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Abstract

Amphiregulin (AREG), an epidermal growth factor receptor ligand, is implicated in tissue repair
and fibrosis but its cellular source and role in regeneration vs. fibrosis remain unclear. In this study
we hypothesize that AREG induced in bone marrow derived CD11c+ cells is essential for
pulmonary fibrosis. Thus the objectives were to evaluate the importance and role of AREG in
pulmonary fibrosis, identify the cellular source of AREG induction and analyze its regulation of
fibroblast function and activation. The results showed that lung AREG expression was
significantly induced in bleomycin-induced pulmonary fibrosis. AREG deficiency in knockout
(KO) mice significantly diminished pulmonary fibrosis. Analysis of AREG expression in major
lung cell types revealed induction in fibrotic lungs predominantly occurred in CD11c™ cells.
Moreover depletion of bone marrow derived CD11c* cells suppressed both induction of lung
AREG expression and pulmonary fibrosis. Conversely, adoptive transfer of bone marrow-derived
CD11c* cells from BLM-treated donor mice exacerbated pulmonary fibrosis but not if the donor
cells were made AREG-deficient prior to transfer. CD11c* cell conditioned media or co-culture
stimulated fibroblast proliferation, activation and myofibroblast differentiation in an AREG
dependent manner. Furthermore recombinant AREG induced telomerase reverse transcriptase
(TERT) which appeared to be essential for the proliferative effect. Finally AREG significantly
enhanced fibroblast motility, which was associated with increased expression of a6 integrin. These
findings suggested that induced AREG specifically in recruited bone marrow-derived CD11c*
cells promoted bleomycin induced pulmonary fibrosis by activation of fibroblast TERT dependent
proliferation, motility and indirectly, myofibroblast differentiation.

Introduction

Progressive fibrosis in chronic fibroproliferative diseases is characterized by mensenchymal
cell recruitment, proliferation, and activation with de novo emergence and persistence of
myofibroblasts (1-3). Pathogenesis of some of these diseases, such as idiopathic pulmonary
fibrosis (IPF), remains poorly elucidated. Although a myriad of the factors are known to
regulate fibroblast proliferation, motility and invasiveness, the identity and role of the
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specific factor or factors and their cellular origin remain obscure with respect to their
significance in pathogenesis of fibrosis. EGF receptor (EGFR) signaling is implicated in
renal, hepatic and pulmonary fibrosis, with TGFa being a candidate EGFR ligand (4-8).
This has been demonstrated by use of EGFR specific neutralizing antibodies or tyrosine
kinase inhibitors (4, 7, 9, 10). AREG is another polypeptide growth factor that belongs to the
EGF family, which mediates its biologic function through the EGFR (11, 12). AREG is
expressed in multiple cell populations, including epithelial cells, leukocytes, dendritic cells,
fibroblasts and keratinocytes, and more recently shown in group 2 innate lymphoid cells
(ILC2) and Tregs (13). It is expressed as a transmembrane precursor (Pro-AREG), which is
proteolytically cleaved off by ADAML17 to release the mature soluble form or ectodomain.
Because the membrane bound Pro-AREG is active on adjacent EGFR, AREG has juxtacrine,
in addition to paracrine and autocrine activities (14). It plays an essential role in the
pathogenesis of TGFB1-induced pulmonary fibrosis (15). In addition, AREG knockout (KO)
mice exhibited reduced liver fibrosis with suppression of myofibroblast differentiation (8).
AREG is induced in certain cancers and is implicated in the promotion of tumor growth and
metastasis. Significant upregulation of amphiregulin (AREG) in tumor-infiltrating CD11c*
dendritic cells (DCs) in human lung cancer samples and patients’ sera provides support for a
role of AREG in cancer (16). Moreover cancer-derived ATP induced AREG expression in
DCs is reported to promote tumorigenesis (17). Interestingly, DCs are implicated in
pulmonary fibrosis in humans and animal models (18-22). EGFR signaling is also
implicated in tissue repair/regeneration after injury and recovery of organ function. Treg or
ILC2-derived AREG is recently shown to be important in recovery from airway injury due
to influenza infection (23-25). Another study shows that systemic administration
(intraperitoneal injection) of AREG affords some protection from bleomycin (BLM)-
induced lung injury (25). Thus while AREG is implicated in both tissue repair and fibrosis,
its cellular source and precise function in pulmonary fibrosis remains unclear.

