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A B S T R A C T

Idiopathic pulmonary fibrosis (IPF), a progressive lung disease characterized by irreversible lung dysfunction
caused by fibroblast proliferation and excessive collagen deposition, is the result of persistent chronic inflam-
mation of the lung parenchyma. Although the pathogenesis is not fully understood, the role of immune mecha-
nisms such as innate immune response, adaptive immunity and immune regulation, and cytokines in the
pathophysiological mechanism of pulmonary fibrosis have been gradually recognized. There are currently limited
drugs available to treat IPF, and long-term use of these drugs may have many adverse effects. With the elucidation
of the underlying immunological pathogenesis, the development of more valuable drugs targeting the immune
system becomes possible. This review introduces the immunological pathogenesis of pulmonary fibrosis and the
emerging drugs targeting the immune system in recent years, aiming to provide insights into the mechanism and
treatment direction of pulmonary fibrosis.
1. Introduction

Idiopathic pulmonary fibrosis (IPF), a chronic, progressive, and fatal
interstitial lung disease, is characterized by the activation of lung fibro-
blasts, extensive extracellular matrix deposition, and sustained scarring
of lung parenchyma [1–4]. In the process of pulmonary fibrosis, healthy
lung tissue is replaced by the extracellular matrix with changed biolog-
ical characteristics, including the destruction of the complete structure of
alveoli, increased stiffness of lung tissue, reduced compliance, and
impaired gas exchange and lung function. These pathological changes
can result in respiratory failure and death of patients [5–7]. The median
age at diagnosis of IPF is over 65-years-old, and the incidence increases
with age. The median survival is 3–5 years. Approximately 3 million
people are affected worldwide, resulting in a significant socio-economic
burden [1,8,9].

The pathogenesis of IPF is complex. Currently, it is believed that
under the action of risk factors such as environmental exposure, genetic
susceptibility, and aging [10], the abnormal repair response caused by
repeated damage of alveolar epithelium becomes the core driving force
[11–13]. The repeatedly damaged epithelial cells interact with mesen-
chymal cells and immune cells to form chronic inflammatory infiltration
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of lung parenchyma through a variety of signal transduction pathways,
jointly activate and destroy normal repair pathways, form a tissue
microenvironment promoting fibrosis, and cause abnormal activation
and proliferation of key efferent cell fibroblasts and myofibroblasts.
Epithelial-mesenchymal transformation (EMT) presents myofibroblast
phenotype, and extracellular matrix such as collagen fibers accumulates,
ultimately leading to fibrosis [14–18].

The bidirectional interaction between the distal lung epithelial cells
and the immune system is the core link of pulmonary fibrosis. During the
occurrence and development of pulmonary fibrosis, the key features of
autoimmune dysfunction have also been gradually emphasized [19,20].
Under normal conditions, with the involvement of damage-associated
molecular patterns (DAMPs), the immune system regulates effective in-
flammatory responses to eliminate risk factors, while performing
appropriate tissue regeneration to restore function. Immune cells such as
monocytes/macrophages, T and B lymphocytes synthesize and release
cytokines, stimulate the proliferation of fibroblasts, synthesize and
secrete collagen and polysaccharide, regulate the completion of normal
tissue repair, and promote the simultaneous resolution of inflammation
[21,22]. In pathological conditions, the distal epithelium with genetic
susceptibility and aging is continuously exposed to harmful factors, and
the interaction of lung tissue structural cells and immune cells leads to an
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Abbreviations

IPF Idiopathic pulmonary fibrosis
DAMPs Damage-Associated Molecular Patterns
M1 Classical activation of macrophage
M2 Alternatively activated macrophage
TIM-3 T cell immunoglobulin and mucin domain 3
MMPs Matrix metalloproteinases family
ILCs Innate lymphoid cells
HSP47 Heat shock protein 47
Nrp1 Neuropilin 1
TGF-β1 Transforming growth factor β1
DCs Dendritic cells
TCR T cell receptor
Th T helper cells
Tfh Follicular helper T cells
IGF-1 Insulin-like growth factor-1
Tregs regulatory T lymphocytes
Bregs regulatory B cells
MDSCs Myeloid Derived Suppressor Cells

MSCs Mesenchymal Stem Cells
AEC II Alveolar type II epithelial cells
EndMT Endothelial-to-mesenchymal transition
CTGF Connective Tissue Growth Factor
PDGF Platelet-Derived Growth Factor
APP Acute Phase Protein
VEGF Vascular Endothelial Growth Factor
FAP Fibroblast Activation Protein
TSLP Thymic Stromal-Derived Lymphopoietin
C5 Complement factor 5
C3a Complement component 3a
SAP Serum Amyloid P component
INF-γ Interferon-γ
IL-4 Interleukin-4
IL-10 Interleukin-10
IL-13 Interleukin-13
FVC Forced Vital Capacity
DLCO Carbon monoxide Diffusion capacity
LPA Lysophosphatidic acid
LOXL2 Lysine oxidase-like 2
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uncontrolled immune response, which jointly forms a pro-fibrotic
microenvironment, so that effector cells such as lung fibroblasts are
constantly activated, the repair response is dysfunctional, and the lung
parenchyma is eventually replaced by fibrotic tissue [23,24].

Current drug therapy is limited, and many clinical treatment methods
are only used as adjuvant regimens. As the disease progresses, patho-
physiological changes also lead to poor treatment. On the one hand, the
understanding of the pathogenesis and treatment of IPF has changed
[25], on the other hand, epigenetic modifications have led to heteroge-
neity in patients, the effects of different treatments vary from person to
person, and there is a lack of appropriate biomarkers to predict disease
progression in individual patients [26,27]. Lung transplantation, as the
last line of treatment, can extend a certain life span, but the scarcity of
lungs and the high cost of treatment make it impossible for patients to
obtain this treatment [28]. The FDA-approved treatment of Pirfenidone
and Nintedanib targets multiple pathways, but can only slow down the
PF process, not reverse fibrotic structural changes, and long-term treat-
ment may produce many adverse reactions. Therefore, the treatment of
pulmonary fibrosis has been and still is a challenge.

The immune system plays a key role in progressive pulmonary fibrosis
and scar formation [29]. Monocytes/macrophages, regulatory T and B
lymphocytes, immune cytokines, and other complex immune cell types
and secreted factors play a role in forming a tissue microenvironment
that affects cell phenotype and function [30–32], this will contribute to
the understanding of disease pathogenesis, the development of
anti-fibrosis drugs and the management of clinical patients [33]. In
recent years, emerging therapies that target specific immune factors and
cells of the immune system have achieved great results, such as the
growth factor family and macrophages.

