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Abstract. Idiopathic Pulmonary Fibrosis (IPF) is a progressive interstitial lung disease of unknown
etiology, characterized by the excessive deposition of fibrotic tissue in the lungs. The global
incidence of IPF is on the rise, and the disease is associated with a poor prognosis and high mortality
rate, with a median survival time of only 2 to 5 years after diagnosis. Pathologically, IPF is most
commonly classified into two subtypes: Usual Interstitial Pneumonia (UIP) and Non-Specific
Interstitial Pneumonia (NSIP). Current research suggests that injury to alveolar epithelial cells plays
a pivotal role in the initiation of IPF. Damaged epithelial cells secrete a variety of cytokines and
chemokines, which recruit immune cells, including macrophages, T cells, B cells, and neutrophils, to
the lung tissue. These immune cells contribute to local immune dysregulation, leading to further
irreversible epithelial injury and the activation of myofibroblasts, which in turn accelerates the
progression of fibrosis. This review focuses on the roles of different immune cell populations in the
pathogenesis and progression of idiopathic pulmonary fibrosis.

Keywords: Idiopathic pulmonary fibrosis; immunity; lymphocytes; macrophages; neutrophils.

1. Introduction

Idiopathic Pulmonary Fibrosis (IPF) is a type of interstitial lung disease characterized by
progressive fibrosis of lung tissue with an unknown etiology. The normal structure and function of
lung tissue are disrupted, leading to abnormal deposition of extracellular matrix (ECM), which
gradually replaces the lung parenchyma with fibrotic tissue. This results in impaired lung function,
compromised gas exchange, and a severe threat to patients' health and survival [1]. The incidence of
IPF is increasing globally, with an estimated prevalence ranging from 2 to 29 cases per 100,000
individuals in the general population [2]. Patients with IPF have a poor prognosis and high mortality
rate, with a median survival time of only 2 to 5 years and a 5-year survival rate of approximately 20%
to 40% [3]. Among the pathological subtypes of IPF, the most common are Usual Interstitial
Pneumonia (UIP) and Non-Specific Interstitial Pneumonia (NSIP). UIP is characterized by
honeycombing changes and the presence of fibroblastic foci, which are critical markers of disease
progression. In contrast, NSIP exhibits uniform inflammation and fibrosis in the alveolar septa, with
relatively milder fibrosis and the absence of honeycombing or prominent fibroblastic foci [4].

The pathogenesis of IPF is a complex process [5]. Injury to alveolar epithelial cells is considered
a key initiating event, triggered by various harmful factors such as oxidative stress and viral infections.
Damaged epithelial cells release a variety of cytokines and chemokines, recruiting immune cells,
including macrophages and lymphocytes, to the lung tissue. These inflammatory cells release
mediators that further damage lung tissue and activate fibroblasts. Activated fibroblasts differentiate
into myofibroblasts, which excessively produce and secrete ECM, ultimately leading to the formation
of pulmonary fibrosis [6]. During the development and progression of pulmonary fibrosis, multiple
immune cells, including macrophages, T cells, B cells, and neutrophils, play a role in disrupting local
immune homeostasis. This exacerbates irreversible epithelial injury and myofibroblast activation,
accelerating the progression of IPF. Immune cells are thus critical regulators in the pathogenesis of
IPF [7]. Therefore, this review focuses on the roles of different types of immune cells in the
progression of idiopathic pulmonary fibrosis.
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2. Different immune cells and IPF

2.1. Macrophages and IPF

2.1.1. M1/M2 macrophages and IPF

During the progression of pulmonary fibrosis, macrophages can polarize into two main phenotypes,
M1 and M2, depending on the specific stimulatory factors [8]. These phenotypes exhibit significant
differences in their functions and their impact on pulmonary fibrosis. M1 macrophages, also known
as classically activated macrophages, are typically induced by factors such as lipopolysaccharide
(LPS) and interferon-gamma (IFN-y). In the early stages of lung inflammation, pathogen invasion or
tissue injury triggers the production of these stimulatory factors. Once activated, M1 macrophages
highly express inducible nitric oxide synthase (iNOS), generating large amounts of nitric oxide (NO).
NO possesses potent antimicrobial and antiviral properties, effectively eliminating pathogens that
invade the lungs [9]. Additionally, M1 macrophages secrete pro-inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-a), interleukin-1 (IL-1), and interleukin-6 (IL-6), which play a
critical role in the initial inflammatory response [10]. However, excessive or sustained activation of
M1 macrophages can lead to the overproduction of pro-inflammatory cytokines, amplifying lung
inflammation and causing tissue damage, thereby laying the groundwork for the development of
pulmonary fibrosis.

