direct comparison of JAK2 pathway activity in type 2—biased allergic inflammation
versus neutrophilic COPD-associated inflammation. Notably, total JAK2 was unaltered
throughout all cell populations, while a significant decrease in pJAK2 (Tyr1007/Tyr1008) was
observed in neutrophils, total T cells, CD4+, and CD8+ T cells, as well as in monocytes, from
allergic donors. However, there was no significant change in pJAK2 (Tyr1007/Tyr1008) levels
in eosinophils between allergic and non-allergic donors. Together with the TYK2 data, these
findings suggest that JAK?2 signaling is differentially regulated across inflammatory endotypes,
being dampened in allergic conditions but enhanced in smoking-related and COPD-associated
inflammation. However, these findings should be interpreted in light of cohort size, age, and

potential effects of ongoing allergen exposure and medication use.
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Figure 10. Differential JAK2 abundance and phosphorylation in the immune cells from
non-allergic donors compared to allergic donors. A: JAK2 abundance and phosphorylation
(pJAK2 (Tyr1007/Tyr1008)) in CD3+ cells from non-allergic donors compared to allergic
donors. B: JAK2 abundance and phosphorylation (pJAK2 (Tyr1007/Tyr1008)) in CD4+ cells
from non-allergic donors compared to allergic donors. C: JAK2 abundance and phosphorylation
(pJAK2 (Tyr1007/Tyr1008)) in CD8+ cells from non-allergic donors compared to allergic
donors. D: TYK2 abundance and phosphorylation (pJAK2 (Tyr1007/Tyr1008)) in CD14+ cells
from non-allergic donors compared to allergic donors. E: JAK2 abundance and phosphorylation
(pJAK2 (Tyr1007/Tyr1008)) in neutrophils from non-allergic donors compared to allergic
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donors. F: JAK2 abundance and phosphorylation (pJAK2 (Tyr1007/Tyr1008)) in eosinophils
from non-allergic donors compared to allergic donors. Allergic donors were defined based on
aeroallergen-associated symptoms and allergen-specific IgE positivity; non-allergic donors had
no reported allergy or sensitization. For statistical analyses, Normal distribution was confirmed
using the Shapiro—Wilk test, followed by either t-test or Mann-Whitney U test. AGeoMean=
GeoMeansained sample-GeoMeanrmo. GeoMean-Geometric Mean. *p < 0.05, **p < 0.01, ns = not
significant. Parts of this figure are adapted from Nayak BB et al., Am J Physiol Lung Cell Mol
Physiol, 2026.

6.11. The IL-23/IL-17A axis affects neutrophil effector function- Migration

Previous studies suggest that the [L-23/IL-17A axis mediates neutrophil recruitment indirectly,
mainly through IL-8 secretion [160,161,163]. However, the direct effects of this axis on
neutrophil effector functions remain poorly understood and require further investigation. In
particular, whether IL-23 and IL-17A can directly modulate neutrophil chemotactic behavior
independent of secondary chemokine production has remained unclear. Thus, we conducted a
series of functional assays, starting with migration assays. To assess neutrophil migratory
responses, we used a microBoyden chamber. In this setup, the chemoattractant or stimulus of
interest was placed into the lower compartment, while cells were loaded into the upper
compartment to establish a chemotactic gradient. The cells were allowed to migrate for 1 hour

in this setup at 37°C.

Under these experimental conditions, we observed that neutrophils migrated towards IL-23 (10
ng/mL) and IL-17A (10 ng/mL) (Fig. 11A). This indicates that both cytokines can exert direct
chemotactic or chemokinetic effects on neutrophils. In fact, the migratory response was further
enhanced when the cells were exposed to the combination of both cytokines compared to each
cytokine alone (Fig. 11A), indicating an additive effect that suggests cooperative signaling

between IL-23— and IL-17A-driven pathways in regulating neutrophil motility.

Besides assessing the direct chemotactic effects, we also wanted to investigate the priming
potential of IL-23 and IL-17A, as cytokine-mediated priming can enhance neutrophil
responsiveness to classical chemoattractants such as IL-8. For this purpose, neutrophils were
pretreated with IL-17A (10 ng/mL), IL-23 (10 ng/mL), or a vehicle control, for 30 minutes at
37°C, followed by migration toward IL-8 (10 nM) (Fig. 11B, 11C). Notably, pretreatment with
IL-17A and IL-23 significantly increased neutrophil migration toward IL-8 compared to the
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vehicle pretreated group. These findings demonstrate that IL-23 and IL-17A function as priming

agents that heighten neutrophil sensitivity to canonical chemoattractant cues.

Furthermore, when we pretreated the cells with IL-17A (10 ng/mL), IL-23 (10 ng/mL), either
alone or in combination, followed by subsequent stimulation with IL-8 (10 nM) (Fig. 11D), we
observed that the combined pretreatment with IL-17A and IL-23 further amplified migration
compared with pretreatment with either cytokine alone. This synergistic priming effect provides
functional evidence for convergence of IL-23 and IL-17A signaling at the level of neutrophil
effector programming, consistent with their cooperative role in neutrophilic inflammation in

COPD.
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Figure 11. IL-23 and IL-17A enhance neutrophil migratory activity. A: PMNL were
migrated towards Veh, IL-17A, IL-23, and IL-17A+IL-23 combined. B: PMNL were pretreated
with IL-17A or Veh and then migrated towards IL-8. Results were normalised to the vehicle
group. C: PMNL were pretreated with IL-23 or Veh and then migrated towards IL-8. D: PMNL
were pretreated with IL-17A, IL-23, IL-17A+IL-23, or Veh and then migrated towards IL-8.
Results were normalised to the vehicle group. Neutrophils were gated out of PMNL by
excluding eosinophils based on their autofluorescence. Statistical analyses were performed- for
A using One-way ANOVA followed by Tukey test for multiple comparisons; for B, C using
2way ANOVA followed by Fisher’s Least Significant Difference test; for D, F using 2way
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ANOVA followed by Tukey’s test for multiple comparisons. Veh-Vehicle. p <0.05=*, p <0.01
=** p <0.001 =*** p<0.0001 = **** ns = not significant. Parts of this figure are adapted
from Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.

6.12. The IL-23/IL-17A axis affects neutrophil CD11b upregulation

In addition to neutrophil migration and ROS production, we further investigated the potential
of IL-17A and IL-23 in CD11b upregulation, which is a neutrophil activation marker. CDI11b
upregulation reflects increased adhesive and migratory capacity of neutrophils and is indicative
of functional priming. In this study, neutrophils were pretreated with IL-17A (10 ng/mL) (Fig.
12A) and IL-23 (10 ng/mL) (Fig. 12B) prior to C5a stimulation. Interestingly, we observed that
neutrophils pretreated with IL-17A but not IL-23 showed a significant increase in CD11b
surface expression. This indicates that IL-17A exerts a more direct priming effect on neutrophil
CD11b upregulation than IL-23 in this context. As an integrin, CD11b is linked to the migratory
response of cells. Higher CD11b expression in blood or airway neutrophils has been seen in
COPD patients, especially during exacerbations [164,165]. These findings suggest that IL-17A-
driven priming of CD11b may contribute to heightened neutrophil migratory activity and tissue

infiltration during inflammatory flares in COPD.
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6.13. The IL-23/IL-17A axis affects neutrophil effector function — ROS

production

Beyond migration, we examined the priming effects of IL-17A and IL-23 on additional
neutrophil effector functions, specifically reactive oxygen species (ROS) production, which
plays a crucial role in neutrophil-mediated inflammatory responses. Excessive ROS generation
is a key contributor to oxidative tissue injury and impaired host defense in chronic lung disease.
For this assay, neutrophils were pretreated with IL-17A (10 ng/mL) (Fig. 13A) or IL-23 (10

ng/mL) (Fig. 13B), followed by stimulation with serial dilutions of the complement-derived
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peptide C5a, a known potent inflammatory mediator, which is associated with enhanced
immune responses observed in chronic inflammatory diseases such as COPD [166]. This setup
allowed assessment of cytokine-mediated priming of neutrophil oxidative burst in response to
a classical inflammatory stimulus. Pretreatment with either IL-17A or IL-23 significantly
increased ROS production. These results indicate that IL-23 and IL-17A lower the activation

threshold of neutrophils, thereby amplifying inflammatory output upon secondary stimulation.