Although the current available literature provides an in-depth sum-
mary of the epidemiology, pathogenesis and diagnosis of pulmonary
fibrosis, there is a lack of effective treatment [34]. Over the past few
years, research has increasingly focused on the role of immune mecha-
nisms in the pathogenesis of pulmonary fibrosis. However, previous re-
views focused more on the individual introduction of immune cells and
molecules in the immune mechanism, and less on the immune compo-
nents and their crosstalk effects with lung parenchymal tissue. There is
also insufficient background emphasis on immunotherapy targeting
unique segments of the immune system. This article focuses on the im-
mune system as the central pathogenesis of pulmonary fibrosis and the
interaction between various immune components and lung parenchyma.
The molecular mechanism and clinical trial information of potential
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therapeutic approaches for key immune targets are also discussed in
detail [28]. Therefore, we searched the clinical trials of immunotherapy
for pulmonary fibrosis that have been completed in recent years, such as
stem cell therapy, a monoclonal antibody of key immune factors, etc.,
and summarized the contents of immunopharmacology, hoping to pro-
vide a reference for future direction. In this review, we searched subject
terms from databases such as Web of Sciences and PubMed, following
previous methods [35,36]. The subject terms used were “pulmonary
fibrosis”, “immunity”, “immunotherapy”, and the publication time was
limited to nearly ten years. Finally, 208 articles were considered for this
review.

2. Immune mechanisms of pulmonary fibrosis

2.1. Innate immune response

The innate immune response is the rapid response process of innate
immune cells to pathogens or danger signals. The pathogenesis of pul-
monary fibrosis involves overactivation of the innate immune response
pathway. Macrophages are the most common type of immune cells in the
lungs, mainly composed of alveolar macrophages and interstitial mac-
rophages [37]. Macrophages play a crucial role in wound repair by
changing phenotype and secretion patterns in response to injury [38,39].
There are two main types of macrophage activation, namely Classical
activation of macrophage (M1) and alternatively activated macrophage
(M2). M1 macrophages are mostly associated with the production of
pro-inflammatory cytokines, while M2 macrophages have
anti-inflammatory and tissue repair functions, and are generally consid-
ered key regulatory factors in the development of fibrosis [40–42]. Under
physiological conditions, airway macrophages play an inherent immune
defense role against foreign pathogens, clearing the particulate antigens
in the respiratory tract and maintaining airway immune balance [43].
Repeated exposure to environmental harmful factors leads to epithelial
cell damage, and resident and cycling-arriving macrophages are acti-
vated and polarized, releasing pro-fibrotic cytokines to initiate fibrosis.
Studies have found that a variety of signal transduction pathways and
factors regulate M1/M2 polarization of macrophages [44,45], for
example, IL-4 and IL-33 can promote M2 polarized macrophages [46],
and are related to the PI3K/Akt pathway and MAPK pathway. Collagen
can promote the polarization of M2 macrophages through CD204
cascade phosphorylation of Akt, produce TGF-β1 and IL-13 to regulate
pulmonary fibrosis [47], and enhance the production of pro-fibrotic
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factors. Lung macrophage transcription factor FOXM1 affects the pro-
gression of pulmonary fibrosis by regulating p38MAPK [48]. In addition,
it has been found that T cell immunoglobulin and mucin domain 3
(TIM-3) are key regulators of macrophage function, and overexpression
of TIM-3 in alveolar macrophages may aggravate pulmonary fibrosis
[49]. MMP28, a member of the Matrix metalloproteinases (MMPs)
family, is also an important regulator of macrophage M2 polarization
[50]. It can be seen that M2 macrophages are an important part of the
pathogenesis of pulmonary fibrosis, and inhibiting the polarization of M2
macrophages can prevent and treat pulmonary fibrosis [51]。

In addition to macrophage subsets (M1/M2), there are Innate
lymphoid cells (ILCs) that can directly regulate the function of fibroblasts
[52]. ILCs are considered to be regulators of chronic inflammation and
tissue remodeling [53] and have received increasing attention in the
innate immune mechanisms of pulmonary fibrosis. ILCs residing in tissue
mucosa have unique functions. After receiving injury danger signals from
epithelial cells, they activate proliferation and release cytokines with
specific functions to participate in mucosal immunity and maintain ho-
meostasis [54]. Among them, type 2 innate lymphoid cells (ILC2),
stimulated by IL-33 and IL-25, secrete cytokines to activate M2 macro-
phages, mediate tissue repair, and react on ILC2, and the cross-talk be-
tween the two promotes the development of pulmonary fibrosis [55], and
this innate mechanism is independent of the specific immune response
mediated by T cells. Several factors have also been reported to be
involved in regulating the function of ILC2. For example, neurosin-1
(Nrp1) is a tissue-specific marker of lung ILC2, and Transforming
growth factor β1 (TGF-β1) enhances type 2 immunity by up-regulating
the expression of IL-33 receptor ST2 through Nrp1 signaling [56]. In
addition, in pulmonary fibrosis, ILC2 is regulated by Regnase-1 endo-
nucleases [57], which controls cytokines through post-transcriptional
regulation through degradation of immune-related mRNA [58] thus
achieving a pro-fibrotic effect [59].

Mast cells (MCs) on connective tissue and mucosal surface, when
exposed to repeated or long-term stimulation, can cause tissue homeo-
stasis disorders by regulating inflammatory mediators and cell adhesion
molecules [60], mediate excessive tissue repair, and play a role in the
development of pulmonary fibrosis [61]. Changes in the number or
activation of Natural killer cells (NK) also affect tissue remodeling in
pulmonary fibrosis [62].

Innate immune molecules are also involved in the pathogenesis of
pulmonary fibrosis. Defensins are innate immune molecules involved in
inflammation and tissue repair [63], and participate in the innate im-
mune response of the respiratory tract [64]. It has been reported that
α-defensin is elevated in patients with idiopathic pulmonary fibrosis
[65], and α-defensin can promote collagen synthesis through the
up-regulation of Heat shock protein 47 (HSP47) and other molecules in
lung fibroblasts, and participate in the pathogenesis of pulmonary
fibrosis [66]. The role of toll-like receptors, a pattern recognition re-
ceptor in innate immunity, in promoting the inflammatory response of
pulmonary fibrosis has also been reported [67,68]. In addition, there is
increasing evidence that inflammasomes play a key role in the initiation
and progression of the inflammatory process of pulmonary fibrosis [69].
Innate immune signals bind oligomeric dome-like receptor 3 (NLRP3)
inflammasomes through activation of nucleotides. Regulating the matu-
ration and release of caspase-1 and downstream signaling molecules such
as IL-1β and IL-18 promotes fibrosis [70].

