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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease
characterized by irreversible fibrosis and a gradual decline in pulmonary function. Its
pathogenesis involves persistent epithelial injury, aberrant tissue repair, and excessive
fibrotic remodelling driven by dysregulated immune responses. Growing evidence
indicates that both innate and adaptive immune cells play a central role in disease
progression. Despite advances in understanding its mechanisms, current treatments—

pirfenidone, nintedanib, and nerandomilast—remain limited in efficacy.

This study aimed to delineate the immunological landscape of IPF, characterize systemic
T-cell dysfunction, and explore immune alterations in CD8" cells following exposure to
anti—-PD-1 and nintedanib. Peripheral blood mononuclear cells (PBMC) from 47 IPF
patients and 8 healthy controls were analysed by multicolour flow cytometry to assess the
expression of the inhibitory receptors PD-1 and TIGIT on CD4*, CD8", and CD56*
lymphocyte subsets. Purified CD8* T cells from 5 IPF patients and 4 healthy controls
were further stimulated in vitro and treated with anti—PD-1, nintedanib, or their

combination to evaluate changes in activation, proliferation, and cytotoxicity.

IPF patients exhibited a consistent upregulation and co-expression of PD-1 and TIGIT
across CD4*, CD8", and CD56" T-cell subsets, indicating a state of systemic immune
exhaustion. In vitro, CD8" T cells showed dysregulated activation markers (CD25, CD69)
and reduced cytotoxic potential (granzyme B, perforin). Neither anti—PD-1 nor nintedanib
treatment restored functional competence and both maintained elevated inhibitory
receptor expression, although nintedanib modestly enhanced CD8* T-cell proliferation.
Combined treatment did not reverse the exhausted phenotype, suggesting persistent

overlapping inhibitory mechanisms and a stable imprint of chronic dysfunction.

Overall, this PhD work reveals a marked systemic immune imbalance in IPF,
characterized by persistent activation, inhibitory receptor overexpression, and functional

exhaustion of T cells. The resistance of this phenotype to immunomodulatory



interventions underscores the complexity of immune dysregulation in IPF and the need

for therapeutic strategies targeting multiple inhibitory pathways.
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Mechanisms and signals involved in the development of pulmonary fibrosis and
therapeutic targets.

Pathophysiological Cascade Leading to Pulmonary Fibrosis. Repetitive
epithelial injury triggers dysregulated repair responses in the lung. Damaged
alveolar epithelial cells release inflammatory and fibrotic mediators that recruit
immune cells and activate fibroblasts. Persistent activation leads to excessive
myofibroblast differentiation and extracellular matrix deposition, causing
scarring, impaired gas exchange, and progressive respiratory decline.

Role for immune dysregulation in promoting the development of
pulmonary fibrosis. Profibrotic responses are driven by M2 macrophages, Th17
cells, CD8+ T cells, and potentially Tregs, whereas Th1 cells and TRM CD4+ T
cells may play a protective role against fibrosis.

Differentiation of helper T cell subsets from naive CD4* T cells mediated by
cytokines and co-signals. Various cytokines and co-stimulatory signals from
antigen-presenting cells drive the differentiation of distinct T cell subsets,
including Thl, Th2, Th17, Th9, Th22, Tth, and Treg cells. These subsets,
regulated by key transcription factors such as T-bet, GATA3, RORyt, STATs,
and FoxP3, coordinate immune responses to pathogens, self-antigens, and
tumors.

Structure of PD-1 and its ligands PD-L1/2. (A) PD-1 consists of two
extracellular immunoglobulin-like domains (IgV and IgC), a transmembrane
segment, and an intracellular tail containing ITIM and ITSM signalling motifs.
(B) Its ligands, PD-L1 and PD-L2, share a similar extracellular
immunoglobulin-like structure.

The PD-1/PD-L1 axis as a driver of fibrotic remodeling in IPF through
multifaceted intercellular and signaling interactions. The PD-1/PD-L1 axis
contributes to idiopathic pulmonary fibrosis (IPF) by promoting profibrotic
signaling across multiple cell types. PD-L1 upregulation enhances Th17-
mediated IL-17 and TGF-f production, activates fibroblast survival and
differentiation via p53, FAK, Smad3, and -catenin pathways, and suppresses
autophagy and adaptive immunity. These effects collectively drive

myofibroblast proliferation, extracellular matrix accumulation, and immune



10.

11.

12.

13.

14.

15.

16.

evasion, leading to progressive fibrosis.

Experimental design and workflow of the study. Phase 1 involved peripheral
blood mononuclear cell (PBMC) isolation and immunophenotyping from 47
idiopathic pulmonary fibrosis (IPF) patients. In Phase 2, PBMCs from 5 IPF
patients were used for CD8* T-cell isolation, followed by stimulation with or
without anti-PD-1 and nintedanib, and subsequent assessment of
immunophenotype, cytotoxicity, and proliferation.

Isolation and storage of Human Peripheral Blood Mononuclear Cells
(PBMCO).

Flow cytometry gating strategy for identifying PD-1" and TIGIT*
expression on CD4* and CD8" T cells and CD56" cells. Peripheral blood
mononuclear cells (PBMCs) were gated based on size and granularity to identify
lymphocytes, followed by selection of CD3* T cells. CD4* and CD8* and CD56"
cells subsets were analysed for PD-1 and TIGIT co-expression to assess
activation and exhaustion profiles.

Flow cytometry gating strategy for identifying CD56* subpopulation
expressing PD-1 and TIGIT. Peripheral blood mononuclear cells (PBMCs)
were gated based on size and granularity to identify lymphocytes, followed by
selection CD56" cells. CD56" cells subpopulation were analysed for PD-1 and
TIGIT co-expression to assess activation and exhaustion profiles.

Protocol of CD8" T cells isolation. CD8+ T cells were isolated from thawed
PBMC:s, and their purity and viability were confirmed by flow cytometry. Cells
were then seeded, and the following day, stimulated and treated with or without
anti-PD-1 and nintedanib.

On the left, characteristics of the monoclonal antibodies used for spectral flow
cytometric analysis, including clone, fluorochrome, and manufacturer. On the
right, the spectrum viewer of monoclonal antibodies.

Flow cytometry gating strategy for identifying CD8" expressing activation
markers (CD25 and CD69), immune checkpoints (PD-1 and TIGIT),
cytotoxicity markers (granzyme and perforin), degranulation marker
(LAMP-1), adhesion marker (ICAM-1). Gating strategy for Live cells and

singlets were gated out using forward and side scatter properties. Sub-gating for
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population that are simultaneously expressing CD3 and CD8 were performed to
assess CD25, CD69, PD-1, TIGIT, Granzyme, Perforin, LAMP-1 and ICAM-
lexpression with CD8 cells.

Increased PD-1 and TIGIT surface expression in IPF CD4*, CD8* and
CDS56" T cells. PD-1 and TIGIT expression in cells from IPF patients compared
to Healthy Controls (HCs, n= 8; IPF, n=47). "p<0.005, “p<0.01, “*p<0.001,
“p<0.0001.

Enhanced TIGIT and PD-1 Expression in CD56”bright, CD56"dim, and
NKT Cells in Idiopathic Pulmonary Fibrosis. TIGIT and PD-1 expression in
cells from IPF patients compared to Healthy Controls (HCs, n= 8; IPF, n=47).
"p<0.005, “p<0.01, “*p<0.001, “**p<0.0001.

RS PR

Correlation matrix of immune checkpoint expression in T cell subsets of
IPF patients. Spearman correlation matrix illustrating the pairwise correlations
between frequencies of CD4*, CD8*, and CD56" T cells, including subsets
expressing the immune checkpoints PD-1 and TIGIT, in patients with IPF (Fig.
A) and HC (Fig. B). The colour scale in the legend indicates the strength and
direction of correlation (Spearman’s rho).

Principal component analysis (PCA) of CD8 T cells across treatments and
disease status. A: Individual samples from unstimulated (UNSTIM), nintedanib
(NINT), anti-PD-1, and combined anti-PD-1 + NINT conditions in healthy
controls (HCs) and IPF patients, projected onto the first two principal
components (PC1: 34.9%, PC2: 22.5%), explaining 57.4% of total variance.
Samples cluster primarily by treatment and disease status. B: Biplot showing
key variables driving separation, including CD69, PD-1, TIGIT, ICAM-1,
Granzyme B, Perforin, and LAMP-1.

Principal component analysis (PCA) of CD8* T cells isolated from idiopathic
pulmonary fibrosis (IPF) patients (n = 5) and healthy controls (HCs, n = 4)
under four experimental conditions: unstimulated (UNSTIM), nintedanib
(NINT), anti-PD-1, and combined anti-PD-1 + nintedanib (anti-PD-1 + NINT).
Each point represents an individual donor, and 95% confidence ellipses denote the

distribution of each group. Biplots display the direction and magnitude of the
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variables contributing most strongly to sample separation. Percentages on the axes
indicate the proportion of variance explained by each principal component.
Hierarchical clustering and heatmap analysis of CD8* T-cell markers in IPF
patients (n = 5) and HCs, n = 4 across four experimental conditions
(unstimulated, nintedanib, anti-PD-1, and anti-PD-1 + nintedanib). A:
Dendrogram of marker clustering based on Euclidean distance, highlighting four
main clusters corresponding to cytotoxic/degranulation (LAMP-1, Granzyme B,
Perforin), activation/adhesion (ICAM-1, CD25, CD69), and inhibitory checkpoint
(PD-1, TIGIT) signatures. B: Heatmap of normalized marker expression across
samples. Each column represents an individual donor in each condition; colour
intensity reflects relative expression levels (yellow = low, dark red = high). [PF
and HC groups exhibit distinct clustering patterns, consistent with differential
activation states.

Fig.23 Activation markers (CD25 and CD69) in CD8"* T-cell from IPF patients
and healthy controls under different treatment conditions. Box-and-whisker
plots (showing median, interquartile range, and individual data points) depict the
frequency of CD25" (on the top, A.) and CD69" (on the bottom, B.) CD8" T cells
isolated from IPF patients (n = 5) and healthy controls (HCs; n = 4) under four
conditions: unstimulated (Unstim), anti-PD1, Nintedanib (Nint), and combined
anti-PD1 + Nintedanib. Statistical significance was assessed using the Friedman
test with Dunn’s multiple comparison test (p < 0.05).

Fig.24 Exhaustion markers (PD-1 and TIGIT) in CD8"* T cells from IPF and
healthy controls. Box-and-whisker plots with overlaid data points represent PD-
1* (top, A.) and TIGIT* (bottom, B.) CD8* T-cell frequencies across treatment
conditions. Statistical significance was assessed using the Friedman test with
Dunn’s multiple comparison test (p < 0.05).

Cytotoxicity markers (Granzyme B, Perforin, and LAMP-1) in CD8" T cells
from IPF and healthy controls. Box-and-whisker plots show the distribution of
Granzyme B* (A.), Perforin*(B.), and LAMP-1* (C.) CD8" T cells across the four
treatment conditions. Statistical significance was assessed using the Friedman test

with Dunn’s multiple comparison test (p < 0.05).
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28.

Adhesion marker (ICAM-1) in CD8" T cells from IPF and HCs. Box-and-
whisker plots with individual data points represent ICAM-1"CD8" T-cell
frequencies under the four experimental conditions. Statistical significance was
assessed using the Friedman test with Dunn’s multiple comparison test (p < 0.05).
Anti-PD-1, nintedanib, and their combination modulate the cytotoxic activity
of CD8+ T cells in IPF and healthy controls (HCs). Cytotoxicity of CD8" T
cells from (A-B) IPF patients and (C-D) HCs was measured following 48 hours
of treatment with anti-PD-1, nintedanib, or their combination. On the left, points
& connecting lines represent individual cell responses over time. On the right,
histograms depict the mean cytotoxicity levels for each treatment group.

Fig.28 Anti-PD-1, nintedanib, and their combination modulate the
Proliferation of CD8" T cells in IPF and healthy controls (HCs). Proliferation
of CD8+ T cells from (A-B) IPF patients and (C-D) healthy controls (HCs) after

48 hours of treatment with anti-PD-1, nintedanib, or their combination



CHAPTER 1: Introduction

1.1 Interstitial lung disease (ILD)

Interstitial lung diseases (ILD) encompass a diverse and extensive range of disorders,
both nosological and non-neoplastic in nature. These diseases are characterized by
widespread lung infiltration resulting from pulmonary inflammation, which can progress
into irreversible fibrosis and lead to respiratory failure. In 2002, the Consensus Statement
from the American Thoracic Society and the European Respiratory Society (ATS/ERS)
categorized ILD into four distinct groups based on their etiopathogenesis: 1) Known
causes, including secondary conditions such as collagen vascular diseases, drug exposure,
irritants, and environmental or occupational factors; 2) Idiopathic interstitial pneumonia
(ITP); 3) Granulomatous lung diseases; and 4) Other forms defined by specific
morphological features, such as Lymphangioleiomyomatosis (LAM), Langerhans cell
histiocytosis, and eosinophilic pneumonia, Fig 1. This framework was refined in the 2013
revision of the international multidisciplinary classification, which expanded IIP subtypes
and introduced unclassifiable forms (1). The most recent 2025 ATS/ERS update extended
it beyond idiopathic form to include secondary interstitial pneumonia, distinguishing

fibrotic from non-fibrotic patterns, and incorporating diagnostic confidence levels (2).

