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a b s t r a c t 

Progressive lung fibrosis is characterized by dysregulated extracellular matrix (ECM) homeostasis. Understand- 

ing of disease pathogenesis remains limited and has prevented the development of effective treatments. While an 

abnormal wound-healing response is strongly implicated in lung fibrosis initiation, factors that determine why fi- 

brosis progresses rather than regular tissue repair occurs are not fully explained. Within human lung fibrosis, there 

is evidence of altered epithelial and mesenchymal populations as well as cells undergoing epithelial–mesenchymal 

transition (EMT), a dynamic and reversible biological process by which epithelial cells lose their cell polarity and 

down-regulate cadherin-mediated cell–cell adhesion to gain migratory properties. This review will focus on the 

role of EMT and dysregulated epithelial–mesenchymal crosstalk in progressive lung fibrosis. 
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diopathic pulmonary fibrosis (IPF) 

Fibrosis is a fundamental cause of morbidity and mortality world-

ide, and prevalence is increasing because of the aging population.

nce considered rare, it is now recognized that interstitial lung dis-

ases (ILD) are present in 7% of the general population (age > 50 years),

esulting in an increase in all-cause mortality (hazard ratio 2.7). This

revalence has further increased as a consequence of the coronavirus

isease 2019 (COVID-19) pandemic during which, we identified long-

erm persistent interstitial change following COVID-19 pneumonitis. 1 , 2 

PF is a specific type of chronic fibrotic ILD, characterized by a diag-

osis of the usual interstitial pneumonia (UIP) pattern, 3–5 affecting the

ir space between the alveolar epithelium and the capillary endothe-

ium. Canonically, it is characterized by a disrupted balance of extracel-

ular matrix (ECM) homeostasis, resulting in ECM deposition and lung

arenchyma expansion. 6 As a progressive pulmonary disorder, it is often

symptomatic during early disease stages. Over time, with considerable

carring within the lung, patients mainly suffered from dry cough and

yspnea, resulting in poor survival. 3 Once diagnosed with IPF, studies

uggested that the median survival is between 2 years and 3 years. 7 , 8 

lthough some risk factors have been found, the pathogenesis of IPF

emains unclear. 

Canonically, IPF is proposed to occur as a consequence of abnormal

ound-healing responses. As IPF is proposed to be an epithelial-driven
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fibrosis progression, Chinese Medical Journal Pulmonary and Critical Care M
nd myofibroblast-activated progressive deterioration process, 9 an im-

roved understanding of the distinct role of these two populations is of

igh importance. 

pithelial cells in IPF 

While micro-injuries and dysfunction of alveolar epithelium are

trongly implicated in IPF initiation, 10 factors determining why

athogenic ECM remodeling rather than regular wound resolution oc-

urs remain poorly explained. Altered phenotypes in alveolar epithelial

ells (AECs) in IPF have been characterized. 11 , 12 A major finding of

 single-cell RNA sequencing (scRNA-seq) study published recently is

he identification of a significant shift in epithelial cell phenotypes in

he peripheral lung in pulmonary fibrosis (PF), including several pre-

iously unrecognized epithelial cell phenotypes. Notably, they found

 pathologic epithelial cell population (keratin 5 [KRT5]− /keratin 17

KRT17]+ ) that produces ECM and is highly enriched in PF lungs. Trajec-

ory analysis suggested that this phenotype evolved from a transitional

tage of type II alveolar epithelial (ATII) cells, and these transitional

ells could originate from either the original form of ATII cells or se-

retoglobin family 3A member 2 (SCGB3A2)+ basal cells. 13 Apart from

his, apoptotic AECs have been identified as a notable feature reported

n both IPF patients or bleomycin (BLM)-induced fibrotic mice mod-

ls. 14 , 15 In addition, evidence supported that epithelial apoptosis was
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ufficient to generate fibrosis in vivo . 16 The pathogenic degree of fibrosis

as dependent on the apoptotic levels and could be reverted using a cas-

ase inhibitor. 17 Meanwhile, adjacent to fibroblast foci, co-localization

f apoptotic AECs, and 𝛼-smooth muscle actin ( 𝛼-SMA) marked myofi-

roblasts, implicates a pivotal role of dysregulated AECs during lung

brogenesis. 18 , 19 ATII cells in healthy lungs have functioned as stem

ells with a renewal capacity for ATI cells. 20 In contrast, alveolar ATII

ells from fibrotic mice presented a reduced renewal capacity that could

e partially associated with toll-like receptor 4 (TLR4) or Wnt/ 𝛽-catenin

athway. 21 , 22 

In addition to apoptosis, adjacent to the honeycombing areas from

PF lungs, hyperplastic AECs also showed a high proliferation capacity

arked by proliferating cell nuclear antigen (PCNA). 23 These accumu-

ated AECs were active in secreting nearly all mediators for the follow-

ng ECM remodeling and disease progression. It was also reported that

 small number of AECs might undergo a transforming growth factor-

(TGF 𝛽)-mediated EMT process, expressing a range of mesenchymal-

elated genes and enhancing collagen synthesis. 24 , 25 However, lineage-

racing results from transgenic mice were inconclusive, suggesting that

he proportion of these fibroblast-like ATII cells is nearly negligible. 26–29 

Multiple risk factors such as infection, environmental exposure,

ccupational exposure, smoking, and genetic mutations could trigger

icro-injuries to the AECs and initiate fibrogenesis. 30 However, recent

vidence was found to challenge this theory. Although most evidence

upported the paradigm that abnormal regeneration in IPF lungs starts

ith continuing exogenous micro-injuries on the AECs, researchers high-

ighted that alterations in the integrity of these AECs in the absence of

njuries provide an alternative for IPF initiation. It has been proposed

hat telomere shortening in ATII cells triggered fibrogenesis. For exam-

le, in a mice model, lack of telomere repeat binding factor 1 (TRF1)

n ATII cells spontaneously initiated age-associated remodeling and fi-

rotic responses. 31 , 32 TRF1 is a type of shelterin, allowing damaged

elomeres to be recognized, which plays a key role in telomere main-

enance. 31 , 32 It is believed that telomerase abnormalities may result in

mpaired stem cell function of ATII cells to induce fibrosis. 33 Consis-

ently, persistent accumulation of the premature senescence in ATII cells

as been implicated in IPF lungs. 34 Interestingly, senescence detected

n myofibroblasts inhibited fibrogenesis in many organs, including the

iver, heart, and kidney. 35 In contrast, in PF, senescence mainly occurred

n the AECs and was reported to be harmful. 36 However, controversial

vidence suggests that alveolar renewal failure associated with reduced

elomerase integrity only predisposes patients to PF following endoge-

ous injuries. 31 They indicate that loss of telomeres integrity is a risk

actor rather than an initial element for IPF. 

In response to injuries, aberrantly activated epithelial cells secrete

ome pro-fibrotic regulators, forming highly contractile myofibroblasts.

n such a way, aberrant alveolar epithelia contribute to the ECM deposi-

ion and disease progression. These pro-fibrotic mediators mainly com-

rise growth factors, matrix metalloproteinases (MMP), chemokines,

oagulation factors, and developmental pathways. 12 , 31 Growth factors

re the most predominantly secreted mediators from AECs, including

GF 𝛽, tumor necrosis factor- 𝛼 (TNF- 𝛼), osteopontin, angiotensinogen,

latelet-derived growth factor (PDGF), connective tissue growth factor

CTGF), endothelin-1, and insulin-like growth factor 1 (IGF-1). 37 Stud-

es implicated that these mediators are key to IPF pathogenesis as they

ay induce EMT, control fibroblast migration and proliferation, aug-

ent myofibroblast differentiation, and enhance ECM production. In

ddition, mediators from the MMP family exert their pro-fibrotic ef-

ect mainly on AECs, inducing migration and proliferation. 38 Mean-

hile, AECs may secrete several chemokines during disease progres-

ion, including CC motif chemokine ligand 2 (CCL2), CCL17, and CXC

otif chemokine ligand 12 (CXCL12). 39 Furthermore, some of the se-

reted regulators are coagulation related, such as tissue factor/factor

IIa/factor X (TF/FVIIa/FX) complex, protease-activated receptor 1 and

, and plasminogen activator inhibitor-1 (PAI-1). 40 Finally, it should be

mphasized that the activation of several developmental pathways (e.g.,
2

nt and Sonic hedgehog) could alternatively regulate fibrogenesis, 41 , 42 

ainly through cross-talk with TGF 𝛽. 31 , 43 Taken together, numerous

pithelium-derived mediators work synergistically and antagonistically,

nhancing fibroblast recruitment and activation, resulting in aberrant

CM deposition and respiratory failure. 12 , 31 

esenchymal cells in IPF 

In a canonical wound-healing model, mesenchymal cells are impli-

ated as the culprit for pulmonary fibrogenesis. 44 , 45 Following epithe-

ial dysfunction, several crucial processes occur, including recruitment,

igration, and proliferation of fibroblasts, terminating with activation

f specific contractile cells, namely myofibroblasts. Activation is typ-

cally accompanied by an increased expression of 𝛼-SMA, leading to

ound resolution in healthy lungs. 45 However, in IPF, repeated stimuli

rigger lung epithelial damages, inducing malfunctions in tissue repair.