2.2. Adaptive immune response and immune regulation

Both innate and adaptive immunity play key roles in the pathogenesis
of pulmonary fibrosis, and Dendritic cells (DCs) are the bridge between
them. DCs are highly specialized immune cells that capture antigens and
migrate to lymphoid tissue for presentation to T cells [71]. On the one
hand, resident cells such as fibroblasts and epithelial cells in pulmonary
fibrosis drive DCs to accumulate in chronic inflammatory tissues [72],
enabling chronic inflammation and fibrosis to coexist [73]. On the other
3

hand, DCs derived from bone marrow migrated from alveoli to lung
parenchyma under exposure to risk factors, activating and aggregating T
lymphocytes for adaptive immune response [74].

During chronic inflammation, the T cell receptor (TCR) binds to
specific antigens. The balance of cell subsets such as T helper cells (Th),
Follicular helper T cells (Tfh), and regulatory T cells (Tregs) changes,
promote the proliferation of fibroblasts [75] and drive fibroblasts to
restructure the extracellular matrix [52,76]. Studies have suggested that
the pulmonary fiber proliferation response is a type 2 immune response
[77], and CD4þTh2 cells, the type 2 efferent product of IL-13, are
necessary for the fibrosis model [78]. Macrophage-derived IL-12 controls
Th1/Th2 polarization [79], and homologous insulin-like growth factor-1
(IGF-1) drives the proportion of Th2 and the up-regulation of secreted
cytokines, promoting the transformation of local inflammatory response
into chronic fibrosis [80]. And continue to activate myofibroblasts. Other
studies have suggested that CD28, a co-stimulatory molecule mediating T
cell activation, plays a role in the development of pulmonary fibrosis
[81], and CD28 of T cells is associated with the downregulation of the
poor prognosis of IPF patients, which may be related to the regulation of
the production of lung Th2 cytokines [82].

In the specific immune response, abnormal humoral immune
response mediated by Tfh, resulting in excessive deposition of non-
specific autoantibodies, is also associated with pulmonary fibrosis [83].
Tissue-resident memory T cells have also attracted increasing attention in
wound healing disorders and fibrosis [84]. Vasculitis and alveolitis
caused by the deposition of immune complexes in humoral immunity
also continue to activate lung fibroblasts, resulting in pulmonary fibrosis
[85].

The balance of complex lymphocyte subsets in the adaptive immune
response influences the progression of pulmonary fibrosis. The regula-
tory immune system plays an important role in regulating the polariza-
tion of lymphocyte subsets, inflammation, fibrotic transformation, etc.
For example, programmed cell death of effector T cells occurring in the
stage of immune regression often regulates the development of pulmo-
nary fibrosis [86]. Regulatory immune cells include regulatory T lym-
phocytes (Tregs), regulatory B cells (Bregs), and Myeloid-derived
suppressor cells (MDSCs) [87]. Most of these immune cells are the source
of inhibitory factors that reduce fibroblast activation and collagen syn-
thesis [88]. Current studies focus on the role of Th1/Th2 balance and
Th17/Tregs balance in pulmonary fibrosis. The decrease of Tregs induces
the polarization of the Th1/Th2 balance toward the Th1 phenotype and
inhibits the progression of the Th2 pulmonary fibrosis phenotype [89].
Breg deficiency also significantly inhibits Tregs, reduces IL-10 levels,
promotes Th1 phenotype, amplifies inflammation, and alleviates pul-
monary fibrosis [90,91]. Th17/Tregs are also important for the mainte-
nance of pulmonary immune homeostasis [92]. IL-17A secreted by
Th17 cells is associated with the pathogenesis of abnormal pulmonary
fibrosis [93]. The differentiation of Th17/Tregs is co-regulated by the
paracrine cytokine TGF-β1 of bone marrow Mesenchymal Stem Cells
(MSCs) and the microenvironment. When Tregs and Th17 cells are
polarized, the process of pulmonary fibrosis also changes [94,95].
Therefore, targeting Tregs may be a direction for the treatment of pul-
monary fibrosis [96].

2.3. Interaction between lung tissue cells and immune cells

The immune mechanism is involved in the pathological process of
pulmonary fibrosis. Normal lung tissue structural cells, including alveolar
epithelial cells, fibroblasts, and extracellular matrix, interact with a va-
riety of immune cells [97], and jointly participate in the development of
chronic alveolar epithelial injury, fibroplasia, transdifferentiation,
increased microvascular permeability, and changes in cytokine secretion
of lung structural abnormalities [98]. After the injury, lung cells secrete
and release a variety of repair factors, including epidermal growth factor
and fibroblast growth factor, which, together with extracellular matrix
such as fibronectin, collagen, and matrix metalloproteinases (MMP-1,



D. Gao et al. Pharmaceutical Science Advances 2 (2024) 100030
MMP-7, MMP-9), promote the restoration of epithelial integrity and
maintain lung homeostasis [99]. However, changes in lung tissue cell
status may induce dysregulation of repair response, resulting in the
transition from normal lung structure to pulmonary fibrosis [100].
Therefore, lung structural cells such as lung epithelial cells and mesen-
chymal cells are the key research objects of pulmonary fibrosis [5].

Alveolar type II epithelial cells (AEC II) are considered to be the stem
cells of alveoli and a key structure of the distal lung epithelium,
participating in the innate immune response and mainly participating in
the regeneration and repair of the alveolar epithelium [101]. It plays an
important role in maintaining lung homeostasis and the pathogenesis of
pulmonary fibrosis [102]. In the physiological state, it coordinates the
host defense mechanism, secretes surfactant proteins, and maintains the
intact barrier of alveolar epithelium against pathogen damage. After
injury, AEC II participates in fibroplasia by secreting growth factors and
pro-inflammatory molecules and is also an important source of myofi-
broblasts through Endothelial-to-mesenchymal transition (EndMT)
[103]. Other studies suggest that the interaction between endothelial
cells and pericytes in the microvascular system is also one of the sources
of the transformation of endothelial mesenchyme into myofibroblasts
[104].