Interstitial
Lung Diseases

I
| | | ]

nown cause or association Granulomatous Rare ILDs
-drug/ accupational Idiopathic interstitial - hypersensitivity LAM
Exposure pheumonias pneumonitis PLCH
- connective lissue disease - sarcoidosis Hermansky Pudlak
|
| .
diopathic pulmonary lIP other than idiopathic pulmonary fibrosis
fibrosis - non specific interstitial pneumonia
- desquamative interstitial pneumonia

- respiratory bronchiclitis ILD
- cryplogenic organizing pneumonia
- acute interstitial pneumonia

Figure 1. Interstitial lung disease classification (3)



Idiopathic interstitial pneumonias (IIPs) are a diverse group of non-cancerous diseases
with an unknown cause, primarily affecting the pulmonary interstitium—the space
between the epithelial and endothelial layers of the basal membranes. Pulmonary function
changes in ILD typically show a restrictive deficit, caused by the reduced expansion of
total lung capacity (4). Patients experience symptoms such as dyspnea, tachypnea,
crackles, and possibly cyanosis, along with other signs of restriction. Additional findings
include decreased diffusion capacity for carbon monoxide (DLCO), reduced lung volume,

and impaired compliance during respiratory tests (5).

1.2. Idiopathic pulmonary fibrosis: Definition

Idiopathic pulmonary fibrosis (IPF) is a chronic, fibrosing interstitial pneumonia of
unknown aetiology, characterized by radiological and histological patterns consistent
with usual interstitial pneumonia (UIP). It predominantly affects older adults, is marked
by the progressive deterioration of dyspnoea and pulmonary function, and is associated
with a poor prognosis (6). This debilitating disease significantly impacts both the quality
of life and life expectancy of affected individuals, with a median survival of
approximately three years (7). Approximately 20-30% of patients with interstitial lung
diseases are diagnosed with IPF. Although it is regarded as the most prevalent form of
idiopathic interstitial pneumonia, predominantly affects men with a mean age of 65 at
diagnosis The incidence and prevalence of IPF in Europe to range from 0.22 to 2.8 and

1.25 to 8.2 cases per 100,000 individuals, respectively (8).

1.3 Risk factors for I[PF and genetic predisposition

Although IPF is classified as a disease of unknown aetiology, its pathogenesis is
influenced by a combination of genetic predispositions and environmental factors.
Demographic and environmental risk factors play a crucial role in IPF. The disease shows
a strong positive correlation with advancing age, with older individuals exhibiting higher
incidence and mortality, likely due to mechanisms involving cellular senescence and
impaired tissue repair (9). IPF occurs more frequently in males, although females may

experience slower progression and better survival (10). Environmental exposures,



particularly cigarette smoking—notably beyond 20 pack-years—are strongly associated
with disease onset and accelerated lung function decline (11). Additionally, occupational
exposure to metal and wood dust, crystalline silica, and organic pollutants increases
IPF risk through chronic immune activation and fibrotic remodelling, with susceptibility
influenced by exposure duration, particle size, and host factors (12). The following table

includes the main genetic mutations associated to the development of pulmonary fibrosis.

Table 1. main genetic mutations associated to the development of pulmonary fibrosis

Genetic: Description

MUCS5B Promoter The minor allele of r$35705950 increases IPF risk, with a

Polymorphism (rs35705950):  3-fold risk in heterozygotes and a 7-fold risk in
homozygotes. This variant enhances MUCS5B expression,
impairing mucociliary clearance, though its exact role in

disease pathogenesis is unclear. (13) (14)

Three variants in TOLLIP are associated with increased
IPF risk in Europeans, linked to reduced TOLLIP
expression, potentially affecting immune responses and

disease progression. (14)

Surfactant processing In families with pulmonary fibrosis, rare genetic variants
in genes involved in surfactant processing, such as

SFTPC, SFTPA2, and ABCA3, have been identified. (15)
(16)

Fibrotic signal The single nucleotide polymorphism rs62025270 has been
associated with an increased risk of IPF and with

increased expression of AKAP13 in the lung.

A Kinase Anchoring Protein 13 (AKAP13) is a A-kinase
anchoring protein, it is an essential enzyme in the cAMP
signalling cascade. It acts as a multivalent scaffold protein

with a unique (GEF) domain, involved in profibrotic




signalling pathways. (17)

Telomerase maintenance Variants in telomere maintenance genes (TERT, TERC,
PARN, RTEL1, DKC1, and TINF2) are linked to both
familial and sporadic pulmonary fibrosis. These variants
result in telomere shortening and accelerated cellular
senescence, which is believed to contribute to impaired

epithelial repair. (14) (18)

1.4 Diagnosis

Diagnosis of IPF is established through the integration of radiological and histological
findings. The guidelines were formulated in 2011 by the American Thoracic Society
(ATS), European Respiratory Society (ERS), Japanese Respiratory Society (JRS), and
Latin American Thoracic Society (ALAT) (19) Chest high-resolution CT (HRCT) is
critical for diagnosing IPF. A definite or probable usual interstitial pneumonia (UIP)
pattern on HRCT, characterized by subpleural and basal fibrosis, honeycombing, and
traction bronchiectasis, strongly supports the diagnosis. A multidisciplinary approach,
including clinical, radiological, and histopathological input, enhances diagnostic
confidence. If HRCT is unclear, further tests like BAL, surgical biopsy, or transbronchial
cryobiopsy may be used. A standardized diagnostic approach based on likelihood and

confidence helps guide treatment, with ongoing re-evaluation as more data emerges (20)

@1).

1.5 Current therapies

IPF remains a progressive and ultimately fatal interstitial lung disease with limited
therapeutic options. Although three antifibrotic agents—pirfenidone, nintedanib and
nerandomilast—have been approved for clinical use, neither therapy halts or reverses the

disease. Instead, they primarily function to decelerate its progression.

Pirfenidone is a small molecule with pleiotropic effects (antifibrotic, inflammatory and

antioxidants properties) thought to exert its effects by modulating transforming growth



factor-beta (TGF-P) signaling pathways, thereby inhibiting fibroblast proliferation and
collagen deposition (22). It was the first antifibrotic agent to be approved for the treatment
of IPF in In February 2011 by the European Commission Clinical trials that led to its
approval demonstrated a significant reduction in the decline of forced vital capacity
(FVC) over a 12-month period. While pirfenidone was associated with a reduced risk of
disease progression or death, its impact on symptoms such as dyspnea and overall

mortality was limited. (23)

Nintedanib (Ofev®), by contrast, a tyrosine kinase inhibitor with antifibrotic properties,
was approved for the treatment of IPF by the European Medicines Agency (EMA) in
January 2015. The following year was commercially available in all European

country (24).

Nintedanib is a small molecule indolinone derivative that functions as a potent
intracellular tyrosine kinase inhibitor. In IPF, it targets several key pro-fibrotic and pro-
angiogenic signalling pathways implicated in disease progression. Specifically,
nintedanib inhibits multiple receptor tyrosine kinases, including fibroblast growth factor
receptors (FGFR-1, -2, -3), vascular endothelial growth factor receptors (VEGFR-1, -2, -
3), platelet-derived growth factor receptors (PDGFR-a and -B), colony-stimulating factor
1 receptor (CSF1R), and FMS-like tyrosine kinase 3 (FLT3) (25) (26) (27).

By competitively binding to the ATP-binding site of these receptors, nintedanib prevents
autophosphorylation and disrupts downstream signalling cascades essential for fibroblast

activation and proliferation (28).

In addition to receptor inhibition, nintedanib also targets non-receptor tyrosine kinases
such as Src and Lck, which further contributes to the suppression of fibrogenic processes
(29). Through these combined mechanisms, nintedanib inhibits fibroblast proliferation,
migration, and extracellular matrix production—hallmarks of IPF pathology.
Furthermore, by attenuating aberrant angiogenesis and tissue remodelling in the lung,
nintedanib helps to slow fibrotic progression and may reduce complications such as

pulmonary hypertension (27) (30) (31). Fig. 2
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Fig.2 Mechanism of action of Nintedanib. Nintedanib inhibits key receptors—FGFRs,
PDGFRs, and VEGFRs—by blocking their ATP binding sites, preventing receptor activation and
downstream signalling. It also may block non-receptor kinases like Src and Lck. This inhibition
reduces fibroblast growth, migration, and survival, and may also limit blood vessel formation in

the lungs.

Although nintedanib and pirfenidone represented major therapeutic advances as the first
antifibrotic agents approved for IPF, their efficacy remains partial rather than curative.
Both drugs slow the rate of FVC decline and may improve progression-free survival.
Despite their benefits, both agents act predominantly on downstream fibrotic cascades
and fail to address upstream pathogenic drivers such as alveolar epithelial cell senescence,
mitochondrial dysfunction, oxidative stress, and aberrant immune activation, which

perpetuate fibroblast proliferation and extracellular matrix remodelling.

Over the past decade, more than 25 investigational compounds targeting diverse
molecular pathways—including tyrosine kinase inhibitors, anti-TGF-3 agents, autotaxin
inhibitors, and integrin antagonists—have failed to demonstrate significant clinical
benefit or safety advantages in phase Il and III trials (32) Fig. 3. These failures underscore
the biological complexity and redundancy of fibrogenic signalling in IPF, where multiple
interconnected networks involving epithelial-mesenchymal transition, mitochondrial

homeostasis, oxidative stress, and immune—fibroblast crosstalk compensate for single-



target inhibition (33) (34).
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Fig.3 Schematic Summary of IPF Pathways and Therapeutic Targets. A schematic
representation summarizing the principal molecular pathways implicated in idiopathic

pulmonary fibrosis (IPF) and the investigational compounds targeting these mechanisms (34).

This rate underscores the complex, multifactorial nature of IPF, where redundant fibrotic
and inflammatory signalling pathways reduce the impact of single-target interventions.
Consequently, after ten years of intensive research, nerandomilast (BI 1015550) emerged
as the only new therapy to achieve regulatory approval (35) owing to its dual antifibrotic
and immunomodulatory mechanisms that address both fibroblast activation and
inflammatory signalling, marking a pivotal but incremental step forward in IPF

management.

Nerandomilast (BI 1015550) is an orally administered, preferential phosphodiesterase-
4B (PDE4B) inhibitor with both antifibrotic and immunomodulatory properties. By
selectively inhibiting PDE4B, nerandomilast increases intracellular cyclic adenosine
monophosphate (cCAMP) levels, leading to downregulation of pro-fibrotic growth factors
and inflammatory mediators such as TGF-B and mitogen-activated protein kinase
(MAPK) pathways, which are central to the pathogenesis of IPF (36). Clinical studies

have demonstrated that nerandomilast slows the rate of lung function decline and may be



used as monotherapy or in combination with existing antifibrotic agents such as
nintedanib or pirfenidone. Reflecting its demonstrated efficacy and favorable safety
profile, the U.S. Food and Drug Administration approved nerandomilast in October 2025
for the treatment of IPF (35)

1.6 Pathogenetic Models in Idiopathic Pulmonary Fibrosis: Current

Concepts

The pathogenesis of IPF is characterized by a complex interplay among genetic,
environmental, and cellular factors, ultimately leading to aberrant tissue remodelling and
progressive fibrosis. Historically, IPF was thought to be primarily inflammatory in origin,
a view supported by the presence of inflammatory cells in bronchoalveolar lavage fluid
(37) . However, this perspective has been largely replaced by a more nuanced
understanding that centers on repeated or sustained micro-injuries to the alveolar
epithelium—particularly type I alveolar epithelial cells (AEC1s)—as the initiating events

in a maladaptive repair cascade.

An early and consistent feature of pulmonary fibrosis in humans is a phenotypic change
in alveolar epithelial cells (AECs), suggesting that epithelial injury is a critical early event
in disease initiation (38) . Although the exact nature of this injury remains uncertain, it
is widely believed that the fibroproliferative response is driven by a combination of host-
specific susceptibility, genetic predisposition, and environmental exposures. This leads
to impaired epithelial regeneration, dysregulated signalling, and persistent activation of

fibrotic pathways (39).

A hallmark histopathological feature of usual interstitial pneumonia (UIP), the
characteristic pattern of IPF, is the presence of fibroblastic foci. These are localized
aggregates of myofibroblasts, which are the key effector cells in fibrosis and underlie
areas of damaged or altered epithelium (40). Recent evidence suggests that fibroblastic
foci may form an interconnected network rather than originating from isolated sites of

injury, indicating a more systemic or diffuse pathological process (41).

