
UC Davis
UC Davis Previously Published Works

Title
Targeting the AXL Receptor in Combating Smoking-Related Pulmonary Fibrosis

Permalink
https://escholarship.org/uc/item/3nd3g0sf

Author
Yang, David Cheng

Publication Date
2021-03-17

Data Availability
The data associated with this publication are within the manuscript.
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3nd3g0sf
https://escholarship.org
http://www.cdlib.org/


Targeting the AXL Receptor in Combating Smoking-Related Pulmonary 

Fibrosis

David C. Yang1,2, Shenwen Gu2, Ji-Min Li1,2, Ssu-Wei Hsu1,2, Szu-Jung Chen1,2, 

Wen-Hsin Chang1,3, Ching-Hsien Chen1,2*

1Department of Internal Medicine, Division of Pulmonary and Critical Care Medicine 

and Center for Comparative Respiratory Biology and Medicine, University of 

California Davis, Davis, California, USA

2Division of Nephrology, Department of Internal Medicine, University of California 

Davis, Davis, California, USA

3Institute of Molecular Medicine, National Taiwan University College of Medicine, 

Taipei, Taiwan

*Correspondence: Ching-Hsien Chen Ph.D., e-mail: jchchen@ucdavis.edu, 

Department of Internal Medicine, University of California Davis, Davis, CA 95616; 

Tel: 530-752-6837; FAX: 530-752-3791.

Author’s contributions: Conception and design: CHC; Development of 

methodology: CHC; Acquisition of data (provided animals, provided facilities, etc.): DY, 

SG, JML, SJC and CHC; Analysis and interpretation of data (e.g., statistical analysis, 

biostatistics, computational analysis): JML, SWH and WHC; Writing, review, and/or 

revision of the manuscript: DY, WHC and CHC; Administrative, technical, or material 

support (i.e., reporting or organizing data, constructing databases): SWH, WHC and 

CHC; Study supervision: CHC

Funding Sources: This work was supported by the California UCOP grants Tobacco-

Page 1 of 54

 AJRCMB Articles in Press. Published March 17, 2021 as 10.1165/rcmb.2020-0303OC 
 Copyright © 2021 by the American Thoracic Society 

mailto:jchchen@ucdavis.edu


Related Disease Research Program (TRDRP 27KT-0004 and 28IR-0061) and the NIH 

grant NHLBI R01HL146802.

Running title: AXL signaling in smoke-mediated fibrosis

Subject Category: 3.11 Pulmonary Fibrosis/Fibroblast Biology

The total length of this manuscript is 4921 words.

This article has an online data supplement, which is accessible from this issue’s table 

of content online at www.atsjournals.org.  

Page 2 of 54

 AJRCMB Articles in Press. Published March 17, 2021 as 10.1165/rcmb.2020-0303OC 
 Copyright © 2021 by the American Thoracic Society 

http://www.atsjournals.org


ABSTRACT

Tobacco smoking is a well-known risk factor for both fibrogenesis and fibrotic 

progression; however, the mechanisms behind these processes remain enigmatic. 

Receptor tyrosine kinases (RTKs) have recently been reported to drive pro-fibrotic 

phenotypes in fibroblasts during pulmonary fibrosis (PF). Using a phospho-RTK array 

screen, we identified the receptor tyrosine kinase, AXL, as a top upregulated RTK in 

response to smoke. Both expression and signaling activity of AXL were indeed 

elevated in lung fibroblasts exposed to tobacco-smoke, whereas no significant change 

to the levels of a canonical AXL ligand, growth arrest-specific 6 (Gas6), was seen upon 

smoke treatment. Notably, we found that smoke-exposed human lung fibroblasts 

exhibited highly proliferative and invasive activities as well as was capable of inducing 

fibrotic lung lesions in mice. Conversely, genetic suppression of AXL in smoke-

exposed fibroblasts cells led to suppression of AXL downstream pathways and 

aggressive phenotypes. We further demonstrated that AXL interacted with 

myristoylated alanine-rich C kinase substrate (MARCKS) and cooperated with 

MARCKS in regulating downstream signaling activity and fibroblast invasiveness. 

Pharmacological inhibition of AXL with AXL-specific inhibitor R428 showed selectivity 

for smoke-exposed fibroblasts. In all, our data suggest that AXL is a potential marker 

for smoke-associated PF and that targeting of the AXL pathway is a potential 

therapeutic strategy in treating tobacco-smoking related PF.

KEYWORDS

AXL, pulmonary fibrosis, R428, tobacco smoking, fibroblasts 
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INTRODUCTION

Pulmonary fibrosis (PF), an interstitial lung disease (ILD), is marked by 

progressive scarring (fibrosis) of the interstitium due to excessive extracellular matrix 

(ECM) deposition and proliferative fibroblasts. Of the ILDs, idiopathic pulmonary 

fibrosis (IPF) is the most common (1-4). There is a dearth of effective anti-fibrotic 

therapies to stop the progression of PF, with only two FDA-approved therapeutics, 

pirfenidone and nintedanib in clinical use. Unfortunately, both drugs are limited in 

therapeutic efficacy as they only improve the lung function in patients, with little to no 

effect on overall mortality (1, 2, 5). The use of steroid drugs has also been considered 

for IPF and other ILDs but the lack of large-randomized controlled monotherapy trials 

in addition to the significant morbidity of long-term usage have limited the use of steroid 

in treating PF (2, 6). These circumstances highlight the need for improved therapies 

as well as suitable biomarkers to guide clinical treatment of IPF and other ILDs. 

      The fibroblasts, especially the myofibroblasts, are the prima facie cell type in the 

progression of PF (7-10). Under normal conditions, fibroblasts display low activity, with 

little ECM production and deposition as well as low proliferation, motility, and 

invasiveness. However, fibroblasts are activated in PF and display upregulated 

activities. These proliferative cells form foci and display enhanced ECM 

production/deposition, disturbing the alveolar architecture (2, 11, 12). Additionally, the 

migratory and invasive capabilities of fibroblasts are increased under fibrotic 

conditions, enabling these cells to disseminate throughout the lung and worsen 

fibrosis. Although there is phenotypic heterogeneity in lung fibroblasts, the differential 

molecular signaling between PF fibroblasts and normal fibroblasts remain relatively 

unknown. One area of investigation that has gathered interest in recent years is the 
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role of receptor tyrosine kinases (RTKs) as a major modulator of fibroblast activity, 

differentiation, and disease progression (13). In particular, AXL, a RTK in the TAM 

family of receptors has been recently implicated in playing a major role in driving pro-

fibrotic phenotypes in lung fibroblasts and contributing to fibrotic progression (14, 15), 

but how AXL activity is modulated in lung fibroblasts is yet to be elucidated.  

Epidemiological studies have shown readily that ever-smokers, smokers with 

any sort of smoking history, are consistently overrepresented in PF cases (16-22). Not 

only is tobacco smoking a significant risk factor for PF, tobacco smoking has also been 

shown to have a detrimental effect on disease progression (16, 19, 21). In animal 

models of PF, tobacco smoke exposure is shown to promote a profibrotic milieu in the 

lung and potentiate bleomycin-induced lung fibrosis (23, 24). As compared to 

unexposed normal fibroblasts, fibroblasts exposed to tobacco smoke display 

behavioral differences and become more motile as well as having an increased 

collagen production capability (25, 26). These active fibroblasts participate in fibrotic 

progression through migrating throughout the lung and depositing ECM, worsening 

the fibrotic lesions in the lung. Despite these findings, the mechanisms of how tobacco-

smoke alters lung fibroblasts to a more pro-fibrotic phenotype are currently not well 

understood.