Mesenchymal lung fibroblasts are effector cells of pulmonary fibrosis,
which interact with resident and circulating lung immune cells [105] to
induce fibroblast to myofibroblast transformation (FMT), a core event in
the pathogenesis of IPF. Leads to uncontrolled deposition of Extracellular
matrix (ECM) in lung parenchyma [106]. In addition, lung fibroblasts are
the target cells of para-secretory signals of immune cells such as lym-
phocytes and monocytes, and pro-fibrotic factors such as TGF-β1, con-
nective tissue growth factor (CTGF) and platelet-derived growth factor
(PDGF) can activate lung fibroblasts to transform into lung myoblasts and
become the main cells producing collagen [103]. It then mediates con-
nective tissue repair and pathological fibrosis [107,108]. In addition, a
variety of molecules that regulate the proliferation and activation of fi-
broblasts have been gradually recognized, such as cytokines such as
4

IL-13, and chemokines such as MCP-1 andMIP-1β. As well as Acute phase
protein (APP), Vascular endothelial growth factor (VEGF), VEGF, and
Fibroblast activation protein (FAP) have been identified as important
fibrotic regulators and become potential targets for anti-fibrotic drug
development (Fig. 1) [103,109].

Lung mesenchymal stem cells (MSCs) also play a role in immune
regulation, and the mediators of their secretion affect disease progression
[110]. MSCs can interact with immune cells through paracrine mecha-
nisms or directly, such as regulating macrophage phenotype, alleviating
lung injury, inducing tissue repair, and limiting the progression of pul-
monary fibrosis [111,112]. In addition, MSCs have low immunogenicity
and homing properties, so their potential for clinical application in the
treatment of pulmonary fibrosis has also attracted attention from re-
searchers [113,114].
2.4. Cytokines and chemokines

Abnormal tissue and organ cytokines, such as interleukin, interferon,
and chemokines, will interfere with the immune response of the body,
participate in the diffuse injury of lung cells, the activation and prolif-
eration of fibroblasts, and promote the process of pulmonary fibrosis
[115,116]. Among the pro-fibrotic cytokines, TGF-β is undoubtedly the
central mediator of EMT and FMT in the process of fibrosis [117,118],
which can inhibit both innate and adaptive immune responses [119].
TGF-β1 is involved in the formation of pro-fibrotic microenvironment
and differentiation of myofibroblasts, which can affect the phenotype
and function of lung tissue cells and immune cells [120]. The TGF-β
family interacts with immune cells and lung structural cells to influence
fibrosis through various intracellular signaling pathways [121]. Activa-
tion of the classical TGF-β1/Smad2/3 intracellular signaling pathway
mediates the up-regulation of ECM gene expression in fibroblasts [122],
and TGF-β can also communicate with damaged lung epithelium and
immune system cells through the Sonic hedgehog (Shh) signaling
pathway [123]. The secretion of TGF-β is regulated by the surrounding
Fig. 1. Immune role in pulmonary fibrosis. The
abnormal repair response caused by repeated injury of
epithelial cells resulted in the interaction of epithelial
cells with mesenchymal cells and immune cells. The
repair response causes the polarization of M2 macro-
phages in the innate immune response, and ILC2 also
activates M2 macrophages when stimulated by IL-33
and IL-25. The balance of T cell subsets is altered in
adaptive immunity, which is manifested as Th1/Th2
polarization regulation by type 2 immune response,
regulatory immune cell changes, and pulmonary im-
mune homeostasis. Both innate and adaptive immu-
nity contribute to the pro-fibrotic tissue
microenvironment and participate in the fibroproli-
ferative reaction, while the abnormal activation and
proliferation of key effector cells fibroblasts and
myofibroblasts, epithelial interstitial transformation
(EMT), myofibroblast phenotype, and accumulation of
extracellular matrix such as collagen fibers eventually
lead to fibrosis.
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microenvironment. For example, it has been suggested that the neuro-
immunomodulator substance P can affect the release of TGF-β in bron-
chial epithelial cells [124], and natural killer T cells of inherent
lymphocytes can also play an anti-fibrotic role by regulating the pro-
duction of TGF-β1 [125, 126].

TGF-β can also affect the pathophysiological process of pulmonary
fibrosis by inducing different interleukins. Interleukins are a group of
cytokines involved in inflammation and immune response, as well as in
the formation and development of pulmonary fibrosis [127]. For
example, IL-17A in the IL-17 family increases the synthesis and secretion
of collagen in alveolar epithelial cells and promotes EMT in a
TGF-β1-dependent manner [128,129]. In addition, IL-25 from epithelial
cells, also known as IL-17E, has been shown to significantly induce the
expression of type 2 immune-related cytokines [130], and IL-17E, IL-33,
and thymus interstitial lymphopoietin (TSLP) are key factors in type 2
immune polarization. Mediating persistent abnormal epithelial intersti-
tial crosstalk is involved in pulmonary fibrosis [131,132]. IL-17A cross-
talk with B-cell activator (BAFF), a member of the tumor necrosis factor
(TNF) family, is regulated by IL-10 [133]. IL-33 belongs to the IL-1
family, and its receptor IL-33R and its downstream pathway play an
important role in pulmonary fibrosis [134,135]. Studies have suggested
that IL-33 is involved in the phosphorylation of Smad3, a key signaling
protein of TGF-β [136]. In addition, IL-33/ST2 signaling pathway can
also induce Th2 immune response and promote fibrosis [137]. TSLP is
also involved in inducing the release of CCL2 in fibroblasts and influ-
encing the chemotaxis of monocytes [138].

Chemokine ligands and receptors also play a key role in regulating
lung tissue repair, regeneration, and remodeling [139]. CCL18 is a che-
mokine produced mainly by antigen-presenting cells, which can
chemotactic T lymphocytes and stimulate lung fibroblasts to increase
collagen production [140]. The high expression of the chemokine
CX3CL1-CX3CR1 axis may affect the infiltration of M1-type macrophages
and participate in the development of idiopathic pulmonary fibrosis
[141,142]. Macrophage inflammatory proteins 1α and β (MIP-1α, β) can
chemotactic monocytes and lymphocytes, and MIP-2 is an effective
chemokine for neutrophils, both of which are involved in regulating the
inflammatory response of idiopathic pulmonary fibrosis [143]. In addi-
tion, integrins, which mediate intercellular and stromal interactions, also
participate in fibrosis by regulating immune cell migration and activation
in lung tissue [144,145].

As an important part of the innate immune response, the complement
system is also involved in the fibrosis process. TGF-β1, complement factor
5 (C5) and its cleavage product C5a can promote fibrosis in the stage of
chronic injury [146]. Complement component 3a (C3a) has been re-
ported to interact with TGF-β1 and is involved in epithelial damage in
pulmonary fibrosis [147]. Complement protein C1q can activate fibro-
blasts and type 2 alveolar epithelial cells early and aggravate pulmonary
fibrosis [148].