Persistent or repetitive injury appears to provoke a dysregulated wound healing response,



characterized by defective alveolar re-epithelialization, unchecked myofibroblast
proliferation, and excessive extracellular matrix (ECM) deposition within the pulmonary
interstitium. These pathological changes lead to progressive scarring and loss of

functional lung architecture (42).

Current prevailing hypotheses emphasize the disrupted crosstalk between epithelial and
mesenchymal cells as a central mechanism in IPF pathogenesis. This impaired
communication may be further exacerbated by immune-mediated responses, adding

another layer of complexity to the disease process.
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1.7 Insights into the Underlying Mechanisms of Idiopathic Pulmonary

Fibrosis

Currently hypotheses propose that IPF arises as a result of a highly aberrant wound
healing response in susceptible individuals following repetitive or persistent epithelial
injury. Mechanistic insights into IPF have delineated a triphasic model of disease
development: (1) Predisposition, involving genetic susceptibility (e.g., polymorphisms
in TNF, IL-1 receptor antagonist, and surfactant protein genes), aging, and environmental
exposures (e.g., organic/inorganic dusts, solvents); (2) Inmitiation, characterized by
alveolar epithelial injury, activation of profibrotic mediators such as TGF-f, epithelial-
to-mesenchymal transition (EMT), recruitment of circulating fibrocytes, and induction of
the unfolded protein response (UPR); and (3) Progression, marked by persistent
fibroblast activation, differentiation into myofibroblasts, extracellular matrix (ECM)

deposition, and mechanical remodelling of the pulmonary interstitium (44).

Environmental insults, whether infectious (e.g., Epstein-Barr virus, HCV, influenza A)
or non-infectious (e.g., particulate matter, metal dust, wood dust), exacerbate epithelial
injury and facilitate AEC2 hyperplasia. Although AEC2s typically contribute to epithelial
regeneration by differentiating into AECls, in IPF, this process is dysregulated. Under
persistent profibrotic signalling, particularly via TGF-B, AEC2s undergo hyperplastic
expansion without appropriate differentiation, resulting in alveolar collapse and impaired
gas exchange. Additionally, TGF-f and other mediators such as PDGF, IGF-1, and
endothelin-1 stimulate fibroblast proliferation and transformation into myofibroblasts.

Fig. 5 (45).
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Fig.5 Pathophysiological Cascade Leading to Pulmonary Fibrosis. Repetitive epithelial
injury triggers dysregulated repair responses in the lung. Damaged alveolar epithelial cells release
inflammatory and fibrotic mediators that recruit immune cells and activate fibroblasts. Persistent
activation leads to excessive myofibroblast differentiation and extracellular matrix deposition,

causing scarring, impaired gas exchange, and progressive respiratory decline. (45)

The process of EMT is central to the fibrotic response. Following epithelial injury, cells
lose polarity, downregulate epithelial markers (e.g., E-cadherin), and upregulate
mesenchymal markers (e.g., N-cadherin, fibronectin), acquiring migratory and invasive
properties. Several injurious stimuli—including TGF-B1, oxidative stress, Fas activation,
and angiotensin II—contribute to EMT and activate fibroblasts to secrete excessive ECM
components, particularly type I and III collagens. TGF-B3, released in response to
cytoskeletal stress through avp6 integrin and UPR activation, is a potent inducer of
apoptosis and fibroblast-to-myofibroblast transition. Myofibroblasts, predominantly
located in fibroblastic foci, are resistant to apoptosis and are the principal source of ECM

proteins including fibronectin, tenascin, proteoglycans, and collagens (46).

The ECM in IPF is not a passive scaffold but a bioactive matrix that regulates cellular

behaviour via mechanotransduction and biochemical signalling. It influences

11



transcriptional and translational activity in fibroblasts, modulating the expression of
genes such as COL1A1, COL1A2, COL3A1, COL5A2, COL4A2, and MMPs (e.g.,
MMP2, MMP3, MMP10), as well as tissue inhibitors of metalloproteinases (e.g.,
TIMP2). Dysregulated ECM homeostasis results in desmoplasia, characterized by
excessive fibril crosslinking, increased matrix stiffness, and an imbalance between ECM
synthesis and degradation. Damaged epithelial, endothelial, and smooth muscle cells
release proinflammatory and profibrotic mediators—including IL-1, IL-6, IL-13, IL-33,
TNF-0, FGF, and leukotrienes—that promote further fibroblast activation, ECM
production, and immune cell recruitment, establishing a positive feedback loop of chronic

tissue remodelling (47).

A key component of the fibrotic process is the mechanical feedback between cells and
the ECM. Fibroblasts and myofibroblasts sense and respond to mechanical cues via actin—
myosin contractility and focal adhesion complexes. This mechanotransduction not only
supports cell survival and matrix deposition but also contributes to further stiffening of

the lung parenchyma, thereby perpetuating fibrosis. (48)

IPF pathogenesis reflects a convergence of epithelial dysfunction, fibroblast activation,
immune dysregulation, and matrix remodelling (49). Chronic injury leads to sustained
activation of profibrotic pathways and aberrant repair mechanisms that result in
irreversible architectural distortion and functional decline of the lung. Understanding
these interrelated molecular and biomechanical pathways is essential for developing

targeted antifibrotic therapies. Fig. 6
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Fig. 6 Role for immune dysregulation in promoting the development of pulmonary fibrosis.
Profibrotic responses are driven by M2 macrophages, Th17 cells, CD8+ T cells, and potentially
Tregs, whereas Th1 cells and TRM CD4+ T cells may play a protective role against fibrosis (49).

CHAPTER 2: The role of immunity in the pathogenesis of IPF

2.1 General immunology of lung

The lung occupies a unique position between the host and the external environment with
the alveolar space being separated from the vasculature by a barrier of only 4-8 pm, the
alveolar-capillary membrane (ACM) (50). As the lungs are in direct contact with the
surrounding environment, this requiring a tightly regulated balance between immune
defence and preservation of gas exchange. To meet this challenge, the pulmonary immune
system is composed of both innate and adaptive components, operating in tandem to

balance host defence with the need to preserve lung structures. (51)

Innate immune mechanisms, the first line of defence, rapidly responding to pathogens

and inhaled particulates through phagocytosis and the release of pro-inflammatory
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cytokines. Adaptive immunity, mediated by CD4* and CD8" T lymphocytes, provides

antigen-specific responses and immunological memory. (52)

2.2 Innate immunity in IPF

The interplay of Innate immune cells, including macrophages, neutrophils, fibrocytes,

myeloid-derived suppressor cells (MDSCs), and innate lymphoid cells (ILCs), drives the

chronic inflammation and tissue remodelling. The main roles of these cells in IPF are

described in Table 2.

Table 2. Role of innate immune cells in IPF

Innate immune cells

Neutrophil

Macrophages

Monocytes

Role in IPF

Neutrophil extracellular traps (NETs)

are implicated in fibrotic processes.

M1 macrophages exhibit pro-
inflammatory  and  anti-fibrotic
functions, whereas M2 macrophages
are associated with anti-inflammatory,
pro-fibrotic, and tissue-regenerative

roles.

Serve as precursors for pro-fibrotic
macrophages and fibrocytes. Secrete
inflammatory cytokines that promote
fibrosis. Elevated monocyte counts
correlate  with  worse  survival

outcomes.

Contribute to fibroblast-driven tissue

Reference

(53) (54) (55)

(56) (57)

(58) (59)
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Fibrocytes

Myeloid-derived suppressor

cells (MDSCs)

Type-2 innate lymphoid cells
(ILC2s)

Dendritic cells (DCs)

remodelling and fibrosis in the lung.

Increased MDSC levels correlate with
reduced lung function, severe
pulmonary hypertension, and elevated
regulatory T cell counts. These cells
play a role in pro-fibrotic and

immune-dysregulated environments.

An increase in ILC2s in IPF patients’
BAL fluid is linked to a heightened
type-2 immune response. ILC2s
promote extracellular matrix (ECM)
synthesis and tissue remodelling

through IL-13 production.

Accumulation of immature DCs
occurs in areas of epithelial
hyperplasia and fibrotic lesions.
Mature DCs localize in lymphoid
follicles, where they interact with T
and B cells, potentially sustaining

ongoing inflammation in the lungs.

(60)

(60) (61)

(62) (63)

(64) (65)
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2.2.1 Natural Killer cells in IPF

NK cells are cytotoxic lymphocytes that play a crucial role in the innate immune system
by eliminating infected, tumorigenic, or senescent cells. Two major NK cell subsets have
been identified: circulating cytotoxic NK cells (CD56%™CD16", or ci-NK) and tissue-
resident proinflammatory NK cells (CD56€"CD16 ", or tr-NK). Recent findings indicate
a significant reduction in both the number and activity of lung-resident NK cells in the
lung tissue and BAL of IPF patients, (66) (67) (68). Conversely, an increased proportion
of ci-NK cells in the PBMC of IPF patients suggests impaired NK cell trafficking or
recruitment into the lung(69). Furthermore, these NK cells exhibit markers of
immunosenescence (metallothionein enzymes, zinc metabolism enzymes) and reduced
cytotoxic function, which may hinder the clearance of senescent cells known to
accumulate and contribute to fibrosis through the senescence-associated secretory
phenotype (SASP) (67). Further mechanistic evidence indicates that chronic
inflammatory and oxidative stress conditions in the fibrotic lung can reprogram NK cell
metabolism, leading to altered mitochondrial function, increased expression of inhibitory
receptors, and impaired production of key effector molecules such as perforin and
granzyme B (70). Such metabolic exhaustion parallels phenotypes observed in other
chronic inflammatory disorders, reinforcing the notion that NK cell dysfunction in IPF
reflects both senescence-associated and metabolic defects. Dysfunctional NK cell
responses—marked by impaired recruitment, metabolic reprogramming, and loss of
cytotoxicity—create a permissive immune milieu that fosters fibrotic remodelling and

disease progression in IPF (71).

2.3 Adaptive immunity in [PF

The role of T lymphocytes in the pathogenesis of IPF remains a subject of ongoing
investigation, yet a growing body of evidence implicates these adaptive immune cells in
both the initiation and progression of disease (59). These T cells are often localized to
fibrotic regions, displaying variable distributions ranging from diffuse alveolar and
interstitial infiltration to organized perivascular aggregates and tertiary lymphoid follicles
(72). Experimental models and transcriptomic studies highlight the dualistic nature of T

cells in fibrosis, with subsets exhibiting either profibrotic or antifibrotic roles depending
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on their cytokine profiles and activation states. CD4* T cells mediate immune regulation
through secretion of cytokines such as IL-4, IL-13, I[FN-y, and TGF-B, while CD8" T cells
contribute primarily through cytotoxic mechanisms (73). These findings collectively
suggest that T lymphocytes, particularly activated CD4" memory cells, are not merely
bystanders but active participants in the immunopathogenesis of IPF—potentially
through antigen-specific responses, chronic immune activation, and aberrant epithelial—

mesenchymal interactions (74).

2.4 CD4" T lymphocytes in IPF

CD4" T lymphocytes play a central role in orchestrating adaptive immune response
involved in the pathogenesis of IPF. These cells are often abundant found in fibrotic
region compared to areas of preserved lung architecture, and their abundance has been
associated with poorer lung function and reduced survival. CD4* T cells in IPF display
signs of chronic activation, including elevated surface expression of MHC class II and
CD40L, and exhibit a memory phenotype (CD45RO"), indicating previous antigen
exposure (75). Moreover, clonal expansions of T cell receptor beta chain variable
(TCRBV) regions suggest oligoclonal proliferation driven by antigenic stimulation (76).
Within the IPF lung, CD4* T cells frequently localize to tertiary lymphoid structures—
ectopic lymphoid aggregates resembling germinal centers—where they may contribute to
lymphoid neogenesis, ongoing immune activation, and fibroblast modulation (72). These
findings collectively suggest that activated CD4" memory cells, are not merely bystanders
but active participants in the immunopathogenesis of IPF—potentially through antigen-
specific responses, chronic immune activation, and aberrant epithelial-mesenchymal
interactions (74). Depending on their functional polarization and cytokines release,
CD4" helper cells can be classified as T helper type 1 (Th1) cells, T helper type 2 (Th2)
cells, T helper type 17 (Th17), regulatory T cells (Treg). Fig.7
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Fig.7 Differentiation of helper T cell subsets from naive CD4* T cells mediated by
cytokines and co-signals. Various cytokines and co-stimulatory signals from antigen-
presenting cells drive the differentiation of distinct T cell subsets, including Th1, Th2, Th17,
Th9, Th22, Tth, and Treg cells. These subsets, regulated by key transcription factors such as T-
bet, GATA3, RORyt, STATs, and FoxP3, coordinate immune responses to pathogens, self-

antigens, and tumours. (77)

2.4.1 T helper cell subsets

Thl cells and their secretory products are considered anti-fibrotic. They release 1L-2,
IFN-y, TNF, IL-12, and IL-18. IFN-y is typically antifibrotic because it suppresses
collagen deposition by fibroblasts. Thus, Th1 cells, which are derived from ThO cells that
are activated by IL-12, are widely recognized as antifibrotic T cells due to their production
of IFN-y (78). In contrast, Th2 cells are generally associated with pro-fibrotic effects in
IPF. These cells produce IL-4, IL-5, and IL-13, which promote fibroblast proliferation

and differentiation into myofibroblasts, driving the fibrotic process. Elevated levels of
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Th2 cytokines, particularly IL-4 and IL-13, have been detected in the BAL fluid of IPF
patients, confirming their role in fibrosis. Moreover, IL-4 has been shown to protect
myofibroblasts from apoptosis, thereby fostering the persistence of fibrosis (79) (59). It
has been suggested that an imbalance of Th1/Th2 when there is an overactive pro-fibrotic
Th2 response and an underactive anti-fibrotic Th1 response contribute to the process of

pulmonary fibrosis (80).