Together, these findings suggest that the IL-23/IL-17A axis contributes to neutrophilic
inflammation by potentiating IL-8-mediated recruitment, as well as by directly enhancing
neutrophil effector functions, such as ROS production. This dual effect on recruitment and
activation provides a mechanistic explanation for how sustained IL-23/IL-17A signaling can

drive persistent tissue damage in neutrophilic COPD.
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Figure 13. Effects of IL-23 and IL-17A on ROS production. A: ROS production measured
in PMNL pretreated with IL-17A or Veh and stimulated with C5a. B: ROS production measured
in PMNL pretreated with IL-23 or Veh and stimulated with C5a. Results are normalised to the
vehicle group. Neutrophils were gated out of PMNL by excluding eosinophils based on their
autofluorescence. Statistical analyses were performed using 2way ANOVA followed by Sidak
test for multiple comparisons. Veh-Vehicle. *p < 0.05, **p < 0.01, ***p < 0.001, ns = not
significant. Parts of this figure are adapted from Nayak BB et al., Am J Physiol Lung Cell Mol
Physiol, 2026.
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6.14. The IL-23/IL-17A axis does not affect calcium mobilization in
neutrophils

Calcium mobilization is critical for IL-8-mediated neutrophil activation, enabling efficient
chemotaxis, adhesion, degranulation, and ROS production. Accordingly, we investigated the
impact of IL-23 and IL-17A on IL-8-induced calcium flux in neutrophils. This allowed us to
determine whether cytokine-mediated priming operates upstream at the level of GPCR-
triggered calcium signaling. Therefore, peripheral blood PMNLSs were isolated and loaded with
the calcium-sensitive fluorescent dye Fluo-3 and a dispersing agent to enhance dye uptake.
Neutrophils within the PMNLs were stained with an anti-CD16 antibody before stimulation.
The cells were pretreated with IL-17A, IL-23, or a vehicle control and calcium mobilization
was induced with IL-8, while unstimulated cells served as a negative baseline. Calcium flux
was continuously monitored by flow cytometry, and responses were compared to IL-8
stimulation. Under these conditions, pretreatment with IL-17A (Fig. 14A) or IL-23 (Fig. 14B)
did not significantly change calcium mobilization compared to vehicle controls, indicating that
neither cytokine influences IL-8—induced calcium responses in neutrophils. These data suggest
that IL-23/IL-17A-mediated priming of neutrophil migration and effector function occurs

downstream or independently of proximal calcium signaling.
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Figure 14. Effects of I1L-23 and IL-17A on calcium flux in neutrophils. A: calcium flux
measured in PMNL pretreated with IL-17A or Veh and stimulated with IL-8. B: calcium flux
measured in PMNL pretreated with IL-23 or Veh and stimulated with IL-8. Results are measured
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as percent of IL-8 response where the vehicle group is expressed at 100 %. Neutrophils were
gated out of PMNL by excluding eosinophils based on their autofluorescence. Statistical
analyses were performed using 2way ANOVA followed by Sidék test for multiple comparisons.
Veh-Vehicle. ns = not significant

6.15. Brepocitinib blocks IL-23/IL-17A enhanced neutrophil migration in vitro

Over the years, a wide range of JAK inhibitors have been developed, tested and approved for
clinical use in various immune-mediated inflammatory disease such as psoriasis, rheumatoid
arthritis, and Crohn’s disease. Since IL-23/IL-17A signaling is a crucial player in neutrophil-
mediated inflammation and is known to be associated with TYK?2 phosphorylation [167], we
used brepocitinib, an investigational TYK2/JAKI inhibitor [140]. This approach allowed us to
interrogate the functional relevance of JAK1/TYK2 signaling downstream of the IL-23/IL-17A

axis in neutrophils.

Here, we observed that neutrophils when pretreated with brepocitinib (300 nM) showed a
significantly reduced migration towards IL-17A (10 ng/mL), IL-23 (10 ng/mL), and their
combination (Fig. 15A). Beyond its inhibitory effects on IL-17A— and IL-23—stimulated
migration, pretreatment with brepocitinib (300 nM) also led to a modest reduction in neutrophil
migration toward IL-8 (10 nM) (Fig. 15B). This suggests partial modulation of downstream
chemotactic signaling rather than complete suppression of classical chemokine responses.
Additionally, brepocitinib (300 nM) pretreatment also inhibited the increased migratory
response caused by the combined priming effects of IL-17A and IL-23 pretreatment, followed
by subsequent stimulation towards IL-8 (Fig. 15C). Furthermore, brepocitinib (1uM)
significantly reduced neutrophil migration toward conditioned media from cultured COPD lung
tissue (Fig. 15D), which likely contains a wide variety of inflammatory mediators, enzymes,
and collagens. This finding suggests that JAK1/TYK2 inhibition can dampen neutrophil

responses to complex inflammatory milieus resembling the COPD lung microenvironment.
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Figure 15. Brepocitinib inhibits IL-23, IL-17A, IL-8 driven neutrophil migration. A: Brepo
or Veh pretreated PMNL were migrated towards IL-17A, IL-23, and their combination. B:
Brepo or Veh pretreated PMNL were migrated towards IL-8. C: Brepo or Veh PMNL pretreated
along with IL-17A and IL-23 pretreatments were migrated towards IL-8. D: Brepo or Veh
pretreated PMNL were migrated towards conditioned media from COPD PCLS. Results were
normalised to the vehicle group. Results were normalised to the vehicle group. Neutrophils
were gated out of PMNL by excluding eosinophils based on their autofluorescence. Statistical
analyses were performed for A, B, C, using 2way ANOVA followed by Holm-Sidak test or
Fisher’s Least Significant Difference test for multiple comparisons; for D, using the paired t-
test. Veh-Vehicle; Brepo-Brepocitinib. *p <0.05, **p <0.01, ***p <0.001, ns = not significant.
Adapted from Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.

6.16. Brepocitinib blocks IL-23/IL-17A-enhanced neutrophil ROS production
in vitro

To further investigate the effects of brepocitinib on other neutrophil effector functions such as

ROS production mediated by C5a as well as IL-17A (Fig. 16A) and IL-23 (Fig. 16B) priming,
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we pretreated neutrophils with brepocitinib (300 nM) before stimulation with C5a. Brepocitinib
significantly reduced ROS production induced by C5a stimulation and blocked the increased
ROS production in neutrophils primed with either IL-17A or IL-23 prior to C5a stimulation.

These results show that brepocitinib not only restricts neutrophil migration but also significantly

decreases their oxidative burst ability, which might lead to a reduction in neutrophil-associated

inflammation.
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Figure 16. Brepocitinib inhibits 1L-23, IL-17A, and CS5A-induced neutrophil ROS
production. A: ROS production measured in PMNL pretreated with Brepo or Veh, followed by
IL-17A or Veh and stimulated with C5a. B: ROS production measured in PMNL pretreated with
Brepo or Veh, followed by IL-23 or Veh and stimulated with C5a. Results were normalised to
the vehicle group. Neutrophils were gated out of PMNL by excluding eosinophils based on their
autofluorescence. Statistical analyses were performed using 2way ANOVA followed by Holm-
Sidéak test for multiple comparisons. Veh-Vehicle; Brepo-Brepocitinib. *p < 0.05, **p < 0.01,
*#%p <0.001, ns = not significant. Adapted from Nayak BB et al., Am J Physiol Lung Cell Mol
Physiol, 2026.

6.17. Brepocitinib blocked IL-23/IL-17A induced TYK?2 and JAK1
phosphorylation
Our data so far clearly show that brepocitinib, a TYK2/JAKT inhibitor, not only blocks IL-23-
mediated effects, as expected, since IL-23 acts via TYK2, but also inhibits responses triggered

by IL-17A. Since IL-17A has not been directly linked to JAK/STAT signaling, especially not
with TYK2, we examined the effects of IL-17A and IL-23 on the phosphorylation of JAKs to
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study their involvement in JAK/STAT signaling. For this purpose, we stimulated the cells with
IL-23 (Fig. 17A, B) and IL-17A (Fig. 17C, D) each for 1 hour, in the presence or absence of
brepocitinib, and then examined the phosphorylation of TYK2 and JAK1 (pTYK2
(Tyr1054/Tyr1055) and pJAK1 (Tyr1022/Tyr1023)) by flow cytometry. We observed that IL-
23 treatment caused a significant increase in pTYK2 (Tyr1054/Tyr1055), as expected, but not
in pJAK1 (Tyr1022/Tyr1023). Similarly, IL-17A stimulation was associated with increased
phosphorylation of both pTYK?2 (Tyr1054/Tyr1055) and pJAK1 (Tyr1022/Tyr1023). Again, the

increase in phosphorylation was effectively reduced with brepocitinib co-treatment.
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Figure 17. Brepocitinib inhibits IL-23 and IL-17A-stimulated TYK2 and JAK1
phosphorylation in neutrophils. A: PMNL pretreated with IL-23 or veh in the presence of
Brepo or veh were measured for phosphorylation of TYK2 (pTYK2 (Tyr1054/Tyr1055)). B:
PMNL pretreated with IL-23 or veh in the presence of Brepo or veh were measured for
phosphorylation of JAK1 (pJAK1 (Tyr1022/Tyr1023)). C: PMNL pretreated with IL-17A or
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veh in the presence of Brepo or veh were measured for phosphorylation of TYK2 (pTYK2
(Tyr1054/Tyr1055)). D: PMNL pretreated with IL-17A or veh in the presence of Brepo or veh
were measured for phosphorylation of JAK1 (pJAKT (Tyr1022/Tyr1023)). Results are reported
as fold change to the secondary antibody. Neutrophils were gated out of PMNL by excluding
eosinophils based on their autofluorescence. Statistical analyses were performed using 2-way
ANOVA followed by Fisher’s Least Significant Difference test. Veh-Vehicle; Brepo-
Brepocitinib; sec-secondary antibody. *p < 0.05, **p <0.01, ns = not significant. Adapted from
Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.