In contrast, M2 macrophages, or alternatively activated macrophages, are primarily induced by
factors such as interleukin-4 (IL-4) and interleukin-13 (IL-13) [11]. M2 macrophages are involved in
tissue repair and pro-fibrotic processes [12]. They typically express markers such as arginase-1 (Arg-
1), chitinase-3-like protein-1 (Ym1), mannose receptor C type 1 (CD206), and cluster of
differentiation 163 (CD163). Arg-1 metabolizes arginine into ornithine and polyamines, with
ornithine contributing to collagen synthesis, a process critical for tissue repair but also accelerating
fibrosis. Ym1 acts as an alarmin, mitigating inflammatory responses and regulating extracellular
matrix (ECM) deposition. Dysregulation of Ym1 can lead to excessive ECM deposition, exacerbating
pulmonary fibrosis. Macrophages with high CD206 expression promote fibrosis progression, and
CD206 serves as a valuable marker for studying phenotypic and functional changes in macrophages
during pulmonary fibrosis. CD163 exerts anti-inflammatory and pro-fibrotic effects. Furthermore,
M2 macrophages secrete transforming growth factor-beta (TGF-f), which activates fibroblasts and
myofibroblasts, leading to excessive ECM synthesis and deposition. This process gradually forms
fibrotic lesions, disrupting the normal structure and function of the lungs [13].

The balance between M1 and M2 macrophages is crucial during the progression of pulmonary
fibrosis. Under normal physiological conditions, these two phenotypes maintain a relative
equilibrium. During inflammation, M1 macrophages are initially activated to clear pathogens and
damaged cells. As inflammation progresses, M2 macrophages become dominant, promoting tissue
repair [14]. However, when this balance is disrupted, M2 macrophages may become excessively
activated, leading to excessive tissue repair and fibrosis, ultimately resulting in the progressive loss
of lung function.

2.1.2. Mo-M/TR-M and IPF

Based on their origin, macrophages can be broadly classified into tissue-resident macrophages
(TR-M) and monocyte-derived macrophages (Mo-M). These two types of cells exhibit significant
differences in their origin, characteristics, and impact on pulmonary fibrosis [15]. TR-M settle in the
lungs during embryonic development and maintain their population through self-renewal. They
possess unique transcriptomic and epigenetic features, allowing them to adapt closely to the lung
microenvironment. TR-M play a crucial role in maintaining lung homeostasis by continuously
monitoring the pulmonary environment, clearing inhaled pathogens, foreign particles, and apoptotic
cells, and secreting anti-inflammatory cytokines such as IL-10 to suppress excessive inflammatory
responses. These functions are essential for preserving the normal structure and function of lung tissue
[16]. However, during lung inflammation, TR-M can be abnormally activated, releasing pro-fibrotic
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factors such as TGF-B, which induce fibroblast activation and excessive extracellular matrix (ECM)
deposition, thereby promoting pulmonary fibrosis. Additionally, some TR-M may become
functionally impaired, losing their ability to effectively suppress inflammation, indirectly
contributing to the progression of fibrosis.

In contrast, Mo-M originate from hematopoietic stem cells in the bone marrow and circulate in the
blood. During lung inflammation, circulating monocytes are recruited to the lungs, where they
differentiate into macrophages. A lineage-tracing study demonstrated that as pulmonary fibrosis
progresses, monocytes are recruited to lung tissue and differentiate into Mo-M under the fibrotic
microenvironment. These Mo-M persist in the lung tissue throughout the lifespan. Furthermore, the
depletion of monocytes in Ccr2-deficient mice effectively alleviated bleomycin (BLM)-induced
pulmonary fibrosis [17]. Subsequent single-cell RNA sequencing studies revealed that a subset of
monocytes exhibits highly activated macrophage colony-stimulating factor (M-CSF) signaling,
facilitating their migration to fibrotic lesions and differentiation into Mo-M, which promote disease
progression. Targeted inhibition of M-CSF signaling in these Mo-M has been shown to effectively
mitigate BLM-induced pulmonary fibrosis [18]. Additionally, Mo-M express high levels of marker
proteins such as CCR2, CX3CR1, and ApoE, which are highly infiltrated in lung tissue. The
overexpression of these markers promotes fibroblast proliferation, differentiation, and ECM synthesis,
exacerbating pulmonary fibrosis [19]. Collectively, these studies highlight that Mo-M play a
significant role in driving the progression of idiopathic pulmonary fibrosis (IPF).