Th17 cells represent another important subset in IPF. Studies demonstrate that they are
profibrotic due to the typically characteristic to produce IL-17, elevated expressed on
BAL fluid of IPF patients (81). Moreover, the IL-17 receptor that respond to IL-17 is
expressed in lung fibroblast of BAL fluid of IPF patients lead to production of ECM and
proliferation (82), often in association with with TGF- signalling (81). Furthermore, the
ability of IL-17A to recruit neutrophils to the site of fibrosis highlights its critical role in
disease progression (73). Tregs have a dual role in IPF, with their function being highly
dependent on the disease stage. They are generally considered anti-fibrotic due to their
production of IL-10 and TGF-B, which regulate immune responses and maintain tissue
homeostasis. However, their role in fibrosis is context-dependent. Early in the disease,
Tregs may promote fibrosis by producing TGF-B1, a pro-fibrotic factor, and facilitating
collagen deposition (83). This duality is exemplified by Sema7a+CD4+CD25+FoxP3+
Treg subsets, which can enhance TGF-B1-mediated fibrosis (84). In contrast, depletion
of Tregs early in the disease can reduce lung inflammation and collagen deposition,
suggesting their protective role in later stages. Moreover, an imbalance between Treg and
Th17 populations, as seen in IPF, contributes to disease progression. These findings
underscore the complexity of Treg function in fibrosis and suggest that their modulation

could potentially alter the disease course.

2.5 CD8" T lymphocytes in IPF

Cytotoxic T lymphocytes (CTLs), identified by CDS8 expression, are integral to the
adaptive immune response and are traditionally recognized for their roles to contrast
intracellular pathogens and malignant cells through the secretion of interferon-y (IFN-y)

and cytotoxic granules such as granzyme B and perforin. Recent evidence suggests that
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CDS8* T cells may also contribute significantly to the pathogenesis of IPF. Single-cell
RNA sequencing and immunophenotyping of lung tissue and bronchoalveolar lavage
fluid from IPF patients have revealed an increase expression of CD8* T cells, which
correlate with greater fibrotic burden and reduced lung function, including decreased of
DLCO, increasing shortness of breath and worse gas exchange (85). The presence of
CD8+ T lymphocytes, especially in response to persistent viral infections such as Epstein-
Barr Virus, influenza, and cytomegalovirus, supports the hypothesis that an excessive or
chronic activation of CD8+ T cells could contribute to the development of lung damage
and fibrosis. Experimental studies have shown that CD8+ T cells, upon recognition of an
alveolar epithelial autoantigen, can trigger inflammatory cascades that lead to interstitial
pneumonia and fibrotic changes. Furthermor data support a model in which CD8* T cells
— and in particular tissue-resident, granzyme" memory subsets — contribute to fibrotic
lung remodelling via chronic cytotoxic/inflammatory activity, and that CCL18/CCRS8
signalling is one mechanistic link (86). These cells are also retained in the lung via
CXCR6 and CD103-mediated interactions, and their presence has been linked to ongoing

inflammation and tissue remodelling (85) (87).

CD8 T cells can differentiate into subtypes, such as Tcl cells (producing IFN-y) and Tc2
cells (producing IL-4), based on cytokine release, each with distinct roles in fibrosis. Tcl
cells, which produce IFN-y but not IL-4, are thought to attenuate fibrosis, whereas Tc2
cells, which produce IL-4 but not IFN-y, have been linked to the promotion of fibrosis.
Study showed that in bleomycin (BLM)-induced mouse models of pulmonary fibrosis,

CD8" T cell was significantly increased compared to controls (88).

CDS8* T cells in fibrotic lungs exhibit features of chronic activation and exhaustion,
marked by elevated expression of immune checkpoint molecules such as PD-1 and PD-
L1, indicating persistent antigenic stimulation within a profibrotic microenvironment.
Additionally, it was demonstrated that a depletion and modulation of CD8" T cells using
neutralizing antibodies and through vitamin Ds supplementation, attenuate fibrosis in
animal models by enhancing their cytotoxic efficiency and restoring immune homeostasis
(86) (89). These findings suggest that exhausted phenotypes of CD8* T cells and resident
memory subsets, contribute to chronic inflammation and persistence of a fibrogenic

microenvironment in IPF.
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2.6 Immune checkpoint: PD-1

Immune checkpoints are protein mainly expressed on cell surfaces that help maintain self-
tolerance and prevent autoimmune diseases. They are expressed on -antigen presenting
cells (APCs), such as dendritic cells (DCs), that engage specific receptor partners
expressed by T lymphocytes and either drive their activation and differentiation (positive
immune checkpoint molecules) or promote immunoregulatory effects (negative immune

checkpoint molecules) (90) .

Programmed cell death-1 (PD-1) is a type I transmembrane receptor belonging to the
immunoglobulin superfamily, characterized by a cytoplasmic domain containing two
inhibitory motifs: an immunoreceptor tyrosine-based inhibition motif (ITIM) and an

immunoreceptor tyrosine-based switch motif (ITSM) (91) . Fig. 8
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Fig.8 Structure of PD-1 and its ligands PD-L1/2. (A) PD-1 consists of two extracellular
immunoglobulin-like domains (IgV and IgC), a transmembrane segment, and an intracellular tail
containing ITIM and ITSM signalling motifs. (B) Its ligands, PD-L1 and PD-L2, share a similar

extracellular immunoglobulin-like structure (91).

PD-1 is broadly expressed on various immune cells, including activated T cells, B cells,

natural killer cells, macrophages, dendritic cells, and monocytes, as well as specific T cell
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subsets such as exhausted T cells, regulatory T cells (Tregs), follicular helper T cells,
follicular regulatory T cells, and memory T cells (92). Its expression is induced by
multiple stimuli, including antigen receptor signalling (via TCR or BCR) (93), cytokines
such as IL-2, IL-7, IL-15, and IL-21, infectious agents, and lipopolysaccharide (LPS).
The primary ligands for PD-1, programmed death-ligand 1 (PD-L1) and PD-L2, belong
to the B7 family; PD-L2 expression is largely restricted to professional antigen-presenting
cells (APCs) such as dendritic cells and macrophages, whereas PD-L1 is widely
expressed on hematopoietic cells including activated T cells (94). PD-1 and its ligands
can interact both in trans between adjacent cells and in cis on the same cell surface,
underscoring the complexity of co-stimulatory and co-inhibitory molecular interactions
within the immune microenvironment. Upon ligand engagement, PD-1 signalling inhibits
T cell receptor (TCR) signalling by suppressing CD3( chain phosphorylation and ZAP-
70 association, leading to downregulation of the Ras and Bcl-xL. pathways that regulate
proliferation and survival, respectively. Furthermore, PD-1 signalling upregulates the
transcription factor BATF, impairing T cell effector function, and inhibits the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway, with downstream effects including
mTOR downregulation and increased FoxOl stability, resulting in altered T cell
metabolism characterized by reduced glycolysis and enhanced fatty acid oxidation (95).
These mechanisms collectively induce T cell exhaustion, marked by diminished
proliferation, effector cytokine production (e.g., TNF-a, IFN-y, IL-2), and functional
impairment. PD-1 signalling is also self-reinforcing through FoxOl-mediated
upregulation of PD-1 expression. In the context of IPF, PD-1 has been implicated in
several pathogenic mechanisms: overexpression of PD-1 on Th17 cells may enhance
STAT3 transcriptional activity via indirect inhibition of PI3K, contributing to the
conversion of Tregs into Thl7 cells under the influence of elevated IL-6, thereby
increasing IL-17 and TGF-B production and promoting fibrosis (96). Moreover, PD-1
expressed on T cells binds PD-L1, which is upregulated on lung fibroblasts, activating
signalling pathways including p53, focal adhesion kinase (FAK), Smad3, and B-catenin.
PD-L1 upregulation confers apoptosis resistance and phagocytosis evasion to
myofibroblasts by inhibiting p53 and activating FAK, promoting excessive myofibroblast
proliferation. Additionally, PD-L1 mediates fibroblast-to-myofibroblast transition (FMT)

through Smad3 and B-catenin pathways, stimulates extracellular matrix deposition by
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inhibiting autophagy, and suppresses adaptive immunity, facilitating immune evasion.
The transcription factor JUN further upregulates PD-L1 and CD47 in fibroblasts and
dormant macrophages, leading to T cell exhaustion and macrophage quiescence, which
collectively enable myofibroblast persistence and resistance to immune clearance. JUN
also regulates IL-6 expression at the chromatin level, enhancing immunosuppressive
responses characterized by T cell exhaustion and expansion of activated Tregs (97). Thus,
the PD-1/PD-L1 axis represents a multifaceted regulator of immune dysfunction and
fibrotic remodelling in IPF, balancing immune tolerance and profibrotic signalling

pathways that contribute to disease progression (98)

2.6.1 PD-1 1n Idiopathic pulmonary fibrosis

Programmed cell death protein 1 (PD-1) functions as a critical immune checkpoint
receptor, traditionally recognized for its role in attenuating immune responses and
maintaining tolerance. In IPF. PD-1 expression is markedly upregulated on CD4* T cells,
particularly within the T helper 17 (Th17) subset, implicating PD-1 as a key modulator
of fibrotic pathogenesis. Elevated PD-1 on Th17 cells has been shown to enhance signal
transducer and activator of transcription 3 (STAT3) activity, a pivotal transcription factor
promoting the production of interleukin-17A (IL-17A) and TGF-B. Mechanistically, PD-
1 may indirectly increase STAT3 activation through the inhibition of phosphatidylinositol
3-kinase (PI3K), thus relieving the negative regulation of STAT3 and amplifying
fibrogenic signalling pathways. This PD-1-mediated modulation of Thl7 cells
contributes to the expansion of profibrotic cytokine milieu, driving fibroblast activation
and extracellular matrix deposition (96). Furthermore, PD-1 expression promotes the
plasticity of regulatory T cells (Tregs), facilitating their conversion into Th17-like cells
under the influence of elevated IL-6, thereby compounding the profibrotic and
proinflammatory environment. Beyond T cells, PD-1 interactions with its ligand PD-L1
on lung fibroblasts have been implicated in enhancing fibrosis by promoting fibroblast
resistance to apoptosis and phagocytosis, although this primarily involves the PD-L1 axis

(98) .

Collectively, these findings position PD-1 not only as a critical checkpoint receptor
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governing immune exhaustion but also as an active participant in the pathogenic
signalling cascades underlying IPF progression, underscoring its potential as a therapeutic

target to mitigate fibrotic lung disease (99). Fig. 9
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Fig. 9 The PD-1/PD-L1 axis as a driver of fibrotic remodelling in IPF through multifaceted

intercellular and signalling interactions. The PD-1/PD-L1 axis contributes to idiopathic
pulmonary fibrosis (IPF) by promoting profibrotic signalling across multiple cell types. PD-L1
upregulation enhances Th17-mediated IL-17 and TGF-§ production, activates fibroblast survival
and differentiation via p53, FAK, Smad3, and B-catenin pathways, and suppresses autophagy and
adaptive immunity. These effects collectively drive myofibroblast proliferation, extracellular

matrix accumulation, and immune evasion, leading to progressive fibrosis. (96)
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CHAPTER 3

3.1 Hypothesis

In this research project, we hypothesize that patients with IPF exhibit systemic immune
alterations characterized by an imbalance within the T-cell compartment. We postulated
that CD8* T cells from IPF patients display an altered functional phenotype compared
with those from healthy individuals, with evidence of chronic activation, impaired
cytotoxicity, and features of exhaustion. We also hypothesize that pharmacological
modulation with the antifibrotic agent nintedanib and/or immune checkpoint inhibition
through anti-PD1 therapy can differentially regulate the activation state and effector
functions of CD8" T cells, potentially restoring aspects of immune balance and

contributing to the understanding of immunoregulatory mechanisms in IPF pathogenesis.

