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LPA - lysophosphatidic acid

MC – mesenchymal cells

MNC – mononuclear cells

mTOR - molecular target of rapamycin

sIL-6R – soluble interleukin 6 receptor

STAT - signal transducer and activator of transcription

ABSTRACT

Histopathologic examination of lungs afflicted by chronic lung allograft dysfunction (CLAD) 

consistently show both mononuclear cell (MNC) inflammation and mesenchymal cell (MC) 

fibroproliferation. We hypothesize that interleukin 6 (IL-6) trans-signaling may be a critical 

mediator of MNC-MC crosstalk and necessary for the pathogenesis of CLAD. Bronchoalveolar 

lavage (BAL) fluid obtained after the diagnosis of CLAD has approximately 2-fold higher IL-6 

and soluble IL-6 receptor (sIL-6R) levels compared to matched pre-CLAD samples. Human BAL-

derived MCs do not respond to treatment with IL-6 alone but have rapid and prolonged JAK2-

mediated STAT3 Tyr705 phosphorylation when exposed to the combination of IL-6 and sIL-6R. 

STAT3 phosphorylation within MCs upregulates numerous genes causing increased invasion and 

fibrotic differentiation. MNC, a key source of both IL-6 and sIL-6R, produce minimal amounts of 

these proteins at baseline but significantly upregulate production when cocultured with MCs. 

Finally, the use of an IL-6 deficient recipient in a murine orthotopic transplant model of CLAD 

reduces allograft fibrosis by over 50%. Taken together these results support a mechanism where 

infiltrating MNCs are stimulated by resident MCs to release large quantities of IL-6 and sIL-6R 

which then feedback onto the MCs to increase invasion and fibrotic differentiation. 

INTRODUCTION

A major complication after lung transplantation is progressive and irreversible decline in graft 

function, termed chronic lung allograft dysfunction (CLAD). The prevalence and outcome of 

CLAD has not changed significantly over the past decade with CLAD developing in 50% of 

transplant recipients by five years and accounting for over 40% of deaths after the first year of 

transplantation (1). Histopathologic examination of lungs with CLAD exhibit mononuclear cell 
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(MNC) infiltrates and intraluminal/peribronchial fibrosis with prominent fibroblast proliferation 

and collagen scarring (2, 3). Consistent with this clinical observation, prior mechanistic studies 

demonstrate that CLAD is associated with an increase in allo-reactive CD4+ T-cells (4, 5) and 

mononuclear phagocytic cells (i.e. monocytes and macrophages) (6, 7). Our prior research has 

shown that donor-derived mesenchymal stromal cells (MCs) within CLAD allografts have 

upregulation of autocrine lysophosphatidic acid(LPA)–autotaxin(ATX) autocrine signaling (8), 

elevated cap-dependent translation (9) and resistance to molecular target of rapamycin (mTOR) 

inhibitors (10). This abnormal signaling results in increased proliferation, mobilization, and 

fibrotic gene expression (8, 11, 12). While significant progress has been made in understanding 

the immunologic injury and fibrotic transformation associated with CLAD, crosstalk between 

infiltrating immune cells and resident mesenchymal cells within the transplanted lung is still 

obscure.

Interleukin 6 (IL-6) is a pleomorphic cytokine which is produced by multiple cell types to 

influence a variety of cellular processes including proliferation, cell survival, invasion, fibrotic 

gene expression, and immune cell differentiation (reviewed in (13)). IL-6 signaling occurs via 

two similar but mechanistically distinct pathways.  The classical pathway or cis-signaling occurs 

when IL-6 binds the heterodimer of IL-6 receptor (IL-6R) and glycoprotein 130 (gp130) to 

activate downstream janus kinases (JAKs). IL-6R is exclusively expressed on a small subset of 

cells (leukocytes, megakaryocytes, hepatocytes) allowing this pathway to regulate acute-phase 

inflammation, hematopoiesis, and immune cell proliferation/differentiation (14). In contrast, 

trans-signaling occurs when a soluble form of IL-6R (sIL-6R), produced either by alternative 

mRNA splicing or proteolytic cleavage by A disintegrin and metalloproteinase 17 (ADAM17), 

binds to IL-6 in the extracellular space (13, 15-17). The complex then binds gp130 alone to 

activate JAK and downstream signaling. Since gp130 is ubiquitously expressed, IL-6 trans-

signaling can stimulate numerous cells types resulting in diverse physiologic effects. Both 

classical and trans-signaling pathways result in JAK-mediated phosphorylation of signal 

transducer and activator of transcription (STAT)-family proteins which dimerize and translocate 

into the nucleus to influence gene expression (18). STAT3 is the predominant target of IL-6 

signaling however, phosphorylation of STAT5 and other targets has been reported (19). STAT3 

is known to regulate genes controlling cell proliferation (cyclin B1, cyclin D1), survival (B-cell 
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lymphoma-extra-large, survivin), invasion (matrix metalloproteases 6 and 9), angiogenesis 

(vascular endothelial growth factor), fibrosis (transforming growth factor beta, collagen I, ATX), 

and immunosuppression (interleukin 10) (20-22).  

