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Abstract
Osteopontin (OPN) is a multifunctional phosphorylated protein that is involved in physiological and pathological events. 
Emerging evidence suggests that OPN also plays a critical role in the pathogenesis of respiratory diseases. OPN can be 
produced and secreted by various cell types in lungs and overexpression of OPN has been found in acute lung injury/acute 
respiratory distress syndrome (ALI/ARDS), pulmonary hypertension (PH), pulmonary fibrosis diseases, lung cancer, lung 
infection, chronic obstructive pulmonary disease (COPD), and asthma. OPN exerts diverse effects on the inflammatory 
response, immune cell activation, fibrosis and tissue remodeling, and tumorigenesis of these respiratory diseases, and genetic 
and pharmacological moudulation of OPN exerts therapeutic effects in the treatment of respiratory diseases. In this review, 
we summarize the recent evidence of multifaceted roles and underlying mechanisms of OPN in these respiratory diseases, 
and targeting OPN appears to be a potential therapeutic intervention for these diseases.
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Introduction

Respiratory diseases, including chronic obstructive pul-
monary disease (COPD), asthma, lung cancer, pulmonary 
hypertension (PH), idiopathic pulmonary fibrosis (IPF), 
pulmonary infection, and other respiratory diseases, are 
multifactorial diseases that result in morbidity and mor-
tality [1]. The pathogenesis of these respiratory diseases 
is tremendously complex, and the underlying mechanisms 
remain largely unknown. Osteopontin (OPN), also known 
as secreted phosphoprotein 1 (SPP1) or early T-lymphocyte 
activation-1 (ETA-1), is a member of the small integrin-
binding ligand N-linked glycoprotein (SIBLING), which 

functions both as a matricellular protein (when bound to 
the matrix) and as an inflammatory cytokine when secreted 
in a soluble form [2]. OPN can be produced by various cell 
types (e.g., immune cells) and has been reported to exert 
pleiotropic effects on bone remodeling, tumorigenesis, the 
inflammatory response, cell proliferation, and migration and 
is involved in various diseases (e.g., rheumatoid arthritis, 
cancers, and cardiovascular diseases) [3–5].

Accumulating evidence suggests that OPN also plays 
a critical role in the pathogenesis of respiratory diseases 
[6–10]. Under physiological conditions, OPN expression in 
the plasma and lung tissues (e.g., alveolar macrophages) is 
relatively weak; however, OPN is significantly upregulated 
in several inflammatory, fibrotic, malignant, and vascular 
respiratory diseases, and targeting OPN exerts therapeutic 
effects in the treatment of respiratory diseases [6–10]. In this 
review, we summarize the structure and function of OPN, 
the roles and underlying mechanisms of OPN in respiratory 
disease pathologies and recent advances in the pharmaco-
logical and molecular modulation of OPN in the treatment 
of PH. According to the current literature, targeting OPN 
appears to be a potential therapeutic strategy for the treat-
ment of respiratory diseases.
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OPN

OPN Structure

OPN is a 41–75 kDa multifunctional matricellular protein 
encoded by the human SPP1 gene and its murine coun-
terpart Spp1. The OPN-encoding gene has 7 exons and 
is located on chromosome 4 region 22 (4q1322.1) in the 
human genome and on murine chromosome 5 [2]. Several 
OPN isoforms are generated by alternative translation, 
alternative splicing, and posttranslational modifications 
(PTMs). Alternative translation of full-length SPP1 mRNA 
can generate 2 OPN isoforms: secreted OPN (sOPN) and 
intracellular OPN (iOPN). The 2 isoforms exhibit different 
expression levels in various cell types and exert differen-
tial effects [11]. Furthermore, alternative splicing of the 
human OPN transcript results in 5 isoforms, OPN-a (full 
length), OPN-b (missing exon 5), OPN-c (missing exon 4), 
OPN-4 (also known as OPN-d, missing exons 4 and 5), and 
OPN-5 (the longest isoform, with an extra exon located 
between exons 3 and 4). All human splicing isoforms 
contain the following functional domains: (1) Arg-Gly-
Asp (RGD) domain, (2) SVVYGLR domain (SLAYGLR 
in murine), (3) ELVTDFTDLPAT domain, (4) calcium-
binding domain, and (5) heparin-binding domain [2]. OPN 
has thrombin and matrix metalloproteinase (MMP) cleav-
age sites [11].

OPN Functions

OPN plays multifarious roles in a variety of physiological 
and pathological events. Under physiological conditions, 
circulating and tissue OPN expression levels are relatively 
low, and OPN is suggested to play a key role in regulat-
ing biomineralization, wound healing, and developmental 
processes [11, 12]. Under pathological conditions, OPN 
is often significantly upregulated and exerts pleiotropic 
effects in several inflammatory, autoimmune, degenera-
tive, fibrosis, and oncologic diseases, such as diabetes, 
stroke, kidney injury, cardiac fibrosis, and cancers [3–5, 
13]. The pleiotropic effects of sOPN are partly attrib-
uted to its interaction with several cell surface receptors 
(e.g., integrins and CD44 variants), calcium, and heparin. 
Binding of OPN to its receptor (e.g., integrins, CD44, and 
ICOSL) activates multiple signaling pathways, including 
the PI3K/AKT, MEK/ERK, NF-κB, and JAK/STAT path-
ways, which regulate various cellular functions, includ-
ing cell-mediated immunity, cell proliferation, invasion, 
migration, and fibrosis [14, 15]. However, information 
regarding the function of iOPN is limited, and iOPN was 
suggested to function as an adaptor or scaffold protein in 

several signal transduction pathways [e.g., the Toll-like 
receptor 9 (TLR9) pathway] and play a key role in regu-
lating the function of immune cells, antiviral response, 
and tumorigenesis [16–19]. Furthermore, posttranslational 
modification (PTM) is another crucial mechanism that 
controls the functions of OPN, which may also affect the 
roles of OPN in health and diseases [20, 21].