3.2 Aim of the Study

The present study aimed to investigate the immunological landscape of IPF through a
combined phenotypic and functional analysis of peripheral immune cells, with particular
emphasis on the CD8* T-cell compartment. Initially, a comprehensive immunophenotypic
characterization of peripheral blood mononuclear cells (PBMCs) was performed to assess
the expression of inhibitory receptors PD-1 and TIGIT on CD4*, CD8*, and CD56" cell
subsets, to define systemic immune alterations associated with IPF. Subsequently,
purified CD8" T cells from IPF patients and HCs were evaluated under basal and
stimulated conditions, including exposure to anti-PD1 antibody, nintedanib, or their
combination, to examine the modulation of several functional markers o CD8+ cells
which characterized activation (CD69, CD25), exhaustion (PD-1, TIGIT), cytotoxic
(Granzyme B, Perforin, LAMP-1), and recruitment(ICAM-1). These experiments were
designed to elucidate the effects of immune checkpoint blockade and antifibrotic

treatment on CD8* T-cell function and phenotype.
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CHAPTER 4: Material and methods

4.1 Ethical approval

The study was conducted in accordance with the Declaration of Helsinki and approved
by the Local Ethics Committee of Siena University Hospital (C.E.A.V.S.E.) (protocol
code Markerlung 17431; date of approval 15 June 2020). All patients gave their written

informed consent for participation in the study.

4.2 Study population

A total of 52 patients diagnosed with IPF were enrolled in the study. All patients were
monitored at the Rare Lung Disease Centre of Siena University Hospital. The diagnosis
of IPF was confirmed by a multidisciplinary team, following the international guidelines

of the American Thoracic Society/European Respiratory Society (ATS/ERS) (19).

Each patient underwent a comprehensive respiratory evaluation, including lung function
tests (LFTs) and high-resolution computed tomography (HRCT) of the chest. All IPF
patients were enrolled prior to the initiation of any pharmacological treatment and showed

no signs of acute exacerbation or significant disease progression at the time of sampling.

In addition, twelve healthy donors, matched for age and sex, were enrolled as controls.
All participants were screened to confirm the absence of autoimmune or vascular

diseases.
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Fig. 10 Experimental design and workflow of the study. Phase 1 involved peripheral blood

5-Cytotoxicity and proliferation tests

mononuclear cell (PBMC) isolation and immunophenotyping from 47 idiopathic pulmonary
fibrosis (IPF) patients. In Phase 2, PBMCs from 5 IPF patients were used for CD8* T-cell
isolation, followed by stimulation with or without anti-PD-1 and nintedanib, and subsequent

assessment of immunophenotype, cytotoxicity, and proliferation.

4.3 Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMCs) were collected and handled at the
Respiratory Disease Unit laboratory, Siena University Hospital (Italy). Blood samples
were drawn into tubes containing EDTA anticoagulant (BD Vacutainer® EDTA tubes,
BD Biosciences, CA, USA) and processed within 8 hours. PBMCs were then isolated by
density gradient centrifugation using Ficoll Histopaque®-1077 (Sigma-Aldrich, St.
Louis, MO, USA) at 1050 x g for 30 minutes without brake, followed by two washes.
Cells were resuspended at a concentration of 2 x 1076 per vial in freezing medium
composed of 80% RPMI 1640, 10% fetal bovine serum (FBS), and 10% dimethyl
sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA), then stored in liquid nitrogen
until further use. Fig. 11
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Fig. 11 Isolation and storage of Human Peripheral Blood Mononuclear Cells (PBMC)

4.4 Flow Cytometry- Immunophenotyping

Phase 1-Immunophenotyping

Initially, to characterize the general immunophenotype, PBMC from patients with IPF
and HCs were stained with a surface panel of antibodies design to characterize major
immune cells subsets, including CD4, CD8, CD56 T cells their expression of two immune
checkpoints PD-1 and TIGIT. Staining was performed after thawed cells, washed them
and counted using Trypan Blue, and using a 6-colour panels. The antibodies used were

reported in the table below (Table 3)
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Table 3. List of monoclonal antibodies targeting Cluster of Differentiation (CD) markers, their

clones, fluorochromes, and suppliers used in flow cytometry analysis.

Cluster of Differentiation (CD) Clone Fluorochrome Company

CD3 OKT3 APC BioLegend (San Diego, CA, USA)

CD4 SK3 FITC BZZS)H Dickinson (Franklin Lakes, NI,
CDS8 SK1 BV421 BioLegend (San Diego, CA, USA)

PD-1 PE PDI1.3.1.3 Miltenyi Biotec (Bergisch Gladbach, DE)
TIGIT APC-Cy7 A15153G BioLegend (San Diego, CA, USA)

CD56 5.1H11 PerCP/Cy5.5 BioLegend(San Diego, CA, USA)

Samples were acquired on BD FAC SLyric flow cytometer (BD-Biosciences San Jose,
CA, USA), and compensation was applied using single stained controls and compensation
beads (BD™ CompBeads) to calibrate instrument for MFI acquisition. A minimum of
100.000 events per samples were acquired for analysis. Data were analysed using Kaluza
Software 2.1 (Beckman Coulter, Brea, CA, USA). Cells were discriminate base on
Forward (FCS) versus Side (SSC) scatter, then doublets cells were excluded. A first dot
plot was used to distinguish CD3, followed by a second dot plot from the CD3 cells to
differentiate CD4* and CD8" T cell subsets. Subsequently, the expression of PD-1 and
TIGIT was evaluated through three separate dot plots, applied respectively to CD4*,
CD8", and CD56" cell populations. This allowed for the identification of the following
subpopulations: CD4'PD-17, CD4'TIGIT*, and CD4'PD-1"TIGIT*, CDS8'PD-1",
CDS8'TIGIT*, and CD8*PD-1*TIGIT*. Fig.12
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Fig. 12 Flow cytometry gating strategy for identifying PD-1* and TIGIT* expression on CD4*
and CD8" T cells and CD56" cells. Peripheral blood mononuclear cells (PBMCs) were gated
based on size and granularity to identify lymphocytes, followed by selection of CD3* T cells.
CD4* and CD8* and CD56" cells subsets were analysed for PD-1 and TIGIT co-expression to

assess activation and exhaustion profiles.

In addition, another dot was used to distinguish CD3~ from CD56" cells, and CD3"CD56"
(NKT LIKE) cells. Then a dot was used based on CD56 expression intensity to distinguish
CD56”bright and CD56"dim subsets. Separate dot plots were used to assess PD-1 and
TIGIT expression within each of these subpopulations. Fig. 13
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Fig. 13 Flow cytometry gating strategy for identifying CD56" subpopulation expressing PD-
1 and TIGIT. Peripheral blood mononuclear cells (PBMCs) were gated based on size and
granularity to identify lymphocytes, followed by selection CD56" cells. CD56" cells
subpopulation were analysed for PD-1 and TIGIT co-expression to assess activation and

exhaustion profiles.

4.5 CDS8 1solation

CDS8* T cells were isolate from thawed IPF patients and HCs using a manual magnetic
labelling protocol with the CD8* T Cell Isolation Kit (Miltenyi Biotec), according to the
manufacturer’s instructions. All steps were carried out at 2—8 °C using pre-cooled buffers
and equipment to preserve cell viability. Following preparation of a single-cell suspension
and counting cells, up to 107 total cells were resuspended in 40 pL of magnetic labelling
buffer. Subsequently, 10 uL of the Biotin-Antibody Cocktail was added, and the cells
were incubated for 5 minutes at 4 °C. Afterward, 30 puL of buffer and 20 pL of the CD8"
T Cell MicroBead Cocktail were added, and the suspension was incubated for an
additional 10 minutes at 4 °C. The labelled cells were then resuspended to a minimum

volume of 500 uL and applied to an LS Column placed in a magnetic field (MACS
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Separator, Miltenyi Biotec). The flow-through containing unlabelled CD8" T cells were
collected. Following isolation, cells were counted using the Trypan Blue exclusion
method to assess viability and analysed by flow cytometry to determine expression of
CD3 and CDS8 surface markers, as well as confirm viability using a live/dead
discriminator dye (staining steps are reported by BD Cytofix/Cytoperm™
Fixation/Permeabilization Solution Kit). Table 4.

Table 4. Characteristics of the monoclonal antibodies used for multicolour flow cytometric

analysis, including clone, fluorochrome, and manufacturer.

mAB Clone Fluorescence Company

CD3 OKT3 BV510 BioLegend (San
Diego, CA, USA)

CDS8 REA734 VioBlue Miltenyi Biotec
(Bergisch Gladbach,
DE)

Viability eFluor 506 dye Invitrogen

Following flow cytometric analysis, 2 x 10° CD8" T cells were seeded per well in four
wells of a 48-well plate, using 500 uL of complete RPMI-1640 modified, with 20nM
HEPES and L-gltutamine (Sigma-Aldrich), supplemented with 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin, and recombinant human IL-2 at a final concentration
of 100 IU/mL to support cell survival and proliferation. Then the cells were allowed to
rest at 37°C in 5% atmospheric CO> for two hours prior to PD-1 pathway blockade (5pg
/mL) (GoInVivo™ Purified anti-mouse CD279 (PD-1) Antibody, BioLegend).
Subsequent two hours, CD8T cells were incubated overnight at 37°C in 5% atmospheric
CO» with or without anti-PD1. After overnight incubation, isolated CD8'T cells were
TCR stimulated using Dynabeads™ Human T-Activator CD3/CD28 (Thermo Fisher
scientific) at a bead-to-cell ratio of 1:1, according to the manufacturer’s protocol. In
parallel, a subset of wells was treated with nintedanib (30 nM) to assess its effect on CD8*
T cell activation and function. All conditions were incubated for 2 days at 37°C in 5%

atmospheric CO» and stained with flow cytometry antibodies on the end of 2" day. Fig.14
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Fig. 14 Protocol of CD8" T cells isolation. CD8+ T cells were isolated from thawed PBMCs,
and their purity and viability were confirmed by flow cytometry. Cells were then seeded, and the

following day, stimulated and treated with or without anti-PD-1 and nintedanib.

4.6 Flow Cytometry- CD8 cells characterization

Phase 2- Functional ad exhaustion marker expression on CD8 isolated cells

To investigate immune activation, cytotoxicity, and exhaustion profiles of CD8 isolated
and stimulate cells, a more complex panel was applied, targeting both surface and
intracellular markers including: CD25, CD69, granzyme, perforin, PD-1, CD54, CD107A
and viability dye. After cell collection and washing, cells were incubated 30 minutes in
the dark at 4°C, following the addition of surface staining flow cytometry antibodies. The
cells were than fixed and permeabilized using the intracellular fixation and
permeabilization buffer set from BD Cytofix/Cytoperm™ Fixation/Permeabilization
Solution Kit for 20 minutes in the dark at 4°C. Succeeding washing, cells were stained
with intracellular antibodies for 30 minutes in the dark at 4°C. Data acquisition was
performed using Cytek® Northern Lights spectral flow cytometer (Cyteck Biosciences),
allowing simultaneous detection of eleven markers using spectral unmixing.
Compensation was applied using single stained controls and compensation beads (Cyteck

combeads; miltenyi combeads). The antibody panel for this study’s phase included
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fluorochromes reported in the table below on Fig.15. A minimum of 100.000 events per

samples were acquired for analysis. The subsequent data analysis was performed by FCS

Express™ 7 (Denovo software), using the same gating strategy applied across all sample

Fig. 15
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Fig. 15 On the left, characteristics of the monoclonal antibodies used for spectral flow cytometric

analysis, including clone, fluorochrome, and manufacturer. On the right, the spectrum viewer of

monoclonal antibodies.
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Fig.16 Flow cytometry gating strategy for identifying CD8" expressing activation markers
(CD25 and CD69), immune checkpoints (PD-1 and TIGIT), cytotoxicity markers (granzyme
and perforin), degranulation marker (LAMP-1), adhesion marker (ICAM-1). Gating
strategy for Live cells and singlets were gated out using forward and side scatter properties. Sub-
gating for population that are simultaneously expressing CD3 and CD8 were performed to assess
CD25, CD69, PD-1, TIGIT, Granzyme, Perforin, LAMP-1 and ICAM-1expression with CD8

cells.

4.7 Cytotoxicity and Proliferation assay

CDS8 T cells previous isolated, stimulated and treaded as mentioned above, were plated at
1x10* in sets of triplicates per subject in complete RPMI-1640 modified, with 20nM
HEPES and L-gltutamine- supplemented media. CD8" T cells, previously isolated,
stimulated, and treated as described above, were assessed for cytotoxic activity using a
live-cell imaging assay performed with the live-cell imaging IncuCyte® system
(Sartorius). Due to their non-adherent nature, 96-well tissue culture plates were pre-
coated with fibronectin (10 pg/mL in PBS) by adding 50 puL per well and incubating at
4°C for 3 hours. The coating solution was then removed, and the plates were air-dried for
30—-60 minutes before cell seeding. Prior to plating, CD8* T cells resuspended in complete

culture medium- RPMI-1640 modified, were adding of the IncuCyte® Cytotox Green
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Reagent, pre-diluted to 2X final working concentration, and the IncuCyte® NucLight
Rapid Red Dye (diluted 1:1000). 1x10* cells were plated in set of triplicates per subject
to a final volume of 200 puL per well. The plates were immediately placed into the
IncuCyte® system, where images were acquired at regular intervals of 2 hours over a 48-
hour period. Cells were monitored in real time and quantified using the IncuCyte® Cell-
by-Cell Analysis Module, allowing single-cell resolution of fluorescence signal and

morphological changes associated with cytotoxicity.