6.18. Western blot analysis confirmed TYK?2 phosphorylation in response to
IL-23/IL-17A

To investigate whether the IL-23/IL-17A axis activates TYK2 in human neutrophils, donor-
derived neutrophils were stimulated with IL-17A or IL-23 for 15 minutes, and phosphorylation
responses were assessed. Both cytokines caused a significant increase in TYK2
phosphorylation, confirmed by Western blot analysis (Fig. 18A). Densitometric analysis
showed that pTYK2 (Tyr1054/Tyr1055) levels were significantly higher compared to controls,
while total TYK2 levels stayed constant following stimulation with both IL-17A (Fig. 18B) and
IL-23 (Fig. 18C). These results demonstrate a rapid and strong phosphorylation of the TYK?2
pathway by both IL-17A and IL-23, aligning with our previously shown flow cytometry data
showing increased pTYK2 (Tyr1054/Tyr1055) in human PMNL after stimulation with IL-17A
and IL-23.
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Figure 18. IL-17A and IL-23 induce phosphorylation of TYK2 in human PMNL. Isolated
human PMNL were stimulated with IL-17A (10 ng/mL) or IL-23 (10 ng/mL) for 15 minutes.
Whole-cell lysates were prepared and analyzed by Western blotting using antibodies against
pTYK2 (Tyr1054/Tyr1055) and total TYK2. B-actin was used as a loading control. A:
Representative Western blot showing phosphorylated TYK2 (pTYK2 (Tyr1054/Tyr1055)) and
total TYK?2 levels in vehicle and cytokine-stimulated PMNL. (B—C) Quantification of pTYK2
(Tyr1054/Tyr1055)/TYK2 ratios following stimulation with (B) IL-17A and (C) IL-23. Results
were normalised to the vehicle group. Outliers were assessed using the Grubbs’ test; no
significant outliers were detected. Normal distribution was confirmed using the Shapiro—Wilk
test. Statistical analyses were performed using a one-sample t-test. Veh-Vehicle. Veh-Vehicle.
*p < 0.05, **p <0.01, ns = not significant. Adapted from Nayak BB et al., Am J Physiol Lung
Cell Mol Physiol, 2026.

6.19. Indirect phosphorylation of JAKs by IL-8 and C5a

We also observe that brepocitinib not only blocks IL-23 and IL-17A-mediated effects but also
inhibits responses triggered by IL-8 and C5a. IL-8 and C5a have not been directly linked to
JAK/STAT signaling; therefore, we examined the effects of these mediators on JAK
phosphorylation to explore their involvement in JAK/STAT signaling. For this, we stimulated
the cells with IL-8 (Fig. 19A) and C5a (Fig. 19B) for 1 hour and 20 minutes, respectively, then
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examined the phosphorylation of TYK2, JAK1, and JAK2 by flow cytometry. We observed that
IL-8 treatment caused a significant increase in pTYK2 (Tyr1054/Tyr1055), pJAKI
(Tyr1022/Tyr1023), and pJAK2 (Tyr1007/Tyr1008) in neutrophils. Conversely, C5a
pretreatment significantly increased phosphorylation of pTYK2 (Tyr1054/Tyr1055) and pJAK1
(Tyr1022/Tyr1023), but not pJAK2 (Tyr1007/Tyr1008).
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Figure 19. IL-8 and C5a stimulate phosphorylation of JAK1, JAK2 and TYK2 in
neutrophils. A, B: PMNL stimulated with vehicle, IL-8, or C5a were measured for
phosphorylation of JAK1 (pJAK1 (Tyr1022/Tyr1023)), JAK1 (pJAK1 (Tyr1022/Tyr1023)), and
TYK2 (pTYK2 (Tyr1054/Tyr1055)). Results are reported as fold change relative to the
secondary antibody. Outliers were assessed using the Grubbs’ test. Normal distribution was
confirmed using the Shapiro—Wilk test. Statistical analyses were performed using the paired t-
test. Veh-Vehicle; Brepo-Brepocitinib; sec-secondary antibody. *p < 0.05, **p < 0.01, ns = not
significant. Parts of this figure are adapted from Nayak BB et al., Am J Physiol Lung Cell Mol
Physiol, 2026.
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6.20. Brepocitinib reduced pTYK2 (Tyr1054/Tyr1055) and pJAK1
(Tyr1022/Tyr1023) in neutrophils from COPD patients

We next aimed to confirm the inhibitory effects of brepocitinib on elevated phosphorylated
TYK2 (pTYK2 (Tyr1054/Tyr1055)) and JAK1 (pJAK1 (Tyr1022/Tyr1023)) levels in COPD
patients. In our previous data, we observed that brepocitinib reduced IL-23/IL-17A-mediated
increases in pTYK2 (Tyr1054/Tyr1055) and pJAKI1 (Tyr1022/Tyr1023). To validate these
findings, whole blood from COPD patients was treated with brepocitinib (1uM) or vehicle for
1 hour at 37°C, followed by the assessment of pTYK2 (Tyr1054/Tyr1055) (Fig. 20A) and
pJAK1 (Tyr1022/Tyr1023) (Fig. 20B) using flow cytometry. Consistent with our previous
results, brepocitinib induced a marked reduction in pTYK2 (Tyr1054/Tyr1055) and a trend
towards reduced pJAKI1 (Tyr1022/Tyr1023) (p=0.055), demonstrating its direct inhibitory
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effect on TYK2 and JAK1phosphorylation in COPD.

Figure 20. Brepocitinib inhibits TYK2 and JAK1 phosphorylation in neutrophils. Whole
blood from COPD patients treated with Brepo or vehicle for 1 hour and then were measured for
phosphorylation of A: TYK2 (pTYK2 (Tyr1054/Tyr1055)) and B: JAKI(pJAKI1
(Tyr1022/Tyr1023)). For statistical analysis was performed by paired t-test.The results are
expressed as AGeoMean. AGeoMean= GeoMeansuined sample-GeoMeanrmo.  GeoMean-
Geometric Mean. Veh-Vehicle; Brepo-Brepocitinib. *p < 0.05, ns = not significant. Adapted
from Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.
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6.21. Brepocitinib inhibits IL-17A and IL-23-induced IL-8 production in
PBECs

To investigate the potential role of the epithelium in IL-23/IL-17A axis-mediated neutrophil
responses, we employed primary bronchial epithelial cells (PBECs) differentiated at an air-
liquid interface (ALI). These cells were stimulated with either IL-17A (10 ng/mL) or IL-23 (10
ng/mL). IL-17A is known to directly influence epithelial cells, inducing the secretion of IL-8
[168], a major neutrophil chemoattractant [168] and its effects can be further amplified by the
presence of additional pro-inflammatory cytokines such as TNF-a and IL-1B [169].

In our experimental setup, ALI-PBECs were treated with a positive control consisting of TNF-
a + IL-1B (20 ng/mL) alone or in combination with IL-17A or IL-23, with or without
brepocitinib (300 nM) as a pharmacological intervention. After this stimulation, conditioned
medium was collected, and then freshly isolated neutrophils were co-cultured with the treated
PBECs for 2 hours at 37°C. Neutrophil activation was assessed by measuring CD11b surface
expression by flow cytometry (Fig. 21A).

Analysis of IL-8 protein levels in conditioned media collected from stimulated PBEC cultures
revealed that exposure to the positive control stimulus (TNF-a + IL-1p) caused a significant
increase in IL-8 secretion compared to unstimulated cells, confirming the strong pro-
inflammatory nature of this cytokine combination [169—-171] . Notably, when IL-17A (Fig. 21A)
was added to the positive control, we observed a synergistic rise in IL-8 production. A similar
pattern appeared when IL-23 (Fig. 21B) was combined with the positive control, again resulting
in an increased IL-8 response with borderline significance (p = 0.0503). These results suggest
that both IL-17A and IL-23 can enhance epithelial-derived IL-8 secretion in a pro-inflammatory
environment. Importantly, when brepocitinib (300 nM) was included as a treatment, IL-8 levels
were significantly lowered across all conditions—both in the positive control alone and with
IL-17A or IL-23. This demonstrates that brepocitinib effectively reduces epithelial IL-8

production.

Page 88 of 132



—p — — —
Ya¥ ¥ N ) l‘l ¥.a ¥ o] ¥
Submerged state (5 days) Air exposed state (2 weeks) Cells were treated with Conditioned media Followed by PBEC-
cytokines and Brepocitinib collected on Day 8 Neutrophil
on days 0, 2, and 5; media co-culture on day 8
replaced without treatment
onday 7
B C.
e ok ok ke ok koK
! ' ' 00584 |
*k
e Veh ¥k ¥ ns
[ 1 | ® \Veh
60000 Kokxk * ** IL-A7A ns * ¥k
11 | 60000 - ® IL-23
Bre 1 1 1
—_ ¢ Brepo b4 ® Brepo
E 400007 . & E 40000
= °
e [
- o
% -
= ] %
= 20000 ¢ ﬁ ﬁ = 20000+ . b
[
.
LA LI 1] LA || ]|
S & \s
N\ Qo ,’(k \\é@ 09 E\r:"
¥ <? 4
o&° &
° <Q°