he fundamental problems that exist in these myofibroblasts are their

nti-apoptotic properties. 45 These activated myofibroblasts are crucial

s they continuously produce large quantities of ECM components in the

egions characterized as fibroblast foci, resulting in thickened intersti-

ial tissues and eventually permanent scarring. 45 However, the origin of

hese myofibroblasts is unclear and controversial. Nevertheless, recent

vidence proposed three leading candidates, although each contribu-

ion’s magnitude in the development of IPF is rarely estimated. 19 

In mice models, bone marrow (BM) origin accounted for nearly 30%,

hile epithelial–mesenchymal transition (EMT) accounted for 20% of

yofibroblasts. 46 However, the proportion of EMT may be overesti-

ated as lineage tracing results from transgenic mice demonstrated

hat contribution from these fibroblast-like ATII cells is nearly negligi-

le. 26–29 Nevertheless, based on these mouse models, it can still be con-

rmed that over 50% of the activated myofibroblasts are from resident

ocal fibroblasts. 19 , 46 In IPF lungs, through the lens of scRNA-seq, an in-

reased proportion of fibroblasts has been observed in PF compared to

ealthy lungs. Notably, specific fibroblast subtypes, including actin al-

ha 2, smooth muscle (ACTA2)+ myofibroblasts, a perilipin 2 (PLIN2)+ 

ipofibroblast-like group, and a novel hyaluronan synthase 1 (HAS1)hi 

broblast population, were enriched in PF lungs. These findings indi-

ate a dysregulated fibroblast landscape in PF, with certain subtypes

ontributing to abnormal ECM deposition. 13 

pithelial–Mesenchymal Transition (EMT) 

It was thought that resident AECs have been shown to exhibit a high

egree of plasticity, meaning that they can transform into a variety of

ifferent cell types in response to different signals. This includes various

ypes of mesenchymal cells, such as fibroblast populations, and smooth

uscle cells. In response to injury or certain pathological conditions, ep-

thelial cells can undergo epithelial-to-mesenchymal transition (EMT).

uring EMT, epithelial cells lose their characteristic features such as

ell polarity and cell–cell adhesion, and gain mesenchymal properties,

hich include increased motility and invasive capabilities. This transi-

ion allows them to become mesenchymal cells such as fibroblasts, my-

fibroblasts, or smooth muscle cells. Following the transition, these cells

ill exhibit several mesenchymal characteristics, including vimentin,

bronectin, 𝛼-SMA, and N-cadherin, leading to ECM expansion. 47 EMT

ccurs in response to multiple insults, including infections, endoplasmic

eticulum (ER) stress, and TGF 𝛽. In mice models, infection with gamma

erpes viruses could activate Twist Family BHLH Transcription Factor

TWIST)-mediated EMT. 48 Similarly, regulated by both the extracellu-

ar signal-regulated kinase (ERK) and nuclear factor kappa-light-chain-

nhancer of activated B cells (NF- 𝜅B), the associations between Epstein–

arr virus (EBV) infection and EMT have also been identified. 49 , 50 Fur-

hermore, tunicamycin-induced ER stress is another cause of EMT affect-

ng AECs. 51 Of note, TGF 𝛽 is the most potent EMT driver, 52 with snail

amily transcriptional repressor 1 (SNAI1) demonstrated to be a key me-

iator. 53 , 54 Overexpression of SNAI1 has been identified in AECs from
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PF lungs while blocking SNAI expression may abolish TGF 𝛽-induced

MT. 54 Recent findings from our group provide additional insights into

he role of EMT in IPF, where we demonstrate that the reduction of liver

inase B1 (LKB1) in epithelial cells serves as a trigger for EMT, resulting

n the inhibition of autophagy and subsequent activation of the NF- 𝜅B

ignaling pathway. 55–58 This activation not only emphasizes the signifi-

ance of EMT in the development of lung fibrosis but also amplifies the

nteraction between epithelial cells and fibroblasts in IPF. Furthermore,

ur research elucidates the involvement of EMT in IPF in elevating the

xpression of transcription factors, notably Snail2, revealing a novel as-

ect of the molecular mechanisms that propel the progression of IPF. 

There are several studies that proposed an epithelial origin of

yofibroblasts within IPF lungs. For instance, AECs from IPF pa-

ients exhibited several mesenchymal markers, including 𝛼-SMA and

-cadherin. 59 In contrast, elevated expression of epithelial-specific pro-

eins like keratin 18 was identified in IPF myofibroblasts. 60 Additionally,

o-localization of epithelial and mesenchymal markers from IPF lungs

as been observed, including zinc finger E-box binding homeobox fac-

or 1 (ZEB1), 𝛽-catenin, mechanistic target of rapamycin (mTOR), Rho-

ssociated coiled-coil containing protein kinase 1 (ROCK1), N-cadherin,

i-67, vimentin, and collagen I. 61 , 62 These studies together demonstrate

hat AECs undergoing EMT could constitute the population of myofi-

roblasts. However, lineage-tracing investigations remain controversial.

hile some studies strongly supported the EMT-origin theory, others

roposed that the proportion of epithelium-derived myofibroblasts can

e neglected. It is believed that although AECs undergoing EMT exhibit

ome morphological changes, 63 they remain a phenotype that is distinct

rom myofibroblasts. 26 In kidney fibrosis, activation of SNAI1 was able

o induce EMT, 54 , 29 while blocking SNAI1 inhibited EMT and attenu-

ted fibrosis. 29 However, no evidence showed that these tubular epithe-

ial cells directly contribute to the myofibroblast population. 29 Instead,

tudies have identified an autocrine loop in which TGF 𝛽 becomes both

 cause and a consequence of EMT, sustaining fibroblast to myofibrob-

asts transition. 54 , 29 Rather than directly constituting the myofibrob-

asts population, EMT contributes to fibrosis mainly via mediating the

icroenvironment. 64 Moreover, the available evidence points to EMT

s an alternative to normal cell and tissue regeneration, potentially of-

ering novel insights into diagnostic and prognostic biomarkers, as well

s more effective treatment options for IPF. 65 Thus, understanding the

echanisms of EMT in lung fibrosis could be utilized for developing a

ovel intervention for IPF. 

pithelial–mesenchymal crosstalk 

IPF progression is considered as an epithelial-originated and

yofibroblast-activated deterioration of the lung. 9 , 66 The pathogenesis

f IPF requires aberrant crosstalk between the epithelial cells and the

broblasts. However, until now, these communications still lack further

vidence and are yet to be elucidated. Factors determining why scar-

ing occurs rather than the regular tissue repair progresses remain unde-

ned. Once myofibroblast foci are formed, it is thought that epithelial–

esenchymal crosstalk exacerbates the progression of IPF via modulat-

ng the microenvironment. Epithelial–mesenchymal interactions create

 vicious cycle in which damaged AECs enhance fibroblasts’ prolifera-

ion, recruitment, and activation, resulting in aberrant ECM deposition.