Based on the prior studies, we hypothesized that bone marrow (BM) derived DCs is a key
source of induced AREG expression in pulmonary fibrosis and is important in driving
fibrosis by inducing fibroblast proliferation and motility. To test this hypothesis the
bleomycin model of pulmonary fibrosis was utilized to evaluate AREG expression, its
cellular source and role in regulation of fibroblast function and activation. AREG induction
resided primarily in BM derived CD11c* cells with phenotypic properties consistent with
DCs. Conditioned media from these cells or co-culture with these cells induced TERT and
fibroblast proliferation, which was TERT dependent. AREG promoted fibroblast motility
that was associated with induction of a6 integrin. Further studies revealed an indirect role
for CD11c™ cell derived AREG in myofibroblast differentiation. Adoptive transfer of
CD11c* cells promoted fibrosis but not if the donor cells were AREG deficient. Thus AREG
induction in BM derived CD11c+ cells are of specific importance in pathogenesis of
pulmonary fibrosis.
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Materials and Methods

Mice

Female CD11c-DTR mice [B6.FVB-Tg (Itgax-DTR/EGFP)57Lan/J] (26) on the C57BL/6J
background and littermates (6—8 weeks old) were purchased from the Jackson Laboratory
(Bar Harbor, ME). Areg KO mice (6-8 weeks old) on a mixed background of 129 and
C57BL/6J strains (27) were gifts from Dr. Susumu Nakae (University of Tokyo, The
Institute of Medical Science, Japan). These Areg KO mice had been backcrossed four times
with C57BL/6 mice. Mixed background B6129ASF2/J mice were purchased from the
Jackson Laboratory, and used as control wild type mice. Pulmonary fibrosis was induced as
before (28, 29) by the endotracheal injection of 2.5U/kg body weight BLM (Blenoxane;
Mead Johnson, Plainsboro, NJ). CD11c-DTR bone marrow (BM) chimera mice were
generated by transplanting BM from CD11c-DTR mice into irradiated wild type (WT)
recipients as before (28, 29). Six weeks after BM transplantation, pulmonary fibrosis was
induced. Administration of DT (8 ng/g body weight, ip injection) to CD11c-DTR-BM
chimera mice every other day selectively depleted BM-derived CD11c* cells. Where
indicated, 5x10% BM-derived CD11c" cells from BLM-treated mice without or with AREG
shRNA pretreatment (see below) were transferred by endotracheal injection into recipient
mice that were treated with 1U/kg body weight low dose BLM 2 days prior to cell transfer.
Control mice received sterile saline (SAL) alone. All animal studies were reviewed and
approved by the University Committee on Use and Care of Animals at the University of
Michigan.

Isolation of Broncho-alveolar lavage fluid and lung cells

Broncho-alveolar lavage (BAL) and single lung cell suspension for flow cytometric analysis
were prepared as described before (28-30). Fibroblasts and type Il alveolar epithelial cells
were isolated from freshly dissected lung tissue by mincing and enzymatic digestion as
described before (31, 32). Lineage™ CD90.2* ST2* (eBiosciences, San Diego, CA) lung
ILC2 were sort-purified from whole lung cell suspension using BC MoFloAsrios cell sorter
(Beckman Coulter Inc. Brea, CA). Where indicated, cells were treated with recombinant
AREG (R &D systems, Inc., Minneapolis, MN) diluted in medium supplemented with 0.5%
plasma-derived serum and further incubated for 24-72 hours before harvest and analysis.

Flow cytometry

Cell suspensions from freshly digested lung tissue samples were prepared by enzyme
digestion as described above and analyzed by flow cytometry as before (28-30). FITC
conjugated anti-mouse CD11c antibody or its isotype control (eBioscience) were used.
Flow-cytometric analysis was undertaken using an Epics XL-MCL machine (Beckman
Coulter Inc., Miami, Florida, USA). Data collected were analyzed using FlowJo software
(Tree Star, Inc., Ashland, OR).
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Small hairpin RNA (shRNA) transfection

BMDCs were transfected with AREG shRNA lentiviral particles or its control (sc-39413-V,
Santa Cruz) in accordance with the manufacturer’s instructions. Transfected cells were
cultured for 7 days before transfer to recipient mice.