Figure 21. Brepocitinib inhibits IL-17A and IL-23-induced IL-8 production in PBECs. A:
Schematic representation of the ALI PBEC experimental setup. The PBECs in submerged state
for 5 days; air exposed for 2 weeks; now fully differentiated PBECs were treated with media
containing IL-17A or IL-23 (at 10 ng/mL) or Veh, either alone or in combination with a positive
control (TNFa + IL-1B at 20 ng/mL), with or without Brepo for a week (day 0, 2, 5). On day 7,
fresh medium was added and incubated for 24 hours. On day 8, conditioned media is collected
before the co-culture for ELISA and migration assays, followed by neutrophil co-culture on the
basal side of the inserts for 2 hours. B and C: Conditioned media from PBECs treated with IL-
17A and IL-23, respectively, were measured for IL-8 secretion using ELISA. Statistical analyses
were performed using mixed-effect analysis followed by the Holm-Siddk test for multiple
comparisons. Veh-Vehicle; Brepo-Brepocitinib; Pos- Positive control. *p < 0.05, **p < 0.01,
*#%p <0.001, ****p <0.0001, ns = not significant. Adapted from Nayak BB et al., Am J Physiol
Lung Cell Mol Physiol, 2026.
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6.22. Brepocitinib inhibits IL-17A and IL-23-induced IL-8 in PBECs, reducing

neutrophil migration

Furthermore, to directly assess the functional consequences of epithelial stimulation on
neutrophil behaviour, we performed migration assays using conditioned media collected from
PBECs subjected to the same treatment conditions described above. When neutrophils were
exposed to conditioned media from IL-17A-treated (Fig. 22A) or IL-23-treated (Fig. 22B)
PBECs, there was a significant increase in neutrophil chemotaxis. Notably, including
brepocitinib during epithelial cell stimulation resulted in conditioned media that significantly
reduced neutrophil migration across all sample conditions. These results show that
pharmacological inhibition with brepocitinib not only suppresses epithelial cytokine release but

also effectively reduces the downstream chemotactic signals that promote neutrophil

recruitment.
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Figure 22. Brepocitinib inhibits IL-17A- and IL-23-induced IL-8 production in PBECs,
thereby inhibiting neutrophil recruitment. A and B: PMNL migrated towards the conditioned
media from PBECs treated with IL-17A and IL-23, respectively. Results are normalised to the
vehicle-treated group, which is expressed as 1. Statistical analyses were performed using 2-way
ANOVA followed by Holm-Siddk test for multiple comparisons. Veh-Vehicle; Brepo-
Brepocitinib; Pos- Positive control. *p < 0.05, **p < 0.01, ns = not significant. Adapted from
Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.
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6.23. Brepocitinib inhibits IL-17A and IL-23-induced CD11b in PBEC-

neutrophil co-culture

Using the same experimental setup as described earlier (Fig. 21A), freshly isolated neutrophils
were co-cultured with treated PBECs for 2 hours at 37°C. Subsequently, neutrophil activation
was then assessed by measuring CD11b surface expression via flow cytometry. Neutrophils co-
cultured with IL-17A (Fig. 23A) and IL-23 (Fig. 23A) stimulated PBECs showed a distinct
increase in CD11b, indicating enhanced activation. Notably, this increase was significantly
reduced when epithelial cells were co-treated with brepocitinib. Overall, these results indicate
that epithelial cells stimulated by IL-17A and IL-23 promote neutrophil activation, and that

brepocitinib effectively reduces this epithelial-driven neutrophil priming.
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Figure 23. Brepocitinib inhibits IL-17A and IL-23-induced IL-8 production in PBECs,
decreasing neutrophil CD11b upregulation in the coculture. A and B: PMNL co-cultured
with PBECs treated with IL-17A and IL-23, respectively. Neutrophils were gated out of PMNL
using CD16 and were measured for CD11b upregulation. Results are expressed as a percentage
of the response in the vehicle-treated control group, expressed as 100 %. Statistical analyses
were performed using 2-way ANOVA followed by Fisher’s Least Significant Difference test.
Veh-Vehicle; Brepo-Brepocitinib; Pos- Positive control. *p < 0.05, **p < 0.01, ns = not
significant. Adapted from Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.

6.24. Effects of brepocitinib on IL-8 production in smoke-induced PBECs

In a separate experiment, air—liquid interface (ALI)-differentiated primary bronchial epithelial
cells (PBECs) were exposed to cigarette smoke daily for seven days starting from day O.

Brepocitinib (300 nM) was added to the basal medium during this period in the experimental
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groups, while controls received only basal medium. On day 7, the medium was replaced with
fresh basal medium without smoke or inhibitor, and cultures were incubated for additional 24
hours. Conditioned media collected on day 8 were analyzed for IL-8 levels by ELISA (Fig. 24).
Consistent with the pro-inflammatory effects of smoke, smoke-exposed PBECs showed slightly
higher IL-8 levels than controls. Treatment with brepocitinib caused a mild, non-significant

reduction in IL-8 secretion in smoke-exposed PBECs.

Figure 24. Effect of brepocitinib on IL-8
release from smoke activated PBECs. The

150000 Iﬂl Iﬂl fully differentiated PBEC were treated with air,

° smoke, and smoke+brepo for a week (day 0, 2,

E 100000 5). On day 7, fresh medium was added and
s % incubated for 24 hours. On day 8, conditioned
o media is collected. Conditioned media from
= 500007 i S PBECs treated with air, smoke, and smoke +
= ° brepo, respectively, were measured for IL-8

0 I I ) secretion by ELISA. Statistical analyses were

o ¥ L performed using one-way ANOVA followed by

s o) * Holm-Siddk test for multiple comparisons.

%@5*' Brepo-Brepocitinib. ns = not significant.

Adapted from Nayak BB et al., Am J Physiol
Lung Cell Mol Physiol, 2026.

6.25. Deucravacitinib, a TYK2 specific inhibitor blocks IL-17A and IL-23-
induced IL-8 production in PBECs

In an experimental setup similar to the previous one (refer to Fig. 21A), ALI-differentiated
PBECs were treated for 7 days starting on day 0, with a positive control (TNFa + IL-1p at 20
ng/mL), either alone or combined with the cytokines IL-17A or IL-23 at 10 ng/mL, with or
without deucravacitinib (300 nM) added to the basal medium. On day 7, the medium was
replaced with fresh medium and incubated for 24 hours. On day 8, conditioned medium was

collected for ELISA.

Consistent with our previous findings with brepocitinib, blocking TYK2 signaling with
deucravacitinib also led to a significant decrease in IL-8 secretion from activated PBECs.
Importantly, this inhibitory effect was observed both in cultures treated with the positive control

alone and in those stimulated with the positive control along with IL-17A (Fig. 25A) or IL-23
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(Fig. 25B). These results further emphasize the role of TYK2 in IL-8 release in response to pro-
inflammatory signals in PBECs.
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Figure 25. The effect of deucravacitinib on IL-8 release from activated PBECs. The fully
differentiated PBEC were treated with media containing IL-17A or IL-23 (at 10 ng/mL) or Veh,
either alone or in combination with a positive control (TNFa + IL-1p at 20 ng/mL), with or
without Deu for a week (day 0, 2,5). On day 7, fresh medium was added and incubated for 24
hours. On day 8, conditioned media was collected. A and B: Conditioned media from PBEC
treated with IL-17A and IL-23, respectively, were measured for IL-8 secretion using ELISA.
Statistical analyses were performed using 2-way ANOVA followed by the Holm-Sidak test for
multiple comparisons. Veh-Vehicle; Deu-Deucravacitinib; Pos- Positive control. *p < 0.05, **p
<0.01, ***p < 0.001, ns = not significant. Adapted from Nayak BB et al., Am J Physiol Lung
Cell Mol Physiol, 2026.

6.26. GR (Glucocorticoid Receptor) protein abundance in COPD patients

A proposed mechanism for corticosteroid resistance involves the potential overexpression of
the glucocorticoid receptor beta (GRP) isoform, which acts as a dominant-negative variant that
inhibits GRa, the functional receptor. This isoform is produced through alternative splicing of
the NR3C1 gene [172,173]. Previous research has linked neutrophilic inflammation, the IL-
23/IL-17A axis, and corticosteroid resistance in patients with chronic lung diseases, especially
regarding corticosteroid insensitivity of PBMCs and airway epithelium [114,174]. Nonetheless,

the precise mechanisms are not fully understood. Our microarray analysis revealed a significant
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increase in NR3C1 (Fig. 26A) mRNA abundance in sputum cells from severe COPD patients
compared to those with moderate disease. While this may indicate upregulation of the
inflammation-related GRp isoform, the overall increase in NR3C1 level does not clearly
differentiate between alternative splicing into GRa or GRp. Proper identification of these

isoforms requires isoform-specific protein analyses.

Thus, we examined the levels of GRa (Fig. 26B) and GRp (Fig. 26C) proteins in peripheral
blood neutrophils from COPD patients, smokers without COPD, and healthy controls using
flow cytometry. Results indicated that COPD patients exhibited significantly higher GRP levels
compared to healthy controls, while GRa levels were similar across groups. Notably, the GRa
to GRP ratio (Fig. 26D), an important marker of corticosteroid sensitivity [175] was

significantly decreased in COPD patients relative to controls.
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Figure 26. NR3C1 mRNA levels in moderate versus severe COPD, and Glucocorticoid
receptor protein levels in healthy donors versus COPD. A: NR3C1 mRNA levels in sputum-
derived immune cells (neutrophils and macrophages) from patients with moderate (stage II) and
severe (stages III and IV) COPD, based on microarray data. B: Protein abundance levels of GRa
in neutrophils from healthy donors compared to COPD patients. C: Protein abundance levels of
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GRp in neutrophils from healthy donors compared to COPD patients. D: GRa to GRf ratio in
neutrophils from healthy donors compared to COPD patients. Statistical analyses were
performed using either unpaired t-test or Mann-Whitney U test based on normal distribution.
*p < 0.05, ***p < 0.001, ns = not significant. Adapted from Nayak BB et al., Am J Physiol
Lung Cell Mol Physiol, 2026.