n return, these resultant myofibroblasts provoke epithelial injuries and

romote their apoptosis. The studies on fibroblast resistance to apop-

osis and increased epithelial cell apoptosis in IPF also provide critical

nsights into the epithelial–mesenchymal interaction. Fibroblasts in IPF

xhibit resistance to Fas-mediated apoptosis, a resistance attributed to

arious factors such as the increased expression of anti-apoptotic pro-

eins and decreased levels of surface Fas. This altered apoptotic behavior

s significant in the pathogenesis of IPF. 67 On the other hand, AECs in

PF exhibit an elevated inclination toward apoptosis. This heightened

poptosis of epithelial cells can hinder the effective repair and regen-

ration of lung tissue, thereby intensifying the fibrotic progression. The
3

as-Fas ligand (FasL) pathway has been implicated in fostering PF by

riggering apoptosis in AECs. The presence of apoptotic epithelial cells,

articularly in regions proximal to fibroblasts, has been noted in lung

iopsies from patients with IPF. 68 

These contrasting behaviors of fibroblasts and epithelial cells in IPF

ighlight a complex interplay of cellular mechanisms that drive the

rogression of the disease. Such epithelial–mesenchymal interactions

re believed to exacerbate the development of many organ fibrosis, in

hich co-localization of both fibroblasts and epithelial cells has been ob-

erved. 69 Consistently, in kidney fibrosis, epithelial micro-injuries may

reate a pro-fibrotic microenvironment by secreting TGF 𝛽 or CTGF, 70 

nhancing myofibroblast accumulation. In return, these resultant myofi-

roblasts induce the apoptosis of epithelial cells via angiotensin II (ANG

I) or reactive oxygen species (ROS), creating a self-sustained feedback

oop. 71 

Similar crosstalk has been observed in PF. A range of pro-fibrotic

ediators acting on fibroblasts derived from AECs have been strongly

mplicated in IPF, including multiple growth factors (e.g., TGF 𝛽, PDGF,

TGF, TNF- 𝛼, osteopontin, angiotensinogen, and endothelin-1) and

ome developmental pathways (e.g., Wnt/ 𝛽-catenin and Sonic hedge-

og). 69 In response to injuries, studies found that AECs secrete a group

f mediators to enhance pathogenic fibroblast functioning so that these

ctivated AECs may contribute to ECM deposition. For instance, in-

ured AECs stimulate TGF 𝛽 secretion, increasing fibroblast prolifera-

ion, recruitment, and activation. 72 , 73 Meanwhile, secreted TGF 𝛽1 and

ndothelin-1 are required to prevent fibroblast apoptosis by regulating

he protein kinase B (AKT) pathway. 19 , 74 In contrast, under the same

icroenvironment, AECs from IPF patients become more susceptible

o apoptosis partially due to the decreased expression of prostaglandin

2. 75 In addition, our lab demonstrated that RAS-activated ATII cells

rovide paracrine signals to augment fibroblast activation. 76–78 While

EB1 knock-out mice presented with less mesenchymal gene expres-

ions, 79 ZEB1 is recognized as a pivotal transcription factor that governs

he expression of secreted factors from AECs undergoing EMT. 76–78 In

eturn, secreted protein acidic and rich in cysteine (SPARC) from IPF

broblasts could disturb the integrity of the alveolar epithelium by dis-

upting junctional contacts. 80 SPARC, a matrix-derived protein, is re-

ponsible for calcifying collagens, ECM production, and cell morphol-

gy alterations. 81 While Thy-1 deficiency is a specific feature identified

n IPF fibroblasts that could induce metalloproteinase-9 (MMP-9) syn-

hesis, 82 elevated MMP-9 may disrupt the alveolar basement membrane

y inhibiting collagen IV production. 83 Additionally, compared to me-

ia conditioned by healthy fibroblasts, conditioned media (CM) from

PF fibroblasts was able to promote the apoptosis of AECs. 69 , 84 More

mportantly, several mediators have been identified to exert this reg-

latory effect, including ANG II and hydrogen peroxide (H2 O2 ). ANG

I, a key mediator found in CM harvested from IPF fibroblasts, 85 can

e produced under low oxygen tension. 86 In wild-type (WT) mice, both

pithelial apoptosis and bleomycin-induced fibrosis can be attenuated

y treating with ANG II type 1 receptor (AT1R) antagonist or antisense

ligonucleotides. 87 , 88 Similarly, mice with AT1R deficiency were pro-

ected from PF. 87 Furthermore, H2 O2 is another fibroblast-derived me-

iator responsible for alveolar apoptosis. 89 Activation of nicotinamide

denine dinucleotide phosphate (NADPH) oxidase 4 (NOX4) is the lead-

ng cause of H2 O2 production following lung injury. 90 While increased

ecretion of H2 O2 correlates with IPF severity, 91 exogenous H2 O2 has

een proved to inhibit migration and induce the apoptosis of primary

ECs. 92 , 93 In a separate investigation conducted by our research team,

he exploration of epithelial–fibroblast crosstalk involved co-culturing

KB1-depleted epithelial cells with MRC5 human fibroblasts, thereby

einforcing previously proposed insights. Our findings indicate that the

epletion of LKB1 in ATII cells does not significantly impact collagen

ene expression in 2D monocultures, despite exhibiting an EMT signa-

ure. However, in 3D co-cultures with MRC5 fibroblasts, LKB1 depletion

esults in a substantial upregulation of collagen genes. This suggests

hat the heightened collagen production in IPF is likely attributed to
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Fig. 1. Schematic diagram of epithelial–mesenchymal crosstalk in IPF. Patho- 

genesis of IPF requires aberrant epithelial–mesenchymal crosstalk. In response 

to micro-injuries, damaged AECs will enable the secretion of many pro-fibrotic 

mediators, including multiple growth factors, coagulation factors, and some de- 

velopmental pathway activators. These mediators act to inhibit apoptosis and 

stimulate migration, proliferation, and differentiation of fibroblasts. Addition- 

ally, RAS-activated AECs augment fibroblast activation by paracrine signaling 

so that these activated AECs are responsible for increased collagen synthesis and 

ECM deposition. In return, resultant myofibroblasts provoke epithelial injuries 

and enhance their apoptosis. Activated myofibroblasts may secrete some death- 

inducing mediators for epithelial cells, such as ANG II and H2 O2 . Furthermore, 

increased MMP (e.g., MMP-9) from fibroblasts may also destroy the epithelial 

basement membrane by disrupting collagen IV, a key basement membrane com- 

ponent. Meanwhile, paracrine regulators such as SPARC from activated fibrob- 

lasts may interfere with epithelial integrity and migration. AECs: Alveolar ep- 

ithelial cells; ANG II: Angiotensin II; CTGF: Connective tissue growth factor; 

ECM: Extracellular matrix; EMT: Epithelial–mesenchymal transition; H2 O2 : Hy- 

drogen peroxide; IPF: Idiopathic pulmonary fibrosis; MMP: Metalloproteinase; 

PAI-1: Plasminogen activator inhibitor-1; PDGF: Platelet-derived growth factor; 

SPARC: Secreted protein acidic and rich in cysteine; TF/FVIIa/FX: Tissue fac- 

tor/factor VIIa/factor X; TGF 𝛽: Transforming growth factor- 𝛽; TNF- 𝛼: Tumor 

necrosis factor- 𝛼; ZEB1: Zinc finger E-box binding homeobox 1. 

a  

p  

p  

f

 

p  

o  

e  

a  

fi  

s  

A  

v  

l  

g  

l  

i  

[

A

s

 

c  

t  

b  

c  

b  

l  

Fig. 2. Aberrant epithelial–mesenchymal crosstalk provides self-sustainable 

activation signals driving disease progression. Dysregulated bi-directional 

epithelial–mesenchymal crosstalk activates self-sustaining pro-fibrotic signals, 

driving ECM deposition critical to fibrotic progression. Paracrine signaling be- 

tween RAS-activated ATII cells and fibroblasts augments fibroblast recruitment 

and promotes TGF 𝛽-induced activation via a ZEB1–tPA axis. Reciprocally, acti- 

vated lung fibroblasts induce RAS activation in ATII cells by paracrine signaling, 

at least partially via SPARC. These myofibroblasts can evade apoptosis and se- 

crete a considerable amount of fibrillar collagens, resulting in IPF progression. 

ATII cells: Type II alveolar epithelial cells; ECM: Extracellular matrix; IPF: Id- 

iopathic pulmonary fibrosis; SPARC: Secreted protein acidic and cysteine rich; 

TGF 𝛽: Transforming growth factor- 𝛽; tPA: Tissue plasminogen activator; ZEB1: 

Zinc finger E-box binding homeobox 1. 
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e  
n indirect effect of epithelial cells on fibroblast differentiation through

aracrine signaling. Additionally, the study demonstrates that LKB1 de-

letion enhances myofibroblast differentiation, influenced by paracrine

actors and synergistically augmented by TGF 𝛽. 55 

Importantly, several mediators exhibit bidirectionality and can be

roduced by both cell populations. Both ANG II and TGF 𝛽 serve as piv-

tal bidirectional mediators, playing a fundamental regulatory role in

pithelial–mesenchymal crosstalk, influencing the microenvironment,

nd contributing to the aggravation of PF. As previously mentioned,

broblast-derived ANG II induces apoptosis in AECs through paracrine

ignaling, while the resulting AECs also have the capacity to synthesize

NG II. 94 , 95 In addition, TGF 𝛽 is a potent cytokine from AECs regulating

arious pro-fibrotic functions in fibroblasts. 72 , 73 Recent studies suggest

atent TGF 𝛽 may be produced from activated myofibroblasts in an inte-

rin 𝛼v 𝛽5 dependent manner, 96 and more importantly, inducing epithe-

ial apoptosis. 97 Collectively, exploring the exact mechanisms involved

n this epithelial–mesenchymal crosstalk is crucial to IPF pathogenesis

 Fig. 1 ]. 

berrant epithelial–mesenchymal crosstalk provides 

elf-sustainable activation signals driving disease progression 

Consistent with kidney fibrosis, 98 our recent findings support the

oncept that aberrant epithelial–mesenchymal crosstalk contributes

o the development of interstitial lung fibrosis. 64 We establish a

i-directional profibrogenic positive feedback loop that maintains a

hronic wound environment involving activated epithelial cells and fi-

roblasts that drive fibrosis progression rather than regular wound reso-

ution ( Fig. 2 ). Our findings illustrate that the ZEB1–tissue plasminogen
4

ctivator (tPA) axis governs paracrine signaling between RAS-activated

TII cells and fibroblasts, promoting fibroblast migration and intensify-

ng TGF 𝛽-induced fibroblast activation. Conversely, paracrine signaling

rom TGF 𝛽-activated lung fibroblasts or fibroblasts in IPF triggers RAS

ctivation in ATII cells, with the involvement of the secreted protein

PARC, at least to some extent. 