Given the role of AXL and the prevalence of tobacco smoking in PF, AXL activity 

may also be implicated in driving the pro-fibrotic phenotypes of fibroblasts exposed to 

tobacco smoke. In this study, we elucidated the role of tobacco smoke in activating 

AXL signaling, driving downstream fibroblast activities and fibrotic progression. 
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MATERIALS AND METHODS

Reagents and antibodies  

All reagents and antibodies used in this study are described in the Supplementary 

Methods in the online supplement.

Cell culture and transfection 

Human primary fibroblast cells were obtained from airway tissues provided from 

the UC Davis Medical Hospital (Sacramento, CA) with consent. The protocol for 

human tissue procurement and usage were periodically reviewed and approved by the 

University Human Subject Research Review Committee. Detailed experimental 

procedures for establishment of cell culture and siRNA transfections are described in 

the Supplementary Methods in the online supplement. 

Exposure of cultured cells to cigarette smoke extract

Cultures of cells were exposed to cigarette smoke extract (CSE) using a protocol 

similar to that previously described (27). Detailed experimental procedure for 

generation of CSE is described in the Supplementary Methods in the online 

supplement. 

Cell proliferation, colony formation and Matrigel transwell invasion assays

The bio-functional assays were performed as previously described (28-30) and 

detailed experimental procedures are described in the Supplementary Methods in the 

online supplement. 
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In vivo orthotopic lung implementation and bleomycin-induced lung fibrosis

The lung fibrosis model by adoptive transfer of human pulmonary fibroblasts to 

severe combined immunodeficiency (SCID) mice was modified from an established 

murine model of lung fibrosis (31). For bleomycin-induced lung fibrosis model, 

C57BL/6J mice received saline or bleomycin intratracheally as previously described 

(30). Detailed experimental procedures are described in the Supplementary Methods 

in the online supplement. The present animal study has been approved by the 

Institutional Animal Care and Use Committees (IACUC) at UC Davis. 

Human phospho-receptor tyrosine kinase (RTK) array

The Human Phospho-RTK Array Kit (# ARY001B) was purchased from R&D 

Systems (Minneapolis, MN). We performed array screening according to the 

manufacturer’s protocol. Detailed experimental procedure is described in the 

Supplementary Methods in the online supplement. 

Western blot analyses, immunoprecipitation, quantitative real-time polymerase 

chain reaction (PCR) and enzyme-linked immunosorbent (ELISA) assays

Detailed procedures for Western blots, immunoprecipitation, quantitative reverse 

transcription PCR (RT-qPCR) and ELISA assays are described in the Supplementary 

Methods in the online supplement. 

Mouse model of cigarette smoke exposure and immunofluorescent staining

The paraffin-embedded specimens of mice exposed to filtered air (FA; control) 

and environmental tobacco smoke (ETS) were kindly provided from Dr. Kent E. 

Pinkerton (Center for Health and the Environment, UC Davis). Detailed procedures for 
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animal model of smoke exposure is described in the Supplementary Methods in the 

online supplement. 

Statistical analysis

Data analysis procedures are described in the Supplementary Methods in the 

online supplement.

RESULTS

Smoke exposure potentiates aggressive phenotypes in lung fibroblasts 

Severe lung fibrosis requires activated fibroblast phenotype characteristics 

such as increased proliferation and invasion (11). Given the pro-fibrotic roles of 

tobacco smoke (23-26), we first characterized the influence of smoke exposure on the 

phenotypes of lung fibroblasts. Three normal lung fibroblast cell lines (Normal-1, -2, 

and -3) derived from non-smoker donors, two normal lung fibroblast cell lines 

(Smoking Normal-1 and -2) derived from smokers without PF, and three lung 

fibroblasts (PF-1, -2, and -3) isolated from smokers with PF, as described previously 

(30), were subjected to colony formation and Matrigel transwell invasion assays, 

respectively. We observed stronger colony-forming ability (Figure 1A) and higher 

invasiveness (Figure 1B) in the two smoking normal (Smoking Normal-1 and -2) as 

well as further elevated activities in the three PF fibroblasts (PF-1, -2, and -3) as 

compared to normal lung fibroblasts. Furthermore, the fibroblastic foci lesions 

characterized by accumulation of α-smooth muscle actin (α-SMA)-positive fibroblasts 

were apparent in lung tissue from smokers with PF (Figure E1A). Patient information 

with pathological findings is included in Table E1. To determine that primary PF lung 

fibroblasts exhibit aggressiveness and unfavorable evolution in lung fibrosis, we 
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carried out a lung fibrosis model by adoptive transfer of primary human pulmonary 

fibroblasts to SCID mice which is modified from an established murine model of PF 

(31). Fibroblast cells were orthotopically inoculated into the left lobe of mice lung as 

we previously reported (28, 29), and we collected the lungs for histology and Masson's 

trichrome staining 60 days after inoculation. The lung architecture of mice inoculated 

with normal fibroblasts appeared normal, whereas mice bearing smoke-exposed PF 

fibroblasts showed disrupted architecture and extensive structural changes in the 

lungs, concomitant with fibroblastic lesions and deposited extracellular matrix (Figure 

1C), implying that smoke-exposed PF fibroblasts were active in persisting, 

proliferating, and continuing collagen production and ECM deposition compared to 

normal fibroblasts. 

To elucidate whether PF fibroblasts are directly activated by smoke exposure, 

we selected apoptosis-resistant and proliferative populations in normal human 

fibroblasts receiving long-term cigarette smoke extract (CSE) exposure; therefore, 

several CSE-exposed (or CSE-resistant) fibroblasts had been generated after 

exposure to 20% CSE for 4 weeks. We observed that the proliferative and invasive 

ability of the four CSE-treated fibroblasts are enhanced as compared to that of their 

PBS-treated control counterparts (Figure 1D and 1E). As such, exposure to 

compounds in cigarette smoke induced fibroblast activation and aggressiveness to 

promote PF, and the disease process could be halted if the aggressive nature of PF 

fibroblasts can be attenuated. 

AXL signalsomes are activated in response to smoke

Recent studies have demonstrated that RTKs can be major drivers influencing 

fibroblast proliferation and myofibroblast differentiation, contributing to fibrosis 
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progression (13). To identify druggable smoke-associated signaling molecules to 

reduce fibroblast activation/differentiation, we therefore performed a phospho-RTK 

antibody array screen, which includes numerous kinases with available specific 

inhibitors. After comparing the array signal intensities between Normal-3/PF-3 

fibroblasts (Figure 2A) or between PBS-2/CSE-2 fibroblasts (Figure 2B), we identified 

four top-ranked RTKs with upregulated tyrosine phosphorylation in response to 

tobacco smoke (Figure 2C). Of these RTKs, AXL receptor is the first to draw our 

attention given recent reports showing the importance of AXL activation in IPF lung 

fibroblasts (14, 15), and our observation of its activity being upregulated in two different 

conditions of smoke exposure. 