6.27. GR (Glucocorticoid Receptor) protein abundance in smokers

Similarly, neutrophils from smokers showed a trend toward higher levels of the glucocorticoid
receptor isoform GRp (Fig. 27B) compared to those from healthy non-smokers. However, there
was no significant difference in GRa (Fig. 27A) protein abundance between the groups.
Consistently, the GRa to GR ratio (Fig. 27C) was significantly higher in healthy controls than
in smokers, indicating potentially greater glucocorticoid sensitivity in non-smokers. Overall,
these findings suggest that increased GRp protein abundance may already be present in smokers
before the onset of clinically apparent disease. This supports the idea that GR could serve as
an early molecular marker of corticosteroid resistance, emphasizing its potential as a predictive

biomarker for smoking-related airway inflammation.
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Figure 27. Glucocorticoid receptor expression in smokers versus non-smokers. A: Protein
abundance levels of GRa in neutrophils from healthy non-smokers compared to smokers. B:
Protein abundance levels of GRf in neutrophils from healthy non-smokers compared to
smokers. C: GRa GR to ratio in neutrophils from healthy non-smokers compared to smokers.
Statistical analyses were performed using either unpaired t-test based on normal distribution.
*p < 0.05, ns = not significant. Adapted from Nayak BB et al., Am J Physiol Lung Cell Mol
Physiol, 2026.

6.28. IL-23 and IL-17A induce GRJ upregulation in neutrophils, mimicking
disease patterns, which can be mitigated with Brepocitinib

To further explore the role of IL-23 and IL-17A in corticosteroid resistance, PMNL were
pretreated with a combination of IL-17A and IL-23 (10 ng/mL each) (Fig. 28A) for 3 hours at
37°C, then examined for glucocorticoid receptor isoforms using flow cytometry. This cytokine

stimulation caused a significant shift in receptor protein abundance, marked by a notable
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decrease in GRa and an increase in GRP. As a result, the GRa to GR ratio was significantly
lowered under these conditions, mimicking key molecular features of corticosteroid resistance

commonly seen in patients with COPD and in smokers.

When cells were co-treated with brepocitinib (300 nM) (Fig. 28B), a dual TYK2/JAKI
inhibitor, a clear modulatory effect on receptor protein abundance was observed. Specifically,
brepocitinib treatment caused a significant decrease in GRp levels, while GRa protein
abundance remained consistent. This selective effect on GRp resulted in a notable increase in
the GRa to GR ratio compared to cytokine treatment alone. These results emphasize the ability
of brepocitinib to counteract cytokine-induced alterations in glucocorticoid receptor balance
and highlight its potential to restore the GRa to GRp ratio, an important factor in corticosteroid

sensitivity, in inflammatory conditions such as COPD.
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Figure 28. Effect of Brepocitinib on IL-17A/IL-23-induced upregulation of GRp in
neutrophils. A: PMNL were pretreated with IL-17A and IL-23 for 3 hours and stained for GRa
and GRp, and the protein abundance levels of GRa, GRp, and their ratio in neutrophils are
shown. B: PMNL were pretreated with IL-17A and IL-23, with or without Brepo, for 3 hours,
then stained for GRa and GRp and the protein abundance levels of GRa, GRp, and their ratio
in neutrophils are shown. Results are expressed as fold change relative to the secondary
antibody. Neutrophils were gated out from PMNL by excluding eosinophils based on
autofluorescence. Statistical analyses were performed using a paired t-test. GRa-Glucocorticoid
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receptor alpha; GR - Glucocorticoid receptor beta; Veh - Vehicle; Brepo - Brepocitinib. *p <
0.05, **p < 0.01, ***p < 0.001, ns = not significant. Adapted from Nayak BB et al., Am J
Physiol Lung Cell Mol Physiol, 2026.

6.29. Brepocitinib blocks IL-23-induced neutrophil recruitment into the
airways

Since our initial experiments demonstrated that I[L-23 stimulation leads to a marked increase in
neutrophil migration in vitro, we sought to confirm and validate this effect in corresponding in
vivo models. Specifically, when IL-23 was administered intranasally at a dose of 2 pg to
C57Bl1/6 mice, there was a significant and noticeable rise in the number of neutrophils present
in the bronchoalveolar lavage (BAL) fluid, as depicted in Fig. 29A. Building on our in vitro
data, which indicated that brepocitinib can effectively counteract neutrophil activation induced
by IL-23, our in vivo experiments revealed that co-treatment with brepocitinib at a dose of 3
mg/kg, delivered orally, resulted in a significant reduction of neutrophil recruitment into the
airways that was initially prompted by IL-23 administration (Fig. 29B). It is also noteworthy
that other immune cell populations within the BAL fluid, such as alveolar macrophages (Fig.
29D), and lymphocytes (Fig. 29C), did not show any significant changes in their numbers
following these treatments. However, IL-23 treatment increased the migration of eosinophils,
which opens another important avenue to further investigate the role of IL-23 in eosinophil

recruitment (Fig. 29E).
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Figure 29. Effect of Brepocitinib on the airway neutrophil recruitment by IL-23 in vivo.
A: Schematic representation of in vivo experimental setup for intranasal administration of IL-
23 (2pg) or vehicle (saline) along with Brepo (3 mg/kg) or vehicle (saline) through oral gavage
for 3 days, followed by sacrifice and BAL collection on day 4 and immune cells in the BAL
was measured using flow cytometry. B: Neutrophil recruitment in the BAL. C: CD3+ cells in
the BAL. D: Alveolar macrophages in the BAL. E: Eosinophils in the BAL. Statistical analyses
were performed using mixed-effect analysis followed by Fisher’s Least Significant Difference
test. Veh-Vehicle; Brepo-Brepocitinib. *p < 0.05, **p < 0.01, ns = not significant. Parts of this
figure are adapted from Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.
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6.30. Brepocitinib mitigates LPS-induced airway neutrophil inflammation in
vivo

Ivanov et al. previously revealed that IL-23 enhances LPS-induced IL-17A production in vivo

and thereby promotes neutrophilic inflammation in the airways [157].

To expand on our findings and assess whether brepocitinib can reduce neutrophilic
inflammation in a broader physiological setting, we used an acute inflammation model triggered
by intranasal administration of lipopolysaccharide (LPS, 5 pg) in the presence of brepocitinib
(10 mg/kg) or vehicle co-treatment (Fig. 30A). As expected, LPS challenge caused a significant
influx of neutrophils into the bronchoalveolar lavage (BAL), confirming the strong neutrophilic
response typical of this model. Importantly, co-treatment with brepocitinib significantly
reduced the extent of LPS-induced neutrophil infiltration into the airways (Fig. 30B),

demonstrating its anti-inflammatory efficacy in vivo.

Other immune cell populations in the BAL, such as alveolar macrophages (Fig. 30D), showed
no significant changes in response to either LPS or brepocitinib treatment. Interestingly, the
proportion of CD3+ T cells (Fig. 30C) and eosinophils (Fig. 30E) increased after LPS
administration. This increase could not be statistically reduced by brepocitinib co-treatment
alongside LPS, although a decreasing trend was observed in CD3+ and eosinophil populations

with brepocitinib co-treatment.
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Figure 30. Effect of Brepocitinib on LPS-induced airway neutrophil inflammation in vivo.
A: Schematic representation of the in vivo experimental setup for LPS-induced inflammation.
Intranasal administration of LPS (5 pg) or vehicle (saline) along with Brepo (10 mg/kg) or
vehicle (saline) through oral gavage for 3 days, followed by sacrifice and BAL collection on
day 4 and immune cells in the BAL was measured using flow cytometry. B: Neutrophil
recruitment in the BAL. C: CD3+ cells in the BAL. D: Alveolar macrophages in the BAL. E:
Eosinophils in the BAL. Statistical analyses were performed using mixed-effect analysis
followed by Fisher’s Least Significant Difference test. Veh-Vehicle; Brepo-Brepocitinib. *p <
0.05, ****p < (0.0001, ns = not significant. Parts of this figure are adapted from Nayak BB et
al., Am J Physiol Lung Cell Mol Physiol, 2026.
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6.31. Brepocitinib mitigates TYK2 phosphorylation in the lungs of LPS-

induced neutrophil inflammation

In the acute neutrophilic airway inflammation model using LPS (Fig. 31A), we examined
pTYK2 (Tyr1054/Tyr1055)-positive cells in the lung tissues of mice that received LPS or
vehicle, with or without brepocitinib, using immunofluorescence microscopy (Fig. 31B). When
quantifying the immunofluorescence (IF) images, we observed a significant increase in pTYK?2
(Tyr1054/Tyr1055)-positive cells in the lung tissue of mice treated with lipopolysaccharide
(LPS) (Fig. 31C). Notably, this increase in pTYK2 (Tyr1054/Tyr1055)-positive cells was
effectively reversed in the group of mice that received combined brepocitinib and LPS treatment

(Fig. 31C).