The interacting risk factors result in micro-injuries to the AECs in

he lungs, leading to changes in fibroblast functionality. In response

o injury, epithelial cells undergo EMT, losing their apical-basal po-

arity and transitioning to a migratory mesenchymal state. 47 These re-

ultant motile phenotypes could signal to other populations, includ-

ng resident fibroblasts. We confirmed that ATII cells undergoing EMT

ugment TGF 𝛽-induced profibrogenic responses in lung fibroblasts via

EB1-mediated paracrine signaling. 76 , 77 ZEB1 is strongly implicated in

brosis, as exposure of human lungs to nickel (Ni) results in the ir-

eversible advancement of ZEB1-dependent EMT, leading to sustained

carring in pulmonary tissue. 99 , 100 We found that ZEB1 is expressed in

pithelial cells of thickened alveolar septae, where ECM deposition is ev-
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dent. This indicates that ZEB1 is induced as an early response to micro-

njury in AECs. We then demonstrated that this epithelial–mesenchymal

rosstalk affects the sensitivity of TGF 𝛽-induced fibroblast activation

ia tPA, which is a naturally secreted glycoprotein and is well recog-

ized as a fibrinolysis activator. 101 It possesses the capability to bind

o a set of receptors through specific domains. For example, the finger

omain facilitates binding to low-density lipoprotein receptor-related

rotein 1 (LRP1), while interaction with epidermal growth factor recep-

or (EGFR) can occur through an epidermal growth factor-like (EGFL)

omain. 101 , 102 In a mice model of kidney fibrosis, binding to LRP1 en-

ances the integrin-linked kinase (ILK) dependent formation of the 𝛽1-

ntegrin/LRP1 complex, contributing to fibroblast surveillance and fi-

rogenesis. 102 

Fibroblasts from PF have altered pathogenic properties, 103 including

nhanced migration compared to fibroblasts from control lungs. 104 , 105 

ur research revealed that CM generated by ATII cells undergoing RAS-

nduced EMT significantly promoted fibroblast migration. The signifi-

ance of the ZEB1–tPA axis in this phenomenon was subsequently con-

rmed, as the silencing of these factors eliminated the pro-migratory ef-

ects of CM from RAS-activated ATII cells on lung fibroblasts. Through

he regulation of tPA expression, ZEB1 may facilitate fibroblast recruit-

ent, thereby increasing their presence at the wound site. Addition-

lly, it has been reported that neutralizing antibodies against tPA could

ffectively inhibit fibroblast migration. 106 Importantly, TGF 𝛽 plays a

rucial role in achieving paracrine effects on myofibroblast activation

ithin the lung. In its absence, efficient fibroblast differentiation does

ot seem to occur even in the presence of CM from RAS-activated ATII

ells. Our research indicates that the level of TGF 𝛽 receptor signaling in-

uced by the epithelial-derived CM is insufficient to drive the differen-

iation of fibroblasts into myofibroblasts. 76 These findings were further

ubstantiated in vitro , where the addition of exogenous TGF 𝛽 was nec-

ssary to initiate myofibroblast activation. However, the upregulation

f genes associated with TGF 𝛽 receptor signaling and increased expres-

ion of numerous profibrotic genes in fibroblasts, following exposure

o CM from epithelial cells undergoing RAS-induced EMT, may eluci-

ate why the CM enhances the effects of exogenous TGF 𝛽. Thus, the

rigin of TGF 𝛽 was investigated. In a canonical wound-healing theory,

ynn 10 was the first to propose that after lung injury, epithelial cells

elease inflammatory mediators that initiate an antifibrinolytic coagu-

ation cascade which triggers platelet activation and blood clot forma-

ion. This is followed by the entry of leukocytes that could secrete pro-

brotic cytokines, including TGF 𝛽, 10 and was further reported by Kolb

t al 107 It was proposed that leukocytes may secrete IL-1 𝛽 after injury to

romote the production of TGF 𝛽. 107 Potentially, RAS activation in ATII

ells may release inflammatory mediators to recruit leukocytes, which

hen secrete TGF 𝛽 to drive fibroblast activation. This hypothesis, how-

ver, requires further investigations involving co-cultures and in vivo

alidation. Alternatively, our results further suggest that ATII cells un-

ergoing a wound-healing response could be a potential source of TGF 𝛽,

ynergizing with paracrine regulators for augmented fibroblast activa-

ion. Using a publicly available online Lung Gene Expression Analysis

LGEA) portal, 108 we found that AECs from IPF lung tissue express high

evels of TGF 𝛽2 and Snail2. Previous report has proved that damaged

ronchial epithelial cells were able to promote autocrine activation of

GFR while increasing production of TGF 𝛽2 independent of EGFR ac-

ivation. 109 Consequently, we harvested ATII cells and observed an in-

reased expression of TGF 𝛽2 corresponding to the severity of the injury.

he heightened expression of TGF 𝛽2 suggests the potential involvement

f the synergistic activation of underlying fibroblasts through paracrine

ignaling mediated by RAS-ZEB1 and Snail2-TGF 𝛽. Thus, we propose

he existence of two parallel pathways operating within these damaged

nd repairing epithelial cells. Some of these pathways regulate the pro-

uction of profibrogenic growth factors, such as TGF 𝛽, independently

f the EGFR, while others facilitate epithelial–mesenchymal crosstalk

o enhance the profibrogenic microenvironment, relying on RAS

ignaling. 
5

While activation of the ZEB1–tPA axis may be a normal physiological

esponse to injury, deregulation of this axis may sensitize the underly-

ng fibroblasts to drive a pathogenic scarring process. 64 In line with this

otion, in studies focusing on the kidneys, micro-injuries to the renal

pithelium have been suggested to establish a profibrotic microenviron-

ent through the action of TGF 𝛽 or CTGF, 69 , 98 promoting the aggrega-

ion of myofibroblasts, and in return, myofibroblasts may augment the

poptosis of epithelial cells by secreting ROS 110 , 111 or ANG II 112 , 71 , so

enerating self-sustained pathogenic feedbacks. This is also true from

ur studies in PF. We found that fibroblasts activated by TGF 𝛽 or fi-

roblasts in IPF have the capacity to trigger RAS activation and induce

EB1 expression in ATII cells through paracrine signaling. This process

s, at least partially, mediated by SPARC, a cysteine-rich acidic matrix-

ssociated protein containing three EGFL repeats. SPARC, known for its

ole in the calcification of collagen in bones and involvement in ECM

ynthesis, plays a crucial role in these interactions. 113 We also reported

hat SPARC is able to enhance alveolar cell migration and dysregulate

lveolar barrier integrity. 80 In terms of mechanism, SPARC alone is ca-

able of triggering EGFR activation in ATII cells, indicating that SPARC

ay signal through EGFR in a manner similar to tenascin C 

114 via their

GFL repeats. 115 Together, we have provided strong evidence demon-

trating that in both TGF 𝛽-activated normal lung fibroblasts and IPF fi-

roblasts, paracrine SPARC signaling not only dysregulates the alveolar

pithelial barrier integrity, 80 but also activates EGFR/RAS/ERK signal-

ng in ATII cells to maintain a chronic wound-healing phenotype. 

onclusions 

Dysregulated bi-directionally controlled paracrine signaling between

pithelial and mesenchymal cells is a core feature of a pro-fibrotic mi-

roenvironment. EMT-related targets on epithelial cells and fibroblasts

ave therapeutic promise in fibrotic diseases. 

eclaration of competing interest 

The authors declare the following financial interests/personal rela-

ionships which may be considered as potential competing interests: Yi-

ua Wang reports financial support provided by UK Research and Inno-

ation (UKRI) Medical Research Council. Yihua Wang reports financial

upport provided by the UK Academy of Medical Sciences. Yihua Wang

s an editorial board member for the Chinese Medical Journal Pulmonary

nd Critical Care Medicine. 

cknowledgments 

This project was supported by the UK Medical Research Council

 MR/S025480/1 ) and the UK Academy of Medical Sciences/the Well-

ome Trust Springboard Award [ SBF002\1038 ]. LY and ZX were sup-

orted by the China Scholarship Council. For the purpose of open access,

he authors have applied a CC-BY public copyright license to any Author

ccepted Manuscript version arising from this submission. 

eferences 

1. Wu X, Liu X, Zhou Y, et al. 3-month, 6-month, 9-month, and 12-month respira-

tory outcomes in patients following COVID-19-related hospitalisation: a prospective

study. Lancet Respir Med . 2021;9:747–754. doi: 10.1016/S2213-2600(21)00174-0 . 

2. Guo T, Jiang F, Liu Y, Zhao Y, Li Y, Wang Y. Respiratory outcomes in pa-

tients following COVID-19-related hospitalization: a meta-analysis. Front Mol Biosci .

2021;8:750558. doi: 10.3389/fmolb.2021.750558 . 

3. Raghu G, Collard HR, Egan JJ, et al. An official ATS/ERS/JRS/ALAT statement: idio-

pathic pulmonary fibrosis: evidence-based guidelines for diagnosis and management.

Am J Respir Crit Care Med . 2011;183:788–824. doi: 10.1164/rccm.2009-040GL . 

4. Somogyi V, Chaudhuri N, Torrisi SE, Kahn N, Müller V, Kreuter M. The therapy

of idiopathic pulmonary fibrosis: what is next. Eur Respir Rev . 2019;28:190021.

doi: 10.1183/16000617.0021-2019 . 

5. Raghu G, Remy-Jardin M, Richeldi L, et al. Idiopathic pulmonary fibrosis (an Up-

date) and progressive pulmonary fibrosis in adults: an official ATS/ERS/JRS/ALAT

clinical practice guideline. Am J Respir Crit Care Med . 2022;205:e18–e47.

doi: 10.1164/rccm.202202-0399ST . 

https://doi.org/10.1016/S2213-2600(21)00174-0
https://doi.org/10.3389/fmolb.2021.750558
https://doi.org/10.1164/rccm.2009-040GL
https://doi.org/10.1183/16000617.0021-2019
https://doi.org/10.1164/rccm.202202-0399ST


L. Yao, Z. Xu, D.E. Davies et al. Chinese Medical Journal Pulmonary and Critical Care Medicine xxx (xxxx) xxx

ARTICLE IN PRESS
JID: PCCM [m5GeSdc;March 4, 2024;17:38]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Cook DN, Brass DM, Schwartz DA. A matrix for new ideas in pulmonary fibrosis. Am

J Respir Cell Mol Biol . 2002;27:122–124. doi: 10.1165/ajrcmb.27.2.f245 . 