AXL expression and activation was demonstrated to be elevated in IPF and 

drove IPF fibroblast proliferation, migration, and differentiation (14, 15). Additionally, 

downstream pathways of AXL such as the phosphoinositide 3-kinase (PI3K)/Protein 

kinase B (AKT) and Janus kinase (JAK)/Signal transducer and activator of 

transcription (STAT) pathways have also been shown to be upregulated in IPF (34, 

35). To determine the significance of AXL in the context of smoke exposure, we next 

validated the results of the RTK array screen. As shown in Figure 2D and 2E, exposure 

to cigarette smoke elevated phospho-AXL levels in all tested primary PF series of lung 

fibroblast cell lines and CSE-exposed lung fibroblasts compared to those primary 

normal and PBS-treated fibroblasts respectively. This is accompanied by an increase 

of AXL-mediated phosphorylation of STAT3 and AKT. In addition, through the analysis 

of the transcriptome dataset GSE3320 (36), we found that several genes involved in 

AXL-mediated PI3K-AKT and JAK-STAT pathways are upregulated in lung cells from 

smokers (Figure 3), suggesting that AXL is a smoke-responsive molecule and may 

drive the aggressive nature of lung fibroblasts in lung fibrosis.
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AXL sustains smoke-induced signaling and aggressiveness in fibroblasts

The canonical activation pathway of AXL receptor is through the binding with 

its ligand, growth arrest-specific 6 (Gas6) (37). Thus, we investigated whether a 

change in Gas6 expression, the major ligand for AXL activation, is driving smoke-

induced upregulation of AXL activity. Surprisingly, data from analysis of the two 

datasets (GDS534 and GDS3494) (38, 39) has shown no significant increase of Gas6 

levels from current and former smokers compared to never smokers, with a slight 

decrease observed instead (Figure 4A). Further, our mRNA data from primary lung 

fibroblast cells and from cells treated with CSE also showed similar levels of Gas6 

(Figure 4B). We further evaluated the secreted protein level of Gas6 and observed no 

significant changes in between normal and smoking normal lung fibroblast cells as 

well as mostly no remarkable changes in our control and CSE-treated cells (Figure 

4C). To evaluate the potential role of soluble AXL (sAXL) in modulating Gas6 activity, 

we also assessed the levels of sAXL in primary lung fibroblasts and in CSE treated 

cells. Data from ELISA assays confirmed similar levels of sAXL in all primary normal 

cells as well as in CSE treated cells (Figure 4D). These taken together suggest that 

Gas6 may play only a minor role in smoke-modulated AXL activation and indicate the 

possibility of a ligand (Gas6)-independent event for AXL activation upon smoke 

exposure. 

To determine if blockade of AXL activity inhibits smoke-induced signaling and 

aggressiveness in fibroblasts, we utilized an AXL-specific small interfering RNA (AXL 

siRNA) to deplete endogenous AXL. We found that AXL knockdown suppressed the 

activities of several signaling molecules including AKT and MARCKS, and this 

suppressive effect was more evident in the context of smoke exposure (Figure 4E). 
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To confirm the contribution of AXL to fibroblast activation, PBS- and CSE-treated 

fibroblasts were transfected with control or AXL siRNAs and then subjected to in vitro 

biofunctional assays. As shown in Figure 4F (left), the proliferation ability of CSE-

exposed fibroblasts after AXL silencing is attenuated to a level comparable with that 

of PBS-treated fibroblasts. Moreover, knockdown of AXL also decreased the number 

of invaded CSE-exposed fibroblasts (Figure 4F, right) in the transwell invasion assay. 

Therefore, a reversal or halt of fibrotic processes could potentially be achieved through 

AXL inhibition.

Smoke stimulation drives the activation of the AXL-MARCKS molecular complex

The above results demonstrated the importance of AXL signaling in smoke-

exposed fibroblast cells, so we next interrogated the molecular mechanism of how 

AXL activity is regulated in lung fibroblasts. We previously identified the signal 

molecule MARCKS as a druggable target in PF (30), and our current work had 

confirmed a positive association between phospho-MARCKS and AXL abundance 

(Figure 4E). Based on these observations, we presume that AXL cooperates with 

MARCKS to sustain activated phenotypes of fibroblasts in response to cigarette 

smoke. In a fibrosis mouse model, immunofluorescence data showed co-expression 

of AXL and MARCKS in α-SMA, a myofibroblast marker, positive cells (Figure 5A). 

Through analysis of the levels of phospho-AXL and phospho-MARCKS in a cigarette 

smoking mouse model, we demonstrated elevated expression of phospho-AXL and 

phospho-MARCKS in lung tissues with exposure to side-stream cigarette smoke 

(Figure 5B). The co-localization of phospho-AXL and phospho-MARCKS upon 

tobacco smoke exposure is also corroborated by co-immunoprecipitation analysis in 

which an interaction between AXL and phospho-MARCKS is enhanced in CSE-
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exposed fibroblasts (Figure 5C), indicating AXL-MARCKS as a smoke-specific 

molecular complex. 

To test whether MARCKS inhibition can disrupt the AXL-MARCKS complex, our 

previously developed cell-permeable peptide, the MPS peptide, which targeted the 

MARCKS phosphorylation site domain (PSD) and inhibited MARCKS phosphorylation 

in cancers (29), and siRNAs targeting MARCKS were used to treat cells. Co-

immunoprecipitation assays confirmed an interaction of AXL with MARCKS, and this 

interaction is decreased in MARCKS-knockdown cells (Figure 5D, top) as well as in 

MPS-treated cells (Figure 5D, bottom, and Figure E2A). In addition to the disruption 

of complex formation, inhibiting phospho-MARCKS by treatment with MPS peptide or 

MARCKS-specific siRNAs downregulated AXL activity and its signaling in all tested 

primary PF fibroblasts (Figure 5E and Figure E2B). We also treated human normal 

fibroblast cells with nicotine-containing and nicotine-free vapor extract from electronic 

cigarettes (e-cigarettes or E-cig) as shown in Figure 5F. An upregulation of phospho-

AXL and phospho-MARCKS and a myofibroblast marker, α-SMA, was observed in the 

presence of E-cig vapors, whereas these molecules were attenuated by treatment with 

MPS peptide. Thus, cigarette smoke stimulates fibroblast activation, contributing to 

lung fibrosis progression through AXL-MARCKS signaling.