In summary, these results highlight the major experimental findings of our study and provide
evidence for the crucial involvement of the IL-23/IL-17A axis in neutrophilic airway
inflammation and inducing corticosteroid resistance in the context of COPD. These effects may
be amenable to therapeutic modulation by targeting TYK2 and JAK1. The implications of these

observations are further discussed in the following Discussion section.
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Figure 31. Effect of Brepocitinib on pTYK?2 (Tyr1054/Tyr1055)-positive cells in the lung
tissues in in vivo LPS-induced neutrophilic airway. A: Schematic representation of the in
vivo experimental setup for LPS-induced inflammation. B: IF analysis of lung tissue from the
LPS-induced inflammation model. C: Quantification of IF images from E. Statistical analyses
were performed using mixed-effect analysis followed by Fisher’s Least Significant Difference
test. Veh-Vehicle; Brepo-Brepocitinib, IF-Immunofluorescence. *p < 0.05, ns = not significant.
Adapted from Nayak BB et al., Am J Physiol Lung Cell Mol Physiol, 2026.
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7. Discussion

In this study, we demonstrated that the IL-23 / IL-17A axis plays a crucial role in regulating
neutrophil effector functions and recruitment, and that TYK2/JAK1 inhibition offers a
promising therapeutic strategy to target IL-23/IL-17A-driven neutrophilic inflammation,

especially in severe, exacerbation-prone COPD.

Our data clearly show how neutrophil effector functions, activation markers, and recruitment
are influenced by the IL-23/IL-17A cytokines both in vitro and in vivo. These findings are
essential for understanding the functional contribution of the IL-23/IL-17A axis in neutrophilic
inflammation. The inhibition of these responses by brepocitinib, a TYK2/JAKI inhibitor,
highlights the potential of targeting the JAK/STAT pathway, particularly TYK2/JAK1, to reduce
this neutrophilic inflammation. In vivo, brepocitinib significantly reduced neutrophil

recruitment induced by IL-23 or LPS challenge.

Our findings further support this concept, as we observe differences in TYK2 and JAKI1
phosphorylation in patient samples compared to healthy controls. This phenotype was
reproduced through IL-23/IL-17A stimulation and was reversed with brepocitinib treatment.
Additionally, our data indicate that overprotein abundance of GRp in neutrophils acts as an
early, predictive biomarker for corticosteroid resistance, even before clear clinical signs of
COPD appear. This phenotype was also reproduced by IL-23/IL-17A stimulation and reversed
by brepocitinib treatment. Collectively, these results support TYK2/JAK1 as a central signaling
node linking cytokine-driven immune dysregulation to neutrophil-mediated pathology in COPD

and highlight its translational potential as both a biomarker and therapeutic target.

7.1.  IL-23/IL-17A axis; JAKs and neutrophilic inflammation in COPD,

smokers and allergic donors compared to healthy controls

Our study shows that the IL-23/IL-17A axis, which so far has been considered a central
regulator of neutrophilic inflammation as a modulator of the adaptive immune response (the
non-Th2 endotype), can also directly contribute to neutrophil activation, further supporting
neutrophilic inflammation. In COPD, neutrophilic inflammation is a hallmark of disease
heterogeneity, especially in severe COPD patients with frequent exacerbations. BAL and blood

neutrophil counts have been shown to predict exacerbation frequency and mortality in COPD
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cohorts, underscoring the clinical relevance of neutrophil-driven pathology [103,104]. Studies
have shown that IL-23 and IL-17A levels are higher in the serum and sputum of COPD patients
compared to healthy controls [145,176]. Additionally, elevated IL-23 and IL-17A levels have
been reported in the serum and sputum of patients with severe COPD compared to those with
milder forms of the disease, indicating a correlation with disease severity [103,104,159]. Since
IL-23 signals through TYK2 and JAK2, we examined the protein abundance of both kinases in
neutrophils under pathological conditions. We also analyzed JAKI1, as many IL-17-driven
autoimmune diseases suggest JAK1/JAK2 involvement [177-179]. With this in mind, we
studied the protein abundance of TYK2, JAK?2, and JAK1 to expand our understanding of JAK
kinase-related pathways. Analysis of publicly available microarray data [159] showed that
mRNA levels of TYK2 and JAKI were markedly higher in sputum cells from patients with
severe COPD (stages III and IV) compared to those with moderate COPD (stage II). This
suggests a possible link between the increased abundance of these genes and disease severity.
Conversely, JAK2 mRNA abundance did not show significant differences between the groups,
highlighting the specific role of TYK2 and JAK1 phosphorylation in advanced COPD stages,
which may be associated with more pronounced inflammatory responses. These observations
align with our serum cytokine measurements in patients with severe COPD and support
previous reports showing that IL-23 levels are higher in individuals with severe COPD
compared to those with milder disease [56]. Elevated 1L-23 levels have also been observed in
the alveolar macrophages of smokers who are HIV-1 positive [180], and smokers—with or
without COPD—show higher numbers of IL-23—positive cells in the bronchial epithelium and
submucosa than non-smokers [99]. Similarly, cigarette smoke has been connected to higher IL-
17A levels in airway tissues [181,182], and elevated circulating levels of IL-17A have been
reported in both the serum and sputum of COPD patients [145,176], with further increases
observed during exacerbations [103,104]. Interestingly, although IL-17A levels showed no
difference between moderate and severe COPD in the microarray data, they were significantly
higher in the serum of our COPD patients, particularly among those with severe disease. This
discrepancy could be due to technical variations, patient heterogeneity, or might suggest that
systemic IL-17A is a more sensitive indicator of disease severity. Overall, these results reinforce
the ongoing role of the IL-23/IL-17A axis in COPD development and, for the first time, reveal
a disease-severity-dependent rise in TYK2 and JAKI1.
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Further the flow cytometry analysis of whole blood was done to measure the protein abundance
of TYK2, JAK1 and JAK2 and their phosphorylation (pTYK2, pJAK1, pJAK2) respectively.
Phosphorylation of TYK2 at Tyr1054/Tyr1055, JAK2 at Tyr1007/Tyr1008, and JAKI at
Tyr1022/Tyr1023 reflects activation of these kinases following cytokine receptor engagement.
Increased phosphorylation at these activation-associated tyrosine residues suggests enhanced
downstream inflammatory signaling, particularly through JAK/STAT-associated pathways
involved in IL-23- and IL-17-mediated responses. Conversely, reduced phosphorylation
following inhibitor treatment indicates suppression of kinase activation and attenuation of
inflammatory signaling cascades. Our flow cytometric data further supported the mRNA
abundance of TYK2/JAKI associated with COPD disease severity, by revealing increased
pTYK2 (Tyr1054/Tyr1055) levels in neutrophils from COPD patients compared to healthy
controls, indicating systemic pathway activation. Interestingly, elevated pTYK2
(Tyr1054/Tyr1055) and pJAKI1 (Tyr1022/Tyr1023) levels were also observed in younger
smokers without COPD compared to non-smoking healthy individuals, implying early pathway
activation before clinical symptoms appear. As smoking is a key risk factor for COPD, these
findings suggest that early pathway activation may contribute to disease development. This
points to the involvement of TYK2/JAKI-driven neutrophilic inflammation in COPD
pathogenesis and underscores the potential of pTYK2 (Tyr1054/Tyr1055) as an early biomarker
for smoke-related diseases, aiding early diagnosis and treatment. Overall, the data emphasize
the role of TYK2/JAKI1 signaling in COPD and its promise as a therapeutic target and early
indicator of disease development. Along with neutrophils, the flow cytometric analysis also
showed a significant or trending increase in the protein abundance and phosphorylation of
TYK?2, JAKI1, and JAK2 in some other immune populations in COPD patients or smokers
compared to matched healthy controls. This further supports the idea of enhanced JAK
phosphorylation in various immune cells during COPD pathogenesis and associated
inflammation. In contrast, when comparing blood donors with allergic conditions to those
without allergies, we observed significantly lower levels of phosphorylated JAK2 (p=0.0476)
and phosphorylated TYK2 (p=0.164) in neutrophils isolated from allergic individuals. This
reduced phosphorylation of JAK2 and TYK2 in allergic donors may reflect a response skewed
towards Th2-mediated inflammation, which is characterized by cytokines such as IL-4 and IL-
13 and involves distinct downstream signaling pathways from the non-Th2, neutrophilic

inflammation typically observed in COPD. Overall, these findings highlight differences in
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immune signaling pathways between allergic and COPD conditions, emphasizing distinct

molecular mechanisms underlying each inflammatory endotype [183,184].

Some broader reviews and mechanistic studies on JAK/STAT signaling in airway inflammation
support the idea of targeting TYK2 in neutrophilic conditions [185]. Meanwhile, in dermatology
and autoimmune disease research, TYK2 inhibitors that target the IL-12 / IL-23 axis are
becoming increasingly prominent, highlighting the practical potential of this approach

[186,187].

7.2.  1L-23/IL-17A axis role in neutrophil effector function, recruitment,

activation

Besides the JAKs, the microarray data analysis revealed and reconfirmed that IL-23 gene
abundance was increased in severe COPD patients compared to moderate ones. Despite
previous studies, the IL-17A gene abundance in this microarray dataset was not statistically
significantly different between the severe and moderate groups, despite showing an increasing

trend in severe COPD patients.