7. Bjoraker JA, Ryu JH, Edwin MK, et al. Prognostic significance of histopathologic

subsets in idiopathic pulmonary fibrosis. Am J Respir Crit Care Med . 1998;157:199–

203. doi: 10.1164/ajrccm.157.1.9704130 . 

8. Kaunisto J, Salomaa ER, Hodgson U, et al. Demographics and survival of patients

with idiopathic pulmonary fibrosis in the FinnishIPF registry. ERJ Open Res . 2019;5

00170-02018. doi: 10.1183/23120541.00170-2018 . 

9. Antoniou KM, Margaritopoulos GA, Siafakas NM. Pharmacological treatment of idio-

pathic pulmonary fibrosis: from the past to the future. Eur Respir Rev . 2013;22:281–

291. doi: 10.1183/09059180.00002113 . 

10. Wynn TA. Integrating mechanisms of pulmonary fibrosis. J Exp Med .

2011;208:1339–1350. doi: 10.1084/jem.20110551 . 

11. Pardo A, Selman M. Molecular mechanisms of pulmonary fibrosis. Front Biosci .

2002;7:d1743–d1761. doi: 10.2741/pardo . 

12. Selman M, Pardo A. Revealing the pathogenic and aging-related mechanisms of the

enigmatic idiopathic pulmonary fibrosis. an integral model. Am J Respir Crit Care

Med . 2014;189:1161–1172. doi: 10.1164/rccm.201312-2221PP . 

13. Habermann AC, Gutierrez AJ, Bui LT, et al. Single-cell RNA sequencing reveals profi-

brotic roles of distinct epithelial and mesenchymal lineages in pulmonary fibrosis.

Sci Adv . 2020;6:eaba1972. doi: 10.1126/sciadv.aba1972 . 

14. Fujiwara K, Kobayashi T, Fujimoto H, et al. Inhibition of cell apoptosis and ameliora-

tion of pulmonary fibrosis by thrombomodulin. Am J Pathol . 2017;187:2312–2322.

doi: 10.1016/j.ajpath.2017.06.013 . 

15. Hagimoto N, Kuwano K, Nomoto Y, Kunitake R, Hara N. Apoptosis and expression of

Fas/Fas ligand mRNA in bleomycin-induced pulmonary fibrosis in mice. Am J Respir

Cell Mol Biol . 1997;16:91–101. doi: 10.1165/ajrcmb.16.1.8998084 . 

16. Lee CG, Cho SJ, Kang MJ, et al. Early growth response gene 1-mediated apoptosis

is essential for transforming growth factor beta1-induced pulmonary fibrosis. J Exp

Med . 2004;200:377–389. doi: 10.1084/jem.20040104 . 

17. Kuwano K, Kunitake R, Maeyama T, et al. Attenuation of bleomycin-induced pneu-

mopathy in mice by a caspase inhibitor. Am J Physiol Lung Cell Mol Physiol .

2001;280:L316–L325. doi: 10.1152/ajplung.2001.280.2.L316 . 

18. Uhal BD, Joshi I, Hughes WF, Ramos C, Pardo A, Selman M. Alveolar epithelial cell

death adjacent to underlying myofibroblasts in advanced fibrotic human lung. Am J

Physiol . 1998;275:L1192–L1199. doi: 10.1152/ajplung.1998.275.6.L1192 . 

19. King Jr TE, Pardo A, Selman M. Idiopathic pulmonary fibrosis. Lancet .

2011;378:1949–1961. doi: 10.1016/S0140-6736(11)60052-4 . 

20. Desai TJ, Brownfield DG, Krasnow MA. Alveolar progenitor and stem cells in

lung development, renewal and cancer. Nature . 2014;507:190–194. doi: 10.1038/na-

ture12930 . 

21. Liang J, Zhang Y, Xie T, et al. Hyaluronan and TLR4 promote surfactant-protein-C-

positive alveolar progenitor cell renewal and prevent severe pulmonary fibrosis in

mice. Nat Med . 2016;22:1285–1293. doi: 10.1038/nm.4192 . 

22. Königshoff M, Kramer M, Balsara N, et al. WNT1-inducible signaling protein-

1 mediates pulmonary fibrosis in mice and is upregulated in humans with

idiopathic pulmonary fibrosis. J Clin Investig . 2009;119:772–787. doi: 10.1172/

JCI33950 . 

23. Qunn L, Takemura T, Ikushima S, et al. Hyperplastic epithelial foci in honey-

comb lesions in idiopathic pulmonary fibrosis. Virchows Arch . 2002;441:271–278.

doi: 10.1007/s00428-002-0618-9 . 

24. Yang J, Wheeler SE, Velikoff M, et al. Activated alveolar epithelial cells initiate

fibrosis through secretion of mesenchymal proteins. Am J Pathol . 2013;183:1559–

1570. doi: 10.1016/j.ajpath.2013.07.016 . 

25. Zissel G, Ernst M, Rabe K, et al. Human alveolar epithelial cells type II are capable

of regulating T-cell activity. J Investig Med . 2000;48:66–75 . 

26. Rock JR, Barkauskas CE, Cronce MJ, et al. Multiple stromal populations con-

tribute to pulmonary fibrosis without evidence for epithelial to mesenchymal

transition. Proc Natl Acad Sci USA . 2011;108:E1475–E1483. doi: 10.1073/pnas.

1117988108 . 

27. Humphreys BD, Lin SL, Kobayashi A, et al. Fate tracing reveals the pericyte and not

epithelial origin of myofibroblasts in kidney fibrosis. Am J Pathol . 2010;176:85–97.

doi: 10.2353/ajpath.2010.090517 . 

28. LeBleu VS, Taduri G, O’Connell J, et al. Origin and function of myofibroblasts in

kidney fibrosis. Nat Med . 2013;19:1047–1053. doi: 10.1038/nm.3218 . 

29. Grande MT, Sánchez-Laorden B, López-Blau C, et al. Snail1-induced par-

tial epithelial-to-mesenchymal transition drives renal fibrosis in mice and

can be targeted to reverse established disease. Nat Med . 2015;21:989–997.

doi: 10.1038/nm.3901 . 

30. Richeldi L, Collard HR, Jones MG. Idiopathic pulmonary fibrosis. Lancet .

2017;389:1941–1952. doi: 10.1016/S0140-6736(17)30866-8 . 

31. Martinez FJ, Collard HR, Pardo A, et al. Idiopathic pulmonary fibrosis. Nat Rev Dis

Primers . 2017;3:17074. doi: 10.1038/nrdp.2017.74 . 

32. Naikawadi RP, Disayabutr S, Mallavia B, et al. Telomere dysfunction in alveolar

epithelial cells causes lung remodeling and fibrosis. JCI Insight . 2016;1:e86704.

doi: 10.1172/jci.insight.86704 . 

33. Alder JK, Stanley SE, Wagner CL, Hamilton M, Hanumanthu VS, Armanios M. Ex-

ome sequencing identifies mutant TINF2 in a family with pulmonary fibrosis. Chest .

2015;147:1361–1368. doi: 10.1378/chest.14-1947 . 

34. Meiners S, Eickelberg O, Königshoff M. Hallmarks of the ageing lung. Eur Respir J .

2015;45:807–827. doi: 10.1183/09031936.00186914 . 

35. Muñoz-Espín D, Serrano M. Cellular senescence: from physiology to pathology. Nat

Rev Mol Cell Biol . 2014;15:482–496. doi: 10.1038/nrm3823 . 

36. Zhang T, Zhang J, Lv C, Li H, Song X. Senescent AEC Ⅱ and the implication

for idiopathic pulmonary fibrosis treatment. Front Pharmacol . 2022;13:1059434.

doi: 10.3389/fphar.2022.1059434 . 
6

37. Ma H, Wu X, Li Y, Xia Y. Research progress in the molecular mechanisms, therapeutic

targets, and drug development of idiopathic pulmonary fibrosis. Front Pharmacol .

2022;13:963054. doi: 10.3389/fphar.2022.963054 . 

38. Chuliá-Peris L, Carreres-Rey C, Gabasa M, Alcaraz J, Carretero J, Pereda J. Ma-

trix metalloproteinases and their inhibitors in pulmonary fibrosis: EMMPRIN/CD147

comes into play. Int J Mol Sci . 2022;23:6894. doi: 10.3390/ijms23136894 . 

39. Besnard AG, Struyf S, Guabiraba R, et al. CXCL6 antibody neutralization prevents

lung inflammation and fibrosis in mice in the bleomycin model. J Leukoc Biol .

2013;94:1317–1323. doi: 10.1189/jlb.0313140 . 

40. Mercer PF, Chambers RC. Coagulation and coagulation signalling in fibrosis. Biochim

Biophys Acta . 2013;1832:1018–1027. doi: 10.1016/j.bbadis.2012.12.013 . 