4.8 Lung Function Test

Lung function measurements were obtained following established ATS/ERS guidelines
using a Jaeger Body Plethysmograph, with adjustments made for temperature and
atmospheric pressure. The assessed parameters included forced expiratory volume in one
second (FEV1), forced vital capacity (FVC), and carbon monoxide diffusing capacity

(DLCO). Results were reported as percentages of predicted normal values.

4.9 Statistical analysis

Descriptive analysis was performed to evaluate medians and interquartile ranges or means
+ standard deviations, as appropriate. A comparison between the two cohort to evaluate
difference in markers expression, were performed using a nonparametric one-way
analysis of variance (Kruskal-Wallis test). To detect correlations between immunological
and clinical findings, the Spearman test was performed. To investigate the global variance
in immune marker expression profiles across CD8* T-cell were performed multivariate
analysis including a principal component analysis (PCA) and hierarchical clustering.
Moreover, to assess treatment-related modulation of CDS8* T-cell phenotype was
performed a non-parametric Friedman test. Post-hoc comparisons were performed using
Dunn’s multiple comparison test. A P< 0.05 was considered statistically significant.
Cytotoxicity and proliferation activity of CD8" T cells was explored using a two-way
ANOVA followed by Tukey’s multiple comparisons test. All experiments were repeated
at least three times. Figures were constructed using GraphPad Prism version 10

(GraphPad Software) and Jamovi software 2.3.
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CHAPTER 5: Results

5.1 Clinical feature of study population

The main characteristics of our study population are reported in Table 5. A total of 52
patients and 12 HCs were enrolled in the study. Of these, 47 patients and 8 HCs were
retrospectively evaluated for T cells immunophenotyping. In the second part of the study,
5 additional patients affected by IPF and 4 HCs were enrolled to perform the analysis
ofCDS8 T cells and testing treatment effects.

Table 5. Summary of demographic characteristics and pulmonary function test results in

idiopathic pulmonary fibrosis (IPF) patients and healthy controls (HCs).

IPF (n=152) HCs (n=12)
Sex (F/M) 15/37 6/6
Age (median) 74] 68-79] 61 [52 -70]
Smoking 5/15/32 2/8/2
(smoker/never/former)
Lung function parameters
(median + standard deviation)
FEVI1% 83.3+21.10
FVC% 76.6+£20.13
DLCO% 55.6+31.05

5.2 Increase percentages of cytotoxic CD8 and NK cells emerged in IPF

patients.

To delineate the role of co-inhibitory molecules in IPF, we first examinate PD-1 and
TIGIT expression on systemic CD4", CD8" and CD56" T cells. Notably, a significant
increase in the frequency of CD8* and CD56" T cells was observed in patients with IPF
compared to healthy controls (HCs) (» <0.001). In order to establish the exhaustion of
these cells ,we assessed the surface expression of PD-1 and TIGIT, which were markedly
upregulated on both CD8* (CD8'PD-1" and CD8'TIGIT*, p <0.001, respectively; PD-1
MFT: 1,154.155417, TIGIT MFI: 3,111.384375) and CD4" T cells (CD4"PD-1", p=0.034
MFI: 1,508.846042; CD4'TIGIT*, p=0.002 TIGIT MFI:2,254.543125). In contrast,

37



CD56" T cells showed a significant increase in TIGIT expression compared to HCs
(p=0.022, MFI: 4,441.51), with no change in PD-1 expression. indicating increased per-
cell expression. Moreover, all three T cell subsets showed a significantly higher co-
expression of PD-1 and TIGIT in IPF patients than HCs: CD4*PD-1"TIGIT*, CD8*PD-
I'TIGIT*, and CDS56'PD-1"TIGIT* (»p<0.001 , p<0.001, p=0.039, respectively)
supporting the presence of a systemically exhausted or chronically activated T cell
phenotype in IPF. Consistently, MFI values of PD-1 and TIGIT were highest in the
double-positive (PD-1"TIGIT") populations within each subset (CD4*, CD8*, CD56":

2,041.44; 2,211.78; 7,500.99), further indicating heightened co-inhibitory signalling.
Fig.17
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Fig.17 Increased PD-1 and TIGIT surface expression in IPF CD4*, CD8" and CD56* T
cells. PD-1 and TIGIT expression in cells from IPF patients compared to Healthy Controls
(HCs, n= 8; IPF, n= 47). "p<0.005, “"p<0.01, **p<0.001, “**p<0.0001.
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5.3 The expression of TIGIT on NK cell subsets resulted high in patients

with [PF

Analysis of CD56" NK cell subpopulations revealed significant alterations in checkpoint

receptor expression in patients with IPF compared to HCs. Specifically, TIGIT expression
was significantly increased in both CD56 ®¢h (p = 0.036) and CD56 4™ (p < 0.001)
subsets in IPF. These two subsets are known to differ functionally, with CD56"€" NK

cells primarily involved in immunoregulatory cytokine production, while CD56 4™ NK

cells exhibiting potent cytotoxic activity. The increase expression of TIGIT suggest

enhanced inhibitory signalling across both subsets. Furthermore, invariant natural killer

T (iNKT) cells, defined by co-expression of CD3 and CD56, demonstrated significantly
higher expression of PD-1 (p = 0.006) and TIGIT (p < 0.001) in IPF patients compared
to HCs. The expression of NKT-like cells was also increased in IPF (p = 0.019). These

findings indicate a broad upregulation of inhibitory checkpoint receptors in NK and NKT

cell populations in IPF, potentially contributing to immune dysregulation associated with

disease pathogenesis. Fig. 18
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Fig.18 Enhanced TIGIT and PD-1 Expression in CD56”bright, CD56”~dim, and NKT Cells
in Idiopathic Pulmonary Fibrosis. TIGIT and PD-1 expression in cells from IPF patients
compared to Healthy Controls (HCs, n= 8; IPF, n= 47). "p<0.005, “p<0.01, *“p<0.001,
"p<0.0001.

5.4 Immune Cell Crosstalk and Checkpoint Regulation

The immune imbalance observed in IPF patients was supported by a strong inverse
correlation between CD4" and CD8* T cells (p<0.0001; r =-0.865), suggesting reciprocal
changes in these subsets. CD4" T cells expressing PD-1 positively correlated with
CD8"PD-1* cells (p =0.001; r=0.461), while CD4*TIGIT" cells showed a strong positive
correlation with CD8TIGIT" cells (p<0.0001; r = 0.760). Similarly, CD4* T cells co-
expressing PD-1 and TIGIT positively correlated with CD8PD-1"TIGIT* cells
(p<0.0001; r=0.717), indicating coordinated inhibitory receptor expression across T cell
subsets. Among CD56" cells, there was an inverse correlation between total CD56" cells

and CD56" cells expressing PD-1 (p=0.031; r=-0.326). Fig.19

Despite the limited sample size in HCs (n=8), several significant correlations were
observed, suggesting tightly regulated immune checkpoint expression under homeostatic

conditions. CD4'PD-1* T positively correlated with CD4'TIGIT* (p = 0.058; r =
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0.714).CD8'PD-1* cells also showed strong correlations with CD8*TIGIT* cells (p =
0.007; r = 0.881).A strong correlation was also seen between CD4*TIGIT* and
CDS8'TIGIT* cells (p=0.011; r=0.857), reflecting a coordinated inhibitory profile. CD4*
T cells co-expressing PD-1 and TIGIT correlated with CD8PD-1"TIGIT* cells (p <
0.0001; r=0.776) Fig.19.
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Fig.19 Correlation matrix of immune checkpoint expression in T cell subsets of IPF patients.
Spearman correlation matrix illustrating the pairwise correlations between frequencies of CD4",
CD8*, and CD56" T cells, including subsets expressing the immune checkpoints PD-1 and TIGIT,
in patients with IPF (Fig. A) and HCs (Fig. B). The colour scale in the legend indicates the strength

and direction of correlation (Spearman’s rho).

5.5 Principal Component Analysis reveals distinct treatment- and disease-

associated segregation of CD8" T-cell phenotypes in IPF.

To assess the overall distribution of immune marker expressed by CD8 T and explore
potential clustering patterns principal component analysis (PCA) and hierarchical
clustering were performed under four experimental conditions: unstimulated (UNSTIM),
nintedanib (NINT), anti-PD-1, and combined anti-PD-1 plus nintedanib (anti-PD-1 +
NINT).The initial PCA was designed to highlighted treatment-specific variance without

the influence of the unstimulated condition. The integrated PCA comparing all
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experimental condition (anti-PD1, nintedanib, and combination) in the two group of the
study (HCs and IPF patients), (Fig.20) shows the separation of individual across the first
two principal components, which together account for 57.4% of the total variance (PC1:
34.9%, PC2: 22.5%). The samples tend to cluster according to their treatment and disease
status, with partially overlapping yet distinguishable groupings among CD8 T cells from
IPF patients and HCs treated with anti-PD-1, nintedanib, and anti-PD-1 plus Nintedanib.
The biplot (Fig.20) further highlights the contribution of key variable, including CD69,
PD-1, TIGIT, ICAM-1, Granzyme B, Perforin and LAMP-1, which drive the

differentiation along the main principal components.

A. Individuals - PCA B. PCA - Biplot Groups
. ANTIPD1_IPF
\ ' ANTIPD1_HC
10 A : 10 A . [m] NINT_IPF
I ! NINT_HC
| ANTIPD1_NINT_IPF
. ANTIPD1_NINT_HC
i
5 | 5
! LAMP-1
= i =y j ) -
o N / CAM-1
S Fe--se 1 IEVAN \[ ----- = 0 T--F4- PERFORITRE s ©B2% - - - - -
e \ J = \ PR, CD69"
s} \\ / a \\ Y Yier /
- 7_/,/ AN 4_7 >
A
5 5 4 ,
10 10
-10 -5 0 5 10 -10 -5 0 5 10
Dim1 (34.9%) Dim1 (34.9%)

Fig.20 Principal component analysis (PCA) of CD8 T cells across treatments and disease
status. A: Individual samples from unstimulated (UNSTIM), nintedanib (NINT), anti-PD-1, and
combined anti-PD-1 + NINT conditions in healthy controls (HCs) and IPF patients, projected
onto the first two principal components (PC1: 34.9%, PC2: 22.5%), explaining 57.4% of total
variance. Samples cluster primarily by treatment and disease status. B: Biplot showing key
variables driving separation, including CD69, PD-1, TIGIT, ICAM-1, Granzyme B, Perforin, and
LAMP-1.
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In a subsequent analysis, the PCA was extended to include all experimental groups—
stimulated and unstimulated—to evaluate how the inclusion of baseline samples affects

clustering.

In the unstimulated condition Fig. 21. A., PCA revealed a separation between IPF and HC
samples along the first principal component (PC1, explaining 53.4% of the variance),
indicating differences in basal activation and cytotoxic marker expression. Variables
contributing mainly to this segregation included TIGIT, CD69, CD25 and Perforin, which
were more closely associated with the IPF group, suggesting a basal activation or early

exhaustion state of CD8" T cells even in the absence of stimulation.

Following anti-PD1 stimulation Fig.21. B., PC1 (48.3%) and PC2(25.4%) showed the
main sources of variance. A separation between IPF and HC samples was observed
primarily along PC1, reflecting divergent transcriptional and phenotypic response to PD-
1 inhibition. The markers most strongly associated with this component included TIGIT,

CD69, CD25, and Perforin.

In contrast, exposure to nintedanib Fig.21. C., PC1 (42.2%) and PC2 (26.7%), maintained
a distinct segregation between IPF and HCs with PD-1, TIGIT, CD69, and CD25
associated with IPF, while Granzyme, Perforin, and LAMP-1 were more aligned with
HCs. This suggests that nintedanib treatment sustains a partially activated, regulatory

phenotype in IPF, whereas HCs retain a more cytotoxic signature.