Several studies have alluded to a role for IL-6 signaling in the pathogenesis of CLAD. IL-6 is 

upregulated in bronchoalveolar lavage (BAL) fluid (23, 24), BAL-derived macrophages (25) and 

serum (26) of patients undergoing acute cellular rejection, a known risk factor for CLAD (1). Lu 

and colleagues demonstrated that the presence of a high-expression polymorphism in the promoter 

of the IL-6 gene is associated with an increased risk of CLAD (27) which has been confirmed in 

at least one other patient cohort (28). Additionally, one study of 43 patients demonstrated elevated 

IL-6 levels in the BAL fluid of patients with bronchiolitis obliterans (29). In this manuscript, we 

confirm upregulation of IL-6 trans-signaling within the lungs of CLAD patients and describe a 

synergistic relationship between infiltrating immune cells and resident MCs which generates IL-6 

and sIL-6R leading to allograft fibrosis. 

MATERIALS AND METHODS

Patient population and sample collection

Lung transplant recipients at the University of Michigan underwent spirometry every three 

months and were diagnosed with CLAD following three months of sustained spirometric decline 

(FEV1 fall of 20% from post-transplant baseline) in accordance with the 2019 International 

Society for Heart and Lung Transplantation guidelines (1). BAL fluid from surveillance and “for 

cause” bronchoscopies was collected as previously described (30). The BAL cell pellet was used 

for cell culture while the supernatant was aliquoted and stored at -80ºC. Blood samples were 

obtained by venipuncture in tubes containing ethylenediaminetetraacetic acid (EDTA; Sigma-

Aldrich, St. Louis, MO). This study was approved by the University of Michigan Institutional 

Research Board and all participants signed informed consent. 

Human primary cell isolation and culture

Human lung resident MCs were cultured by resuspending the BAL cell pellet in high-glucose 

Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 

10% fetal bovine serum, 100 U/ml penicillin/streptomycin, and 0.5% amphotericin B 
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(Invitrogen) and plated onto standard cell culture dishes (11, 12). Colonies were harvested after 

14 days and passaged at least twice prior to use. For all experiments, MCs were grown to 80% 

confluence and then serum deprived 24 hours. Culture media was removed after 24 hours and 

used as conditioned media where indicated. Peripheral blood MNCs were isolated via 

centrifugations through Ficoll-Plaque PLUS (GE Healthcare, Chicago, IL) per established 

protocol based on (31). Cells were plated in unsupplemented DMEM and all non-adherent cells 

were washed away after six hours. For coculture experiments, MNCs were seeded into the top 

chamber of a 0.4m transwell (Fisher scientific, Waltham, MA), washed twice after six hours to 

remove all non-adherent cells and then incubated with MCs for 24 hours. Cells were treated with 

50ng/mL human recombinant IL-6 (R&D Systems, Minneapolis, MO), 200ng/mL human 

recombinant sIL-6R (R&D Systems), 1g/mL neutralizing human IL-6 antibody (R&D 

Systems), ruxolitinib (Selleckchem, Houston, TX), NVP-BSK805 (Selleckchem), WHP154 

(Selleckchem), SH-4-54 (Selleckchem) and 1M GW280264X (Aobious, Gloucester, MA) as 

indicated in the text. 

Murine orthotopic lung transplant model, histopathologic evaluation, and hydroxyproline 

assay

Transplantation, histology and hydroxyproline quantification were all conducted as previously 

described (32).  Allogeneic transplants (i.e. allografts) were created by transplanting the left lung 

of a B6D2F1/J donor mouse (first generation offspring between a DBA/2J and C57BL/6J) into a 

C57BL/6J or C57BL/6J IL6-/- recipient; syngeneic transplants (i.e. isografts) were created by 

transplanting the left lung of B6D2F1/J donor mice into a B6D2F1/J recipient. No 

immunosuppressive or antibiotic medications were utilized pre or post-transplant. For histology, 

formalin-fixed paraffin-embedded tissue sections were stained with hematoxylin & eosin and 

Masson’s trichrome (IHC World, Woodstock, MD) per manufacturer’s protocol. Images were 

collected using an Olympus BX41 microscope and processed using Fiji/ImageJ. For 

hydroxyproline quantification (described in (8, 12)), the left lung was homogenized in phosphate 

buffered saline and hydrolyzed in 12N hydrochloric acid for 24 hours at 120ºC. Samples were 

then combined with citrate/acetate buffer, chloramine T solution, and Ehrlich’s reagent before 

having their absorbance measured at 550nm. All animal studies were approved by the University 

of Michigan’s Institutional Animal Care and Use Committee. 

Statistical Analysis
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All data are presented as means ± standard deviation unless otherwise noted. Except where noted 

in the text, variables were compared using a Students’ t-test (two groups) or one-way analysis of 

variance with a Tukey post-hoc test (three or more groups). Survival was analyzed using the 

Kaplan-Meier approach. All statistical analyses were done using Prism 8 (GraphPad, LaJolla, 

CA) with a p-value less than 0.05 considered significant.