41. Hinz B, Phan SH, Thannickal VJ, et al. Recent developments in myofibroblast biol-

ogy: paradigms for connective tissue remodeling. Am J Pathol . 2012;180:1340–1355.

doi: 10.1016/j.ajpath.2012.02.004 . 

42. Baarsma HA, Königshoff M. WNT-er is coming: WNT signalling in chronic lung dis-

eases. Thorax . 2017;72:746–759. doi: 10.1136/thoraxjnl-2016-209753 . 

43. Selman M, López-Otín C, Pardo A. Age-driven developmental drift in the

pathogenesis of idiopathic pulmonary fibrosis. Eur Respir J . 2016;48:538–552.

doi: 10.1183/13993003.00398-2016 . 

44. Kuhn C, McDonald JA. The roles of the myofibroblast in idiopathic pulmonary fibro-

sis. Ultrastructural and immunohistochemical features of sites of active extracellular

matrix synthesis. Am J Pathol . 1991;138:1257–1265 . 

45. Kendall RT, Feghali-Bostwick CA. Fibroblasts in fibrosis: novel roles and mediators.

Front Pharmacol . 2014;5:123. doi: 10.3389/fphar.2014.00123 . 

46. Tanjore H, Xu XC, Polosukhin VV, et al. Contribution of epithelial-derived fibroblasts

to bleomycin-induced lung fibrosis. Am J Respir Crit Care Med . 2009;180:657–665.

doi: 10.1164/rccm.200903-0322OC . 

47. Hill C, Wang Y. The importance of epithelial-mesenchymal transition and

autophagy in cancer drug resistance. Cancer Drug Resist . 2020;3:38–47.

doi: 10.20517/cdr.2019.75 . 

48. Pozharskaya V, Torres-González E, Rojas M, et al. Twist: a regulator of epithelial-

mesenchymal transition in lung fibrosis. PLoS One . 2009;4:e7559. doi: 10.1371/jour-

nal.pone.0007559 . 

49. Sides MD, Klingsberg RC, Shan B, et al. The Epstein-Barr virus latent membrane

protein 1 and transforming growth factor–𝛽1 synergistically induce epithelial–

mesenchymal transition in lung epithelial cells. Am J Respir Cell Mol Biol .

2011;44:852–862. doi: 10.1165/rcmb.2009-0232OC . 

50. Dawson CW, Laverick L, Morris MA, Tramoutanis G, Young LS. Epstein-Barr virus-

encoded LMP1 regulates epithelial cell motility and invasion via the ERK-MAPK

pathway. J Virol . 2008;82:3654–3664. doi: 10.1128/JVI.01888-07 . 

51. Tanjore H, Cheng DS, Degryse AL, et al. Alveolar epithelial cells undergo epithelial-

to-mesenchymal transition in response to endoplasmic reticulum stress. J Biol Chem .

2011;286:30972–30980. doi: 10.1074/jbc.M110.181164 . 

52. Katsuno Y, Lamouille S, Derynck R. TGF- 𝛽 signaling and epithelial-

mesenchymal transition in cancer progression. Curr Opin Oncol . 2013;25:76–84.

doi: 10.1097/CCO.0b013e32835b6371 . 

53. Willis BC, Borok Z. TGF-beta-induced EMT: mechanisms and implications for fi-

brotic lung disease. Am J Physiol Lung Cell Mol Physiol . 2007;293:L525–L534.

doi: 10.1152/ajplung.00163.2007 . 

54. Jayachandran A, Königshoff M, Yu H, et al. SNAI transcription factors mediate

epithelial-mesenchymal transition in lung fibrosis. Thorax . 2009;64:1053–1061.

doi: 10.1136/thx.2009.121798 . 

55. Xu Z, Davies ER, Yao L, et al. LKB1 depletion-mediated epithelial-mesenchymal

transition induces fibroblast activation in lung fibrosis. Genes Dis . 2024;11:101065.

doi: 10.1016/j.gendis.2023.06.034 . 

56. Hill C, Wang Y. Autophagy in pulmonary fibrosis: friend or foe. Genes Dis .

2022;9:1594–1607. doi: 10.1016/j.gendis.2021.09.008 . 

57. Hill C, Li J, Liu D, et al. Autophagy inhibition-mediated epithelial-mesenchymal

transition augments local myofibroblast differentiation in pulmonary fibrosis. Cell

Death Dis . 2019;10:591. doi: 10.1038/s41419-019-1820-x . 

58. Wang Y, Xiong H, Liu D, et al. Autophagy inhibition specifically promotes epithelial-

mesenchymal transition and invasion in RAS-mutated cancer cells. Autophagy .

2019;15:886–899. doi: 10.1080/15548627.2019.1569912 . 

59. Willis BC, Liebler JM, Luby-Phelps K, et al. Induction of epithelial-mesenchymal

transition in alveolar epithelial cells by transforming growth factor-beta1: po-

tential role in idiopathic pulmonary fibrosis. Am J Pathol . 2005;166:1321–1332.

doi: 10.1016/s0002-9440(10)62351-6 . 

60. Larsson O, Diebold D, Fan D, et al. Fibrotic myofibroblasts manifest genome-wide

derangements of translational control. PLoS One . 2008;3:e3220. doi: 10.1371/jour-

nal.pone.0003220 . 

61. Harada T, Nabeshima K, Hamasaki M, Uesugi N, Watanabe K, Iwasaki H.

Epithelial-mesenchymal transition in human lungs with usual interstitial

pneumonia: quantitative immunohistochemistry. Pathol Int . 2010;60:14–21.

doi: 10.1111/j.1440-1827.2009.02469.x . 

62. Park JS, Park HJ, Park YS, et al. Clinical significance of mTOR, ZEB1, ROCK1 ex-

pression in lung tissues of pulmonary fibrosis patients. BMC Pulm Med . 2014;14:168.

doi: 10.1186/1471-2466-14-168 . 

63. Degryse AL, Tanjore H, Xu XC, et al. TGF 𝛽 signaling in lung epithelium regulates

bleomycin-induced alveolar injury and fibroblast recruitment. Am J Physiol Lung Cell

Mol Physiol . 2011;300:L887–L897. doi: 10.1152/ajplung.00397.2010 . 

64. Hill C, Jones MG, Davies DE, Wang Y. Epithelial-mesenchymal transition contributes

to pulmonary fibrosis via aberrant epithelial/fibroblastic cross-talk. J Lung Health

Dis . 2019;3:31–35 . 

65. Salton F, Volpe MC, Confalonieri M. Epithelial− Mesenchymal Transition in the

Pathogenesis of Idiopathic Pulmonary Fibrosis. Medicina (Kaunas) . 2019;55:83.

doi: 10.3390/medicina55040083 . 

https://doi.org/10.1165/ajrcmb.27.2.f245
https://doi.org/10.1164/ajrccm.157.1.9704130
https://doi.org/10.1183/23120541.00170-2018
https://doi.org/10.1183/09059180.00002113
https://doi.org/10.1084/jem.20110551
https://doi.org/10.2741/pardo
https://doi.org/10.1164/rccm.201312-2221PP
https://doi.org/10.1126/sciadv.aba1972
https://doi.org/10.1016/j.ajpath.2017.06.013
https://doi.org/10.1165/ajrcmb.16.1.8998084
https://doi.org/10.1084/jem.20040104
https://doi.org/10.1152/ajplung.2001.280.2.L316
https://doi.org/10.1152/ajplung.1998.275.6.L1192
https://doi.org/10.1016/S0140-6736(11)60052-4
https://doi.org/10.1038/nature12930
https://doi.org/10.1038/nm.4192
https://doi.org/10.1172/JCI33950
https://doi.org/10.1007/s00428-002-0618-9
https://doi.org/10.1016/j.ajpath.2013.07.016
http://refhub.elsevier.com/S2772-5588(24)00002-1/sbref0025
https://doi.org/10.1073/pnas.1117988108
https://doi.org/10.2353/ajpath.2010.090517
https://doi.org/10.1038/nm.3218
https://doi.org/10.1038/nm.3901
https://doi.org/10.1016/S0140-6736(17)30866-8
https://doi.org/10.1038/nrdp.2017.74
https://doi.org/10.1172/jci.insight.86704
https://doi.org/10.1378/chest.14-1947
https://doi.org/10.1183/09031936.00186914
https://doi.org/10.1038/nrm3823
https://doi.org/10.3389/fphar.2022.1059434
https://doi.org/10.3389/fphar.2022.963054
https://doi.org/10.3390/ijms23136894
https://doi.org/10.1189/jlb.0313140
https://doi.org/10.1016/j.bbadis.2012.12.013
https://doi.org/10.1016/j.ajpath.2012.02.004
https://doi.org/10.1136/thoraxjnl-2016-209753
https://doi.org/10.1183/13993003.00398-2016
http://refhub.elsevier.com/S2772-5588(24)00002-1/sbref0044
https://doi.org/10.3389/fphar.2014.00123
https://doi.org/10.1164/rccm.200903-0322OC
https://doi.org/10.20517/cdr.2019.75
https://doi.org/10.1371/journal.pone.0007559
https://doi.org/10.1165/rcmb.2009-0232OC
https://doi.org/10.1128/JVI.01888-07
https://doi.org/10.1074/jbc.M110.181164
https://doi.org/10.1097/CCO.0b013e32835b6371
https://doi.org/10.1152/ajplung.00163.2007
https://doi.org/10.1136/thx.2009.121798
https://doi.org/10.1016/j.gendis.2023.06.034
https://doi.org/10.1016/j.gendis.2021.09.008
https://doi.org/10.1038/s41419-019-1820-x
https://doi.org/10.1080/15548627.2019.1569912
https://doi.org/10.1016/s0002-9440(10)62351-6
https://doi.org/10.1371/journal.pone.0003220
https://doi.org/10.1111/j.1440-1827.2009.02469.x
https://doi.org/10.1186/1471-2466-14-168
https://doi.org/10.1152/ajplung.00397.2010
http://refhub.elsevier.com/S2772-5588(24)00002-1/sbref0064
https://doi.org/10.3390/medicina55040083