We further examined how the IL-23/IL-17A axis influences neutrophil effector functions,
specifically migration and ROS production. Both cytokines, whether alone or together,
significantly increased neutrophil migration in vitro, with their combined effect being more
substantial than either cytokine alone. Besides directly promoting migration, they also primed
neutrophils to respond more strongly to chemoattractants like IL-8. These priming effects
extended to ROS production, a crucial factor in disease progression and flare-ups in COPD.
Our results align with previous research suggesting that during colitis onset, high IL-23 levels
shift neutrophils into an IL-17A-producing phenotype and enhance the abundance of genes
related to neutrophil activation and recruitment [171]. Similarly, [L-17A is known to recruit
neutrophils into the airway lumen, triggering the release of chemokines like CXCLI1 and
CXCLS/IL-8 from airway epithelial cells, as demonstrated in our ALI cultures. Regarding ROS
production, murine models with neutrophils lacking IL-17A have exhibited reduced ROS
release [188]. Likewise, there is evidence that IL-23 promotes NETs formation, a process
associated with ROS production [189]. IL-17A, though not IL-23 priming, also enhanced
CDI11b upregulation in neutrophils stimulated with C5a. This further supports IL17A's
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contribution to neutrophil activation. This has been previously addressed in a study on a mouse
arthritis model [190]. A lack of calcium flux after IL-17A or IL-23 stimulation is expected, as
their receptors are not known to be connected to the PLC—IP;—Ca?* signaling pathway. Instead,
these cytokines are known to activate transcriptional pathways: IL-17A through the Actl—
TRAF6-NF-«B/MAPK axis, and IL-23 via JAK2/TYK2-STAT3/STAT4 [75,79,191].

Overall, these findings support our observations on ROS production in neutrophils primed with
these cytokines. Our findings go beyond this traditional view, demonstrating that IL-23 and IL-
17A not only indirectly stimulate chemokine production via epithelial cells but also directly
promote neutrophil migration, enhance neutrophil responsiveness to chemoattractants such as
IL-8, augment inflammatory mediators like C5a, and increase reactive oxygen species (ROS)
production. To our knowledge, this dual role as both a chemotactic signal and a functional
activator represents a novel extension of the IL-23/IL-17A axis in neutrophil biology and

inflammation.

7.3. TYK2/JAKI inhibition as a therapeutic strategy:

a. In vitro studies

Since IL-23 receptors interact with TYK2, and based on our previous observations regarding
Tyk2 and JAK1 phosphorylation in COPD and smokers we investigated whether blocking
TYK2, and JAK1 in neutrophils could stop IL-23-driven effects. We employed brepocitinib, an
experimental TYK2/JAK1 inhibitor [192].

In COPD, antigen-presenting cells (APCs) are strongly activated by cigarette smoke, oxidative
stress, and microbial stimuli [26,93]. APC-derived IL-23 is essential for promoting and
maintaining Th17 cell polarization and ILC3 stabilization[19]. Th17 cells mainly produce IL-
17A and IL-17F, which stimulate epithelial cells to release neutrophil-attracting chemokines
like CXCL1 and IL-8 (CXCLS8) [193], thereby promoting neutrophil recruitment to the airways
[19]. To further assess the therapeutic potential of brepocitinib, we studied its ability to inhibit
IL-23/IL-17A—stimulated IL-8 release from primary bronchial epithelial cells (PBECs) cultured
at the air-liquid interface (ALI) and stimulated with TNF-a/IL-1p. Notably, brepocitinib
significantly suppressed IL-17A and IL-23—induced IL-8 secretion. This was supported by

reduced neutrophil migration toward media conditioned by brepocitinib-treated PBECs and
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lower CD11b surface expression on neutrophils co-cultured with these cells. Additionally, the
selective TYK2 inhibitor deucravacitinib also decreased IL-23 and IL-17A—stimulated 1L-8
release, though less effectively than brepocitinib, suggesting that both TYK2 and JAKI1

contribute to this mechanism.

Besides that, brepocitinib inhibits IL-17A and IL-23-induced neutrophil migration, as well as
neutrophils primed with IL-17A or IL-23 migrating toward IL-8. Brepocitinib also reduces ROS
in IL-23 and IL-17A-primed neutrophils induced with CS5a. It is notable that brepocitinib
decreases neutrophil migration and/or ROS production triggered by IL-8, C5a, and IL-17A, as
well as by conditioned media from COPD lung tissue cultures (of unknown composition)
besides IL.-23, even though these mediators are not directly linked to the JAK/STAT pathway.
These broader inhibitory effects suggest intriguing mechanistic hypotheses, leading us to
discuss TYK2 and JAK1 phosphorylation in the context of these cytokines, given that
brepocitinib is a TYK2/JAK1 inhibitor.

b. TYK2/JAKI1 phosphorylation

We observed that all three mediators induced TYK2 phosphorylation, suggesting either
signaling cross-talk with the JAK/STAT pathway or phosphorylation of TYK2 as well as JAK,
probably via alternative signaling pathways. This suggests that cross-talk or noncanonical
phosphorylation routes may engage TYK2 even beyond classical cytokine receptor-JAK

coupling.

Our results align with previous research showing that in monocytic U937 cells, IL-17A activates
TYK?2, indicating signaling through the JAK/STAT pathway [84]. Although IL-8 mainly
triggers downstream pathways like PI3K and MAPK, it has also been shown to stimulate JAK3
activity in neutrophils, which suggests an indirect mechanism potentially leading to TYK2 or
JAKI phosphorylation [194]. Similarly, C5a signals via PI3K, ERK, and p38 MAPK, which
may interact with the JAK/STAT pathway [195]. An additional possible mechanism for
increased TYK2 phosphorylation after stimulation with IL-17A, IL-8, and C5a is the release of
secondary cytokines from neutrophils, such as IL-6, a key cytokine involved in COPD. It is
known that IL-17A [196-198], IL-8 [199], and C5a [200-202] can quickly induce IL-6 mRNA
expression and secretion. IL-6 can then activate TYK2, and JAK1 through its receptor complex
[203-205]. These findings suggest potential indirect pathways for TYK2 phosphorylation,
either through pathway cross-talk or by releasing secondary cytokines that engage the
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JAK/STAT pathway. Thus, rather than acting purely upstream, the TYK2/JAK1 axis may
represent a convergent point for multiple inflammatory signals, making it a particularly

attractive target.

To further confirm the effectiveness of brepocitinib in inhibiting the IL-23 and IL-17A-
mediated effects observed in neutrophils, we co-treated the cells with brepocitinib while
stimulating them with these cytokines. The increase in pTYK2 (Tyr1054/Tyr1055) levels
caused by IL-23 or IL-17A stimulation was reduced by brepocitinib co-treatment. Brepocitinib
also mitigated the rise in pJAK1 (Tyr1022/Tyr1023) observed with IL-17A stimulation. The
effectiveness of brepocitinib in the context of COPD was further confirmed when blood from
COPD patients treated with brepocitinib showed lower pTYK2 (Tyr1054/Tyr1055) and pJAK1
(Tyr1022/Tyr1023) abundance compared to vehicle treatments. These results clarify that
brepocitinib blocks IL-23 and IL-17A mediated functional effects and reduces JAK activation
in neutrophils stimulated with IL-23/IL-17A stimulated as well as in COPD blood, suggesting
the involvement of JAKSs, especially TYK2 and JAKI, in the IL-23/IL-17A axis of neutrophilic

airway inflammation in COPD.
c. In vivo studies

In an in vivo setting, brepocitinib reduced neutrophilic recruitment to the airways induced by
IL-23, which aligns with our previous in vitro findings, demonstrating the priming role of IL-
23 in neutrophil migration. Besides that, brepocitinib also blocked neutrophilic infiltration in
the LPS-induced acute lung inflammation model. LPS is known to trigger neutrophil
recruitment via two mechanisms: the canonical pathway and the non-canonical pathway
[206,207]. The canonical pathway operates through the TLR4 activation on macrophages
leading to activation of downstream MyD88/TRIF pathways, which causes the
cytokine/chemokine release [206]. The non-canonical inflammasome pathway is activated by
LPS binding to caspase-11 leading to IL-1p / IL-18 release [207-209]. Although there is no
clear evidence to date supporting the idea that TYK2 might directly participate in canonical
LPS signaling, previous studies indicate that knocking out or inhibiting TYK2 can decrease
caspase-11 induction, lower IL-1 and IL-18 levels, and reduce neutrophil recruitment in mice.
Therefore, blocking TYK2 could impair neutrophilic inflammation through suppression of

cytokine networks and modulation of inflammasomes [210].
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7.4. GRp as a biomarker of steroid resistance in neutrophils
Our study offers new insights into the neutrophil-intrinsic mechanisms of corticosteroid
resistance and potential therapeutic approaches in COPD. This was addressed through
overexpression of the glucocorticoid receptor B isoform (GRp), thus lowering the GRa-to-GR§p,
which correlates with corticosteroid resistance. Under homeostatic conditions, human
neutrophils show higher baseline levels of GRP compared to other leukocytes, which might
explain their reduced sensitivity to glucocorticoid-induced apoptosis [211]. Previous studies
have indicated that IL-17A and IL-23 can induce corticosteroid resistance in PBMC and airway
structural cells [115]. In line with this, we now demonstrate that IL-23 and IL-17A further
increase GRP} abundance in neutrophils from healthy donors, reflecting the levels observed in
COPD patients. Even smokers without COPD showed higher GR abundance compared to
healthy non-smoking controls, suggesting that GRP3 abundance occurs before the disease
develops and could thus serve as an early biomarker of corticosteroid resistance in the context
of smoke-induced airway inflammation. Additionally, the increased GR} abundance induced

by IL-17A and IL-23 was reversed with brepocitinib treatment.