Quantitative real-time RT-PCR

Primers and probes for mouse AREG, aSMA, procollagen I, TERT, a6 integrin and 18s
RNA were purchased from Applied Biosystems. One-step real-time RT-PCR (qRT-PCR)
was performed on a GeneAmp 7500 Sequence Detection System (Applied Biosystems).
Results were expressed as 272ACT as previously described using 18s RNA as the reference,
and the respective control group as calibrator (33).

Cell proliferation assay

Cell proliferation was measured in primary mouse lung fibroblasts (MLFs), TERT KO MLF
(34), human lung fibroblasts (HLF) and BJ and BJ5ta (human foreskin fibroblast) cell lines
(ATCC, Manassas, Virginia) by cell counting with Z2 Coulter count and size analyzer
(Beckman Coulter Inc.) or WST-1 assay (Roche) as described before (30).

Induction of CD11c* cells from mouse bone marrow progenitors

Dendritic cell skewed bone marrow-derived CD11c* cells were induced by GM-CSF (R &D
systems, Inc., Minneapolis, MN) as described before (29).

Cell culture and coculture

Histological

MLFs were plated (1.5x10° cells/well) in the 6-well plates until subconfluent. Where
indicated after 24 hours of starvation with serum-free medium, MLFs were treated with 100
ng/ml recombinant AREG (R & D) in absence or presence of 5 uM EGFR inhibitor
PD153035 HCI (Sigma) for another 16 hours. The MLFs were then harvested for mMRNA
analysis. For cell coculture experiments 24-well plates with 0.4-um Pore Polycarbonate
Membrane Inserts (Corning Incorporated, Corning, NY) were used. MLFs were plated
(1.5x10° cells/well) in the bottom chambers of plates for 24 hours prior to the addition of
1x10% BM-derived CD11c* cells from WT or Areg KO mice to the upper inserts. The upper
chambers containing medium only were used as controls. The co-cultured MLFs were
collected for RNA isolation after an additional 48 hours of incubation.

analysis

The lungs were inflated by intratracheal perfusion and fixed for 24 h with 4%
paraformaldehyde. Lung tissue was then paraffin embedded, sectioned, and stained with
hematoxylin and eosin (H&E).

Hydroxyproline assay

Lung hydroxyproline content was measured in whole lung homogenates as previously
described (28). The results were expressed as g of hydroxyproline per lung.
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AREG ELISA and Western blotting analysis

AREG levels in BAL fluid from control and BLM-treated mice were detected using RayBio
amphiregulin ELISA kit (RayBiotech, Inc., Norcross GA) in accordance with the
manufacturer’s instructions. Goat anti-AREG antibodies (R & D) were used for western
blotting analysis of AREG in mouse lung tissue samples and CD11c+ cells using a 4-12%
gradient polyacrylamide gel. HRP conjugated GAPDH antibodies (Sigma) were used to
detect GAPDH, which was used as the loading control. The intensity of protein bands were
quantitatively analyzed by ImageQuant TL software (GE Healthcare Life Sciences,
Pittsburgh, PA).

Scratch would healing assay

Statistics

Results

Primary HLF were plated in a 96-well ImageLock plate (Essen Instruments, Ann Arbor,
MI). Twenty-four hours later, the HLF monolayers were wounded using WoundMaker
following manufacture’s instruction. AREG (200 ng/ml) or buffer only was added into the
plate. Images were recorded every 45 minute, and analyzed by an Incucyte Imaging System
(Essen Instruments).

Differences between means of various treatment and control groups were assessed for
statistical significance by ANOVA followed by post-hoc analysis using Scheffé’s test for
comparison between any 2 groups. P value <0.05 was considered significant.

AREG was induced in BLM-induced pulmonary fibrosis

To study the involvement of AREG in BLM-induced pulmonary fibrosis, we first
investigated the expression of AREG in the mouse lungs after BLM treatment. The results
showed that AREG mRNA expression in BLM treated lungs was highly induced by ~5-fold
compared to SAL treated lungs at day 7 after BLM treatment (Figure 1A). This induction
was reflected at the protein level as analyzed by Western blotting. Both forms of AREG
protein (~38 and 20 kDa) were increased in lung tissue samples from day 21 BLM treated
mice (Figure 1B). Thus BLM-induced lung injury caused significant induction of AREG
expression in the lung.