A variety of acute reactive proteins play a role in pulmonary fibrosis
by influencing innate immune regulation. Some studies suggested that
the Serum amyloid P component (SAP, also known as PTX2) could inhibit
the differentiation of fibroblasts derived from monocytes and remove
excess ECM in time by interacting with fibrin and plasminogen. Play an
anti-fibrotic role [149,150].

3. Novel immunotherapy

Immune cells, especially macrophages, are quite malleable in the
development of PF and are classified into classical activation (M1) phe-
notypes and replacement activation (M2) phenotypes based on their
microenvironment [151,152]. M1 is activated by microbial products
(LPS) or pro-inflammatory cytokine INF-γ (interferon-γ) to trigger an
inflammatory response and mediate tissue damage. M2 is activated by
IL-4 (interleukin-4), IL-10 (interleukin-10), and IL-13 (interleukin-13),
which inhibits inflammation and repairs damage. After repeated alveolar
epithelial injury, macrophages phagocytose cell debris and other
5

pathogens, produce cytokines, chemokines, and growth factors, further
recruit and activate fibroblasts, and work with other cells for tissue repair
[153]. The role of the immune system in the pathogenesis of PF has
become a major focus of current and future research. Although the
treatment of the two FDA-approved drugs targets multiple pathways,
they can only slow the process of PF, not reverse fibrotic structural
changes, and long-term treatment can produce many adverse effects.
Therapies developed to target the immune system have revolutionized a
variety of diseases, such as immunomodulators for autoimmune diseases
and immune checkpoint inhibitors for tumors. Based on the role of the
immune system in the pathophysiology of pulmonary fibrosis, targeting
drugs to specific immune factors and cells, such as the growth factor
family and macrophages, to explore more valuable drugs has become a
focus. Immunotarget therapies targeting abnormal immune response
pathways in pulmonary fibrosis are also being studied. Therefore, we
searched and summarized the clinical trials of immunotherapy for pul-
monary fibrosis that have been completed in recent years, such as stem
cell therapy, a monoclonal antibody of key immune factors, etc.
(Table 1), and made a brief review of their immunopharmacological
content, hoping to provide a reference for future direction (Fig. 2) [154].

3.1. Stem cell therapy

Studies have shown that stem cells play a role in tissue repair, and
mesenchymal stem cells (MSCs) can inhibit inflammation and contribute
to epithelial tissue repair. Therefore, in recent years, several clinical trials
have been conducted to study the efficacy and safety of MSCs therapy in
pulmonary fibrosis [155,156]. A single-center, dose-escalated 1B clinical
trial in moderate-to-severe IPF patients was given intravenous doses of
1 � 106 or 2 � 106MSC/kg with forced vital capacity (FVC) and carbon
monoxide diffusion capacity (DLCO) and adverse events followed for 6
months. The results show that MSCs have good safety when administered
intravenously [157]. A subsequent Phase 1 trial (NCT02013700) also
evaluated the safety of a single infusion of MSCs at different doses in
patients with mild-to-moderate IPF. The primary endpoint of the study
was the rate of serious adverse events that occurred after treatment, and
the secondary efficacy endpoint was disease progression. The results
showed that no serious adverse events were reported [158]. A subse-
quent clinical trial evaluated the safety, tolerability, and efficacy of cu-
mulative doses of MSCs in patients with moderate-to-severe IPF. The
treatment group was given intravenous injections of allogeneic mesen-
chymal stem cells (2 � 108 cells) twice every 3 months, while the other
group was given a placebo. The results showed no obvious adverse re-
actions in both groups. DLCO and FVC in the MSCs treatment group were
significantly improved at different time points. Therefore, researchers
believe that high-dose allogeneic MSCs treatment is a safe therapy that
can delay disease progression [159]。

In addition to mesenchymal stem cells (MSCs), adipose-derived stem
cells (ADSCs) were used to evaluate the safety and function of the
treatment of pulmonary fibrosis in two phase 1 clinical studies [160,
161]. In both studies, patients received ADSCs intravenously, and the
incidence of adverse events and changes in DLCO and FVC were used as
observational indicators. The results showed that no serious adverse
events occurred in all patients, demonstrating the safety of endobron-
chial administration of autologous ADSCs. The researchers also point out
that these clinical trials provide directions for future efficacy trials.

3.2. Growth factor antibodies

TGF-β is essential in fibrosis, and the current treatment of IPF with
TGF-β1-specific neutralizing antibodies has not achieved satisfactory
results. The research on the mechanism of various molecules and cells of
the immune system in IPF may promote the development of novel drugs
targeting the immune system.

The humanized anti-α (v)β(6) IgG1 monoclonal antibody BG00011
can block the binding of α(v)β(6) and TGF-β, and inhibit the activation of



Table 1
Characteristics of clinical trials targeting immunotherapy for pulmonary fibrosis.

Drug Pharmacological class Clinical trial ID Study Design Dose Regimen Follow-
up
period

Results References

MSCs Placenta-derived MSC NCT01385644 Phase I, open-label,
single centre, non-
randomized dose-
escalation

1-2 � 106 MSCs/kg 6
months

Feasible and has a good short-
term safety profile. FVC,
DLCO, 6MWD and CT fibrosis
scores were not significantly
worse

[157]

Allogeneic adult
human Mesenchymal
Stem Cells

NCT02013700 Phase I, randomized,
blinded, placebo-
controlled

20, 100, or 200 � 106

MSCs
60
weeks

No serious adverse events
were reported after treatment.
Predicted FVC and DLCO
decreased significantly from
baseline

[158]

Bone marrow
Mesenchymal Stem
Cells

NCT02594839 Phase I/IIa,
randomized, open-label,
placebo-controlled

2 � 108 MSCs 12
months

No significant adverse effects
after administration.
Significantly better
improvement for DLCO, FVC,
6MWD

[159]

ADSCs Adipose-Derived
Stromal Cells-Stromal
Vascular Fraction

NA Longitudinal Outcomes
of Phase Ib Clinical Trial

0.5 � 106 ADSCs-SVF/
kg

54
months

DLCO and FVC decreased
significantly from baseline
No tumor development

[160]

ADSCs-SVF Autologous adipose-
derived stromal cells
-Stromal vascular
fraction

NA Phase Ib non-
randomized, no
placebo-controlled

1.5 � 106 ADSCs-SVF/
kg

12
months

Acceptable safety profile.
FVC, DLCO, 6MWT and
quality of life indicators did
not deteriorate.