OPN Receptors

Integrins are the most important cell surface receptor of 
OPN; the RGD domain allows interaction with several inte-
grins, including αv (β1, β3, β5, β6, β8) and (α5, α8) β1 and/
or αIIbβ3; the SVVYGLR domain binds to α4β1, α4β7, and 
α9β; and α4β1 is suspected to bind to the ELVTDFTDLPAT 
domain [22, 23]. Additionally, CD44 is another important 
receptor of OPN, and OPN has also been shown to interact 
with CD44, specifically CD44v3 and CD44v6-7 variants, via 
the C-terminal calcium domain [24–26]. Recently, ICOSL 
(inducible T-cell costimulator ligand) has been identified 
as a novel receptor of OPN, and OPN can promote tumor 
metastasis by binding ICOSL [27]. Moreover, OPN also 
interacts with various ECM proteins, such as fibronectin and 
collagen types I, II, III, IV, and V [21, 28].

Posttranslational Modifications (PTMs)

The human OPN protein is subjected to extensive PTMs, 
including phosphorylation, O-glycosylation, sulfation, and 
transglutamination, which allow for a monomeric molecu-
lar weight ranging from 42 to 75 kDa. These PTMs can be 
tissue-specific and influence both OPN structure and func-
tion. To date, 36 phosphoresidues, including serine, threo-
nine, and tyrosine residues, have been localized in the OPN 
sequence and the phosphorylation of OPN is mainly medi-
ated by Golgi FAM20C [29, 30]. Furthermore, the degree of 
OPN phosphorylation can be cell-type specific, and defer-
entially phosphorylated OPN may exhibit different biologi-
cal effects [31]. Furthermore, 5 O-glycosylation sites have 
also been identified in exon 6 of the human OPN sequence 
[20, 29]. O-glycosylation can also influence the functional 
properties of OPN. For instance, in vitro, overexpression of 
O-glycosylation mutant OPN can significantly inhibit the 
proliferation and migration of lung cancer cells [32]. OPN 
also serves as a substrate for the enzyme transglutaminase 
2 (TG2), which catalyzes the formation of cross-linking 
protein aggregates [33]. TG2-mediated OPN polymeriza-
tion induces a more ordered conformational structure, and 
polymeric OPN displays higher collagen-binding activity 
and promotes enhanced cell adhesion and migration com-
pared with monomeric OPN [21, 34, 35]. However, further 
in-depth investigations are needed to elucidate the functional 
properties of these various forms of OPN.
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OPN in Respiratory Diseases

OPN in ALI/ARDS

Acute lung injury/acute respiratory distress syndrome 
(ALI/ARDS) is a life-threatening respiratory disease with 
high rates of mortality and morbidity. The pathogenesis of 
ALI/ARDS is complex and mainly characterized by alveo-
lar epithelial and endothelial barrier dysfunction, severe 
inflammatory response within the lung, alveolar edema, 
impaired surfactant synthesis, and significant hypoxemia. 
An excessive inflammatory response within the lung is a 
key pathophysiological characteristic of ALI/ARDS [36]. 
As a potent inflammatory mediator, OPN has been shown 

to be involved in the inflammatory response of ALI/ARDS 
[37–41].

Intrapulmonary causes (e.g., influenza virus and coro-
navirus) can significantly increase OPN expression in 
plasma and/or lung tissues, and upregulated OPN is sug-
gested to play a detrimental role in the progression of ALI/
ARDS (Fig. 1A) [37–39]. Higher serum OPN levels were 
observed in patients with severe coronavirus disease 2019 
(COVID-19)-related ARDS than in healthy controls, and 
higher circulating OPN was associated with higher odds 
of death and mechanical ventilation [38, 39]. In addition, 
in influenza virus-induced ALI/ARDS, significant upregu-
lation of OPN expression is observed in the plasma and/
or lung tissue of patients and mice with influenza virus 