BLM-induced pulmonary fibrosis was attenuated in AREG-deficient mice

To evaluate the importance of AREG in vivo, BLM-induced lung fibrosis was evaluated in
control (B6129SAF2/J) and Areg KO mice. When subjected to BLM-induced lung injury,
Areg KO mice showed significantly reduced fibrosis relative to control mice, both
morphologically and biochemically by hydroxyproline analysis (Figures 2A and B,
respectively). The reduction in fibrosis was accompanied with a significant reduction in
BLM-induced increases of aSMA, procollagen | and TERT expression (Figure 2C). These
data confirmed an essential role for AREG in BLM induced pulmonary fibrosis, fibroblast
activation and myofibroblast differentiation.
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AREG was induced in lung CD11c* cells after BLM treatment

To identify the cellular source of AREG expression in lung tissue, AREG mRNA expression
was examined in different lung cell types. The results showed predominant expression in
lung CD11c* cells, with lower levels of expression in lung fibroblasts, ILC2, BAL cells, and
minimally in type Il alveolar epithelial cells (Figure 3). BLM caused a significant induction
of AREG in CD11c* and type Il alveolar epithelial cells only. However the levels of
expression in CD11c* cells were >100-fold higher than that in epithelial cells.

Depletion of BM derived CD11c* cells reduced lung AREG expression and attenuated
pulmonary fibrosis

Given the BLM-induced recruitment of BM CD11c* cells into the lung as reported
previously (18, 35), we evaluated the role of these cells in pulmonary fibrosis /n vivo. The
effect of depleting these cells on the BLM model was examined using CD11c-DTR BM
chimera mice. CD11c-DTR mice express a high-affinity diphtheria toxin (DT) receptor
under control of the CD11c promoter, which makes the CD11c™ cells selectively susceptible
to DT. However, repeated DT injection caused significant number of fatalities (data not
shown) or resulted in extra-hematopoietic toxicity (26). Thus, the time window of DT-
induced cell ablation was limited to 2-3 injections administered every other day. CD11c-
DTR BM chimeric mice were generated through reconstitution of lethally irradiated
recipient WT mice with donor CD11c-DTR mouse BM cells. Flow cytometric analysis of
the lung cells revealed approximately 3% CD11c* cells in SAL-treated control lungs, which
increased gradually to 11.3% at day 21 after BLM treatment (Figure 4A). This BLM-
induced increase in lung CD11c* cells was absent in DT treated CD11c-DTR BM chimera
mice indicating effective suppression of BLM-induced influx of CD11c* BM cells to the
injured lung, which resulted in virtually complete suppression of the BLM-induced increase
in lung AREG expression (Figure 4B). Consistent with the BLM-induced increase in lung
tissue AREG mRNA, the results showed a remarkable increase (>6-fold) in AREG levels in
BAL fluid at day 7, which was sustained at day 21 after BLM treatment. These BLM
induced increase in BAL fluid AREG protein levels were significantly reduced in CD11c-
DTR BM chimera mice at day 7, and further reduced by day 21 (Figure 4C). Analysis of
AREG expression in BM-derived cells treated with GM-CSF to induce CD11c* cell
differentiation confirmed that BM CD11c" cells represented an inducible source of AREG
expression (Figure 4D). Depletion of BM CD11c+ cells by DT treatment of CD11c-DTR
BM chimera mice also attenuated BLM-induced fibrosis as revealed by histopathology
(Figure 4E) and biochemically by lung tissue hydroxyproline analysis (Figure 4F). This
suppression of fibrosis was accompanied by significant inhibition of BLM-induced TGF
and aSMA expression in the lung (Figure 4G), suggesting that the role of AREG in fibrosis
is upstream of that for TGFp and its stimulatory effect on myofibroblast differentiation (36).
The results taken together would be consistent with recruited BM CD11c™ cells as the key
cellular source of BLM-induced lung AREG expression, which was essential for the
accompanying pulmonary fibrosis.
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BM derived CD11c* cells exacerbated BLM-induced pulmonary fibrosis in an AREG-
dependent manner