[161]

BG00011 Humanized anti-αvβ6
IgG1 monoclonal
antibody

NCT01371305 Phase IIa, randomized,
double-blind, placebo-
controlled, dose-
escalation

0.015–3.0 mg/kg once
weekly for 8 weeks

20
weeks

Safe and tolerable. TGF-β
activity in BAL cells might be
used as a biomarker for
evaluation

[162]

NCT03573505) Phase IIb randomized,
double-blind, placebo-
controlled

56 mg once weekly by
subcutaneous (SC)
injection for 52 weeks

60
weeks

Deterioration trend of
function index. High
frequency of SAE. Continued
clinical development is not
supported

[163]

GSK3008348 Inhaled integrin αvβ6
inhibitor

NCT02612051 Phase 1, randomised,
double-blind, placebo-
controlled

1-3000 mcg 87 days No SAE reported. Support
further development of novel
inhalation therapies

[164]

NCT03069989 Phase 1b, randomised,
double-blind

1000 mcg 62 days PET, AEs, SAEs, Hematology
Parameters, Chemistry
Parameters, Cmax, Tmax

[165]

Pamrevlumab
(FG-3019)

Fully recombinant
human monoclonal
antibody against CTGF

NCT01890265 Phase 2, randomised,
double-blind, placebo-
controlled

30 mg/kg 16 infusions 48
weeks

Alleviates the progression of
idiopathic pulmonary fibrosis
and is well tolerated. Shows
promise as a novel, safe, and
effective treatment for IPF

[166]

GLPG1690 novel, potent, selective
autotaxin inhibitor

NCT02179502 Randomized, double-
blind, placebo-
controlled

20 mg escalating up to
1500 mg

14 days The safety, tolerability, and
PK/PD profiles of GLPG1690
support continued clinical
development for IPF

[168]
[169]

NCT02738801 Phase IIa, Randomized,
Double-Blind, Parallel
Group, Placebo-
Controlled, Multicenter

600 mg QD 12
weeks

Pharmacokinetic and
pharmacodynamic
characteristics were similar to
those of healthy controls. FVC
decreased significantly from
baseline

[170]

NCT03711162,
NCT03733444

Two identically
designed, phase III,
international,
randomised, double-
blind, placebo-
controlled, parallel-
group, multicentre
studies

200 or 600 mg 52
weeks

Positive result could
eventually mean a new
treatment option for patients
with IPF.

[171]

BMS-986020 High-affinity
LPA1antagonist

NCT01766817 Phase 2, parallel-arm,
multicenter,
randomized, double-
blind, placebo-
controlled

600 mg bid 26
weeks

FVC decline was significantly
slower than placebo. Both
treatment regimens were
associated with elevated liver
enzymes.

[173]

BMS-986278 Second-generation
LPA1antagonist

NCT04308681 Phase 2, randomised,
double-blind, placebo-
controlled, parallel-
group, international

30 mg or 60 mg orally
two times per day for 26
weeks

26
weeks

The primary endpoint was the
predicted percentage change
rate of FVC

[176]

Lebrikizumab Interleukin (IL)-13
monoclonal antibody

NCT01872689 Phase 2, randomised,
double-blind, placebo-
controlled

250 mg 52
weeks

Good tolerability and safety.
But not enough to benefit lung
function in patients with IPF

[178]

(continued on next page)
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Table 1 (continued )

Drug Pharmacological class Clinical trial ID Study Design Dose Regimen Follow-
up
period

Results References

Tralokinumab Human anti-IL-13
monoclonal antibody

NCT01629667 Dose-ranging, double-
blind, randomized,
placebo-controlled

400 or 800 mg 68
weeks

Demonstrated acceptable
safety and tolerability, but did
not meet key efficacy
endpoints

[179]

SAR156597 Bispecific IgG4
antibody that binds
and neutralizes both
circulating il-4 and il-
13

NCT02345070 Multinational
randomised double-
blind placebo-controlled
phase 2b

200 mg once every 2
weeks

52
weeks

The predicted FVC was not
significantly different from
baseline. Security is
acceptable

[180]

TD139 A novel and potent
small-molecule
inhibitor of Gal-3

NCT02257177 Randomized, double-
blind, multicentre,
placebo-controlled,
phase 1/2a

0.15–50 mg 14 days The inhalants were well
tolerated with no significant
TEAEs. Decreased plasma
biomarkers associated with
IPF progression

[181]

rhPTX-2 (PRM-
151)

Recombinant human
pentraxin-2

NCT02550873 open-label extension
(OLE)

10 mg/kg 76
weeks

Long-term treatment was well
tolerated, and the effects on
prediction of FVC and 6MWD
persisted

[182]

NCT02550873 Open-label extension 10 mg/kg 128
weeks

Long-term use is well
tolerated, and limited efficacy
data may indicate a trend
toward therapeutic
effectiveness

[184]

PRM-151-202 Recombinant human
pentraxin 2

NCT02550873 Phase II, randomized,
double-blind, placebo-
controlled

10 mg/kg 52
weeks

FVC and DLCO declined more
slowly than placebo. Efficacy
and safety need to be more
fully evaluated

[183]

sirolimus mTOR inhibitor NCT01462006 Short-term randomized
double-blind placebo-
controlled crossover
pilot trial

loading dose of 6 mg
sirolimus
as an oral solution
(1 mg/ml), followed by
2 mg daily

22
weeks

Compared with placebo,
short-term treatment reduced
circulating fibrocyte
concentration in patients with
IPF with an acceptable safety
profile

[186]

Simtuzumab Monoclonal antibody
against LOXL2

NCT01769196 Randomized, double-
blind, phase 2 trial

125 mg/mL once a
week

254
weeks

No improvement in
progression-free survival. The
data do not support use in
patients with IPF

[187]

Valganciclovir Antiviral drug NCT02871401 Single-center, Phase I,
double-blind,
randomized, placebo-
controlled

900 mg daily 12
months

Treatment as a supplement to
pirfenidone is safe and well
tolerated

[188]

Azithromycin Antibiotic NCT02173145 Double-blind
randomized controlled
crossover

500 mg three times per
week

12
weeks

The use of low-dose
azithromycin for chronic
cough in patients with IPF is
not supported

[189]

Co-trimoxazole Antimicrobial
therapies

NCT02759120 Pragmatic, randomized,
unblinded

trimethoprim 160 mg/
sulfamethoxazole
800 mg twice daily plus
folic acid 5 mg daily

36
months

The results do not support the
use of these antibiotics to
treat the underlying disease

[190]

Broad-spectrum
antibiotic

ISRCTN17464641 Phase 3 double-blind,
placebo-controlled,
parallel, randomized,
multicenter

960 mg of oral co-
trimoxazole twice daily

42
months

Compared with placebo,
treatment did not reduce
outcomes such as time to
death, transplant time, or
non-elective hospital stay

[191]