Targeting AXL signaling selectively impairs the viability of smoke-exposed 

fibroblasts

Due to the determinant role of AXL signaling in the aggressive nature of all 

tested primary PF fibroblasts, targeting AXL activity with the selective inhibitor of AXL 

bemcentinib (R428), a small molecule kinase inhibitor undergoing Phase II trials in 

treating various tumor types (40), may retard the fibrosis progression. MTT assays 
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have confirmed that R428 treatment was more effective in decreasing cell viability of 

CSE-exposed fibroblasts, as compared to the treatment of PBS-treated fibroblasts 

(Figure 6A). Moreover, the half maximal inhibitory concentration (IC50) of all tested 

smoke-exposed cells (CSE-1 to CSE-4) and primary PF fibroblasts (PF-1 to PF-3) was 

significantly lower than the IC50 of PBS-treated cells (PBS-1 to PBS-4) and primary 

normal fibroblasts (Figure 6B and 6C). Treatment with R428 for 24 hours also reduced 

the activity of AXL-downstream signaling molecules including AKT, Erk1/2, STAT3 as 

well as the profibrotic marker α-SMA in smoke-exposed cells (Figure 6D), supporting 

the notion that AXL inhibition impairs the aggressiveness of lung fibroblasts. In view 

of an increase in AXL activity after exposure to smoke, we treated normal fibroblasts 

and smoke-exposed fibroblast cells with R428. Surprisingly, smoke-exposed cells 

displayed lower cell viability upon R428 treatment as compared to control cells without 

smoke exposure. Of note, cells receiving long-term smoke exposure (21 days) are 

more sensitive to this inhibitor (Figure 6E). This finding suggests that in smoke-

exposed cells, there is selection for an apoptosis-resistant and more proliferative 

population, and these cells become addicted to AXL activity. Thus, AXL signaling may 

be a driver pathway supporting fibroblast cell survival and proliferation in response to 

tobacco smoke.

Pharmacological targeting of AXL signaling attenuates experimental smoke-

related pulmonary fibrosis

Given the role of AXL signaling in promoting pro-fibrotic phenotypes in 

response to tobacco smoke, we next evaluated the efficacy of AXL targeting in an 

experimental orthotopic model of PF. Briefly, immunodeficient mice were 

orthotopically injected lung fibroblasts cells (PF-1 and -2) into both left and right lung 
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lobes. After 4 weeks, mice were treated with either PBS or 10 mg/kg R428 for an 

additional 4 weeks. Histologically, R428-treated mice demonstrated reduced fibrosis 

compared to PBS control mice (Figure 7A). Additionally, we also stained for human-

specific vimentin to evaluate the survival and dissemination of injected primary 

fibroblasts and demonstrated that R428-treated mice had reduced amounts of 

surviving fibroblasts compared to PBS-treated mice (Figure 7B). Lastly, R428-treated 

mice displayed overall decreased collagen content (Figure 7C) compared to controls. 

In summation, these demonstrate that targeting AXL activity can attenuate overall 

fibrosis in our experimental mouse fibrosis model. 

DISCUSSION

Despite the breadth of work in PF, especially IPF, in the past few decades, the 

mechanisms driving fibrotic progression are still not completely understood and there 

is a lack of effective therapies and biomarkers for the disease for patients. Smoking 

has long been recognized as a significant risk factor for PF and plays a nontrivial role 

in propagating fibrosis but the mechanisms have not yet fully explored (16-26, 41-43). 

Herein, we had identified a novel fibrogenic complex, the AXL-MARCKS molecular 

complex, where tobacco-smoke activated AXL promotes PF progression (Figure 7D). 

Through our studies, we had identified AXL as a critical RTK driving fibrotic activities 

in response to tobacco smoke exposure. 

The fibroblasts residing in the histopathologic lesions of PF are characterized 

by increased ECM production and deposition, increased proliferative ability, and 

invasive capability (25, 26). Indeed, compared to fibroblasts isolated from normal 

lungs, fibroblast cells isolated from smoke-associated PF lungs display an “activated” 

phenotype as demonstrated by the increased colony formation and invasive abilities. 
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Additionally, to investigate the pro-fibrotic activities of these cells, we utilized an 

adoptive transfer model wherein we transferred PF and non-PF fibroblast cells into 

mouse lungs. PF fibroblasts displayed a marked capability to form pathological lesions 

of active fibroblasts and ECM deposition, resulting in altered lung architecture. In mice 

injected with non-PF cells, the fibroblasts did not form fibrotic lesions and little to no 

ECM deposition was noted. These in vivo results are consistent with the above in vitro 

findings and support the pro-fibrotic role of tobacco smoking.

Tobacco smoke is an amalgamation of thousands of different compounds, 

many of them being toxicants. Studies have long implicated the adverse effects of 

tobacco smoking on the lung, with effects ranging from repeated alveolar damage, 

induction of inflammation, as well as promoting proliferation and activation of lung 

cells. Tobacco smoking has been implicating as the causative factor in multiple ILDs 

such as respiratory bronchiolitis-ILD, desquamative interstitial pneumonia, and 

smoking-related interstitial fibrosis (44). Clinical studies have indicated that smoking 

is an independent risk factor for IPF and is associated with a worse outcome in IPF 

patients (16, 19, 21). Both in vitro and in vivo reports have also supported the concept 

of tobacco smoking in promoting lung fibrosis (23, 41, 42). In our study, we determined, 

for the first time to the best of our knowledge, the influence of tobacco smoke on lung 

fibroblasts through generation of CSE-resistant lung fibroblast cells. We have found 

that these cells demonstrate upregulated cell proliferation, invasion, as well as ECM 

deposition activities. Our findings fall in line with previous studies and support the 

concept that tobacco-smoking can promote fibrosis through modulating fibroblast 

activities. 
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RTKs have been recently demonstrated to be major driving signaling molecules 

influencing fibroblast activities such as proliferation and differentiation, contributing to 

progression of fibrosis (13). In particular, AXL, a receptor in the TAM (Tyro-3, AXL, 

MerTK) family of receptors, has recently been demonstrated to play a major role in 

IPF lung fibroblasts (14, 15). While this contributes greatly to the understanding of the 

mechanisms of how IPF is driven, how AXL activity is modulated by tobacco smoking 

was left unexplored. To address this, we compared both primary normal fibroblasts 

and PF fibroblasts (isolated from patients with smoking history) as well as CSE-

exposed (or CSE-resistant) fibroblast cells. By performing molecular analysis and bio-

functional assays, we identified that both AXL activity and its signaling pathways are 

indeed elevated in response to tobacco-smoke, potentially driving the pro-fibrotic 

phenotype in fibroblast cells in PF.

AXL activation is canonically mediated by ligand binding and subsequent 

dimerization resulting in downstream phosphorylation and activation (45). The 

previous report of AXL’s role in IPF suggested that the AXL activation was due to an 

increase of its ligand Gas6, the prototypic ligand of AXL receptor (14). We therefore 

questioned whether the AXL activity in response to tobacco smoke was driven by 

Gas6. In light of the observations in both transcriptomic datasets and our CSE-

exposed cells, we reason that this was not the case as Gas6 transcriptional levels 

were not significantly changed in the context of smoke. At the secreted protein levels, 

secreted Gas6 was generally also not significantly altered in CSE-exposed cells as 

well as in primary normal fibroblast cells isolated from individuals with smoking history 

(Figure 4C). Lastly, we also evaluated the levels of sAXL, a decoy receptor for Gas6 

which can sequester Gas6 to prevent binding to cell surface AXL, to rule out its 

contribution in fibroblasts exposed to tobacco smoke. We found that sAXL levels were 
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not appreciably altered in primary normal cells from individuals with smoking history 

or in CSE-exposed cells as compared to respective control cells. These taken together 

indicate that an increase of AXL activity in fibroblasts in response to smoke is likely 

not primarily driven by Gas6 and may instead be mediated through ligand (Gas6)-

independent mechanisms. Several studies have found that AXL can be activated 

through ligand-independent mechanisms. For example, AXL overexpression can drive 

cell aggregation through binding of homophilic binding domains, leading to receptor 

activation. AXL homodimerization without ligand binding has also been demonstrated 

(45). Additionally, AXL has been shown to heterodimerize with other TAM and non-

TAM receptors (45, 46). Although many factors have been proposed to drive ligand-

independent activation of AXL from overexpression of AXL to reactive oxygen species, 

Gas6-indpendent activation of AXL remains very much unexplored.