To further confirm the importance of AREG expression by BM-derived CD11c* cells in
pulmonary fibrosis the effects of transferring BM CD11c* cells on BLM-induced fibrosis in
recipient mice were examined. The results showed that endotracheal transfer of BM CD11c*
cells alone without BLM treatment had no significant effect on lung hydroxyproline or
procollagen I mRNA in recipient mice. However, transfer of BM CD11c™ cells from either
SAL or BLM treated donor mice significantly exacerbated BLM-induced fibrosis as
determined by lung hydroxyproline content and procollagen | mRNA (Figures 5A & B,
respectively). The effects of cells from BLM-treated donor mice were significantly greater
than that of cells from SAL-treated donor mice. However this exacerbation of fibrosis by cell
transfer was not observed when the donor BM CD11c* cells (from BLM treated donor mice)
were depleted of AREG by transfection with AREG shRNA prior to transfer, while cells
transfected with control empty vector did exacerbate fibrosis as in the prior experiment
(Figure 5C). These findings confirmed that AREG primarily from recruited BM CD11c+
cells played a significant role in driving pulmonary fibrosis.

To further evaluate this role conditioned media from BM CD11c* cells were evaluated for
their effects on MLFs from SAL (SAL MLFs) or BLM (BLM MLFs) treated mice. As
shown in Figure 5D, the proliferation of both SAL and BLM MLFs was increased
significantly by addition of BM CD11c* cells conditioned media. Moreover the stimulation
of proliferation was accompanied by similar stimulation of aSMA and procollagen |
expression in both MLFs (Figure 5E). Notably, the responses of BLM MLFs were
significantly higher than those of SAL MLFs, with >2-fold increase over those in SAL
MLFs. In addition to the effects of BM CD11c* cell conditioned media, MLFs exhibited a
>2-fold stimulation in aSMA expression when directly co-cultured with BM CD11c* cells
from wild type but not from Areg KO mice (Figure 5F). Surprisingly however, recombinant
AREG did not have a significant effect on aSMA expression in MLFs (data not shown).
This might suggest CD11c* cells-derived AREG only indirectly affect myofibroblast
differentiation. These findings demonstrated that the AREG derived from BM CD11c* cells
may function as the profibrogenic mediator for the proliferation and activation of fibroblasts,
including myofibroblast differentiation.

AREG promoted fibroblast proliferation and motility

To further elucidate the potential mechanism by which BLM-induced AREG mediated
fibroproliferative response in pulmonary fibrosis, the direct effects of AREG on lung
fibroblasts were investigated. As shown in Figure 6A, recombinant AREG treatment caused
a significant increase in proliferation of MLFs. Moreover human lung fibroblasts (HLFs)
from both control and IPF patients also responded to AREG treatment, but the telomerase-
expressing IPF cells (37) were >3-fold as responsive as the control telomerase negative cells
(Figure 6B). Interestingly, AREG and BM CD11c* cell conditioned media induced MLF
TERT expression (Figure 6C), and in the case of the conditioned media the stimulatory
effect was abrogated by pre-incubation with anti-AREG antibodies but not by control IgG.
Since telomerase is induced in lung fibroblasts isolated from BLM-treated mice and
promotes cell proliferation (38, 39), these in vitro observations on AREG induction of TERT
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might be of in vivo significance in pathogenesis of fibrosis. Indeed in contrast to wild type
mice TERT induction was absent in Areg KO mice after BLM treatment (Figure 2C). To
further evaluate the role of AREG-EGFR signaling in this AREG induction of TERT, the
effect of a pharmacological inhibitor PD153035 HCI of EGFR on TERT mRNA expression
was analyzed. The results showed that AREG induced significant induction in TERT mRNA
(1.7-fold) as expected, whereas this induction was completely diminished by the addition of
EGFR inhibitor (Figure 6D). Furthermore the effect of AREG on proliferation depended on
TERT induction since TERT deficient MLF proliferated poorly basally and in response to
AREG treatment, especially when compared to that in wild type MLFs (Figure 6E).
Conversely, greater proliferation response to AREG was noted in human BJ5ta fibroblasts
with overexpressed TERT relative to that in control human BJ cells (Figure 6F). Thus AREG
promotion of fibroblast proliferation might be mediated in part by the up-regulation of
TERT expression.