Additional Materials and Methods can be found online in the Supporting Information section. 

RESULTS

BAL fluid from CLAD patients exhibit higher levels of IL-6 and sIL-6R. To determine whether 

IL-6 trans-signaling was important for the pathogenesis of CLAD, we first compared IL-6 and sIL-

6R levels in BAL samples obtained before and after CLAD onset in a cohort of 22 lung transplant 

recipients (demographics outlined in Table 1). The majority of patients (n=16, 72.7%) had higher 

level of IL-6 in post-CLAD BAL samples compared to matched pre-CLAD lavage fluid with the 

entire cohort having an average 1.8-fold greater post-CLAD IL-6 levels (p=0.0251, Figure 1A, B). 

Similarly, 63.6% of patients (n=14) had higher levels of sIL-6R in their post-CLAD BAL samples 

which was approximately 2-fold higher than pre-CLAD (p=0.0074, Figure 1C, D). Significant 

correlation was noted between BAL IL-6 and sIL-6R levels (Spearman correlation=0.6085; Figure 

1E). To investigate whether IL-6 concentrations could predict development of CLAD, BAL fluid 

from 40 one-year surveillance bronchoscopies negative for both infection and acute rejection were 

analyzed. The surveillance BAL cohort was divided into three tertiles based on IL-6 levels and 

patients in the lowest tertile were noted to have significantly longer CLAD free survival (Figure 

1F). 

JAK2-dependent IL-6 trans-signaling in human lung BAL-derived MCs. Previous studies 

have demonstrated that bone marrow-derived MCs produce low levels of IL-6 (33). However, it 

is unknown whether lung-resident MCs express either IL-6 or sIL-6R. To investigate this further, 

conditioned media from trypsin-digested cadaveric human lung fibroblasts and BAL-derived MCs 

from lung transplant recipients were analyzed for IL-6 and sIL-6R concentrations using ELISA. 

MCs isolated from human lung allografts expressed approximately 10-fold more IL-6 as compared 

to lung fibroblasts (Figure 2A). However, none of the conditioned media contained any appreciable 

amount of sIL-6R (Figure 2B). 
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We next sought to investigate how lung resident MCs would respond to IL-6 stimulation. MCs 

from CLAD free patients were treated with vehicle, 50ng/mL IL-6, 200ng/mL sIL-6R or the 

combination of IL-6 and sIL-6R for 30 minutes. Treatment with both IL-6 and sIL-6R (i.e. full 

activation of IL-6 trans-signaling) resulted in robust STAT3 phosphorylation on tyrosine 705 

(Figure 2C). Treatment with sIL-6R alone was able to stimulate STAT3 Tyr705 phosphorylation, 

although to a lesser degree. We hypothesized that sIL-6R was interacting with endogenously 

secreted IL-6 to induce STAT3 phosphorylation. Consistent with this hypothesis, addition of an 

IL-6 neutralizing antibody was able to prevent sIL-6R-induced STAT3 phosphorylation (Figure 

2D). IL-6 expression appeared to be independent of IL-6 trans-signaling as cells treated with 

vehicle, IL-6 or sIL-6R expressed similar levels of IL-6 mRNA (0.877±0.25 vs 0.906±0.53 vs 

1.205±0.64, p > 0.05). Previous studies have demonstrated that the duration of STAT activation 

is biologically meaningful and trans-signaling is prolonged due to slow sIL-6R internalization 

(34, 35). Consistent with those observations, IL-6 trans-signaling resulted in sustained STAT3 

Tyr705 phosphorylation for up to 72 hours (Figure 2E). While phosphorylation is necessary for 

STAT3 activation, it is not sufficient as STAT3 needs to dimerize and enter the nucleus to alter 

gene expression. To evaluate IL-6/sIL-6R-mediated nuclear import, MCs grown on coverslips 

were stimulated with IL-6 alone or the combination of IL-6/sIL-6R and subjected to 

immunofluorescent staining for phospho-STAT3 Tyr705. As shown in Figure 2F, treatment with 

IL-6/sIL-6R stimulates STAT3 Tyr705 phosphorylation, with STAT3 almost exclusively located 

in the nucleus. 

While several JAKs have been shown to mediate IL-6 signaling in different cells types, IL-6 

dependent STAT3 phosphorylation is most commonly reported to be mediated via JAK2 (18, 21, 

22). To determine which JAK promotes trans-signaling-mediated STAT3 activation in lung 

MCs, cells were pretreated with various JAK inhibitors. Pretreatment with ruxolitinib eliminated 

IL-6/sIL-6R-induced STAT3 phosphorylation implicating either JAK1 or JAK2 (Figure 2G). 

Treatment with the JAK2 specific inhibitor NVP-BSK805 eliminated over 50% of STAT3 

phosphorylation at a concentration of 1nM and completely eliminated all STAT3 

phosphorylation at a concentration of 100nM suggested that the majority of STAT3 

phosphorylation is dependent on JAK2 but there is also a small contribution by JAK1 (Figure 
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2H). WHI-P154, a JAK3 inhibitor, had no effect (Figure 2I). In summary, IL-6 trans-signaling 

triggers robust and prolonged STAT3 Tyr705 phosphorylation and nuclear translocation in a 

predominant JAK2-dependent manner. 