We further inquired whether other receptors from the TAM receptor family were 

also altered in response to tobacco smoke but we did not observe any appreciable 

changes in Tyro3 or MerTK phosphorylation levels in our RTK screening of our sample 

set (Figure 2A and 2B). Previous reports have indicated that Tyro3 is upregulated in 

IPF (14) and plays a role in modulating PF. Given that tobacco smoking is a significant 

risk factor for IPF (16-22, 47) and many patients have prior smoking history, it would 

not be illogical for tobacco smoke to influence Tyro3 levels and/or function. However, 

we did not observe changes in Tyro3 in our samples, perhaps indicating that Tyro3 

upregulation is unique to IPF or that tobacco smoke in insufficient to drive changes in 

Tyro3 levels and activity. 

While we did observe increased AXL expression in some of the CSE-exposed 

cells and primary PF cells, the higher expression of total AXL compared to control and 
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normal cells, respectively, was not consistent throughout and varied by cell/clone. 

However, the increase in phospho-AXL was consistent in both CSE-exposed cells as 

well as PF cells. This suggests that although cell aggregation or AXL 

homodimerization due to an increase of AXL abundance is a possibility, there are likely 

other mechanisms at play. Tobacco smoke exposure was shown to activate receptors 

independent of ligand. This has been demonstrated in the epidermal growth factor 

receptor (EGFR) (48) and a similar phenomenon may be at play in AXL. The role of 

Gas6 also cannot be completely ruled out as cells still express an endogenous amount 

of Gas6 and other cell types in the lung parenchyma may also be contributors of Gas6. 

However, in the context of smoke-exposed fibroblasts and PF fibroblasts and in 

reflection of our findings, the ligand-independent activation of AXL by tobacco smoke 

is a potential mechanism driving AXL activity.

We had previously demonstrated the role of MARCKS, a master regulator of 

the PI3K/AKT pathway, in modulating fibroblast activities such as invasiveness in IPF 

fibroblasts (30). Since the PI3K/AKT pathway is the major signaling downstream to 

AXL activation, we questioned whether the signal molecule MARCKS also played a 

role in tobacco-smoke mediated fibroblast invasiveness and AXL signaling. As we 

expected, genetic knockdown of AXL reduced MARCKS signaling (Figure 4E). We 

next found co-expression of AXL and MARCKS in α-SMA positive cells in bleomycin-

treated mouse lungs (Figure 5A). Furthermore, we identified that phospho-AXL and 

phospho-MARCKS are co-expressed into smoke-treated mouse lung (Figure 5B) 

indicating that there may be an interaction between the two molecules. Protein 

interaction between AXL and MARCKS was demonstrated through reciprocal 

immunoprecipitation (Figure 5C) and this interaction was disrupted by both MARCKS 

or AXL targeting (Figure 5D). Surprisingly, targeting of MARCKS activity through a 
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MARCKS inhibitor, MPS peptide, also decreased AXL phosphorylation. Targeting of 

either MARCKS or AXL demonstrated downregulation of phosphorylation of both 

proteins as well as attenuated downstream signaling (Figure 4E, 5E, and 6D). Taken 

as a whole, this indicates that MARCKS and AXL form a molecular complex in 

response to tobacco smoke that drives downstream signaling, ultimately driving a pro-

fibrotic phenotype in smoke-exposed cells. Currently, it is unclear if there is a distinct 

hierarchy in the signaling activities of MARCKS and AXL. There is a need to identify 

the exact interaction sites between MARCKS and AXL. Since MPS targets the 

phosphorylation of MARCKS PSD and was able to disrupt the interaction between 

MARCKS and AXL, it would not be surprising to identify the AXL-interaction site in the 

PSD of MARCKS. These are however beyond the scope of this study but requires 

further investigation.

In addition to tobacco-smoke, AXL activity was also increased in the presence 

of e-cigarette smoke. E-cigarettes operate through vaporizing a liquid carrier 

containing nicotine and other compounds and have been shown to have some similar 

effects as tobacco smoke (49). We observed an increase in MARCKS and AXL activity 

in response to this vapor, suggesting that a similar mechanism may be at play in e-

cigarette smoke exposure. Given that tobacco smoke upregulated AXL signaling to 

activate fibroblasts, we further explored if we could target these activated fibroblasts 

through the inhibition of AXL activity. Pharmacological studies show the selectivity of 

an AXL-specific inhibitor R428 (bemcentinib) in fibroblasts exposed to tobacco smoke, 

especially long-term smoke exposure (21 days or longer), whereas no significant 

sensitizing effect was noted in normal fibroblasts treated with R428. These findings 

suggest that there may be a shift to dependence on the AXL signaling pathway as 

exposure to tobacco smoke continues. Assessment of the efficacy of AXL inhibition in 
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attenuating smoke-related lung fibrosis in mice was also explored and the results 

support our notion that targeting AXL with the inhibitor R428 was effective in reducing 

overall fibrosis (Figure 7). In addition, we have found that the MARCKS-AXL signaling 

complex is activated in response to tobacco smoke and that targeting this pathway is 

a potential therapeutic avenue. As we observe that AXL activity is upregulated in PF 

fibroblasts from patients with smoking history, both AXL expression and activity could 

potentially serve as a biomarker for smoking associated PF. This marker could assist 

in predicting the fibroblast activity in patients and may help inform therapeutic choices. 

In summary, we demonstrate that tobacco smoking is able to modulate pro-

fibrotic phenotypes in fibroblasts and promote fibrotic progression. Our findings 

suggest that AXL cooperatively interacts with activated MARCKS to form a fibrogenic 

molecular complex as a potential mechanism of this process and that this AXL activity 

may be independent of Gas6. Much is still unknown concerning the mechanism of AXL 

activation in fibroblasts in response to smoke, but our findings offer evidence of AXL 

activation as a potential key pathway linking the fibrotic process with tobacco smoking. 

This pathway is of interest in addressing the challenges of halting PF progression and 

presents as a promising target and potential marker for smoke-related PF. 
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FIGURE LEGENDS

Figure 1. Aggressive nature of smoke-exposed fibroblasts in lung fibrosis.

(A) Cells were seeded to grow for 9 days, and cell colonies were counted after crystal 

violet staining. Left, representative images of three independent experiments. Right, 

colony units expressed as means ± SD (n=5). *p < 0.05 compared to Normal-1. (B) 

Comparison of invasion ability between normal, smoking normal, and PF cells as 

determined by Matrigel transwell invasion assays. Cells were plated on Transwells for 

20 hours and that migrated to the lower chamber were fixed, stained, and counted 

using light microscopy. Data expressed as means ± SD (n = 4). *p < 0.05 compared 

with Normal-1. (C) Representative Masson trichrome–stained sections of mouse lung 

implanted with indicated fibroblasts. Bottom, semi-quantitative fibrosis scores from 

Masson trichrome–stained sections of mouse lung. Fibrosis score is expressed as the 

percentage of positive staining area per high-powered field. Analysis of 6–12 high-

powered fields per lung was performed with ImageJ software. *p < 0.05. (D) Cells were 

seeded to grow for 72 hours and then subjected to MTS proliferation assays. *p < 0.05 

compared with PBS-exposed counterpart. (E) Comparison of invasion capability 

between PBS- and CSE-exposed cells as determined by Matrigel transwell invasion 

assays. Data expressed as means ± SD (n = 4). *p < 0.05 compared with PBS-

exposed counterpart.