AREG activity on MLF motility was then tested with a scratch wound healing assay. The
residual wound gap was measured after human lung fibroblast (HLF) monolayers were
scratch wounded. The results showed that AREG treatment significantly enhanced the rate
and extent of wound gap reduction relative to those of untreated control cells (Figure 7A),
indicating AREG significantly enhanced lung fibroblast motility. The possible involvement
of a6 integrin in AREG-induced fibroblast motility was also evaluated since AREG
promotes a6B1 integrin dependent enhancement of chondrosarcoma cell motility (40).
Indeed, a6 integrin expression was significantly induced in IPF HLF by AREG treatment in
a dose-dependent manner but only at the maximal dose in control HLF (Figure 7B). Similar
AREG induction of a6 integrin expression was also observed in MLF (data not shown).
Finally, to confirm in vivo significance analysis of lung a6 integrin mRNA levels revealed
significant induction (>3-fold) in BLM induced pulmonary fibrosis, which was completely
abolished in Areg KO mice (Figure 7C). Expression of a6 integrin expression was also
decreased in MLF isolated from Areg KO mice relative to that from WT mice (data not
shown). These findings suggested that AREG induced a6 integrin expression might play a
role in promoting fibroblast motility and invasiveness.

Discussion

EGFR signaling in fibrosis has been described in a variety of tissues, including skin, kidney,
liver and lung (4, 7, 9, 10). AREG, an EGFR ligand is recently implicated in repair and
fibrosis but its functional importance and cellular source remain unclear, especially vis-a-vis
its precise role in the pathogenesis of pulmonary fibrosis. The present study provides novel
in vivo and in vitro evidence of AREG induction predominantly in infiltrating lung BM-
derived CD11c* cells upon BLM treatment, which played an essential role in the pulmonary
fibrosis associated with this animal model in part by its ability to induce TERT and a6
integrin to promote fibroblast proliferation and motility, respectively. First, AREG was
highly induced in BLM-induced pulmonary fibrosis and found to be predominantly due to
infiltrating BM-derived CD11c* cells. Second, AREG deficient mice exhibited diminished
fibrosis that was accompanied by abrogation of TERT and a6 integrin induction. Third,
depletion of BM CD11c™ cells also impaired pulmonary fibrosis associated with the ablation
of lung AREG induction; while transfer of these cells exacerbated fibrosis but not if they
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were AREG deficient. Finally conditioned media from BM CD11c* cells stimulated
fibroblast proliferation, motility, TERT and a6 integrin expression, as well as differentiation
to myofibroblast.

A profibrotic role for AREG is consistent with previous studies of fibrosis in the liver. Thus
impaired CCL4-induced liver fibrosis in AREG-deficient mice has been reported (8). AREG
expression is enhanced in human non-alcoholic steatohepatitis, and it stimulates human
hepatic stellate cell proliferation as well as type | collagen expression via EGFR and PI3K
signaling pathways (41). In the lung, TGFp1 overexpression-induced pulmonary fibrosis is
accompanied by significant stimulation of AREG expression, whose silencing by siRNA or
chemical inhibition of EGFR signaling significantly attenuates pulmonary fibrosis (15).
Since fibrosis resembles an exaggerated or abnormal healing response that does not resolve,
it is noteworthy that AREG expressed by diverse cell types can also afford protection from
injury.

In these studies exogenous administration of AREG protects from injury such as from
infections and other injurious stimuli (25) (23). These findings also suggest that the cellular
location of AREG expression and/or selectivity of its target cells may be important factors in
determining its role in vivo. Indeed in the lung, both epithelial and mesenchymal cells
express AREG but differentially respond to AREG stimulation during lung branching
morphogenesis (42).