IL-6 trans-signaling promotes MC invasion and fibrotic gene expression. STAT3 

transcriptionally activates genes involved in numerous cellular processes including proliferation, 

survival/resistance to apoptosis, migration/invasion, and fibrosis (20-22). To better characterize 

the role of STAT3 within MCs, we selected representative genes from known pathways 

regulated by STAT3 and assessed how their expression changed after stimulation with IL-6/sIL-

6R. ATX, collagen 1A and matrix metallopeptidase 9 all showed significant upregulation 

following treatment with either sIL-6R or the combination IL-6/sIL-6R suggesting activation of 

migration/invasion and fibrosis pathways (Figure 3A). Despite similar effects on gene 

expression, only the combination of IL-6 and sIL-6R increased invasion of MCs across a 

Matrigel-coated transwell compared to vehicle control (Figure 3B-C). In contrast both sIL-6R 

alone and IL-6/sIL-6R were able to increase collagen protein expression by approximately 1.6-

fold and 2.5-fold respectively (Figure 3D-E). While CCND1 (cyclin D1) mRNA was 

downregulated by IL-6 trans-signaling there was no significant change in cellular proliferation 

(data not shown). 

MCs stimulate sIL-6R shedding and IL-6 production in peripheral blood-derived MNCs. 

Taken together, our studies demonstrate that both IL-6 and sIL-6R are upregulated in the lungs 

of patients with CLAD and IL-6 trans-signaling strongly stimulates MC invasion and fibrotic 

differentiation. Since MCs do not express appreciable levels of sIL-6R (Figure 2B), the 

necessary sIL-6R must be produced by some other cell type in the local microenvironment. Prior 

studies in mice have shown that over 70% of all circulating sIL-6R is derived from myeloid cells 

(36) and CLAD lungs show significant infiltration by myeloid MNC cells (15). This led us to 

investigate the interaction of lung resident MCs with peripheral blood-derived MNCs. Freshly 

isolated MNCs grown alone express a low level of sIL-6R (Figure 4A). A coculture system of 

both MNCs and CLAD free MC produced over 40-fold more sIL-6R (Figure 4A). Since MCs do 

not express the IL-6 receptor, we attributed this increase in sIL-6R exclusively to the MNC 

population. To explicitly test this assumption, we treated MNC with MC-conditioned media 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

which we previously confirmed lacked sIL-6R (Figure 2B). As seen in Figure 4A, MC-

conditioned media was able to stimulate a 7-fold increase in sIL-6R concentration which was 

higher than baseline but significantly lower than in the co-culture system. Taken together the 

coculture and conditioned media experiments prove that MC constitutively release a stable 

signaling molecule which stimulates MNC to increase sIL-6R generation. When cocultured with 

MCs or exposed to MC-conditioned media, MNCs had no significant change in their IL-6R 

mRNA expression (data not shown) but did have significant upregulation in ADAM17 mRNA 

level (Figure 4B). This suggests that sIL-6R may be generated at least partially by cell surface 

shedding. To investigate this hypothesis further we treated MNC with MC-conditioned media in 

the presence of GW280264X, an ADAM17 inhibitor. Inhibition of ADAM17 decreased sIL-6R 

production by approximately 51.4% confirming that ADAM17 is important for sIL-6R 

generation but is likely not the only mechanism (Figure 4C).  Interestingly, MNCs cocultured 

with MCs also had a greater than 50-fold increase in IL-6 mRNA expression (Figure 4D). Given 

our prior observation that the combination of IL-6/sIL-6R stimulated a higher degree of STAT3 

phosphorylation compared to sIL-6R alone (Figure 2C), increased secretion of IL-6 by MNC 

should maximize IL-6 trans-signaling in the MC population. Consistent with this hypothesis, 

MCs in coculture with MNC demonstrated strong persistent STAT3 phosphorylation (Figure 4E, 

lanes 1 versus 4). This phosphorylation was inhibited by both an IL-6 neutralizing antibody and 

ruxolitinib confirming it was downstream of IL-6-mediated JAK1/2 signaling (Figure 4E). 

Orthotopic lung transplantation into an IL-6 deficient recipient ameliorates allograft 

fibrosis. After demonstrating that human MNCs release IL-6/sIL-6R and stimulate MC invasion 

and fibrosis, we sought to evaluate the effect of IL-6 signaling in an established mouse model of 

allograft fibrosis. First, we wanted to confirm that murine cells responded to IL-6 trans-signaling 

similar to their human counterparts. Primary mouse pulmonary MCs increase STAT3 

phosphorylation in response to stimulation with IL-6 and sIL-6R (Figure 5A). Furthermore, 

coculture of murine MNCs with MCs produces a robust upregulation of IL-6 mRNA within the 

MNCs (Figure 5B) as well as collagen 1 and ATX within the MCs (Figure 5C). 