Figure 2. AXL and its signaling pathway are activated in smoke-associated lung 

fibroblasts.

PANEL A and B: cell lysates from primary lung fibroblasts, Normal-3 and PF-3 cells 

(A), and selected cell lines, PBS-2 and CSE-2 cells (B), were subjected to human 

phospho-receptor tyrosine kinase (RTK) arrays. (C) Top 4 upregulated phospho-RTKs 
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identified from RTK arrays in panel (A) and (B). PF: PF-3, N: Normal-3, C: CSE-2, P: 

PBS-2. (D) Western blot analysis of phospho-AXL and downstream phospho-STAT3 

and phospho-AKT in primary normal lung fibroblasts (Normal-1, -2, and -3) and 

primary lung fibroblasts isolated from smokers with pulmonary fibrosis (PF-1, -2, and 

-3). (E) Expression of AXL protein and its phosphorylation in PBS- and CSE-exposed 

lung fibroblast cells were determined by immunoblotting.

Figure 3. AXL pathway-associated upregulation of gene expression in lung cells 

from smokers.

(A) Significant increases in the expression of genes related to AXL-mediated PI3K-

AKT and JAK-STAT pathways were observed in lung cells from smokers versus non-

smokers by analysis of the GSE3320 dataset.

Figure 4. Knockdown of AXL attenuates AXL-mediated signaling molecules.

(A) Left, normalized mRNA expression of Gas6 in lung tissues from smokers (former 

and current) versus non-smokers (never) using the GDS534 dataset. Right, Gas6 

mRNA expression over time in response to tobacco smoke exposure (2R4F and Lights 

cigarettes) using the GDS3494 dataset. (B) Real-time RT-qPCR analyses of Gas6 

mRNA expression in normal and smoking normal primary fibroblasts (left) and in PBS- 

and smoke-treated (CSE) fibroblasts (right). Data expressed as means ± SD (n = 3). 

(C) Left, secreted Gas6 levels from normal and smoking normal primary fibroblasts. 

Right, secreted Gas6 levels from PBS- and smoke-treated fibroblasts. Data expressed 

as means ± SEM; *p < 0.05 versus PBS (n = 3). (D) Left, secreted sAXL levels from 

normal and smoking normal primary fibroblasts. Right, secreted sAXL levels from 

PBS- and smoke-treated fibroblasts. Data expressed as means ± SEM (n = 3). PANEL 

E and F: genetic knockdown of AXL to downregulate AXL levels in cells. Multiple lung 
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fibroblast cells as indicated were treated with non-specific (control siRNAs) or AXL-

specific siRNAs (AXL siRNAs); after 72 hours of transfection, cells were subjected to 

Western blot analyses (E), and two bio-functional assays (F), MTS proliferation assays 

(left) and Matrigel transwell invasion assays (right), respectively. Data shown as mean 

± SD; * p < 0.05 versus control siRNA (n = 4).

Figure 5. AXL is associated with MARCKS in activated lung fibroblasts.

(A) Representative immunofluorescence images of α-SMA (grey color), AXL (green 

color), and MARCKS (red color) in lung tissues from mice exposed to saline or 

bleomycin. DAPI (blue color): nuclear stains. (B) Representative immunofluorescence 

images of phospho-AXL (green color) and phospho-MARCKS (red color) in lung 

tissues from mice with exposure to filtered air or tobacco smoke. DAPI (blue color): 

nucleus stains. (C) Immunoprecipitation analysis of the association between 

endogenous AXL and phospho-MARCKS in PBS- and CSE-exposed cells. (D) 

Determination of the interaction between AXL and MARCKS in highly MARCKS-

expressing A549 cells treated with non-targeting control siRNAs or MARCKS-specific 

siRNAs (top) or scrambled control peptide or MPS peptide (bottom) upon CSE 

exposure by co-immunoprecipitation assays. (E) Examination of phospho-AXL, 

phospho-MARCKS and phospho-STAT3 levels in primary pulmonary fibrosis 

fibroblasts after incubation with PBS or MPS peptide (100 μM) for 48 hours by 

immunoblotting. (F) Effect of MPS treatment on phospho-AXL, phospho-MARCKS and 

α-SMA levels in cells exposed to electronic cigarette (E-cig) or E-cig plus nicotine 

analyzed by immunoblotting.

Figure 6. Pharmacologic inhibition of AXL by R428 treatment impairs lung 

fibroblast cell viability.
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(A) Cells were incubated with various concentrations of R428 (bemcentinib) for 72 

hours and then subjected to MTT assays (n = 4). Data expressed as means ± SD; *p 

< 0.05 vs. CSE-2. PANEL B and C: lung fibroblasts were exposed to various 

concentrations of R428 as indicated above. After 72 hours of treatment, cell viability 

was determined by MTT assays. The half maximal inhibitory concentration (IC50) 

value of R428 for all tested lung fibroblast cells was shown (B and C). (D) Smoke-

exposed cells (CSE-2) were treated with 2.5 μM R428 for 24 hours and then subjected 

to Western blot analysis. (E) R428 treatment in cells with exposure to short-term and 

long-term cigarette smoke extract (CSE). Cells were exposed to PBS (control) or 10% 

CSE (smoke) for 3 days (left) or 21 days (right). These cells were subjected to the 

indicated doses of R428. After 72 hours of treatment, cell viability was determined by 

MTT assays. Data expressed as means ± SD; *p < 0.05 vs. smoke (n = 3).

Figure 7. R428 reduces fibrosis in experimental orthotpoic model of pulmonary 

fibrosis. 

PANEL A and C: Immunodeficient mice were orthotopically injected 2.5 × 106 lung 

fibroblasts cells (PF-1 and -2) in Matrigel into both left and right lung lobes. After 4 

weeks, mice were treated with 10 mg/kg AXL specific inhibitor, R428, or PBS as a 

control for an additional 4 weeks (8 mice per PF-1 group and 6 mice per PF-2 group). 

(A) Representative images of Masson trichrome stained sections of mouse lung with 

R428 or PBS treatment. Fibrosis scoring is expressed as the percentage of positive 

staining area per high powered field. Analysis of 6-12 high-powered fields per lung 

was performed with ImageJ software. Data expressed as means ± SEM; *p < 0.05. 