2.2. T cells and IPF

2.2.1. Role of helper T cells in IPF

Helper T cells (Th cells) primarily consist of three subsets: Thl, Th2, and Th17. The functional
imbalance of these subsets is closely associated with disease progression [20]. Thl cells
predominantly secrete interferon-gamma (IFN-y), which exhibits anti-inflammatory and
immunomodulatory effects under normal physiological conditions. However, during pulmonary
fibrosis, overactivated Thl cells may trigger aberrant immune responses [21]. IFN-y can induce
macrophage polarization toward the M1 phenotype, enhancing their capacity to release inflammatory
mediators such as tumor necrosis factor-alpha (TNF-a) and interleukin-1p (IL-1B). These
inflammatory factors persistently stimulate the proliferation and activation of fibroblasts in lung
tissue.

In the early stages of pulmonary fibrosis, increased Th2 cytokines promote the recruitment and
activation of eosinophils. The release of various toxic proteins and inflammatory mediators from
eosinophils disrupts the normal structure of lung tissue [22]. IL-4 and IL-13 can induce the
transformation of fibroblasts into myofibroblasts, increasing the synthesis of extracellular matrix
(ECM) components such as collagen and fibronectin, leading to excessive ECM deposition in the
pulmonary interstitium. Additionally, Th2 cells can activate alveolar epithelial cells through paracrine
signaling, inducing epithelial-mesenchymal transition (EMT), which further increases the number of
myofibroblasts and exacerbates the progression of pulmonary fibrosis.

Th17 cells are characterized by their secretion of interleukin-17 (IL-17) [23]. IL-17 acts on various
cell types, including fibroblasts, epithelial cells, and endothelial cells, inducing the production of
chemokines such as CXCL1 and CXCLS8 [24]. These chemokines attract neutrophils to infiltrate lung
tissue. Neutrophils release substances such as elastase and myeloperoxidase, which directly damage
lung tissue cells and promote the proliferation and activation of fibroblasts. Furthermore, IL-17
enhances the sensitivity of fibroblasts to transforming growth factor-beta (TGF-B) [25], further
promoting fibroblast proliferation, differentiation, and ECM synthesis. This creates a vicious cycle
that accelerates the progression of pulmonary fibrosis.

2.2.2. The role of regulatory T cells in IPF

Regulatory T cells (Tregs) are a subset of T lymphocytes with immunosuppressive functions,
playing a critical role in maintaining immune homeostasis and suppressing excessive immune
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responses [26]. Their functional changes during pulmonary fibrosis significantly influence disease
progression [27]. Tregs primarily exert their immunosuppressive effects through cell-to-cell contact
and the secretion of inhibitory cytokines such as transforming growth factor-beta (TGF-B) and
interleukin-10 (IL-10).

In the early stages of pulmonary fibrosis, an appropriate increase in Treg numbers helps to suppress
excessive inflammatory responses and prevents immune cells from over-attacking lung tissue. TGF-
B inhibits the proliferation and activation of effector T cells, reduces the release of inflammatory
cytokines, and promotes extracellular matrix (ECM) remodeling during tissue repair, thereby
maintaining the normal structure of lung tissue [28]. IL-10 suppresses the activation of macrophages
and dendritic cells, reducing their antigen-presenting capacity and secretion of inflammatory
mediators, which alleviates pulmonary inflammation.

However, during the progression of pulmonary fibrosis, Treg function may undergo abnormal
changes. On one hand, the persistent elevation of pro-fibrotic factors such as TGF-f in the lung tissue
microenvironment may induce phenotypic and functional plasticity in Tregs, partially impairing their
immunosuppressive capacity and even potentially transforming them into pro-fibrotic cell subsets
[29]. On the other hand, in the disease state, the migration, homing, and survival mechanisms of Tregs
are disrupted, leading to an imbalance in their numbers and function within lung tissue. This prevents
Tregs from effectively inhibiting fibroblast activation and proliferation as well as excessive ECM
deposition, thereby promoting the progression of pulmonary fibrosis.