In the combined treatment condition (anti-PD-1 plus Nintedanib) Fig.21. D., PC1(33.4%)
and PC2 (27.7%), the clustering pattern distinguished IPF samples from HCs. PCA
demonstrated the most pronounced discrimination between IPF and HC samples along
PC1 (33.4%). The IPF cluster was associated with PD-1, TIGIT, and Perforin, while HCs
showed positive loadings for CD25, CD69, ICAM-1, LAMP-1, and Granzyme. These
data indicate that dual modulation does not normalize the IPF CD8" phenotype but instead

amplifies its divergence from HCs.
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Fig.21 Principal component analysis (PCA) of CD8" T cells isolated from idiopathic
pulmonary fibrosis (IPF) patients (n = 5) and healthy controls (HCs, n = 4) under four
experimental conditions: unstimulated (UNSTIM), nintedanib (NINT), anti-PD-1, and
combined anti-PD-1 + nintedanib (anti-PD-1 + NINT). Each point represents an individual donor,
and 95% confidence ellipses denote the distribution of each group. Biplots display the direction
and magnitude of the variables contributing most strongly to sample separation. Percentages on

the axes indicate the proportion of variance explained by each principal component.

5.6 Unsupervised clustering analysis of treatment-induced changes in CD8*

T-cell phenotype

Hierarchical clustering was performed using the percentages of cells express Granzyme
B, Perforin, LAMP-1, PD-1, TIGIT, CD69, CD25, and ICAM-1. Both clustering of

samples was conducted using Euclidean distance and complete linkage methods.

The hierarchical clustering of markers Fig.22. A., based on similarity in expression
patterns across all samples and condition, revealed four principal groups. Interestingly,
the first and second groups, a cytotoxicity-associated clusters including LAMP-1,
Granzyme B, and perforin. Their tight grouping indicates coordinated regulation of

cytolytic effector functions across the experimental conditions.
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The third that was an activation cluster including CD25, CD69 and ICAM-1,
representing markers of activation and adhesion, suggesting that these molecules share

similar expression dynamics in response to treatments.

The latter, an inhibitory receptor cluster comprising PD-1 and TIGIT, two inhibitory
checkpoint receptors that displayed distinct expression patterns relative to the cytotoxic

and activation clusters, highlighting their independent regulatory behaviour.

The heatmap analysis Fig.22. B., further illustrate alterations in immune-related marker
expression across IPF and HCs CD8" T cells in different conditions. Elevated expression
of the inhibitory receptors TIGIT and PD-1 was observed, suggesting the presence of T-
cell exhaustion or regulatory suppression in the fibrotic microenvironment. Moreover,
increased expression of activation markers CD69 and CD25 indicated persistent immune
activation, consistent with ongoing antigenic stimulation. While the expression of
cytotoxic and degranulation-associated genes, including granzyme, perforin, and LAMP-
1, appeared variable and generally reduced compared to activation markers in the IPF,

suggesting that although T cells are activated, their effector function may be impaired.
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Fig.22 Hierarchical clustering and heatmap analysis of CD8* T-cell markers in IPF patients
(n =5) and HCs, n = 4 across four experimental conditions (unstimulated, nintedanib, anti-
PD-1, and anti-PD-1 + nintedanib). A: Dendrogram of marker clustering based on Euclidean

distance, highlighting four main clusters corresponding to cytotoxic/degranulation (LAMP-1,
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Granzyme B, Perforin), activation/adhesion (ICAM-1, CD25, CD69), and inhibitory checkpoint
(PD-1, TIGIT) signatures. B: Heatmap of normalized marker expression across samples. Each
column represents an individual donor in each condition; colour intensity reflects relative
expression levels (yellow = low, dark red = high). IPF and HC groups exhibit distinct clustering

patterns, consistent with differential activation states.

5.7 Functional validation of treatment effects on CD8* T-cell phenotype in

IPF

To assess treatment-related modulation of CD8* T-cell phenotype, a non-parametric
Friedman test was performed on samples from patients with IPF; n =5 and HCs; n = 4,
under four experimental conditions: unstimulated (unstim), anti-PD1, nintedanib (Nint),
and combined anti-PD1 + nintedanib. Analyses were conducted separately for each group
and for each functional markers (activation, exhaustion, cytotoxicity, adhesion). Post-hoc

comparisons were performed using Dunn’s multiple comparison test.
Activation markers

In IPF-derived CD8* T-cell, CD25 not showed significantly across conditions in either
IPF or HC samples, despite Fig.23 illustrate an increasing trend of expression in IPF
patients. While CD69 expression showed significant modulation across treatment
conditions (Fig.22.B). Post-hoc testing revealed a significant difference between anti-
PD1 and nintedanib (p = 0.02), with higher frequencies of CD69" CD8* T cells observed
following nintedanib exposure. In healthy controls, CD69 expression did not reach
statistical significance, although a mild, non-significant increase was observed following

nintedanib treatment.
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Fig.23 Activation markers (CD25 and CD69) in CD8* T-cell from IPF patients and healthy
controls under different treatment conditions. Box-and-whisker plots (showing median,
interquartile range, and individual data points) depict the frequency of CD25* (on the top, A.) and
CD69* (on the bottom, B.) CD8* T cells isolated from IPF patients (# = 5) and healthy controls
(HCs; n = 4) under four conditions: unstimulated (Unstim), anti-PD1, Nintedanib (Nint), and
combined anti-PD1 + Nintedanib. Statistical significance was assessed using the Friedman test

with Dunn’s multiple comparison test (p < 0.05).

Exhaustion markers

In IPF samples, PD-1 and TIGIT frequencies remained stable across all treatment
conditions. A non-significant decrease was observed in PD-1" CD8" T cells following
combination treatment (anti-PD1 + nintedanib), suggesting a possible trend toward
reduced inhibitory signalling. Across all treated conditions, PD-1" CD8" T-cell
frequencies tended to decrease relative to unstimulated cells, although these changes did
not reach statistical significance. In HCs, PD-1 expression showed a near-significant trend
(p = 0.05) across treatments, with a tendency toward increased PD-1" CD8" T cells
following anti-PD1 stimulation compared with the unstimulated condition (Fig.23.A.).

TIGIT expression remained unchanged in both IPF and HCs groups (Fig.23.B.).
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Fig.24 Exhaustion markers (PD-1 and TIGIT) in CD8" T cells from IPF and healthy controls.
Box-and-whisker plots with overlaid data points represent PD-1* (top, A.) and TIGIT* (bottom,
B.) CD8" T-cell frequencies across treatment conditions. Statistical significance was assessed

using the Friedman test with Dunn’s multiple comparison test (p < 0.05).
Cytotoxicity and adhesion markers

In IPF CD8" T cells, the Friedman test revealed significant modulation of Granzyme B
expression. Post-hoc analyses identified significant pairwise differences between
unstimulated vs. nintedanib (p = 0.05) and anti-PD1 vs. nintedanib (p = 0.05), indicating
that nintedanib induces a marked increase in Granzyme B* CD8" T cells relative to both
baseline and anti-PD1 conditions. In HCs, Perforin was significantly decreased following

anti-PD1 stimulation compared with unstimulated cells (p = 0.02). Fig.25
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Fig.25 Cytotoxicity markers (Granzyme B, Perforin, and LAMP-1) in CD8* T cells from IPF
and healthy controls. Box-and-whisker plots show the distribution of Granzyme B* (A.),
Perforin*(B.), and LAMP-1* (C.) CD8" T cells across the four treatment conditions. Statistical

significance was assessed using the Friedman test with Dunn’s multiple comparison test (p <
0.05).

A non-significant trend toward increased ICAM-1* CD8* T cells was observed in the
combination treatment (anti-PD1 + nintedanib) relative to single-agent conditions,

particularly in the IPF group. Fig.26
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Fig.26 Adhesion marker (ICAM-1) in CD8' T cells from IPF and HCs. Box-and-whisker plots
with individual data points represent ICAM-1"CD8" T-cell frequencies under the four
experimental conditions. Statistical significance was assessed using the Friedman test with

Dunn’s multiple comparison test (p < 0.05).

5.8 Modulation of CD8+ T Cell Cytotoxic Activity by anti-PD-1 and
Nintedanib in IPF and HCs.

In the IPF group, a significant increase in cytotoxicity was observed in unstimulated
CD8+ T cells compared to those stimulated with anti-PD-1 (mean difference = 1361; 95%
CI: 360.4 to 2362; p < 0.01). Additionally, CD8" T cells stimulated with either anti-PD-1
or nintedanib showed reduced cytotoxic activity compared to the administration of
combination of anti-PD-1 and nintedanib (mean difference = -2054, 95% CI: -3052 to -
1056, p < 0.0001; and mean difference = -1598, 95% CI: -2522 to -674.1, p < 0.0001,
respectively). (Fig.27.A)

In contrast, the HC group showed a strong response to treatments: significant increase in
cytotoxicity observed in all treated CD8" T cells compared to unstimulated cells were
observed. : anti-PD-1 (mean difference = 1721; 95% CI: 401.5 to 3041; p = 0.0047),
nintedanib (mean difference = 1826; 95% CI: 506.6 to 3146; p = 0.0023), and the
combination treatment (mean difference = 4031; 95% CI: 2711 to 5351; p < 0.0001).
However, CD8" T cells treated with either anti-PD-1 or nintedanib had significantly lower
cytotoxicity than the combination treatment (mean difference = 2310, 95% CI: 989.9 to
3630, p < 0.0001; and mean difference = 2205, 95% CI: 884.8 to 3524, p = 0.0001,
respectively). (Fig.27. C)

50



A.IPF @ Unstim

& Anti-PD1
=& Nint
¥ Anti-PD1+Nint

15000

10000+

8000

6000

1y T

time

15000

10000

Fig.27 Anti-PD-1, nintedanib, and their combination modulate the cytotoxic activity of
CD8+ T cells in IPF and healthy controls (HCs). Cytotoxicity of CD8" T cells from (A-B) IPF
patients and (C-D) HCs was measured following 48 hours of treatment with anti-PD-1,
nintedanib, or their combination. On the left, points & connecting lines represent individual cell
responses over time. On the right, histograms depict the mean cytotoxicity levels for each

treatment group.

5.9 Modulation of CD8+ T Cell Proliferation Following anti-PD-1 and
Nintedanib treatment in IPF and Healthy Controls.

In the IPF group, proliferation significantly increased in CD8+ T cells treated with
nintedanib compared to unstimulated cells (mean difference = -385,2; 95% CI: -627.1 to

-143.4; p = 0.0003). Furthermore, nintedanib treatment induced a significant increase in

proliferation compared to anti-PD-1 (mean difference = -283.4; 95% CI: -525.3 to -41.52;
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p = 0.0144). Moreover, CD8" treated with nintedanib showed an increase rate of

proliferation compared to cells treated the combination treatment (anti-PD-1 +

nintedanib) (mean difference = 339,3; 95% CI: 96.00 to 582.6; p = 0.0022).

Similarly, in the HCs group, unstimulated CD8" resulted in a significant increase of

proliferation compared to nintedanib treatment (mean difference = 14,675; 95% CI: 274.4

to 29,076; p = 0.0439), and the combination treatment (anti-PD-1 + nintedanib) (mean
difference = 19,041; 95% CI: 4640 to 33,442; p = 0.0040).
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Fig.28 Anti-PD-1, nintedanib, and their combination modulate the Proliferation of CD8" T
cells in IPF and healthy controls (HCs). Proliferation of CD8+ T cells from (A-B) IPF patients
and (C-D) healthy controls (HCs) after 48 hours of treatment with anti-PD-1, nintedanib, or their

combination.
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CHAPTER 6: Discussion

IPF is a chronic, progressive interstitial lung disease that leads to irreversible fibrosis and
progressive loss of pulmonary function. The pathogenesis of IPF is characterized by
persistent epithelial injury, abnormal repair processes, and excessive fibrotic remodelling
of the lung interstitium, driven by a dysregulated immune response (100) (101). Although
traditionally viewed as a non-inflammatory disease, growing evidence indicate that
immune cells, of both innate and adaptive immunity, play a central role in disease

progression (102) (64).

In this context, our study aimed to provide new insights into systemic immune
dysregulation related to CD8+ cells associated with their alteration following anti-PD-1
and nintedanib administration, as both agents have been implicated in modulating
immune homeostasis and fibrotic remodelling processes central to the pathogenesis of

IPF

From our first analysis on a large cohort of IPF patients, our data showed a systematic
upregulation of co-inhibitory receptors PD-1 and TIGIT across CD4", CD8", and CD56"
lymphocytes subsets (both CD56"" and CD56P'™) in IPF, confirming a widespread
immune exhaustion or chronic activation. These data align with previous reports showing
increasing PD-1 T-cell frequencies in both bronchoalveolar lavage and PBMC samples

from IPF patients (103) (104) (71).

In accordance with our data, Cruz et al.et al demonstrated that, both CD56 cell subsets —
the more immature CD56"€" | and cytotoxic CD56%™ exhibited enhanced expression of
inhibitory receptors, suggesting that chronic immune activation may compromise both

regulatory and effector NK functions (70).

TIGIT expression of cytotoxic cell compartment of immune system (both CD8 and
CD56) of IPF patients was partially described before. The overexpression of TIGIT,
particularly increased in CD8" T cells and CD56 cells, supports the hypothesis that

additional inhibitory axes modulate cytotoxic immune responses in IPF (105).