We have recently characterized an orthotopic lung transplant model of CLAD where 

transplantation of lung from an B6D2F1/J donor into a C57BL/6J recipient causes progressive 
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peribronchial and pleural fibrosis with high reproducibility (37). In addition to fibrosis, our 

mouse model recapitulates specific histopathologic aspects noted in a particularly fulminant 

phenotype of CLAD termed restrictive allograft syndrome (RAS) including lymphocytic 

infiltration around the bronchovascular bundle, endothelialitis, MNC influx, and fibrinous 

exudates associated with alveolar damage. Similar to the human results presented in Figure 1, 

transplanted murine lungs show progressive increases in IL-6 expression as the mouse develops 

allograft fibrosis (Figure 5D). This increase in IL-6 mRNA expression was also seen in sorted 

CD45+ immune cells (Figure 5E). Interestingly CD45+ cells also show an increase in ADAM17 

expression making it probable that there is a concurrent increase in sIL-6R (Figure 5F). 

Histology from 28-day old allografts show marked lymphocytic bronchiolitis and proliferation of 

peribronchial MCs which invade into the adjacent alveolar space (Figure 5G). Similar 

inflammation and MC proliferation can be seen along the visceral pleura (Figure 5G). This is in 

stark contrast to the bronchovascular bundle and pleura of isograft lungs which are histologically 

normal. Overlapping the inflammation in the allograft lungs are dense collagen deposits 

(Masson’s Trichrome stain, Figure 5H). Transplantation of a donor lung into an IL-6-/- C57BL/6J 

recipient produces significantly less MC proliferation and fibrotic scarring (Figure 5G, H). 

Quantification of mature collagen using hydroxyproline assay demonstrated a 50% decrease in 

collagen content in IL-6-/- recipients (Figure 5I). These data strongly support a role of IL-6 

signaling in the progression of lung allograft fibrogenesis. 

DISCUSSION

Fibrosis, a key pathologic feature of CLAD, develops as a remodeling response by the donor 

mesenchymal cells to recipient-derived immune cell inflammation following an alloimmune 

insult. Despite the interconnected nature of this pathogenic process, the exact crosstalk between 

different cell populations within the allograft remains poorly understood. In this manuscript, we 

present a longitudinal series of studies which demonstrates that trans IL-6 signaling is a critical 

mediator of mesenchymal cell–immune cell crosstalk and CLAD progression. First, we 

demonstrate that in human lung transplant recipients, BAL levels of IL-6 and sIL-6R consistently 

increase following the establishment of CLAD. Furthermore, high BAL levels of IL-6 predicts 

future development of CLAD. Next, we establish that MCs promote IL-6 secretion and sIL-6R 

shedding by MNCs. This in turn induces vigorous IL-6 trans-signaling in MCs stimulating JAK2-
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dependent STAT3 phosphorylation and nuclear translocation. Nuclear STAT3 promotes fibrotic 

activation of the MC by upregulating key fibrotic factors such as ATX and collagen. Finally, in a 

murine orthotopic lung transplant model, elimination of recipient immune cell IL-6 signaling 

results in a significant decrease in allograft fibrosis. Overall, these studies support a synergistic 

model where graft-resident MC and recipient-derived MNCs stimulate each other resulting in IL-

6 trans-signaling, MC invasion, and allograft fibrosis. 

sIL-6R has been implicated in the development of several autoimmune diseases (e.g. rheumatoid 

arthritis (38), systemic sclerosis (39)), immune-mediated lung diseases (e.g. asthma (40), COPD 

(41)), and fibrotic lung disease (42). Our study is the first to link sIL-6R and IL-6 trans-signaling 

with CLAD. Longitudinal investigation of BAL fluid from lung transplant recipients demonstrated 

a significant increase in both IL-6 and sIL-6R after CLAD onset.  Similar changes were noted in 

the murine model where IL-6 and ADAM17, a surrogate for sIL-6R, increase over time. As 

expected, infiltrating immune cells were the predominant source of both IL-6 and sIL-6R. The 

exact signaling pathway which stimulates immune cells to upregulate IL-6 secretion and sIL-6R 

shedding is unclear. However, the process that we observed in the lungs was remarkably similar 

to prior studies which cocultured peripheral blood macrophages and bone marrow-derived 

mesenchymal stem cells (43, 44).  These mesenchymal stem cell-educated macrophages (MEMs) 

increased the expression of IL-6 and promoted wound healing (43) which is comparable to our 

activated MNCs which induce invasion and scar formation.  Further study of the signaling cascades 

upstream of IL-6 and sIL-6R generation will not only advance our understanding of CLAD 

pathogenesis but will also produce prime therapeutic targets. 

A key finding of this study is that IL-6 trans-signaling directly activates allograft MCs and 

upregulates genes associated with invasion and fibrosis. For our studies, we used human primary 

MCs derived from BAL-fluid which we have previously shown are of donor origin and are the 

primary contributors to allograft fibrogenesis (12, 30). At baseline, these cells express moderate 

quantities of IL-6 comparable to mesenchymal stromal cells isolated from other organs (33, 45). 