Fig. 1   Roles and underlying mechanisms of OPN in ALI/ARDS, PH, 
and Pulmonary fibrosis diseases. A Detrimental role and underlying 
mechanisms of OPN in ALI/ARDS. B Beneficial role and underlying 
mechanisms of OPN in ALI/ARDS. C Detrimental role and underly-
ing mechanisms of OPN in PH. D  Detrimental role and underlying 
mechanisms of OPN in pulmonary fibrosis diseases. OPN, osteo-
pontin; ALI/ARDS, acute lung injury/acute respiratory distress syn-

drome; PH, pulmonary hypertension; Th17/Treg, T helper 17 cells 
(Th17)/regulatory T cells (Treg); ENaC, epithelial sodium channel; 
ERK1/2, extracellular regulated protein kinases 1/2; Akt, PASMC, 
pulmonary artery smooth muscle cell; PAF, pulmonary adventitial 
fibroblasts; ECM, extracellular matrix; TGF-β1, transforming growth 
factor-β1; NETs, neutrophil extracellular traps; EMT, epithelial-to-
mesenchymal transition (Figures are created using Biorender. com).
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infection, and OPN exacerbates the progression of ALI/
ARDS by promoting influenza virus-induced macrophage 
necroptosis, increasing alveolar epithelial cell apoptosis, 
downregulating epithelial sodium channel (ENaC) expres-
sion and extracellular matrix (ECM) destruction [37, 
42]. OPN ablation in mice reduces viral replication and 
inhibits lung inflammation and injury [37, 40]. Similarly, 
various extrapulmonary causes, including sepsis, acute 
kidney injury (AKI), intestinal ischemia‒reperfusion, 
and transfusion, also result in significant upregulation 
of OPN in lung tissues and/or plasma [41, 43]. Notably, 
OPN can be excessively produced and released by lung 
tissues, immune cells (e.g., macrophages), and other tis-
sues (e.g., injured kidney tissue), and upregulated OPN has 
been demonstrated to exacerbate cell necroptosis, induce 
lung endothelial hyperpermeability, facilitate immune cell 
infiltration (e.g., neutrophils), and increase cytokine and 
chemokine production, which may synergistically aggra-
vate lung injury [6, 41, 43–45]. Consistently, the progres-
sion of ALI/ARDS was exacerbated by the administra-
tion of recombinant OPN (rOPN) and attenuated in OPN 
knockout (OPN−/−) mice or anti-OPN antibody-treated 
mice [6, 41, 43–45]. In addition, increased ratio of T 
helper 17 cells (Th17)/regulatory T cells (Treg) has been 
identified as a risk indicator for early ALI/ARDS [46]. 
Macrophages can be polarized into proinflammatory M1 
macrophages and anti-inflammatory M2 macrophages, 
and macrophage M1/M2 imbalance is implicated in ALI/
ARDS at various stages. A recent study has shown that 
OPN increases Th17/Treg ratio and promotes macrophage 
polarize to proinflammatory M1 phenotype by downregu-
lating von Hippel–lindau (VHL) expression and ubiquit-
ination-dependent hypoxia-inducible factor-1α (HIF-1α) 
degradation, thus exacerbating ALI/ARDS [47].

However, conflicting data suggest that OPN plays a pro-
tective role in several types of ALI/ARDS. For example, 
OPN expression was upregulated in the bronchoalveolar 
lavage fluid (BALF) of patients with ARDS and histone- 
and LPS-induced ALI/ARDS mice [40]. OPN, particu-
larly phosphorylated OPN, can bind with high affinity to 
extracellular histones, which act as key danger-associated 
molecular pattern (DAMP) proteins that promote inflam-
mation and cell death. The interaction between OPN and 
extracellular histones subsequently inhibits the proinflam-
matory and cytotoxic effects of extracellular histones by 
suppressing the formation of tissue-damaging neutrophil 
extracellular traps (NETs) (Fig. 1B) [40]. Increased pro-
inflammatory mediator (e.g., IL-6) production and aggra-
vated lung injury were observed in OPN−/− mice. Thus, 
further investigations are warranted to further illustrate 
the exact roles and underlying mechanisms of OPN in the 
pathogenesis of ALI/ARDS.

OPN in Pulmonary Hypertension

Pulmonary hypertension (PH) is a progressive and fetal 
respiratory disease characterized by remodeling of resist-
ance pulmonary arteries, leading to increases in pulmonary 
artery pressure and right heart failure. Recent studies have 
demonstrated that OPN plays a key role in the pathogenesis 
of PH (Fig. 1C) [48]. Expression of OPN in the plasma and/
or lung tissues is markedly upregulated in patients with idi-
opathic pulmonary arterial hypertension (iPAH), connective 
tissue disease-associated pulmonary arterial hypertension 
(CTD-PAH), chronic thromboembolic pulmonary hyperten-
sion (CTEPH), and congenital heart disease-associated PAH 
(CHD-PAH), and the plasma concentration of OPN shows a 
positive correlation with PH severity [10, 49–53]. Similarly, 
the expression of OPN was also found to be upregulated in 
the lung tissues of murine models of PAH [hypoxia-, mono-
crotaline (MCT)-, and systemic-to-pulmonary shunt-induced 
PAH] [10, 52, 54, 55]. In in vivo experiments, knockout 
of OPN substantially alleviated the development of PAH 
[10]. Treatment with rOPN can significantly promote the 
proliferation and migration of pulmonary artery adventitial 
fibroblasts from PH animals [54].