L. Yao, Z. Xu, D.E. Davies et al. Chinese Medical Journal Pulmonary and Critical Care Medicine xxx (xxxx) xxx

ARTICLE IN PRESS
JID: PCCM [m5GeSdc;March 4, 2024;17:38]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1  

 

 

1  

1  

 

1  

 

1  

1  

 

1  

 

1  

 

1  

 

1  

 

1  

 

1  

 

 

1  

 

 

1  

 

1  

 

1  

 

66. Margaritopoulos GA, Vasarmidi E, Antoniou KM. Pirfenidone in the treatment of

idiopathic pulmonary fibrosis: an evidence-based review of its place in therapy. Core

Evid . 2016;11:11–22. doi: 10.2147/CE.S76549 . 

67. Drakopanagiotakis F, Xifteri A, Polychronopoulos V, Bouros D. Apop-

tosis in lung injury and fibrosis. Eur Respir J . 2008;32:1631–1638.

doi: 10.1183/09031936.00176807 . 

68. Dodi AE, Ajayi IO, Chang C, et al. Regulation of fibroblast Fas expres-

sion by soluble and mechanical pro-fibrotic stimuli. Respir Res . 2018;19:91.

doi: 10.1186/s12931-018-0801-4 . 

69. Sakai N, Tager AM. Fibrosis of two: epithelial cell-fibroblast interac-

tions in pulmonary fibrosis. Biochim Biophys Acta . 2013;1832:911–921.

doi: 10.1016/j.bbadis.2013.03.001 . 

70. Toda N, Mukoyama M, Yanagita M, Yokoi H. CTGF in kidney fibrosis and glomeru-

lonephritis. Inflamm Regen . 2018;38:14. doi: 10.1186/s41232-018-0070-0 . 

71. Bhaskaran M, Reddy K, Radhakrishanan N, Franki N, Ding G, Singhal PC. An-

giotensin II induces apoptosis in renal proximal tubular cells. Am J Physiol Renal

Physiol . 2003;284:F955–F965. doi: 10.1152/ajprenal.00246.2002 . 

72. Sheppard D. Transforming growth factor beta: a central modulator of pulmonary

and airway inflammation and fibrosis. Proc Am Thorac Soc . 2006;3:413–417.

doi: 10.1513/pats.200601-008AW . 

73. Morishima Y, Nomura A, Uchida Y, et al. Triggering the induction of myofibroblast

and fibrogenesis by airway epithelial shedding. Am J Respir Cell Mol Biol . 2001;24:1–

11. doi: 10.1165/ajrcmb.24.1.4040 . 

74. Kulasekaran P, Scavone CA, Rogers DS, Arenberg DA, Thannickal VJ, Horowitz JC.

Endothelin-1 and transforming growth factor-beta1 independently induce fibroblast

resistance to apoptosis via AKT activation. Am J Respir Cell Mol Biol . 2009;41:484–

493. doi: 10.1165/rcmb.2008-0447OC . 

75. Bozyk PD, Moore BB. Prostaglandin E2 and the pathogenesis of pulmonary fibrosis.

Am J Respir Cell Mol Biol . 2011;45:445–452. doi: 10.1165/rcmb.2011-0025RT . 

76. Yao L, Conforti F, Hill C, et al. Paracrine signalling during ZEB1-mediated epithelial-

mesenchymal transition augments local myofibroblast differentiation in lung fibro-

sis. Cell Death Differ . 2019;26:943–957. doi: 10.1038/s41418-018-0175-7 . 

77. Yao L, Zhou Y, Li J, et al. Bidirectional epithelial-mesenchymal crosstalk pro-

vides self-sustaining profibrotic signals in pulmonary fibrosis. J Biol Chem .

2021;297:101096. doi: 10.1016/j.jbc.2021.101096 . 

78. Zhou Y, Hill C, Yao L, et al. Quantitative proteomic analysis in alveolar Type II cells

reveals the different capacities of RAS and TGF- 𝛽 to induce epithelial-mesenchymal

transition. Front Mol Biosci . 2021;8:595712. doi: 10.3389/fmolb.2021.595712 . 

79. Liu Y, El-Naggar S, Darling DS, Higashi Y, Dean DC. Zeb1 links epithelial-

mesenchymal transition and cellular senescence. Development . 2008;135:579–588.

doi: 10.1242/dev.007047 . 

80. Conforti F, Ridley R, Brereton C, et al. Paracrine SPARC signaling dysregulates

alveolar epithelial barrier integrity and function in lung fibrosis. Cell Death Discov .

2020;6:54. doi: 10.1038/s41420-020-0289-9 . 

81. Martinek N, Shahab J, Sodek J, Ringuette M. Is SPARC an evolu-

tionarily conserved collagen chaperone. J Dent Res . 2007;86:296–305.

doi: 10.1177/154405910708600402 . 

82. Ramírez G, Hagood JS, Sanders Y, et al. Absence of Thy-1 results in TGF- 𝛽 induced

MMP-9 expression and confers a profibrotic phenotype to human lung fibroblasts.

Lab Invest . 2011;91:1206–1218. doi: 10.1038/labinvest.2011.80 . 

83. Pardo A, Selman M. Matrix metalloproteases in aberrant fibrotic tissue remodeling.

Proc Am Thorac Soc . 2006;3:383–388. doi: 10.1513/pats.200601-012TK . 

84. Uhal BD, Joshi I, True AL, et al. Fibroblasts isolated after fibrotic lung injury induce

apoptosis of alveolar epithelial cells in vitro. Am J Physiol . 1995;269:L819–L828.

doi: 10.1152/ajplung.1995.269.6.L819 . 

85. Wang R, Ramos C, Joshi I, et al. Human lung myofibroblast-derived inducers

of alveolar epithelial apoptosis identified as angiotensin peptides. Am J Physiol .

1999;277:L1158–L1164. doi: 10.1152/ajplung.1999.277.6.L1158 . 

86. Abdul-Hafez A, Shu R, Uhal BD. JunD and HIF-1alpha mediate transcriptional

activation of angiotensinogen by TGF-beta1 in human lung fibroblasts. FASEB J .

2009;23:1655–1662. doi: 10.1096/fj.08-114611 . 

87. Koslowski R, Knoch K, Kuhlisch E, Seidel D, Kasper M. Cathepsins in

bleomycin-induced lung injury in rat. Eur Respir J . 2003;22:427–435.

doi: 10.1183/09031936.03.00112903 . 

88. Li X, Zhuang J, Rayford H, Zhang H, Shu R, Uhal BD. Attenuation of bleomycin-

induced pulmonary fibrosis by intratracheal administration of antisense oligonu-

cleotides against angiotensinogen mRNA. Curr Pharm Des . 2007;13:1257–1268.

doi: 10.2174/138161207780618867 . 

89. Waghray M, Cui Z, Horowitz JC, et al. Hydrogen peroxide is a diffusible paracrine

signal for the induction of epithelial cell death by activated myofibroblasts. FASEB

J . 2005;19:854–856. doi: 10.1096/fj.04-2882fje . 

90. Hecker L, Vittal R, Jones T, et al. NADPH oxidase-4 mediates myofibroblast ac-

tivation and fibrogenic responses to lung injury. Nat Med . 2009;15:1077–1081.

doi: 10.1038/nm.2005 . 

91. Psathakis K, Mermigkis D, Papatheodorou G, et al. Exhaled markers of oxida-

tive stress in idiopathic pulmonary fibrosis. Eur J Clin Investig . 2006;36:362–367.

doi: 10.1111/j.1365-2362.2006.01636.x . 
7

92. Geiser T, Ishigaki M, van Leer C, Matthay MA, Broaddus VC. H(2)O(2) inhibits alve-

olar epithelial wound repair in vitro by induction of apoptosis. Am J Physiol Lung

Cell Mol Physiol . 2004;287:L448–L453. doi: 10.1152/ajplung.00177.2003 . 

93. Thannickal VJ, Fanburg BL. Reactive oxygen species in cell signaling. Am

J Physiol Lung Cell Mol Physiol . 2000;279:L1005–L1028. doi: 10.1152/aj-

plung.2000.279.6.L1005 . 

94. Li X, Molina-Molina M, Abdul-Hafez A, et al. Extravascular sources of lung an-

giotensin peptide synthesis in idiopathic pulmonary fibrosis. Am J Physiol Lung Cell

Mol Physiol . 2006;291:L887–L895. doi: 10.1152/ajplung.00432.2005 . 