Since they lack IL-6R expression there is no STAT3 phosphorylation or autocrine signaling at 

baseline. However, the production of IL-6 means they are “primed” and exposure to even small 

amounts of sIL-6R alone can produce rapid and prolonged signaling. This is in contrast to 
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pulmonary fibroblasts obtained via trypsin digestion which do not express IL-6 and require both 

IL-6 and sIL-6R for STAT3 activation (46-49).  This differential response to IL-6 trans-signaling 

may explain some of the spatial heterogeneity associated with allograft fibrosis. MCs responded 

to IL-6 trans-signaling with prolonged STAT3 phosphorylation resulting in increased invasion and 

collagen deposition. Notable and unique among genes upregulated by STAT3 is ATX. ATX 

secretion by MCs drives their migration and fibrotic differentiation in an autocrine manner via 

generation of pro-fibrotic lipid mediator LPA. We have previously demonstrated a key role for 

ATX/LPA signaling in development of CLAD. The potential cooperativity and interplay between 

these two pathways in driving MC activation and fibrotic differentiation leaves an exciting avenue 

for future studies aimed at deciphering and targeting interconnected mechanisms of MC activation 

and allograft fibrogenesis.

In this paper, we propose a model of MC-MNC interactions where the MNCs migrate into the MC 

microenvironment and are stimulated to release both IL-6 and sIL-6R which feeds back onto the 

MC to increase the expression of invasive and fibrotic genes. Superficially this model explains 

why transplantation of a donor lung into an IL-6 deficient recipient results in a reduction of 

collagen deposition in the allograft lung. However, IL-6 is a pleomorphic cytokine which is known 

to regulate multiple aspect of immune cell function including B cell maturation, suppression of 

regulator T-cells, and inhibition of natural killer cells (13, 50). Therefore, IL-6 likely contributes 

to allograft fibrogenesis via direct stimulation of MCs and indirect alteration of the immune cell 

populations. Further studies are needed to delineate the effect of IL-6 in regulating other key 

cellular and biological mediators of graft injury and remodeling. 

The critical role of IL-6 signaling in the pathogenesis of both acute pulmonary illness (e.g. 

COVID-19 infection) and chronic pulmonary disease (e.g. idiopathic pulmonary fibrosis) is 

increasingly recognized. Our manuscript adds to this growing body of literature by establishing 

the role of trans IL-6 signaling in progression of allograft fibrosis following lung transplant. While 

we are the first to establish a role of IL-6 signaling in chronic lung disease following lung 

transplantation it should be noted that hematologists have been studying the role of IL-6 in chronic 

lung disease following bone marrow transplant since 2013(51, 52). Currently, there are several 

FDA-approved medications designed to target parts of the IL-6 signaling pathway including trans-
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signaling blocker (olamkicept), IL-6 neutralizing antibody (sirukumab, olokzumab, siltiximab), 

IL-6R neutralizing antibody (tocilizumab, sarilumab) and STAT inhibitors (tofacitinib, 

ruxolitinib)(13). We believe that our data support further investigations into the role of anti-IL-6 

therapies as treatment for CLAD. 
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TABLE I: Patient demographics and transplant statistics.

Entire cohort (n=22)

Variable Pre-CLAD BAL Post-CLAD BAL

Age in years, n (%)  

     <30 6 (27.2%)

     30-40 2 (9.1%)

     40-50 3 (13.6%)

     50-60 8 (36.4%)

     >60 3 (13.6%)

Female sex, n (%) 9 (40.9%)

Pre-transplant diagnosis, n (%)

     COPD/emphysema 4 (18.1%)

     ILD 8 (36.4%)

     Cystic fibrosis 6 (27.2%)

     Other 4 (18.1%)

Bilateral lung transplant, n (%) 15 (68.1%)

Days BAL after lung transplant, mean±SD 418±260 1548±1148

Abbreviations: COPD-chronic obstructive pulmonary disease, ILD-interstitial lung disease, 

BAL-bronchoalveolar lavage

FIGURE LEGENDS

Figure 1. BAL fluid obtained from patients with CLAD demonstrate elevated levels of IL-6 

and sIL-6R when compared to CLAD free controls. (A) BAL concentrations of IL-6 were 

measured by ELISA for 22 matched pre-CLAD and post-CLAD samples and were compared 

using a matched pair Wilcoxon test. Post-CLAD samples had significantly higher IL-6 levels 

(535.2±476.7pg/mL) compared to CLAD free controls (296.0±193.2pg/mL, Wilcoxon test  

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

p=0.0251). (B) Absolute change in BAL IL-6 concentration per patient ranked in ascending 

order. (C) Post-CLAD BAL samples also had higher levels of sIL-6R (2.670±1.96pg/mL), 

measured by ELISA, compared to CLAD free controls (1.385±0.77pg/mL; Wilcoxon test 

p=0.0074). (D) Absolute change in BAL sIL-6R concentration per patient ranked in ascending 

order. (E) There is a significant linear correlation between IL-6 and sIL-6R levels in both pre-

CLAD (Spearman’s correlation=0.3056, p=0.0076), post-CLAD (Spearman’s 

correlation=0.5011, p=0.0002), and combined groups (shown). (F) The parent cohort of 40 one-

year surveillance bronchoscopies was subdivided into tertiles based on BAL IL-6 levels (<180 

pg/mL, 180-212 pg/mL, >212 pg/mL) and compared using standard Kaplan-Meyer analysis. 