2.3. The relationship between B cells and pulmonary fibrosis

2.3.1. Autoantibodies involved in IPF progression

In the pathogenesis of pulmonary fibrosis, B cells primarily influence disease progression through
two key mechanisms: autoantibody-mediated attacks on lung tissue and cytokine secretion [30]. In
patients with pulmonary fibrosis, B cells are abnormally activated, producing a large number of
autoantibodies such as antinuclear antibodies (ANA), anti-topoisomerase | (anti-Scl-70), and
anticentromere antibodies (ACA). These autoantibodies specifically recognize and bind to self-
antigens in lung tissue, forming antigen-antibody complexes.

On one hand, antigen-antibody complexes can activate the complement system. The cleavage
products generated during complement activation, such as C3a and Cba, exhibit potent chemotactic
effects, attracting a large number of inflammatory cells [31], including neutrophils and macrophages,
to the site of pulmonary inflammation. These inflammatory cells release a significant amount of
inflammatory mediators locally, further damaging lung tissue and disrupting its normal structure,
thereby laying the foundation for the development of pulmonary fibrosis.

On the other hand, antigen-antibody complexes can directly stimulate resident cells in the lung
[32], such as alveolar epithelial cells and fibroblasts, causing abnormal functional changes. When
alveolar epithelial cells are damaged, their barrier function is compromised, leading to the leakage of
extracellular matrix (ECM) components into the alveolar space. Additionally, epithelial cells secrete
cytokines and chemokines, recruiting more inflammatory and interstitial cells, which further
promotes the progression of pulmonary fibrosis. Activated fibroblasts proliferate extensively and
synthesize and secrete excessive ECM, leading to the gradual worsening of lung tissue fibrosis.

2.3.2. Cytokines involved in IPF progression

B cells secrete a variety of factors, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a)), which also contribute to the progression of pulmonary fibrosis [33]. IL-6 is a cytokine with
broad biological activities that promotes the activation and proliferation of T cells and B cells,
enhancing the function of immune cells. During pulmonary fibrosis, IL-6 secreted by B cells
stimulates the proliferation and differentiation of fibroblasts, leading to increased synthesis and
secretion of extracellular matrix (ECM) [34]. Additionally, IL-6 can indirectly promote pulmonary
fibrosis by modulating the expression of other cytokines, such as transforming growth factor-beta
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(TGF-p). Specifically, IL-6 upregulates the expression of TGF-B, thereby amplifying its pro-fibrotic
effects.

TNF-o is another critical pro-inflammatory cytokine that induces apoptosis, promotes
inflammatory responses, and regulates immune cell function. In pulmonary fibrosis, TNF-a secreted
by B cells directly damages alveolar epithelial cells and endothelial cells, disrupting the normal
structure of lung tissue. Furthermore, TNF-a activates the nuclear factor-kappa B (NF-kB) signaling
pathway, promoting the infiltration of inflammatory cells and the release of inflammatory mediators,
which exacerbates pulmonary inflammation and fibrosis [35].

In addition, B cells can secrete chemokines such as CXCL12, which recruit immune cells and
interstitial cells to sites of pulmonary inflammation, further driving the progression of pulmonary
fibrosis.

2.4. Neutrophils and pulmonary fibrosis

2.4.1. Neutrophil recruitment is involved in IPF progression

Neutrophils (Neutrophilic granulocytes, NEUSs) play a critical role in pulmonary fibrosis, and their
recruitment is the initial and essential step in this process [36]. When the lungs are subjected to
injurious stimuli such as inflammation or oxidative stress, the damaged site rapidly releases a series
of chemokines, including interleukin-8 (IL-8) and complement component C5a. These chemokines
act as "signaling flares,” guiding neutrophils to the site of injury. Under normal physiological
conditions, neutrophils remain in a "standby" state within the bloodstream. However, upon receiving
chemokine signals, they quickly respond.

First, neutrophils interact with the corresponding ligands on the surface of vascular endothelial
cells through adhesion molecules, such as integrins, causing them to "marginate” from the
bloodstream and tightly adhere to the endothelium. This process is known as margination.
Subsequently, under the continuous attraction of chemokines, neutrophils migrate through the gaps
between endothelial cells via diapedesis and enter the inflammatory region of the lung tissue.