Pulmonary vascular remodeling in three-layered structure 
(i.e., intima, media, and adventitia) is the most important 
structural alteration in PH and involves various cell types 
(i.e., endothelial cells, smooth muscle cells, and fibroblasts, 
respectively). Overproliferation and resistance to apopto-
sis of pulmonary artery smooth muscle cells (PASMCs) 
are important hallmark features of PH-pulmonary vas-
cular remodeling [48]. As previously reported, OPN acts 
as a key mediator for promoting vascular smooth muscle 
cell (VSMC) proliferation and migration, and upregulation 
of OPN is suggested to contribute to pathological vascu-
lar remodeling associated with various vascular disorders 
(e.g., arteriosclerosis) [56]. Similarly, OPN is upregulated in 
proliferating PASMCs compared with quiescent PASMCs, 
which may further enhance the proliferation and migration 
of PASMCs by activating integrin αvβ3-mediated Akt and 
ERK1/2 signaling pathways [52]. Furthermore, PASMC 
senescence is a key pathogenic mechanism for pulmonary 
vascular remodeling. OPN is upregulated in senescent 
PASMCs, and senescent PASMC-derived OPN can also 
stimulate the proliferation and migration of normal PASMCs 
[10]. In addition, during the pathological vascular remod-
eling process, pulmonary adventitial fibroblasts (PAFs) are 
aberrantly activated and show excessive proliferation, migra-
tion, and differentiation. The expression levels of OPN and 
its cognate receptors (αvβ3, CD44) are markedly increased in 
the pulmonary vascular adventitia and PAFs of PH patients 
and animal PH models. OPN is suggested to contribute to 
the constitutively activated (highly proliferative, migra-
tory, and proinvasive) phenotypes of PAFs by activating the 
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ERK1/2 and Akt pathways, which may further exacerbate 
the pulmonary vascular remodeling process [54]. In addi-
tion, OPN has been reported to promote the differentiation 
and angiogenesis of endothelial cells in systemic vasculature 
by activating various pathways (e.g., PI3K/Akt and ERK1/2 
pathways) [15]. However, the exact roles and underlying 
mechanism of OPN in pulmonary vascular endothelial cells 
remain unknown and require further investigation.

OPN in Pulmonary Fibrosis Diseases

Pulmonary fibrosis diseases are progressive and lethal res-
piratory diseases that occur as a consequence of various 
chronic pulmonary diseases. During the pathological pro-
cess of pulmonary fibrosis, the overpopulation and aber-
rant activation of fibroblasts and myofibroblasts induce 
excessive ECM deposition, aberrant lung repair, tissue scar 
formation, disruption of the lung parenchymal architecture, 
and irreversible lung function impairment [57]. OPN has 
been reported to function as a profibrotic cytokine in many 
fibrotic diseases such as skin, heart, and kidney fibrosis [5, 
58, 59]. Emerging evidence suggests that OPN also plays a 
pivotal role in several pulmonary fibrosis diseases, including 
idiopathic pulmonary fibrosis (IPF), cystic fibrosis, silico-
sis, and smoking and asbestos-induced pulmonary fibrosis 
(Fig. 1D) [7, 60].

IPF is the most common fatal fibrotic respiratory disease 
of unknown cause, with a median survival of approximately 
3–5 years since diagnosis, and is characterized by alveolar 
epithelial cell injury, fibroblast-to-myofibroblast differen-
tiation, ECM accumulation, and epithelial-to-mesenchymal 
transition (EMT) [61]. OPN is markedly upregulated in the 
lung tissue and BALF of IPF patients compared with healthy 
controls and is negatively correlated with lung function [7, 
62]. Likewise, upregulation of OPN was also observed 
in animals with bleomycin-induced pulmonary fibrosis 
[62–64]. In IPF lungs, macrophages, and epithelial cells 
are suggested to be the major sources of OPN production 
[7, 63, 65]. The proliferation, migration, and adhesion of 
fibroblasts followed by ECM (e.g., collage) accumulation 
are significantly enhanced by OPN treatment [7, 63, 65]. 
OPN can also promote the proliferation and migration of 
alveolar epithelial cells [65]. Moreover, transforming growth 
factor-β1 (TGF-β1)-mediated EMT plays an important role 
in the pathogenesis of IPF [61]. OPN has been reported to 
enhance TGF-β1-mediated EMT by activating Smad2/3 
signaling [64]. Furthermore, the predominant infiltration of 
alternatively activated macrophages (M2) in the lungs acts 
as a key regulator of pulmonary fibrogenesis. Injured type II 
alveolar epithelial cell-released Sonic hedgehog (Shh) can 
stimulate the secretion of OPN in macrophages, and secreted 
OPN promotes M2 macrophage polarization by enhancing 
JAK2/STAT3 activity, which may subsequently exacerbate 

pulmonary fibrogenesis [66]. Recently, a macrophage sub-
population that highly expressed OPN was identified in the 
fibrotic lower lobes of IPF patient lungs [7]. Given that OPN 
exerts a pro-proliferation effect on monocytes/macrophages, 
it can be hypothesized that macrophage-derived OPN may 
also further enhance macrophage proliferation in IPF [67]. 
Reduced inflammatory cell infiltration and lung ECM (e.g., 
collage) accumulation, attenuated EMT, and improved lung 
function have been observed in OPN−/− mice or OPN inhibi-
tor (e.g., OPN siRNA)-treated mice [64, 65]. Taken together, 
these findings suggest that OPN also acts as a profibrotic 
cytokine in IPF.