(B) Representative IHC staining of human vimentin. Dissemination of fibroblast cells 

is expressed as percentage of positive cells per high powered field. Analysis of 6-12 
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high-powered fields per lung was performed with ImageJ software. Data expressed as 

means ± SEM; *p < 0.05. (C) Hydroxyproline level in the right lung of mice as described 

above was determined by a hydroxyproline ELISA assay. Data expressed as means 

± SEM; *p < 0.05. (D) MARCKS and AXL activity (p-MARCKS and p-AXL respectively) 

is activated in fibroblast cells in response to tobacco smoke. Activation of these 

molecules form a fibrogenic molecular complex that propagates downstream signals 

(p-STAT3, p-AKT, and p-Src) driving cell invasiveness and fibrotic progression.
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Figure 2. AXL and its signaling pathway are activated in smoke-associated lung fibroblasts. 
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Figure 3. AXL pathway-associated upregulation of gene expression in lung cells from smokers. 
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Figure 4. Knockdown of AXL attenuates AXL-mediated signaling molecules. 
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Figure 6. Pharmacologic inhibition of AXL by R428 treatment impairs lung fibroblast cell viability. 
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Supplementary Methods

Reagents and antibodies 

Dulbecco's Modified Eagle's medium (DMEM), fetal bovine serum, 

penicillin-streptomycin and Lipofect-AMINE™ were purchased from Life 

Technologies Inc. (Carlsbad, CA). Bleomycin was purchased from APP 

Pharmaceuticals (Schaumburg, IL). R428 (bemcentinib) was purchased from 

Selleckchem (Houston, TX). Anti-pTyr779 AXL antibody was purchased from R&D 

Systems (Minneapolis, MN). Anti-pSer158 MARCKS (clone EP2113Y) and 

anti-MARCKS (clone EP1446Y) were purchased from Abcam (Cambridge, MA). 

Anti-pSer159/163 MARCKS (clone D13D2), anti-AXL, anti-pTyr705 STAT3, 

anti-STAT3, anti-pTyr416 Src, anti-Src, anti-pSer473 AKT, anti-AKT, anti-α-SMA, and 

anti-GAPDH antibodies were purchased from Cell Signaling Technology, Inc. 

(Danvers, MA). 

Cell culture and transfection

Human primary fibroblast cells were obtained from airway tissues provided from 

the UC Davis Medical Hospital (Sacramento, CA) with consent. The protocol for 

human tissue procurement and usage were periodically reviewed and approved by 

the University Human Subject Research Review Committee. Primary lung fibroblast 

cell lines, Normal-1, Normal-2, Normal-3, Normal-4, PF-1, PF-2, and PF-3 were 

established as we described previously (1). Smoking Normal -1 and -2 were 

commercially available cells obtained from Lifeline Cell Technology (Frederick, MD) 

and PromoCell GmbH (Heidelberg, Germany) respectively. PBS- (PBS-1, PBS-2, 

PBS-3, and PBS-4) and CSE-exposed (or CSE-resistant, CSE-1, CSE-2, CSE-3 and 

CSE-4) cells were generated upon continuous exposure of normal lung fibroblast cell 
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lines to 10% PBS or 10% CSE for 4 weeks, respectively. All tested cells were cultured 

in DMEM with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C in a 

humidified atmosphere of 5% CO2. For siRNAs transfection, ON-TARGETplus AXL 

siRNA and scrambled siRNA sequences (Thermo Scientific) were transfected using 

Lipofect-AMINE™ according to the manufacturer’s protocol. Primary lung fibroblasts 

were used less than passages 8. Cells were characterized as fibroblasts as described 

(2). 

Exposure of cultured cells to cigarette smoke extract

Cultures of cells were exposed to cigarette smoke extract (CSE) using a protocol 

similar to that previously described (3). Briefly, research cigarettes (Kentucky 

Tobacco R&D Center, Lexington, KY) were lit, and mainstream smoke was suctioned 

with a 60-ml catheter tip syringe containing 5 ml of medium. The medium was then 

shaken vigorously for 20 seconds. This procedure was repeated four times. The 

resulting medium was sterilized through a 0.22-μm filter and designated as 100% 

CSE. Dilutions were produced for the appropriate concentrations in treatments, as 

depicted in the figures. Control media were prepared similarly, except with filtered air 

instead of cigarette smoke.

Cell proliferation and colony formation assays

Cells were seeded onto 96-well plates at a density of 5−10×103 cells per well and 

cultured for the indicated treatment. Cell proliferation was evaluated using a MTS 

assay kit (Promega, Madison, WI). Twenty microliter of the combined MTS/PMS 

solution was added into each well, incubated for 3 hours at 37°C, and the absorbance 

was measured at 490 nm by using an ELISA reader. For a MTT assay, cells were 

seeded into 96-well plates, grown to 75% confluence and cultured for the indicated 
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treatment. Cell viability was evaluated by the MTT assay according to the 

manufacturer’s protocol (MilliporeSigma, Burlington, MA). For colony-forming assays, 

200 cells were seeded and grow in each well of six-well plates. After 10 days, 

colonies were stained using 0.001% crystal violet and the number of colonies with a 

diameter greater than 0.5 mm was counted under an inverted microscope.

Matrigel Transwell invasion assay

An in vitro cell invasion assay was performed as previously described (1, 4, 5) 

using transwell chambers (8-μm pore size; Costar, Cambridge, MA). Briefly, 2104 

cells were seeded on top of the polycarbonate Transwell filters (8-μm pore size; 

Costar, Cambridge, MA) which were coated with Matrigel (Becton Dickinson, Franklin 

Lakes, NJ), and 0.5 ml of growth medium was added to both the upper and lower 

wells. After incubation for 20 hours, filters were swabbed with a cotton swab, fixed 

with methanol, and then stained with Giemsa solution (MilliporeSigma, Burlington, 

MA). The cells attached to the lower surface of the filter were counted under a light 

microscope (10X magnification). 

Quantitative real-time PCR

The mRNA expression level of Gas6 gene was detected by real-time reverse 

transcription polymerase chain reaction (RT-qPCR) utilizing the following primers: 

Gas6 forward primer 5'- CTGCCTCCAGATCTGCCACAAC-3' and reverse primer 5'- 

TGCTGGTGACACGGCCGAC-3'; TBP forward primer 5'- 

CACGAACCACGGCACTGATT-3' and reverse primer 5'- 

TTTTCTTGCTGCCAGTCTGGAC-3'. The house keeping gene TATA-box binding 

protein (TBP) was used as the reference gene. The relative expression level of Gas6 
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gene compared with that of TBP was defined as –CT = –[CTGas6 –CTTBP]. The 

Gas6/TBP mRNA ratio was calculated as 2 –CT  K, where K is a constant. 

Western blot analysis and immunoprecipitation assays

Western blot analyses and the preparations of whole-cell lysates have been 

previously described (1, 4, 5). Whole cell lysates were prepared by lysing cells in a 

lysis buffer (50 mM Tris-HCl (pH 7.4), 1% NP-40, 150 mM NaCl, 1 mM EDTA, 20 

μg/ml leupeptin, 1 mM PMSF and 20 μg/ml aprotinin), and proteins were then 

subjected to separating by SDS-PAGE. Immunoblotting was conducted with 

appropriate antibodies followed by chemiluminescent detection. For 

immunoprecipitation analyses, whole cell lysates were cleaned by pre-incubation with 

Protein A/G PLUS-Agarose beads to remove non-specifically bound proteins. After 

precipitation with the appropriate antibodies and Protein A/G PLUS-Agarose beads, 

the immunoprecipitated complexes were washed, separated by SDS-PAGE and 

followed by Western blot assays.