In the context of pulmonary fibrosis, persistent injurious stimuli lead to the continuous release of
chemokines, resulting in the ongoing recruitment of neutrophils to the lungs. The accumulation of a
large number of neutrophils not only alters the cellular composition of the pulmonary
microenvironment but also sets the stage for subsequent pathological responses [37].

2.4.2. Degranulation of NEU is involved in IPF progression

Degranulation of neutrophils (NEUS) is another critical mechanism through which they influence
pulmonary fibrosis [38]. NEUs contain various types of granules, including primary, secondary, and
tertiary granules, each storing unigque bioactive substances [39]. When neutrophils are activated, these
granules fuse with the cell membrane, releasing their contents into the extracellular environment.
Primary granules are rich in myeloperoxidase (MPO) and elastase. MPO catalyzes the production of
highly oxidative substances, such as hypochlorous acid, which play a crucial role in defending against
pathogen invasion. However, in the context of pulmonary fibrosis, these strong oxidants excessively
damage normal lung tissue cells and the extracellular matrix (ECM) [40]. Elastase degrades structural
proteins such as elastic fibers in lung tissue, disrupting its normal structure and function. Secondary
granules contain lactoferrin and collagenase. Lactoferrin can modulate inflammatory responses to
some extent, but its function becomes dysregulated in the complex environment of pulmonary fibrosis.
Collagenase, which breaks down collagen—a major component of the lung ECM—can lead to
abnormal collagen degradation when excessively released. This disrupts the balance between ECM
synthesis and degradation, promoting the development of pulmonary fibrosis. Tertiary granules,
which contain enzymes such as cathepsins, also participate in ECM metabolism, further influencing
the progression of pulmonary fibrosis.

In summary, tissue-resident macrophages (TR-M) and monocyte-derived macrophages (Mo-M)
collaborate and counteract each other during pulmonary fibrosis, jointly influencing its initiation,
progression, and outcomes. Helper T cells (Th) and regulatory T cells (Treg) play significant roles in
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the development of pulmonary fibrosis. B cells contribute through autoantibody-mediated attacks on
lung tissue and the secretion of various cytokines and chemokines. Neutrophils exert their effects via
direct inflammatory damage and ECM destruction. A deeper understanding of their mechanisms and
interrelationships may provide new insights and strategies for the prevention and treatment of
pulmonary fibrosis.

3. Conclusion and outlook

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive disease with a complex pathogenesis
involving the abnormal activation and interaction of various immune cells. In recent years, with in-
depth research into the role of the immune system in pulmonary fibrosis, increasing evidence has
demonstrated that immune cells play a critical role in the initiation, progression, and prognosis of
pulmonary fibrosis. Innate immune cells, such as macrophages and neutrophils, are pivotal in the
early stages of pulmonary fibrosis. They initiate and amplify inflammatory responses by releasing
pro-inflammatory factors and reactive oxygen species (ROS), promoting the activation and
proliferation of fibroblasts. Adaptive immune cells, including T cells and B cells, exhibit dual roles
in pulmonary fibrosis. On one hand, pro-inflammatory T cell subsets such as Thl and Thl7
exacerbate inflammation and tissue damage. On the other hand, regulatory T cells (Tregs) exert
immunosuppressive effects, limiting inflammation and tissue injury. B cells contribute to the
development of pulmonary fibrosis by producing autoantibodies and pro-inflammatory factors. A
complex interaction network exists between immune cells and lung parenchymal cells, such as
fibroblasts and epithelial cells. Immune cells regulate the activation, proliferation, and differentiation
of lung fibroblasts through the secretion of cytokines, growth factors, and other mediators, promoting
extracellular matrix (ECM) deposition and the formation of pulmonary fibrosis. Advanced
technologies, such as single-cell sequencing, have enabled further elucidation of the functional and
phenotypic changes in different immune cell subsets during pulmonary fibrosis, providing a
theoretical foundation for precision-targeted therapies. Based on the understanding of the roles of
various immune cells in pulmonary fibrosis, therapeutic strategies targeting specific immune cells or
signaling pathways—such as immune cell adoptive therapy and immune checkpoint inhibitors—offer
new hope for patients with IPF.

In summary, immune cells play a complex and crucial role in pulmonary fibrosis. Further research
into the interactions between immune cells and pulmonary fibrosis, as well as the underlying
molecular regulatory mechanisms, will help identify key regulatory nodes and signaling pathways.
This could provide novel insights for the diagnosis, treatment, and development of new therapeutic
targets for pulmonary fibrosis.
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