In studies on non—small cell lung cancer, was demonstrated that TIGIT is induced earlier
than PD-1 during CD8" T-cell activation, identifying it as an initiating checkpoint in the

exhaustion process (105). In line with these studies, our findings suggest that persistent
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TIGIT upregulation in IPF reflects an inefficacy inhibitory response to chronic immune
stimulation, contributing to progressive lymphocyte dysfunction within the fibrotic lung

microenvironment.

The co-expression of PD-1 and TIGIT observed in our study highlights the presence of
coordinated inhibitory signalling networks. Our results may reflect a comparable
exhaustion-like state induced by persistent pulmonary injury and antigenic stimulation,
that may induce an exhaustion-like state within T-cells limiting effective immune
surveillance and fostering a microenvironment conducive to fibrosis progression. Similar
dual checkpoint expression has been widely reported in tumour-infiltrating lymphocytes,
where PD-1*TIGIT* CD8- T cells display a transcriptional and metabolic profile
consistent with functional exhaustion—characterized by reduced effector cytokine

production and upregulation of exhaustion-associated transcription factors (106) (107).

We noted a strong correlation between PD-1 and TIGIT expression across CD4", CD8"
and CD56" subsets indicate a coordinated checkpoint regulation within systemic immune
compartment of IPF patients. This result mirrors checkpoint co-regulation observed in
chronic viral infections and cancer, reinforcing the concept of “immune exhaustion” as a

feature of IPF’s immune landscape (108).

Interestingly, our PCA results revealed a clear segregation of IPF and HC samples,
particularly under stimulated conditions, indicating disease-specific landscape. Our
analysis highlights that IPF-derived CD8" T cells maintain a stable inhibitory—activation
signature mainly characterized by exhaustion and activation markers PD-1, TIGIT, CD25,
and CD69 expression, when compared to drugs administration. This profile suggests that
the exhausted phenotype of CD8" T cells in IPF is not easily reversed by anti—PD-1,
nintedanib, or their combination, consistent with evidence that PD-1/PD-L1 blockade in

fibrotic lungs mainly affects fibroblast populations rather than reactivating T cells (99).

Persistent PD-1 expression despite treatment might also indicate the establishment of
resistance mechanisms to checkpoint inhibition (109). Similarly, nintedanib, by targeting
receptor tyrosine kinases for VEGF, FGF, and PDGF, may modulate cytokine production
(IFN-y, 1L-2, IL-4, IL-10, IL-13) and reduce inflammatory signalling without directly

enhancing T-cell activation (110).
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Activation markers such as CD25 and CD69 exhibited altered trends in IPF patients
compared with healthy controls, suggesting a dysregulated activation profile of CD8" T

cells.

CD25 (IL-2Ra) a late activation marker regulated by IL-2 and PD-1 signalling, increased
slightly after anti-PD-1 treatment but decreased with nintedanib and combination
therapy, indicating a partial reactivation effect by PD-1 blockade counterbalanced by the
anti-fibrotic drug’s inhibitory actions on fibroblast-driven cytokine networks (111) (112).
This data suggests that anti-PD-1 stimulation might transiently “reignite” partially
exhausted CD8" T cells in IPF, reflected by a modest increase in CD25, whereas
nintedanib (113) (26), could indirectly suppress T-cell activation. In HCs, by contrast,
CD2S5 levels were higher at baseline and decreased after treatment, consistent with a well-
regulated immune system where PD-1 blockade does not lead to pathological activation.
. These results underlines how immune reactivation in IPF may differ from that in

physiological conditions.

The other activation markers analysed, CD69, that consists in an early activation marker
involved in lymphocyte retention T cells in tissues (114) , decreased after anti—PD-1 but
increased after nintedanib and combination treatment, suggesting opposing modulation
of immune activation and trafficking dynamics. These patterns mirror reports in non—
small cell lung cancer linking CD69 expression with pre-exhausted CD8" T cells that
retain partial effector functions but display dysfunction (115) (116) . Conversely,
nintedanib and the combination treatment shows an increased trend in CD69 expression,
implying an effect consistent with local retention or reactivation, likely linked to its
modulation of fibrotic and cytokine signalling pathways (110) . The combination of anti-
PD-1 and nintedanib induced an increase of CD69 expression on CD8* T cells, indicating
a synergistic effect between the treatments. Such synergy is biologically plausible given
the distinct but intersecting roles of these agents in immune checkpoint and fibrotic

signalling pathways that influence T-cell activation.

This parallel supports the hypothesis that, in IPF, chronic inflammation and fibrosis drive
an ineffective activation state, reflected in the aberrant regulation of both early (CD69)

and late (CD25) activation markers.
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Furthermore, the analysis of PD-1 and TIGIT expression reinforces the notion of complex
inhibitory regulation in IPF. In HCs, as expected PD-1 expression decreased following
anti-PD-1 treatment, while nintedanib increased PD-1 levels, and the combination further
enhanced them. In contrast, IPF-derived CD8" T cells, anti-PD-1failed to reduce PD-1
expression, and in some cases further increased it. This paradox has been explained in
literature, although without clear demonstration of this phenomenon (117) (109).
Moreover, the inhibition of specific immune checkpoints with the use of checkpoint
inhibitors can lead to the compensatory activation of alternative immune checkpoints,
thereby contributing to resistance (117). According to this study, we noted elevated TIGIT
expression regardless of treatment, suggesting a cooperative inhibitory effect between
TIGIT and PD-1. Furthermore, studies in NSCLC showed that TIGIT is induced earlier
than PD-1 during CD8" T-cell activation and marks a pre-exhausted state enriched for
PD-17 cells, displaying compromised effector function (105). In line with this study, our
results suggest that TIGIT may act as an early inhibitory “brake” during CD8" T-cell
activation and exhaustion, predisposing cells to subsequent PD-1-mediated suppression.
The dysregulation of CD25 and CD69, in parallel with persistent PD-1 and TIGIT
expression, supports a model comprises CD8" T cells dysfunctional activation state,
unable to mount effective responses due to redundant inhibitory signalling and chronic

activation.

Regarding the cytotoxic markers, controversial results were reported in literature. Our
data showed a reduction of Granzyme B in IPF patient. Nintedanib treatment significantly
increased its expression, while anti-PD-1 and combination therapy further reduced it.
This suggests that PD-1 blockade alone fails to restore effective cytotoxicity in IPF. Prior
studies showing reduced Granzyme B release in IPF CD8" T cells upon strong stimuli
such as CMV infection (118). These data are in line with our previous described
observations of dysregulated activation markers (CD25, CD69) and persistent expression
of exhaustion markers (PD-1, TIGIT). Taken together our results suggesting that IPF
CD8" T cells are functionally impaired and unable to regain full effector function despite
exogenous stimulation. Reduced Granzyme B has also been associated with poor
outcomes in cancer (119) .By contrast, in HCs, Granzyme B levels decreased under

treatment, consistent with a controlled immune responses: T-cell activation and
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cytotoxicity are tightly regulated and checkpoint modulation does not lead to sustained

activation.

As previously demonstrated, Granzyme B and Perforin expression are not strictly coupled
(120) .Our data also reflect this independence: Perforin expression remained low across
all treatments in both IPF and HCs (121) Furthermore, in oncological contexts insufficient
Perforin levels have been correlated with disease progression and impaired immune
surveillance (122) . This emphasize that reduced cytolytic capacity may be a shared

feature of dysfunctional T-cell states in both cancer and fibrosis.

The degranulation markerLAMP-1 (CD107a) showed high in IPF samples, indicating
ongoing degranulation or senescence (123) consistent with a chronic stimulatory
environment that maintains partial activation without effective cytotoxicity. The
persistence of LAMP-1 expression despite different treatments further suggests that
neither anti—-PD-1 nor nintedanib effectively reverse T-cell senescence, in agreement with
our findings of sustained TIGIT expression and blunted activation responses. This pattern
reflects a population of non-functional, chronically stimulated CD8* T cells. Conversely,
in HCs, LAMP-1 expression decreased under all treatments compared with unstimulated
cells indicating a preserved T-cell regulation of activation and subsequent return to

quiescence, which is typically impaired in IPF.

Finally, ICAM-1 (CD54) expression showed a general decreasing trend under treatment
in both IPF and control samples. This observation aligns with previous studies reporting
elevated ICAM-1 in lung tissues and serum from IPF samples (124) . This result suggests
that nintedanib and anti—PD-1 treatments may partially normalize T-cell adhesion and

trafficking signals, potentially contributing to reduced inflammatory recruitment.

Functional assays confirmed reduced killing activity after treatment, particularly with
anti—PD-1, whereas nintedanib and the combination of this drug with nintedanib produced
modest recovery, consistent with incomplete functional restoration. Interestingly,
proliferation assays showed that both anti—PD-1 and nintedanib increased CD8" T-cell
proliferation, but the combination abolished this effect, suggesting interference between
immune system and antifibrotic pathways. Samples from HCs showed an opposite trend,
with decreased proliferation and cytotoxicity when treated, confirming that these effects

are disease specific. In line with previous studies, nintedanib has been reported to
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promote lymphocyte proliferation and metabolic activity without necessarily expanding
total cell numbers, possibly by acting on fibroblast-derived cytokine networks or growth
factor—related pathways that indirectly influence immune cell activation (110).
Collectively, these results demonstrate a decoupling between proliferation and
cytotoxicity in [PF CD8* T cells. These cells in fact proliferate and in the meanwhile fail

to recover effector capacity—reflecting a hallmark of chronic immune dysfunction.

The absence of additive and/ or restorative effects from the combined anti—PD-1 and
nintedanib treatment likely reflects multiple, non-exclusive mechanisms. First, PD-1
blockade and nintedanib act on distinct biological targets—immune checkpoint signalling
versus fibroblast-driven tyrosine kinase pathways (FGFR, VEGFR, PDGFR)—that do
not directly synergize and may yield antagonistic downstream effects depending on
timing and cellular context (125). Second, persistent upregulation of alternative inhibitory
receptors, notably TIGIT, may counterbalance PD-1 blockade and maintain functional

exhaustion (117).

Moreover, chronic antigenic stimulation in IPF may induce senescent or terminally
exhausted states in CD8" T cells that are not reversible through single checkpoint
inhibition. . Furthermore, fibroblast-derived mediators such as TGF-f and IL-10, as well
as metabolic constraints within the fibrotic microenvironment, can suppress T-cell
function irrespective of PD-1 signalling. Finally, divergent results in the literature—
including reports that pembrolizumab reduces PD-1/PD-L1 interaction primarily in CD4*
T cells, while nivolumab can exacerbate fibrosis—underscore that immune checkpoint
modulation in IPF is complex and context dependent (89) (126) . Overall, these
observations suggest that the inhibition of a single checkpoint axis or isolated antifibrotic
pathways is insufficient to restore immune competence in IPF, highlighting the need for

multi-targeted and context-specific therapeutic strategies.

This study has some limitations. First, the sample size was relatively small, which may
restrict the statistical power to detect subtle differences across treatment conditions and
immune subsets. Second, the in vitro treatment model, while informative for mechanistic
insights, may not fully reproduce the complex pharmacokinetic and cellular crosstalk
occurring in vivo. Additionally, although we assessed a broad panel of activation,

exhaustion, and cytotoxicity markers, the functional readouts were limited to short-term
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stimulation and did not capture long-term differentiation, metabolic remodelling or
cytokine secretion profiles. Finally, the study focused on the PD-1/TIGIT inhibitory axes
and did not evaluate other potentially relevant checkpoints or immunomodulatory
pathways—such as LAG-3, TIM-3, or metabolic regulators—which may contribute to

resistance to immune reactivation.

6.1 Conclusion

Our findings provide new insights into the immune landscape of IPF. We demonstrate that
systemic lymphocytes from IPF patients exhibit a state of chronic activation coupled with
functional exhaustion, reflected in persistent PD-1 and TIGIT expression, dysregulated
activation markers, and reduced cytotoxic potential. The lack of functional recovery
following anti—PD-1, nintedanib, or combination treatment suggests that the exhausted
phenotype in IPF is deeply imprinted and resistant to reversal through single or dual
pathway modulation. Mechanistically, this may reflect the convergence of redundant
inhibitory signalling, irreversible senescence, and suppressive cues from the fibrotic

microenvironment.

6.2 Future Directions

Building on these findings, future research should explore the involvement of immune
system during IPF progression. A possible use of combinatorial therapeutic strategies that
simultaneously target multiple inhibitory checkpoints or integrate immune-modulating
and antifibrotic mechanisms could be investigated. Dual blockade of PD-1 and TIGIT, or
the inclusion of agents targeting metabolic and cytokine pathways such as TGF-f or IL-
10, may offer the most effective treatment. Moreover, in vivo studies should delineate the
cellular interactions underpinning immune exhaustion and fibrosis, guiding the
development of personalized immunotherapeutic interventions tailored to the

immunological phenotype of each patient.
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