Moreover, OPN has been implicated in other types of 
pulmonary fibrosis diseases, such as silicosis and carbon 
nanotube-induced pulmonary fibrosis. Upregulation of 
OPN has been observed in the lung tissues of patients with 
silicosis and mice with silica-induced pulmonary fibrosis 
[68, 69]. A recent study reported that OPN derived from 
silica-exposed macrophage exosomes triggers fibroblast-
to-myofibroblast differentiation, which may exacerbate the 
progression of silicosis [60]. Similarly, OPN expression is 
also upregulated in the lungs of mice with multi-walled or 
single-walled carbon nanotube-induced pulmonary fibrosis 
[70, 71]. Elevated OPN was suggested to promote fibroblast-
to-myofibroblast differentiation and enhance ECM deposi-
tion by activating the TGF-β1/Smad pathway, leading to 
pulmonary fibrosis [70]. More investigations are needed to 
further illustrate the role of OPN in the development of pul-
monary fibrosis diseases.

OPN in Lung Cancer

Lung cancer is the leading cause of cancer-related mortal-
ity worldwide. Despite improvements in surveillance and 
treatment, the 5-year survival rate of lung cancer is still 
low [72]. It is necessary to explore novel therapeutic tar-
gets and understand their role and underlying mechanism 
in the pathogenesis of lung cancer. Upregulation of OPN 
has been observed in various types of cancer, and OPN has 
been considered an oncogenic driver that promotes tumor 
growth, metastasis, angiogenesis, and chemoresistance [73, 
74]. Numerous studies have shown that the expression of 
OPN is also significantly upregulated in tumor tissues and/or 
plasma of patients with non-small cell lung cancer (NSCLC) 
or small cell lung cancer (SCLC), and cigarette smoking, the 
main risk factor for lung cancer, has been shown to increase 
OPN expression in lung cancer cells [75–77]. Upregula-
tion of OPN is associated with tumor staging, lymph node 
involvement, and poor prognosis in patients with lung cancer 
[75, 78, 79]. In advanced NSCLC, elevated plasma OPN lev-
els are correlated with a decreased response to chemotherapy 
and poor prognosis [80, 81]. Similarly, plasma OPN levels 
are also markedly increased in early-stage NSCLC, reduced 



30	 Lung (2024) 202:25–39

1 3

after resection and increased with recurrence [82]. Plasma 
OPN may serve as a useful biomarker for predicting cancer 
prognosis and survival.

Among the three OPN splice variants (OPN-a, OPN-
b, and OPN-c), OPN-a is identified as the most highly 
expressed isoform in lung cancers and several cancer cell 
lines [83, 84]. It is noteworthy that different OPN splice 
variants may have distinct characteristics in tumor growth 
and metastasis. For example, overexpression of OPN-a is 
reported to enhance the proliferation, migration, and inva-
sion of lung cancer cells, whereas OPN-c exerts the opposite 
effect [84]. Irrespective of OPN isoforms, most data sug-
gest that OPN overexpression is implicated in tumor growth, 
metastasis, angiogenesis, and therapy resistance of lung can-
cer by regulating integrin αvβ3 and CD44-mediated cellular 
functions [85]. OPN-a has been reported to enhance cell 
proliferation by activating the CD44/NF-κB pathway in lung 
cancer cells (e.g., A549 cells) with low integrin αvβ3 levels 
and inhibit the proliferation of lung cancer cells (e.g., CL1-5 
cells) with high integrin αvβ3 levels, indicating that OPN 
pathological roles in lung cancers may be cell-specific due 
to the interaction of OPN with different receptors [83]. OPN 
can also promote lung cancer cell migration and invasion by 
activating the integrin αvβ3/FAK/Akt and NF-κB-dependent 
pathways [14, 75]. Furthermore, angiogenesis is essential for 
the growth and metastasis of solid tumors, OPN, especially 
OPN-a, has been demonstrated to promote angiogenesis in 
lung cancer by binding to integrin αvβ3 and/or indirectly by 
increasing VEGF production [79, 86, 87]. Moreover, OPN, 
especially OPN-a, is reported to promote the EMT process 
by enhancing the OPN-PI3K and OPN-MEK pathways [88]. 
In addition, OPN also promotes acquired cisplatin resistance 
in SCLC by increasing the expression of the antiapoptotic 
protein Bcl-2 and enhances acquired epidermal growth fac-
tor receptor tyrosine kinase inhibitor (EGFR-TKI) resistance 
in NSCLC by activating the integrin αvβ3/FAK pathways [8, 
76]. Interestingly, cigarette smoke is the primary risk factor 
associated with lung cancer development. Cigarette smoke 
exposure can increase OPN expression in lung cancer cells 
through the JAK/STAT3 pathway, and elevated OPN was 
suggested to attract mesenchymal stem cell (MSC) recruit-
ment and facilitate lung cancer metastasis (Fig. 2A) [77].

Most studies have focused specifically on OPN expres-
sion in lung cancer cells. However, in addition to cancer 
cells, OPN can also be synthesized and secreted by a variety 
of non-tumor cells in the tumor microenvironment, such as 
tumor-associated macrophages (TAMs) and cancer-associ-
ated fibroblasts (CAFs). Recent evidence has also shown 
that TAM-derived and CAF-derived OPN can also influence 
tumor formation, progression, and metastasis [89–91]. OPN 
is reported to be highly expressed in intratumoral TAMs, 
and TAM-derived OPN is suggested to contribute to chem-
oresistance and is associated with a worse clinical course 

in patients with lung cancers [92, 93]. Additionally, high 
expression of OPN in CAFs has been shown to facilitate 
tumor growth, metastasis, and therapy resistance in many 
cancer types [90, 91], but whether CAF-derived OPN exerts 
similar effects on lung cancer remains unclear.