Patients in the lowest tertile had significantly longer time to CLAD onset compared to patients in 

the middle or upper tertiles (media survival 4.402 vs. 1.777 vs. 1.077 years respectively, 

p=0.001). 

Figure 2.  IL-6 trans-signaling stimulates prolonged STAT3 phosphorylation via a JAK2-

dependent mechanism in human BAL-derived MCs.  (A) Confluent cultures of pulmonary 

tissue-derived fibroblasts and BAL-derived MC were grown in serum free media for 24 hours. 

The media was removed and IL-6 and sIL-6R concentrations were measured by ELISA. Tissue-

derived fibroblasts secreted approximately one-tenth of the IL-6 (44.75±20.49pg/mL, n=3) 

produced by BAL-derived MCs cells (474.5±74.11pg/mL, n=6, p<0.0001). (B) Neither tissue-

derived fibroblasts or BAL-derived MCs secrete significant amounts of sIL-6R (0.2749±0.24 

pg/mL, n=4 and 0.4600±0.25 pg/mL, n=8 respectively). (C) MCs were treated with vehicle, 50 

ng/mL IL-6, 200 ng/mL sIL-6R or the combination of IL-6 and sIL-6R for 30 minutes. 

Representative western blot and quantification of STAT3 Tyr705 phosphorylation. sIL-6R alone 

stimulates a 7.5-fold increase in STAT3 Tyr705 phosphorylation while the combination of IL-6 

and sIL-6R stimulates approximately 15-fold increase in STAT3 Tyr705 phosphorylation 

compared to vehicle control (n=6, ***p=0.001). (D) Reduction in endogenously produced IL-6 

by addition of an IL-6 neutralizing antibody completely blocks sIL-6R-stimulated STAT3 

phosphorylation (0.824±0.54 vs 11.707±7.53 vs 0.400±0.93, ***p < 0.001, ****p<0.0001, n=7).  

(E) IL-6/sIL-6R treatment induces significant prolonged STAT3 Tyr705 phosphorylation (n=3, 

*p<0.05 **p<0.01 compared to time 0). (F) MCs grown on coverslips were treated with either 

vehicle or the combination of IL-6 and sIL-6R for one hour and then labeled by 
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immunofluorescence phospho-STAT3 Tyr705 and DAPI (n=3, representative images shown). 

IL-6/sIL-6R stimulated phospho-STAT3 was predominantly observed within the nucleus of the 

cell. MCs were co-treated with IL-6/sIL-6R and various concentrations of the JAK inhibitors (G) 

ruxolitinib, (H) NVP-BSK805 and (I) WHI-P154. Ruxolitinib (JAK 1/2 pan inhibitor; JAK1 

IC50 3.3 nM, JAK2 IC50 2.8 nM) and NVP-BSK805 (JAK 2 specific inhibitor; JAK1 IC50 

31.6nM, JAK2 IC50 0.5nM) were able to block IL-6/sIL-6R-mediated STAT3 phosphorylation 

in a dose dependent manner. WHI-P154 (JAK 3 inhibitor; JAK3 IC50 1.8M) had no effect on 

IL-6/sIL-6R stimulated STAT3 phosphorylation (n=3, representative images shown).

Figure 3.  IL-6 trans-signaling stimulates cellular invasion and fibrotic differentiation. 

(A) mRNA was harvested from MCs treated with either vehicle or the combination of IL-6 and 

sIL-6R for 24 hours. Expression of known STAT3-regulated genes was assessed using qPCR 

(n=4, * p<0.05 ** p<0.01 *** p<0.001). (B) The invasiveness of MC treated with vehicle, IL-6, 

sIL-6R or IL-6/sIL-6R was measured using a standard matrigel transwell invasion assay and 

qualitatively assessed by cytology and quantitatively evaluated by MTT assay. Representative 

image of MC which migrated through the matrigel to the underside of the transwell membrane. 

(scale bar represents 50 m). (C) The combination of IL-6/sIL-6R caused a 37% increase in 

invasion compared to vehicle control (100.0±25.9 versus 136.9±23.14, n=6, p<0.05) (D) Co-

treatment with IL-6 and sIL-6R stimulated significant increase in collagen protein expression 

(1.0 vs 2.492±1.03, n=6, *p<0.05). (E) sIL-6R-induced collagen expression was completed 

blocked by the addition of an IL-6 neutralizing antibody (1.00±0.18 vs 1.642±0.85 vs 

0.295±0.17, n=4, *p<0.05 ****p<0.0001). 