Human phospho-receptor tyrosine kinase (RTK) array

The Human Phospho-RTK Array Kit (# ARY001B) was purchased from R&D 

Systems (Minneapolis, MN). We performed array screening according to the 

manufacturer’s protocol. Briefly, cell lysates were incubated with the phospho-RTK 

array membranes. After washing, the membranes were incubated with biotinylated 

antibody cocktail. The amounts of phospho-RTK were assessed with streptavidin 

conjugated to horseradish peroxidase, followed by chemiluminescence detection. 

The density of each dot was quantified and against the average of the internal 

controls on the membrane as indicated in the protocol.
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Enzyme-linked immunosorbent (ELISA) assays

Human AXL DuoSet ELISA (#DY154) and Human Gas6 DuoSet ELISA 

(#DY885B) kits were purchased from R&D Systems (Minneapolis, MN). We 

performed ELISA assays according to the manufacturer’s protocol. Briefly, cell media 

was collected from cell cultures after 48 hours of culture and diluted. The amounts of 

soluble AXL and Gas6 were assessed with streptavidin conjugated to horseradish 

peroxidase, followed by chromogenic detection and read at 650 nm. sAXL and Gas6 

levels (pg/mL/106 cells) was calculated according to the manufacturer’s instructions 

(R&D Systems).

In vivo orthotopic lung implementation 

The lung fibrosis model by adoptive transfer of human pulmonary fibroblasts to 

severe combined immunodeficiency mice was modified from an established murine 

model of PF (6). Six-week-old C.B-17 SCID/bg (supplied by Charles River 

Laboratories) were housed four mice per cage and fed autoclaved food ad libitum. 

Primary lung fibroblasts (2.5106 cells in 50 l PBS containing 10 ng Matrigel) were 

inoculated into the left lung of mice as we previously reported (4, 5, 7, 8). 60 days 

after injection of fibroblasts, these mice were sacrificed and the lungs were collected 

for histological analysis using the Masson's trichrome staining kit (MilliporeSigma, 

Burlington, MA). For pharmacological inhibition of AXL with AXL-specific inhibitor 

R428, mice were orthotopically injected lung fibroblasts cells (PF-1 and -2) into both 

left and right lung lobes. After 4 weeks, mice were treated with either PBS or 10 

mg/kg R428 for an additional 4 weeks. 8 weeks after injection of primary lung 

fibroblasts, these mice were sacrificed and the lungs were collected for histological 

analysis and hydroxyproline assays. Briefly, lung tissues collected from mouse 
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experiments were cut into smaller pieces and homogenized in 100 μL ddH2O/10 mg 

tissue using a sonicator (VC50 Vibra-Cell™; Sonics & Materials, Connecticut, USA). 

100 μL hydrochloric acid (12M) /10 mg tissue was added and samples were 

transferred into glass Wheaton ampules and sealed. Samples were hydrolysed for 3 

hours at 120 ºC. Samples were allowed to cool, transferred into microcentrifuge 

tubes, and then centrifuged at 10,000 x g for 3 minutes. Supernatant was retrieved 

and 10-50 μL were transferred to a clear 96 well flat-bottomed plate. The plate was 

dried at 60 ºC and assay was prepared, read at 560 nm, and hydroxyproline content 

was calculated according to manufacturer’s instructions (MilliporeSigma, 

Massachusetts, USA).

Bleomycin-induced lung fibrosis

Female C57BL/6J mice (8-week-old) purchased from Jackson Laboratory 

(Sacramento, CA) were housed four mice per cage and fed autoclaved food ad 

libitum. These mice received saline or bleomycin intratracheally as previously 

described (1).  Briefly, mice were anesthetized with 5% isoflurane and administered 

bleomycin at a dose of 0.005 U/g mouse via intratracheal aspiration on day 0. Control 

animals received an equal volume of sterile saline only. At 21 days of bleomycin 

insult, these mice were sacrificed and the lungs were collected for histological 

analysis. Mouse experiments were approved by the Institutional Animal Care and Use 

Committee (IACUC) of UC Davis.

Mouse model of cigarette smoke exposure and immunofluorescent staining

The paraffin-embedded specimens of mice exposed to filtered air (FA; control) 

and environmental tobacco smoke (ETS) were kindly provided from Dr. Kent E. 

Pinkerton (Center for Health and the Environment, UC Davis). Briefly, based on the 
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approved protocol by the IACUC at UC Davis, C57BL/6J mice (5–6 for each group) 

were either exposed to filtered air (FA) or to side-stream smoke generated by 

unfiltered cigarettes (1R3F research-reference cigarettes from the Tobacco Research 

Institute, University of Kentucky, Lexington, Kentucky) at 150 mg/m3, 6 hours per day, 

5 days per week for 4 months following the same protocol as described in the 

previous publication (9). For immunofluorescent staining, after an antigen retrieval 

step, tissue slides were reacted with antibodies against FITC-labelled antibody 

(anti-pTyr779 AXL), TRITC-conjugated antibody (anti-pSer159/163 MARCKS), Alexa 

Fluor 488-conjugated antibody (α-SMA), Alexa Fluor 568-conjugated antibody (AXL), 

and/or Alexa Fluor 647-conjugated antibody (MARCKS) and nuclei were demarcated 

with DAPI staining. The cells were mounted onto slides and visualized using 

fluorescence microscopy (model Axiovert 100; Carl Zeiss, Oberkochen, Germany) or 

a Zeiss LSM510 laser-scanning confocal microscope image system.

Statistical analysis

Data are presented as the mean ± SD for at least three independent 

experiments. The quantitative in vitro and in vivo data were analyzed using the 

Student’s t-test. All analyses were performed using SPSS software (v10.0; SPSS, 

Inc., Chicago, IL). All statistical tests were two-sided, and p values < 0.05 were 

considered statistically significant.
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Figure E1. Related to Figure 1

(A) Representative immunofluorescence images of α-SMA (green color) in lung 

tissues from normal healthy controls (top) and pulmonary fibrosis patients (bottom). 

DAPI (blue color): nuclear stains. 
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Figure E2. Related to Figure 5

(A) Determination of the interaction between AXL and MARCKS in highly 

MARCKS-expressing A549 cells treated with scrambled control peptide or MPS 

peptide by co-immunoprecipitation assays. (B) Genetic knockdown to MARCKS to 

downregulate MARCKS levels in cells. PF-3 cells were treated with non-specific 

(control siRNAs) or MARCKS-specific siRNAs (MARCKS siRNAs); after 72 hours of 

transfection, cells were subjected to Western blot analyses
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Table E1: ILD Patient Demographics

ILD 
Patient 

ID

Age Gender Smoking Pack-
Year

Race Diagnosis Pathology TLC %TLC FVC %FVC FEV1 %FEV1 DLCO %DLCO

PF-1 63 Female Yes 35 White IPF UIP 3.39 73 2.01 69 1.77 79 8.4 41

PF-2 55 Male Yes 35 White SR-ILD DIP 6.52 75 4.4 72 NA NA 23.76 53

PF-3 71 Male Yes 80 White SR- ILD RB-ILD 7.04 107 4.48 110 2.56 86 23.2 92

SR-ILD=smoking-related interstitial lung disease, UIP=usual interstitial pneumonia, DIP=desquamative interstitial pneumonia, 

RB-ILD=respiratory bronchiolitis-interstitial lung disease, NA=not available
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