Mechanistically, activation of NF-kB has been linked to the selective increase of GRp in
epithelial and lymphoid cells during inflammatory conditions thereby contributing to steroid
insensitivity [212]. Similarly, exposure to IL-17A and IL-23 might also elevate GRJ levels
through the NF-xB pathway [213]. IL-23 has been shown to induce receptor activator of NF-
kB ligand (RANKL) abundance, which can be mediated through both the NF-xB and
TYK2/JAK2-STAT3/4 pathways [214]. It has also been reported that IL-23 can promote
secondary cytokine induction by releasing IL-17A and IL-6, which further enhances NF-xB
activation in epithelial and stromal cells [215]. Furthermore, in keratinocytes and epithelial
cells, TYK2 inhibition may decrease IL-23-induced NF-«kB activity [115,216]. Similarly, IL-
17A is known to signal via the canonical ACT1 / TRAF6 pathway, activating IkB kinase,

leading to IxB degradation and NF-«B translocation into the nucleus [217].

Besides TYK?2, activation of JAK1 can also trigger NF-kB signaling through phosphorylation
of STAT1 and STAT3. In airway epithelial cells, it has been reported that IFN-y or IL-6 signals
via JAKI1-STAT1 and increases NF-kBp65 activity, thereby contributing to heightened
expression of proinflammatory cytokines like CXCL10 and CCLS5, even in the presence of
steroids, whereas knocking down STAT1 restores steroid insensitivity [218,219]. Similarly, it
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has been reported that activation of JAK1 leads to phosphorylation of STAT3, which works
together with NF-kB to sustain the transcription of inflammatory mediators, contributing to
glucocorticoid-resistant inflammation [220,221]. Since NF-«B signaling has been associated
with glucocorticoid insensitivity, TYK2, JAK2, and JAK1 direct or indirect interactions with
NF-kB offer a mechanistic pathway through which JAK signaling can facilitate or sustain

steroid resistance.

From a translational perspective, measuring GRf levels in neutrophils could aid in categorizing
COPD or at-risk individuals into groups that respond to steroids versus those resistant to them—
facilitating more tailored anti-inflammatory treatments. For patients prone to exacerbations with
high neutrophilic GRP levels, using TYK2/JAKI1 inhibitors or other non-steroidal anti-

inflammatory methods may prove more effective than increasing corticosteroid doses.

7.5. Integrative findings, implications, and limitations
Our research highlights that IL-23/IL-17A, through TYK2/JAK1 signaling, drives neutrophil
activation pathways as a key factor contributing to neutrophilic inflammation and corticosteroid
resistance in COPD, with significant implications for treatment. The emerging conceptual
framework suggests that the IL-23/IL-17A axis mimics the pattern seen in COPD and non-
COPD smokers, triggering TYK2 and JAKI activation in neutrophils and promoting local
recruitment of neutrophils while enhancing their effector functions. These activated neutrophils
further amplify inflammation through the release of ROS, NETs, proteases, and by promoting
additional chemokine production. This also contributes to the development of steroid resistance
via GRp upregulation. Over time, this cycle may lead to airway remodeling, increased mucus
production, a higher risk of exacerbations, and declining lung function. From a translational
perspective, an important implication is that TYK2 and JAK1 activation in neutrophils could
serve as biomarkers for early smoke-induced airway inflammation. In exacerbation-prone
COPD patients with steroid resistance, inhibitors like brepocitinib could be used as an additional

treatment alongside existing therapies.

Due to their immunosuppressive nature, JAK inhibitors can reduce phagocytosis by decreasing
receptor abundance and adhesion molecules required for the process, impairing oxidative burst,
or dampening cytokine-induced activation, thereby increasing susceptibility to infections

[222,223]. Thus, similar to corticosteroids, a major challenge of using JAK inhibitors in COPD
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patients is the increased risk of respiratory infections, making careful patient selection and
monitoring essential. Although our study shows promising results and offers new important
insights into COPD management, it is limited by a small sample size and patient heterogeneity
in terms of disease stage, comorbidities, and medication, which introduce significant variability
among COPD patients. The limited sample size also restricted sex-disaggregated analyses,
particularly in female subgroups, thereby limiting the statistical power to draw definitive
conclusions regarding sex-dependent signaling responses. Another limitation of our study is
that we used brepocitinib as a pretreatment or co-treatment in both in vitro and in vivo models,
which does not precisely mimic the clinical setting, where treatment usually starts in an already
inflamed environment. Even though brepocitinib treatment reduced increased pTYK2
(Tyr1054/Tyr1055) and pJAK1 (Tyr1022/Tyr1023) in neutrophils from smokers, this could not
be fully validated in the smoke exposure model using PBEC, where IL-8 production was only
partly brepocitinib. Using JAK inhibitors to treat COPD requires careful assessment of their
advantages and potential risks. JAK inhibitors serve as effective immunomodulators, but they
can cause side effects like higher infection risk, blood clots, cardiovascular issues, and off-target
effects resulting from limited selectivity in certain JAK inhibitors [224]. Since neutrophil
function is also critical for host defense (via phagocytosis, oxidative burst, microbial killing),
potent TYK2 / JAKI inhibition might compromise bacterial clearance. In the COPD context,
where frequent bacterial colonization and exacerbation risk are already high, caution is
necessary when immunomodulating COPD patients, as this may increase the risk of pneumonia.
Like corticosteroids, a significant challenge when using JAK inhibitors in COPD patients is the
heightened risk of respiratory infections, which necessitates careful patient selection and

monitoring.

7.6.  Future perspectives

In future studies we should address the following challenges and questions:

1. Our models involved concurrent or prophylactic inhibitor treatment. Further testing is
needed to determine whether brepocitinib can reverse established neutrophilic
inflammation, reduce lung remodeling, or synergize with existing COPD treatments,
such as inhaled corticosteroids, bronchodilators, phosphodiesterase inhibitors, and

macrolides.
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2. In our study, inflammatory mediators such as IL-8 and C5a, which are not traditionally
linked to JAK/STAT signaling, still induced TYK2 and JAK1 phosphorylation, which
requires further investigation and analysis of their crosstalk with the JAK/STAT
signaling pathway for a clearer understanding.

3. To enhance therapy effectiveness and minimize risk, patients might be chosen based on
neutrophilic phenotype, increased IL-23/IL-17A levels, and steroid resistance.
Additional long-term  studies are necessary to confirm that pTYK2
(Tyr1054/Tyr1055)/pJAK1 (Tyr1022/Tyr1023) and GRp are reliable markers.

4. Due to the complex nature of COPD inflammatory milieu, consisting of IL-23, IL-17A,
IL-6, TNF, IL-1B, IL-8, complement, microbes, and oxidative stress. Therefore,
brepocitinib may be an adjunct rather than a monotherapy. Exploring synergistic effects
of brepocitinib with existing therapies is crucial.

5. Further research is needed to understand the detailed mechanisms of the JAKSs signaling
cascade activated by ligands like IL-23, IL-17A, IL-8, and C5a in neutrophils, and to
map their interactions with NF-kB, MAPK, PI3K, and inflammasome pathways—the

role of neutrophil-intrinsic versus paracrine signaling warrants further investigation.

In conclusion, our findings position the IL-23/IL-17A-TYK2/JAK1 axis as a key driver of
neutrophil recruitment, activation, and steroid resistance in COPD. We show that this pathway
is already activated in smokers prior to overt disease, supporting its role in early pathogenic
priming, and that pharmacological inhibition with brepocitinib effectively dampens neutrophil
effector functions, epithelial chemokine release, and airway neutrophilia in vivo. Together with
the identification of GR[ upregulation as a neutrophil-intrinsic marker of corticosteroid
resistance, these data provide a mechanistic framework linking IL-17 cytokine signaling to
disease progression and therapeutic refractoriness in COPD. While careful patient selection and
safety considerations will be essential given the immunosuppressive potential of JAK
inhibition, targeting TYK2/JAK1 may represent a rational adjunctive strategy for exacerbation-
prone, neutrophilic, steroid-resistant COPD and offers a foundation for future biomarker-guided

precision approaches.
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Appendix

Buffer composition/preparations:
Assay buffer

90 mg Glucose

50 mg BSA

500uL HEPES

Fill up to 50 mL with PBS (+Ca**/+Mg**)

FACS staining buffer-
1 ml FBS (heat-inactivated)

Fill up to 50 with mL PBS (—Ca?*/-Mg?*")

FACS fix solution/ Buffer
30 mL FACS flow
4 mL cell fix

Fill up to 40 mL with Aquadest

Cell Fix-

13,51 mL Formaldehyde

500 mg N3Na

Fill up to 50 ml with PBS (-Ca*/-Mg**)

In vivo experiments:

BAL buffer-

29 mg EDTA

250 uL HEPES

Fill up to 100 mL PBS (—Ca?*"/~Mg?**)
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Staining buffer
4 % FCS
BAL buffer

Hemolysis buffer (10X stock)
9 g Ammonium Chloride

1 g KHCO3

37 mg EDTA

In 100 mL Aquadest

Hemolysis buffer (1X) (BD lysis solution)
1 mL 10X stock

9 mL Aquadest
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