Figure 4. Coculture of peripheral blood MNCs and MCs activates both cell types. Peripheral 

blood MNCs (top chamber) were grown in the presence or absence of MCs (bottom chamber) in 

a transwell containing serum free media for 24 hours. (A) MNCs cocultured with MC produced 

significantly higher levels of sIL-6R (86.20±30.82, n=3) compared to PBMCs grown alone 

(4.88±2.20, n=4, **p<0.01). MNCs treated with conditioned media also had an increase in sIL-

6R generation that was lower in the coculture model (37.96±9.30, n=3, *p<0.05). (B) Both MNC 

cocultured with MCs and treated with MC-conditioned media had significant upregulation of 

ADAM17 mRNA (0.95±0.19 vs 1.875±0.77 vs 2.183±0.9, n=4, **p<0.001). (C) The addition of 
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the ADAM17 inhibitor GW280264X reduced the amount of sIL-6R stimulated by MC-

conditioned media by approximately 51% suggesting that membrane shedding was a significant 

source of media sIL-6R (13.32+0.25 vs 39.85+3.19 vs 26.22+1.47, n=4, ***p<0.001 

****p<0.0001). (D) The presence of MCs also induced a 50-fold increase in MNC IL-6 mRNA 

expression (1.158±0.14 versus 56.50±12.92, n=3-4, p=0.0008). (E) The lysates of MCs grown in 

the presence or absence of MNCs, 10 nM ruxolitinib and/or 0.1 g/mL IL-6 neutralizing 

antibody were probed for phospho-STAT3 Tyr705. Coculture stimulated robust STAT3 

phosphorylation consistent with IL-6 trans-signaling (*** p<0.001, n=4). This phosphorylation 

was blocked by inhibition of JAK and neutralization of IL-6. 

 

Figure 5. Blockade IL-6 signaling reduces fibrosis in a murine model of CLAD.  

(A) Confluent primary MCs isolated from the lung of B6D2F1/J mice were grown in serum free 

media for 24 hours and then treated with vehicle, 50 ng/mL IL-6, 200 ng/mL sIL-6R or the 

combination of IL-6 and sIL-6R for 30 minutes. Only the combination of both IL-6 and sIL-6R 

induced STAT3 Tyr705 phosphorylation (n=4, representative image shown). (B) Adherent 

MNCs were isolated from the bone marrow of C57BL/6J and grown in coculture with primary 

pulmonary MCs for 48 hours and then mRNA was harvested from both compartments. MNC 

grown in coculture with MCs expressed significantly higher IL-6 mRNA compared to MNC 

grown alone (6.023±4.58 vs 23.13±4.34, n=3-8, ***p=0.007). (C) The presence of MNC causes 

MC to express 1.7-fold greater levels of collagen 1 mRNA (0.97±0.05 vs 1.63±0.27, n=4, 

**p<0.01) and 2.1-fold greater levels of ATX mRNA (0.68±0.31 vs 1.41±0.35, n=4, **p<0.01). 

Coculture had no effect on α-SMA mRNA expression. (D) The left lung of a B6D2F1/J donor 

mouse was transplanted into B6D2F1/J recipient (isograft) or a C57BL/6J recipient (allograft). 

Following transplantation, there was progressive increase in total lung homogenate IL-6 mRNA 

(n=3-6). At 28 and 40 days post-transplant, IL-6 mRNA expression was 3-fold and 

approximately 5-fold higher than baseline respectively (1.185±0.65 vs 3.629±1.59 vs 

6.427±1.55, *** p=0.008 **** p<0.0001). (E) RNA isolation from CD45+ positive cells derived 

from either isografts or day 28 allografts showed a significant difference in IL-6 expression 

(5.211±1.618 vs 32.78±20.80, n=4-10, *p=0.0239). (F) There was also a significant increase in 

ADAM17 mRNA expression in CD45 positive cells isolated from allografts compared to 

matched isografts (0.8216±0.13 vs 1.673±0.27, ****p=0.0001).  (G) Representative hematoxylin 
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and eosin stained paraffin sections of isograft, allograft and allograft using an IL-6-/- recipient 28 

days after transplantation. Allografts have extensive inflammation around the bronchovascular 

bundle (endothelitis and lymphocytic bronchitis) associated alveolar mononuclear cell 

infiltration. A mononuclear cell pleuritis was also present. Transplantation into an IL-6-/- 

recipient resulted in reduced parenchymal and pleural inflammation. (n=3, representative images 

shown, scale bar represents 500 m) (H) Isograft, allograft and IL-6-/- allograft paraffin sections 

stained with trichrome. Compared to isografts, allografts show dense fibrosis around the 

bronchovascular bundle and along the pleura. This fibrosis was significantly reduced in 

allografts using an IL-6-/- recipient. (n=3, representative images shown, scale bar represents 500 

m) (I) Allografts had 4.5-fold greater hydroxyproline compared to isografts (20.1±2.1 vs. 

90.3±34.7, n=6, **p<0.01). IL-6-/- recipient mice had 51% reduction in hydroxyproline when 

compared with wildtype allografts (46.3±15.0 vs 90.3±34.7, n=6, *p<0.01).

Supporting Information Statement

Additional supporting information may be found online in the Supporting Information section at 

the end of the article.
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