OPN in Lung Infection

OPN in Pneumonia

Pneumonia is a common and serious respiratory illness with 
a high rate of morbidity and mortality in humans that is 
often caused by a bacterial, viral, or fungal infection [94]. 
Inflammation is an important hallmark of pneumonia, and 
OPN is significantly upregulated and suggested to play a key 
role in regulating the inflammatory response in various types 
of pneumonia, including COVID-19 pneumonia, Klebsiella 
pneumoniae-induced pneumonia, pneumococcal pneumonia, 
and eosinophilic pneumonia (Fig. 2B) [95–98].

Plasma OPN levels in patients with COVID-19 pneu-
monia and community-acquired pneumonia (CAP) are 
significantly higher than those in healthy controls and are 
significantly correlated with the severity of pneumonia [38, 
95, 99]. OPN is highly expressed in the plasma, lungs, and 
alveolar macrophages in patients with severe COVID-19. 
Higher circulating OPN levels are associated with increased 
odds of mortality and mechanical ventilation in patients with 
COVID-19 pneumonia [38]. Elevated OPN drives proin-
flammatory activation of CD14+ classical monocytes and 
the differentiation of neutrophils toward a proinflammatory 
PD-L1+ phenotype, indicating that OPN plays a proinflam-
matory role in the progression of COVID-19 pneumonia 
[100]. However, there is conflicting evidence regarding the 
roles of OPN in different types of bacteria-induced pneu-
monia. For example, Klebsiella pneumoniae is a frequently 
isolated causative pathogen in hospital-acquired pneumo-
nia (HAP) and ventilator-associated pneumonia (VAP). 
The circulating levels of OPN and lung OPN are signifi-
cantly higher in mice with Klebsiella pneumoniae infection 
than in healthy controls. OPN was suggested to function 
as a chemotactic cytokine that facilitates early neutrophil 
recruitment to clear bacteria, and OPN−/− mice displayed 
impaired antibacterial defense, as reflected by higher bac-
terial loads in the lungs and a higher mortality rate [96]. 
However, another study found that OPN may impair host 
defense during Streptococcus pneumoniae-induced pneumo-
nia. OPN is also markedly upregulated in plasma and lung 
tissues and was suggested to facilitate the growth of Strepto-
coccus pneumoniae. OPN−/− mice displayed enhanced anti-
bacterial defense, as reflected by lower bacterial loads in the 
lungs, less pulmonary inflammation, and a lower mortality 
rate [97]. These conflicting results indicate that the roles of 
OPN in pneumonia vary among different pathogens.
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OPN in Pulmonary Tuberculosis

Pulmonary tuberculosis, caused by Mycobacterium tubercu-
losis, is a respiratory infectious disease that poses a threat to 
global health and is characterized by a severe inflammatory 
response, lung granulomatous lesion formation with casea-
tion, fibrosis, and cavitation. Th1/Th2 imbalance to Th2 in 
the peripheral blood is a significant factor in the develop-
ment of pulmonary tuberculosis [101]. Ample evidence 
suggests that OPN is a critical mediator in Th1-mediated 
immunity and tuberculosis granuloma formation and plays a 
beneficial role in protecting against pulmonary tuberculosis 
(Fig. 2C) [102, 103]. Higher OPN expression in lung tissues, 
particularly in alveolar macrophages and lymphocytes, has 
been observed in patients and mice with pulmonary tuber-
culosis compared to their healthy controls, and circulat-
ing OPN levels are positively correlated with the severity 

of pulmonary tuberculosis [104–106]. Elevated OPN was 
suggested to polarize the immune response to a Th1-type 
response by stimulating the secretion of IL-12 and IFN-γ 
[104]. Moreover, OPN can also stimulate Th17 cytokine 
(IL-17) secretion, which enhances tuberculosis containment 
[103]. OPN is highly expressed in tuberculosis granulomas 
and facilitates granuloma formation by acting as a mac-
rophage chemoattractant [68, 107]. OPN−/− mice displayed 
impaired host defense against Mycobacterium tuberculosis, 
as reflected by higher bacterial loads in the lungs, reduced 
clearance of mycobacteria, and greater granuloma burdens 
[108]. However, other studies reported an inconsequential 
role of OPN in protecting against pulmonary tuberculosis. 
There were no significant differences in bacterial loads and 
lung inflammation during the early phase of pulmonary 
tuberculosis between OPN−/− mice and wild-type mice. 
However, OPN−/− mice showed lower bacterial loads in the 

Fig. 2   Roles and underlying mechanisms of OPN in lung cancer, 
pneumonia, pulmonary tuberculosis, COPD, and asthma. A Role and 
underlying mechanisms of OPN in ALI/ARDS. B Role and under-
lying mechanisms of OPN in pneumonia. C  Beneficial role and 
underlying mechanisms of OPN in pulmonary tuberculosis. D  Det-
rimental role and underlying mechanisms of OPN in COPD. E Det-
rimental role and underlying mechanisms of OPN in asthma. OPN, 
osteopontin; COPD, chronic obstructive pulmonary disease; JAK2/