Abbreviations: 6-MWT, 6-min walk test; TEAEs, treatment-emergent serious adverse events; DLCO, diffusing capacity of the lungs for carbon monoxide; FDA, Food and
Drug Administration; hMSCs, human mesenchymal stem cells; HRCT, high-resolution CT; MSCs, mesenchymal stem cells; ADSCs-SVF, adipose-derived stromal cells -
stromal vascular fraction; Os, Overall survival; Tmax, Time to ReachMaximumObserved Serum Concentration; Cmax, MaximumObserved Serum Concentration; CTGF,
Connective tissue growth factor; SGRQ, St George's Respiratory Questionnaire; QLF, Quantitative Lung Fibrosis Score; PFS, Progression-Free Survival; K-BILD, King's
Brief Interstitial Lung Disease questionnaire; LCQ, the Leicester Cough Questionnaire; VAS, Visual Analog Scale.
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TGF-β. A Phase IIa study (NCT01371305) explored the concentration
range of BG00011 by multiple incremental dosing of BG00011 in IPF
patients [162], and its phase IIb trial (NCT03573505) observed the de-
gree of change in FVC from baseline at week 52(163). As a result, due to
the high frequency of serious adverse events, it does not support the
clinical development of BG00011. α(v)β(6) integrin has also been studied
for its inhalation inhibitor GSK3008348. A randomized, double-blind,
placebo-controlled, Phase 1 trial (NCT02612051) administered a single
ascending dose of GSK3008348 to healthy subjects to investigate the
safety, tolerability, and pharmacokinetic characteristics and found that it
was well tolerated [164]. Subsequently, target-specific radioligand
7

evaluation methods were used in a randomized double-blind phase 1b
study to provide a basis for evaluating the downstream pharmacological
effects of GSK3008348 in IPF patients [165].

Connective tissue growth factor (CTGF) is a central signaling mole-
cule in the process of fibrosis, there was also a Phase 2 randomized,
double-blind, placebo-controlled study of CTGF (NCT01890265) to
evaluate the safety, tolerability, and efficacy of Pamrevlumab (FG-3019),
a human CTGF monoclonal antibody, in the treatment of idiopathic
pulmonary fibrosis, using changes in FVC from baseline at week 48 as an
observation measure. Pamrevumab was found to reduce the progression
of IPF and was well tolerated [166]. Pamrevlumab is currently in the



Fig. 2. Summary of partial novel immunotherapy for pulmonary fibrosis.
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phase 3 clinical phase and is expected to become a new therapeutic drug.
3.3. ATX/LPA axis

Previous studies have found increased concentrations of Autotaxin
(ATX) in lung tissue and lysophosphatidic acid (LPA) in bronchoalveolar
lavage fluid in patients with IPF. The ATX/LPA axis plays a role in the
remodeling of lung tissue. The increase of Autotaxin stimulates the
production of LPA, and its receptors participate in the activation of a
variety of G-protein-mediated signal transduction pathways, with a va-
riety of immune factors to mediate the recruitment and migration of fi-
broblasts. Currently, several clinical trials are being conducted, that is,
targeting key molecules of the ATX/LPA axis [167].

GLPG1690 is a novel and selective Autotaxin inhibitor for the treat-
ment of idiopathic pulmonary fibrosis. The safety and PK/PD profile of
GLPG1690 in Phase 1 clinical trials support its clinical development in
IPF, with 200 and 600 mg once-daily doses selected for future clinical
trials in patients with IPF(168, 169). In a randomized, double-blind,
placebo-controlled Phase 2a study of 23 IPF subjects (NCT02738801),
GLPG1690 demonstrated a similar safety profile to placebo, with more
significant favorable changes in FVC from baseline at week 70. Thus,
GLPG1690 is supported as a new treatment for IPF(170). We, therefore,
initiated two phase 3 randomized, double-blind, placebo-controlled,
parallel, multicenter studies of identical design, whose primary endpoint
was the rate of decline in FVC at 52 weeks, which is ongoing [171]。

Lysophosphatidic acid (LPA) acts through specific G-protein-coupled
receptors (LPARs) and is involved in the development of IPF [172]. In a
Phase 2 study in patients with IPF (NCT01766817), a high-affinity
LPA(1) antagonist (BMS-986020) significantly slowed the rate of FVC
decline compared to placebo after 26 weeks of treatment [173]. It also
showed advantages in reducing serum extracellular matrix biomarkers
and quantitative scores on high-resolution computed tomography
(HRCT) [174,175]. Its second-generation LPA(1) antagonist
(BMS-986278) is also currently in phase 2 clinical treatment for
8

IPF(176).
3.4. Interleukin antibodies

Advances in immunological research on pulmonary fibrosis suggest
that IL-4 and IL-13 mediate the fibrosis process through complex
signaling pathways, so their antagonists are potential therapeutic ap-
proaches for IPF [177]. Clinical trials of monoclonal antibodies against
both cytokines are currently underway, but the results have been
disappointing.

Lebrikizumab and Tralokinumab are two types of IL-13 monoclonal
antibodies. Two clinical trials evaluated the efficacy and safety of Leb-
rikizumab alone or in combination with pirfenidone in the treatment of
idiopathic pulmonary fibrosis. Efficacy and safety of Tralokinumab in the
treatment of mild to moderate IPF. The degree of decline in FVC within
52 weeks was used as the study endpoint, and the results showed that
both monoclonal antibodies were well tolerated and safe. However, it is
not sufficient to benefit lung function in patients with IPF(178, 179). A
Phase 2b trial (NCT02345070) evaluating the efficacy and safety of
SAR156597, an IL-4 and IL-13 bispecific IgG4 antibody, in patients with
IPF, also did not result in IPF benefit after 52 weeks of treatment [180].
These results suggest that the targeting of interleukin therapy needs
further analysis.
3.5. Target macrophages

β-galactosid-binding lectin (Gal-3) plays a key role in the pathogen-
esis of IPF. Inhibition of Gal-3 expression in the lung is associated with
reduced plasma biomarkers in the pathogenesis of IPF. TD139 is a novel
and effective small-molecule inhibitor of Gal-3. In a phase 1/2a study, the
expression of Gal-3 in bronchoalveolar lavage macrophages of IPF pa-
tients after inhalation of TD139 showed a decrease in plasma biomarkers
related to the progression of IPF(181), showing a concentration-
dependent inhibitory effect. This suggests the potential of macrophage
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Gal-3 as a novel therapy.
Serum amyloid P, also known as Pentraxin 2, inhibits the differenti-

ation of monocytes into pulmonary fibroblasts, as well as the differenti-
ation of monocytes into pro-inflammatory macrophages, inhibits the
production of TGF-β1, a key mediator, and plays an anti-fibrotic role. A
Phase 2 double-blind randomized controlled trial (NCT02550873) that
explored the extent of FVC decline over 28 weeks in IPF patients treated
with PRM-151, a recombinant human Pentraxin 2 protein, showed that
PRM-151 was well tolerated in the long term, with patients' lung function
declining more slowly than placebo. This will support the further
expansion of PRM-151 research [182,183]. The subsequent open-label
extension study, which lasted from week 28 to week 128, found that
its limited efficacy data may tend to improve pulmonary fibrosis pro-
gression [184]。