95. Li X, Zhang H, Soledad-Conrad V, Zhuang J, Uhal BD. Bleomycin-induced apoptosis

of alveolar epithelial cells requires angiotensin synthesis de novo. Am J Physiol Lung

Cell Mol Physiol . 2003;284:L501–L507. doi: 10.1152/ajplung.00273.2002 . 

96. Zhou Y, Hagood JS, Lu B, Merryman WD, Murphy-Ullrich JE. Thy-1-integrin al-

phav beta5 interactions inhibit lung fibroblast contraction-induced latent transform-

ing growth factor-beta1 activation and myofibroblast differentiation. J Biol Chem .

2010;285:22382–22393. doi: 10.1074/jbc.M110.126227 . 

97. Wipff PJ, Rifkin DB, Meister JJ, Hinz B. Myofibroblast contraction activates la-

tent TGF-beta1 from the extracellular matrix. J Cell Biol . 2007;179:1311–1323.

doi: 10.1083/jcb.200704042 . 

98. Prunotto M, Budd DC, Gabbiani G, et al. Epithelial-mesenchymal crosstalk alteration

in kidney fibrosis. J Pathol . 2012;228:131–147. doi: 10.1002/path.4049 . 

99. Kitamura H, Ichinose S, Hosoya T, et al. Inhalation of inorganic particles as

a risk factor for idiopathic pulmonary fibrosis–elemental microanalysis of pul-

monary lymph nodes obtained at autopsy cases. Pathol Res Pract . 2007;203:575–585.

doi: 10.1016/j.prp.2007.04.008 . 

00. Jose CC, Jagannathan L, Tanwar VS, Zhang X, Zang C, Cuddapah S. Nickel

exposure induces persistent mesenchymal phenotype in human lung epithelial

cells through epigenetic activation of ZEB1. Mol Carcinog . 2018;57:794–806.

doi: 10.1002/mc.22802 . 

01. Hébert M, Lesept F, Vivien D, Macrez R. The story of an exceptional serine pro-

tease, tissue-type plasminogen activator (tPA). Rev Neurol (Paris) . 2016;172:186–

197. doi: 10.1016/j.neurol.2015.10.002 . 

02. Hu K, Wu C, Mars WM, Liu Y. Tissue-type plasminogen activator promotes murine

myofibroblast activation through LDL receptor-related protein 1-mediated integrin

signaling. J Clin Investig . 2007;117:3821–3832. doi: 10.1172/JCI32301 . 

03. Ramos C, Montaño M, García-Alvarez J, et al. Fibroblasts from idiopathic pul-

monary fibrosis and normal lungs differ in growth rate, apoptosis, and tissue in-

hibitor of metalloproteinases expression. Am J Respir Cell Mol Biol . 2001;24:591–

598. doi: 10.1165/ajrcmb.24.5.4333 . 

04. Pierce EM, Carpenter K, Jakubzick C, et al. Idiopathic pulmonary fibrosis fibroblasts

migrate and proliferate to CC chemokine ligand 21. Eur Respir J . 2007;29:1082–

1093. doi: 10.1183/09031936.00122806 . 

05. Suganuma H, Sato A, Tamura R, Chida K. Enhanced migration of fibrob-

lasts derived from lungs with fibrotic lesions. Thorax . 1995;50:984–989.

doi: 10.1136/thx.50.9.984 . 

06. Quax PHA, Boxman ILA, van Kesteren CAM, Verheijen JH, Ponec M. Plasminogen

activators are involved in keratinocyte and fibroblast migration in wounded cultures

in vitro. Fibrinol Proteol . 1994;8:221–228. doi: 10.1016/0268-9499(94)90047-7 . 

07. Kolb M, Margetts PJ, Anthony DC, Pitossi F, Gauldie J. Transient expression of IL-

1beta induces acute lung injury and chronic repair leading to pulmonary fibrosis. J

Clin Invest . 2001;107:1529–1536. doi: 10.1172/JCI12568 . 

08. Xu Y, Mizuno T, Sridharan A, et al. Single-cell RNA sequencing identifies diverse

roles of epithelial cells in idiopathic pulmonary fibrosis. JCI Insight . 2016;1:e90558.

doi: 10.1172/jci.insight.90558 . 

09. Puddicombe SM, Polosa R, Richter A, et al. Involvement of the epidermal growth

factor receptor in epithelial repair in asthma. FASEB J . 2000;14:1362–1374.

doi: 10.1096/fj.14.10.1362 . 

10. Brezniceanu ML, Lau CJ, Godin N, et al. Reactive oxygen species promote caspase-

12 expression and tubular apoptosis in diabetic nephropathy. J Am Soc Nephrol .

2010;21:943–954. doi: 10.1681/ASN.2009030242 . 

11. Kim J, Seok YM, Jung KJ, Park KM. Reactive oxygen species/oxidative stress con-

tributes to progression of kidney fibrosis following transient ischemic injury in mice.

Am J Physiol Renal Physiol . 2009;297:F461–F470. doi: 10.1152/ajprenal.90735.2008 .

12. Kim SH, Yu MA, Ryu ES, Jang YH, Kang DH. Indoxyl sulfate-induced epithelial-to-

mesenchymal transition and apoptosis of renal tubular cells as novel mechanisms

of progression of renal disease. Lab Invest . 2012;92:488–498. doi: 10.1038/labin-

vest.2011.194 . 

13. Swindle CS, Tran KT, Johnson TD, et al. Epidermal growth factor (EGF)-like repeats

of human tenascin-C as ligands for EGF receptor. J Cell Biol . 2001;154:459–468.

doi: 10.1083/jcb.200103103 . 

14. Iyer AK, Tran KT, Borysenko CW, et al. Tenascin cytotactin epidermal growth factor-

like repeat binds epidermal growth factor receptor with low affinity. J Cell Physiol .

2007;211:748–758. doi: 10.1002/jcp.20986 . 

15. Grahovac J, Wells A. Matrikine and matricellular regulators of EGF receptor

signaling on cancer cell migration and invasion. Lab Invest . 2014;94:31–40.

doi: 10.1038/labinvest.2013.132 . 

https://doi.org/10.2147/CE.S76549
https://doi.org/10.1183/09031936.00176807
https://doi.org/10.1186/s12931-018-0801-4
https://doi.org/10.1016/j.bbadis.2013.03.001
https://doi.org/10.1186/s41232-018-0070-0
https://doi.org/10.1152/ajprenal.00246.2002
https://doi.org/10.1513/pats.200601-008AW
https://doi.org/10.1165/ajrcmb.24.1.4040
https://doi.org/10.1165/rcmb.2008-0447OC
https://doi.org/10.1165/rcmb.2011-0025RT
https://doi.org/10.1038/s41418-018-0175-7
https://doi.org/10.1016/j.jbc.2021.101096
https://doi.org/10.3389/fmolb.2021.595712
https://doi.org/10.1242/dev.007047
https://doi.org/10.1038/s41420-020-0289-9
https://doi.org/10.1177/154405910708600402
https://doi.org/10.1038/labinvest.2011.80
https://doi.org/10.1513/pats.200601-012TK
https://doi.org/10.1152/ajplung.1995.269.6.L819
https://doi.org/10.1152/ajplung.1999.277.6.L1158
https://doi.org/10.1096/fj.08-114611
https://doi.org/10.1183/09031936.03.00112903
https://doi.org/10.2174/138161207780618867
https://doi.org/10.1096/fj.04-2882fje
https://doi.org/10.1038/nm.2005
https://doi.org/10.1111/j.1365-2362.2006.01636.x
https://doi.org/10.1152/ajplung.00177.2003
https://doi.org/10.1152/ajplung.2000.279.6.L1005
https://doi.org/10.1152/ajplung.00432.2005
https://doi.org/10.1152/ajplung.00273.2002
https://doi.org/10.1074/jbc.M110.126227
https://doi.org/10.1083/jcb.200704042
https://doi.org/10.1002/path.4049
https://doi.org/10.1016/j.prp.2007.04.008
https://doi.org/10.1002/mc.22802
https://doi.org/10.1016/j.neurol.2015.10.002
https://doi.org/10.1172/JCI32301
https://doi.org/10.1165/ajrcmb.24.5.4333
https://doi.org/10.1183/09031936.00122806
https://doi.org/10.1136/thx.50.9.984
https://doi.org/10.1016/0268-9499(94)90047-7
https://doi.org/10.1172/JCI12568
https://doi.org/10.1172/jci.insight.90558
https://doi.org/10.1096/fj.14.10.1362
https://doi.org/10.1681/ASN.2009030242
https://doi.org/10.1152/ajprenal.90735.2008
https://doi.org/10.1038/labinvest.2011.194
https://doi.org/10.1083/jcb.200103103
https://doi.org/10.1002/jcp.20986
https://doi.org/10.1038/labinvest.2013.132

	Dysregulated bidirectional epithelial-mesenchymal crosstalk: A core determinant of lung fibrosis progression
	Idiopathic pulmonary fibrosis (IPF)
	Epithelial cells in IPF
	Mesenchymal cells in IPF

	Epithelial-Mesenchymal Transition (EMT)
	Epithelial-mesenchymal crosstalk
	Aberrant epithelial-mesenchymal crosstalk provides self-sustainable activation signals driving disease progression
	Conclusions
	Declaration of competing interest
	Acknowledgments
	References