STAT3, Janus kinase-signal transducer 2/activator of transcription-3; 
NF-κB, nuclear factor kappa B; FAK, focal adhesion kinase; VEGF, 
vascular endothelial growth factor; PI3K, phosphoinositide 3-kinase; 
MEK mitogen-activated protein kinase kinase; EMT, epithelial-to-
mesenchymal transition; IL-12, interleukin-12; IL-17, interleukin-17; 
IFN-γ, interferon-γ; Irf7, IFN regulatory Factor 7 (Figures are created 
using Biorender. com).
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lungs, less Th1 cytokine (IFN-γ) production, and a mod-
est higher survival rate during the late phase of pulmonary 
tuberculosis, and more in-depth investigations are needed to 
explain the conflicting results [105].

OPN in COPD

Chronic obstructive pulmonary disease (COPD), including 
chronic bronchitis and emphysema, is a destructive lung 
disorder characterized by persistent inflammation, progres-
sive and irreversible airway obstruction, and tissue remod-
eling [109]. Increased OPN expression has been observed 
in the plasma, lungs, and alveolar macrophages and den-
dritic cells of patients with COPD and COPD exacerbation, 
and lung levels of OPN show a positive correlation with 
COPD severity as assessed by forced expiratory volume in 
1 s (FEV1) [110–112]. Furthermore, cigarette smoke is the 
most important risk factor associated with COPD develop-
ment. Cigarette smoke exposure can increase OPN expres-
sion in dendritic cells, and increased OPN was suggested to 
promote Th17-mediated inflammation, IL-17A production, 
and emphysema formation, in part through its inhibition 
of the transcription factor IFN regulatory Factor 7 (Irf7). 
OPN−/− mice develop significantly less smoke-induced 
emphysema than wild-type mice (Fig. 2D) [112]. In addi-
tion, OPN was reported to bind and impair the bacterial 
activity of several antimicrobial proteins (e.g., lactoferrin) 
that are expressed in the airways during COPD, which may 
increase the vulnerability to acquire bacterial infection dur-
ing COPD [113].

OPN in Asthma

Asthma is a heterogeneous respiratory disease character-
ized by airway inflammation, mucus hyperproduction, air-
way hyperresponsiveness (AHR), and airway remodeling, 
including fibrotic changes [9, 114, 115]. Asthma heteroge-
neity is expressed in various phenotypes (clinical presenta-
tion) and distinctive endotypes (pathophysiological mecha-
nism). The main phenotypes of asthma have been identified, 
including allergic asthma, non-allergic asthma, adult-onset 
(late-onset) asthma, and childhood asthma. Based on the 
Th2 cytokine profile, asthma can be broadly classified into 
2 major endotypes, Th2-high (eosinophilic) and Th2-low 
(non-eosinophilic) asthma [114, 115]. Th2-high asthma is 
the most common endotype and is characterized by high 
levels of Th2 cytokines (e.g., IL-4, IL-5, and IL-13) and 
eosinophilic and Th2-derived airway inflammation. How-
ever, Th2-low asthma is more complex, including low levels 
of Th2 cytokines, neutrophilic or paucigranulocytic airway 
inflammation, and involvement of Th1 and Th17 cells [115]. 
Growing evidence has revealed a strong association between 
OPN and asthma, and OPN has been suggested to play a 

pivotal role in the development and progression of several 
types of asthma [116–120].

OPN is widely expressed in the airway, including bron-
chial epithelial cells, airway glandular endothelial cells, and 
immune cells. Compared to healthy controls, increased OPN 
expression has been observed in the bronchial tissue, BALF, 
and sputum of asthmatic patients [116–118]. Several stud-
ies have reported that serum OPN levels are also higher in 
asthmatic patients than in healthy controls and are positively 
correlated with age [119, 120]. OPN expression, particularly 
sub-epithelial OPN expression, showed a positive associa-
tion with asthma severity [117]. Interestingly, sputum OPN 
levels are higher in smoking asthma patients than in non-
smoking asthma patients, and patients with asthma who 
smoke often exhibit more severe symptoms than patients 
with asthma who smoke [121]. Consistently, in a house dust 
mite (HDM) and ovalbumin (OVA)-induced asthma mouse 
model, OPN expression was also upregulated in BALF and 
lung tissues [118, 119].