Subfamilies of chemokines assist in the early recruitment and infil-
tration of macrophages and participate in the subsequent activation of
fibroblasts. In addition, a clinical trial (NCT03492762), using positron
emission tomography (PET) non-invasive tracking technology, found
that the C–C motif CCR2(chemokine receptor 2) expressed by mono-
cytes/macrophages is associated with fibrosis, suggesting potential mo-
lecular targets for personalized treatment and monitoring [185]. A
randomized, double-blind placebo-controlled trial (NCT01462006)
inhibited CXCR4 expression in fibrocytes and alleviated pulmonary
fibrosis in patients with IPF with short-term use of the mTOR inhibitor
Sirolimus [186].

Lysine oxidase-like 2 (LOXL2) catalyzes collagen crosslinking and is
involved in the pathogenesis of idiopathic pulmonary fibrosis (IPF). A
Phase 2 clinical trial is evaluating the efficacy and safety of a monoclonal
antibody targeting LOXL2 (Simtuzumab) in patients with IPF. They found
no improvement in progression-free survival. Therefore, the use of
Simtuzumab in patients with IPF is not yet supported [187].
3.6. Antibiotics

Previous studies have shown that changes in the lung microbial
environment are associated with the disease progression of IPF. To
inhibit herpes virus replication, a Phase I clinical trial of pirfenidone in
combination with valganciclovir (NCT02871401) found that valganci-
clovir was well tolerated as a supplement to pirfenidone, but its effec-
tiveness needs further verification [188]. Studies have investigated the
safety and efficacy of treating chronic cough with IPF, which is difficult
to treat. Results showed that the 12-week trial did not support the use of
low doses of azithromycin [189]. In addition, the addition of cotrimox-
azole or doxycycline to conventional treatment for IPF did not signifi-
cantly improve the outcome of IPF patients [190,191]. The evidence does
not currently support the use of these antibiotics to treat IPF.

4. Conclusion

Pulmonary fibrosis is a progressive lung disease characterized by
irreversible lung dysfunction caused by fibroblast proliferation and
excessive collagen deposition. It is the result of persistent chronic
inflammation of the lung parenchyma. The immune system plays an
important role in the pathophysiological mechanism of pulmonary
fibrosis. In this paper, the immune mechanism of pulmonary fibrosis is
systematically reviewed from the perspectives of the innate immune
response, adaptive immunity, and immune regulation, the interaction
between lung parenchymal cells and immune cells, and cytokines. In
innate immunity, alveolar macrophages and cycling-derived macro-
phages aggregate and become polarization towards M2 type, producing a
large number of pro-fibrotic mediators that affect the function of fibro-
blasts, inducing the imbalance of tissue repair and causing the accumu-
lation of extracellular matrix, which plays a key role in pulmonary
9

fibrosis [192]. The accumulation of lymphocytes in the lung parenchyma
and alveolar cavity in adaptive immunity, as well as multiple
macrophage-derived regulatory factors, induces Th2 polarization and
promotes type 2 immune-mediated tissue repair and pulmonary fibrosis
[193]. In addition, immune cells are closely related to lung inherent
tissue cells and participate in the fibrotic process of repair after epithelial
injury and activation and proliferation of fibroblasts [194,195]. Various
cytokines released by activated pro-fibrotic phenotype cells play func-
tions such as chemotaxis and adhesion, among which growth factor
TGF-β1 plays a central role [196,197]. The polarization of M1/M2
macrophages and the mediators produced by macrophages play a crucial
role in regulating type 2 immunity and regulatory lymphocytes in pro-
moting the formation of the fibrotic microenvironment [198]. Therefore,
targeting immune system-related components may be the direction of
pulmonary fibrosis treatment [199].

The research on the immunological pathogenesis of pulmonary
fibrosis has been gradually deepened, and some novel therapeutic targets
have received attention [200]. At the same time, due to the poor selec-
tivity of traditional drugs, which are not effective in preventing the
progression of fibrosis, it may be helpful to change traditional drug de-
livery methods and innovate new forms of drug delivery systems to
improve drug accumulation and homing to pulmonary fibrotic tissues
[26]. The delivery systems for new drugs summarized in this review are
varied and include oral, intravenous, nasal, and inhalation. When there is
little progress in mechanism and target research, optimizing treatment
regimen by improving drug delivery system is an effective strategy [201].
Another strategy that may be effective in terms of delivery system design
is to target drugs to specific cells, such as macrophages and fibroblasts.
Adaptation of the drug delivery system should also take into account
differences in disease severity and between individuals [202]. In addi-
tion, the drug is allowed to enter directly through the breath through a
unique delivery device, avoiding the first-pass effect of the liver [203].
Inhalation-based drug delivery, which can reduce systemic side effects
and improve therapeutic effectiveness, is currently receiving increasing
attention [204]. Developing highly targeted treatments for pulmonary
fibrosis remains an urgent issue that we need to address now.

The process of finding a treatment for pulmonary fibrosis has been
arduous and lengthy. Specific antibodies and inhibitors corresponding to
immune system targets are in the process of research and clinical trials.
The new understanding of molecular mechanisms will lead to the
development of new molecular markers and therapeutic targets [25],
thus increasing the probability of successful development of new
anti-fibrosis drugs. Future immunological molecular mechanisms of IPF
will focus on epigenetic studies such as histone modification, and clinical
trials targeting epigenetic factors are currently underway [35]. In addi-
tion, the immune system-related developmental pathways in lung tissue
and the dynamic changes of immune cells in lung injury repair may also
be the future direction [205,206]. In terms of drug development, more
accurate and predictive animal models will accelerate the process of drug
development and effectively evaluate the mechanism of action of
anti-fibrosis drugs. The search for novel immune-related molecular
markers and therapeutic targets remains a highly relevant task. This may
depend on a combination of biomarkers, including circulation factors and
the accumulation of findings from imaging data [207,208]. With the
understanding of the role of the immune system in the pathophysiology
of pulmonary fibrosis, there is hope that more and more therapies will
improve the deterioration of IPF.
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