Upregulation of OPN is suggested to contribute to air-
way inflammation and remodeling in asthma. In asthmatic 
patients, OPN expression, particularly sub-epithelial OPN 
expression, is positively correlated with airway remodeling 
changes, including thickened reticular basement membrane 
(RBM) and lung function [117, 122]. In an OVA-induced 
asthma model, OPN−/− mice displayed reduced airway 
inflammation, less Th2 cytokine (e.g., IL-4 and IL-13) pro-
duction, AHR, and attenuated airway remodeling, which can 
be reversed by administration of rOPN [123, 124]. OPN pro-
duced by eosinophils plays a pivotal role in allergic inflam-
mation and tissue remodeling [125]. Similarly, recent studies 
have shown that eosinophils are an important source of OPN 
in the lungs of allergic asthma. In allergic asthma, amphireg-
ulin-producing memory Th2 cells can stimulate the secretion 
of OPN in eosinophils, and eosinophil-derived OPN was 
shown to contribute to airway fibrosis and vascular remod-
eling in allergic asthma [9, 126]. In vitro, OPN induces 
murine lung fibroblasts to switch to a profibrogenic myofi-
broblast phenotype, as indicated by enhanced proliferation 
and migration and increased collage deposition [118, 123]. 
Additionally, sOPN was reported to function as a dual-reg-
ulatory cytokine in experimental allergic asthma. In the sen-
sitization phase, sOPN suppresses the recruitment of anti-
inflammatory plasmacytoid dendritic cells (pDCs), resulting 
in an enhanced Th2 response. In the challenge phase, sOPN 
inhibits the recruitment of proinflammatory conventional 
dendritic cells (cDCs), resulting in a reduced Th2 response. 
Different roles of sOPN in the different phases of asthma 
indicate that the function of sOPN may be regulated by dif-
ferent signaling pathways [127]. Moreover, OPN can bind 
eosinophil-recruiting chemokines (e.g., CCL11) and impair 
their defense-like antibacterial activities without affecting 
their eosinophil-recruiting properties in vitro, which may 
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increase the vulnerability to acquire pneumococcal infec-
tion in allergic asthma [128]. However, another study found 
that OPN promotes the host defense against pneumococcal 
infection, and OPN−/− mice displayed increased vulnerabil-
ity to pneumococcal infection in a murine model of allergic 
asthma [128, 129]. Thus, more investigation is warranted to 
explain the conflicting results.

In addition to allergic asthma, upregulated OPN is also 
suggested to contribute to the development of adult-onset 
(late-onset) asthma, which is more heterogeneous and severe 
and less associated with allergy than child-onset asthma. 
Several risk factors (e.g., aging and viral infection) of late-
onset asthma can further upregulate OPN expression and 
increase the polymerization of OPN by TG2, which exacer-
bates airway fibrosis by activating the TGF-β1/Smad3 path-
ways [119]. Interestingly, corticosteroids are the first-line 
drugs for the treatment of asthma, and corticosteroids (e.g., 
dexamethasone) were reported to downregulate OPN expres-
sion in lung tissues, which may partly explain the beneficial 
effects of corticosteroids in asthma (Fig. 2E) [130]. How-
ever, information concerning OPN in other types of asthma 
(e.g., exercise-induced asthma) and in other effector cells 
(e.g., mast cells) of asthma remains scarce and needs further 
investigation.

Outlook and Conclusion

Growing evidence demonstrates the significance of OPN in 
the pathogenesis of various respiratory diseases. Upregu-
lation of OPN has been observed in ALI/ARDS, pulmo-
nary hypertension, IPF, lung cancers, pneumonia, COPD, 
and asthma. OPN plays a pleiotropic role in the inflamma-
tory response, immune cell activation, fibrosis and tissue 
remodeling, and tumorigenesis of these respiratory diseases 
(summarized in Table 1), and targeting OPN exerts thera-
peutic effects in the treatment of various respiratory diseases 
[6–10]. However, our current understanding of the roles 
and underlying mechanisms of OPN in respiration remains 
largely unknown, and several gaps remain in the knowledge 
of OPN and the pathogenesis of respiratory diseases. (1) 
In respiratory diseases (e.g., lung cancer), OPN mediates 
diverse functions through interactions with integrins and 
CD44 variants. Recently, ICOSL, another important OPN 
receptor, was implicated in the pathogenesis of several res-
piratory diseases (e.g., asthma, pulmonary hypertension, 
and pulmonary fibrosis) [131–133]. Whether ICOSL also 
contributes to the pleiotropic effects of OPN in these respira-
tory diseases requires additional studies. (2) Most studies 
regarding the roles of OPN in respiratory diseases primar-
ily focus on total OPN expression and do not distinguish 
any specific OPN isoform expression; however, different 
OPN isoforms may have distinct functions [84]. Therefore, Ta
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the expression of different OPN isoforms should be taken 
into account in further studies. (3) In most current studies, 
the roles of OPN have been mainly attributed to sOPN, and 
information concerning the roles of iOPN in respiratory dis-
eases remains scarce. Given that iOPN plays a critical role 
in regulating immune cell (e.g., NK and dendritic cell) func-
tions and tumorigenesis, which may also be involved in the 
pathogenesis of several respiratory diseases, more in-depth 
investigations are needed to elucidate the roles and underly-
ing mechanisms of iOPN in respiratory diseases [16, 134, 
135]. (4) To date, clinical evidence regarding the therapeutic 
effects of OPN-specific inhibitors and/or monoantibodies in 
respiratory diseases is lacking; therefore, additional high-
quality clinical trials are needed to confirm the therapeutic 
effects of these drugs in patients with respiratory diseases.

In summary, a growing body of evidence shows that OPN 
is significantly upregulated in various inflammatory, fibrotic, 
malignant, and vascular respiratory diseases. OPN exerts 
diverse effects on the inflammatory response, immune cell 
activation, fibrosis and tissue remodeling, and tumorigen-
esis of these respiratory diseases. Targeting OPN might be 
a very promising therapeutic approach in the treatment of 
respiratory diseases.
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