In the current study the recruited BM CD11c* cell was shown to be the predominant cellular
source of AREG, especially in the BLM-injured lung with much lower levels of expression
in fibroblasts, and lower still in alveolar epithelial cells. This is consistent with a previous
report showing that human and mouse DCs, which express CD11c, are a source of AREG
(17), while human lung tumor-associated DCs secrete high levels of AREG and promote
cancer progression (16). Recently BM-derived cells recruited to BLM injured lung are found
to be significantly increased in number, and they are mostly MHCII* CD11c* cells (28, 35).
Notably, adoptive transfer of these cells exacerbates pulmonary fibrosis. Sorted cells attach
to the culture plate and show similar dendritic morphology, suggesting that DCs may
comprise some of these mobilized BM-derived cells in the injured lung upon BLM treatment
(35). Although alternatively activated or M2 macrophages cannot be excluded from this lung
CD11c™ cell population, they are unlikely to be a source for AREG since M2 macrophages
do not express this EGFR ligand (43). Additionally studies are emerging that suggest a role
for DCs in fibrosis in multiple tissues, including the lung (18-22). In the BLM model of
scleroderma, CD11c* cells accumulate in the deep dermis along with the accumulated
aSMA™* myofibroblasts, suggesting the possibility of direct cross-talk between the two cell
types (20). In a model of liver fibrosis, hepatic CD11c* cells expand 5-fold and modulate
proinflammatory mediator expression and hepatic stellate cell activity (19). Furthermore
pharmacological inactivation of DCs by VAG539, a molecular that inhibits upregulation of
co-stimulatory molecular on DCs, attenuated the fibrotic sequelae of BLM treatment (18). In
the current study a similar profibrotic role for BM-derived CD11c* cells was suggested that
was dependent on their expression of AREG. While there is suggestive evidence that these
cells are consistent with DCs, a more precise identification of the cells comprising this BM-
derived CD11c* cell population requires further study.
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While there is evidence for a fibrotic role for AREG, based on its known activity and as a
ligand for EGFR the assumption is that its importance in fibrosis is likely due to stimulation
of fibroblast or mesenchymal cell proliferation. The proximity of AREG-secreting CD11c*
cells to lung fibroblasts may favor their activation by the induced AREG with consequent
promotion of fibroproliferation and overall pulmonary fibrosis. DCs are indeed reported to
potentially regulate mesenchymal cells (20, 44, 45). In the current study BM CD11c* cells
were shown to stimulate fibroblast proliferation and aSMA gene expression in an AREG-
dependent manner. However while treatment with recombinant AREG promoted mouse lung
fibroblast proliferation, it did not significantly affect myofibroblast differentiation (¢/SMA
induction). This indicated that the CD11c* cell-derived AREG dependent effect on
myofibroblast differentiation was indirect, requiring mediation by some other factor(s) that
was induced by AREG itself. Given that AREG deficiency resulted in reduced TGFj
expression, the possibility that the myofibroblast differentiation effect could be mediated by
induction of TGFp in these cells merits future investigation.

AREG is known to modulate cell proliferation, apoptosis and migration in different cell
types (46). A key novel finding in this current study is that AREG could induce TERT in
fibroblasts, which mediate in part the effect of AREG on cell proliferation consistent with
previous evidence of decreased fibroblast proliferation potential in TERT deficient mice
(39). Additionally induction of lung TERT expression in BLM treated mice was essentially
abolished in Areg KO mice, indicating the in vivo importance of induction of TERT by
AREG in pulmonary fibrosis. Interestingly, EGFR inhibitor PD153035 was able to diminish
the AREG-induced TERT expression in mouse lung fibroblasts, suggesting a potential target
of the treatment using EGFR inhibitor. While the correlation between TERT levels and
proliferative effects suggests the potential importance of TERT in mediating these AREG-
induced effects in both murine and human fibroblasts, further work needs to be done to
establish that the induction of TERT is indeed a cause for the noted proliferative effect.

Fibroblast invasiveness is reported to be essential for pulmonary fibrosis and IPF fibroblasts
exhibit greater matility than control cells (47, 48). AREG is known to regulate cell motility,
invasiveness and metastasis in the cancer literature (46), and in chondrosarcoma cells it
promotes a6p1 integrin dependent enhancement of cell motility (40). The current findings
indicated that the induction of a6 integrin in HLF was associated with AREG promotion of
cell motility. Interestingly, the induction of lung a6 integrin expression was also observed in
BLM treated mice, which was almost abolished in Areg KO mice confirming in vivo that
AREG regulated a6 integrin induction in fibrosis with consequent effects on fibroblast
motility and invasiveness. These findings revealed the mechanism of fibroblast activation by
which AREG promoted cell proliferation dependent on TERT, and cell motility with
potential a6 integrin involvement. In summary, the findings from the current study suggest
induced AREG expression in recruited BM-derived CD11c* cells contributes to pulmonary
fibrosis by AREG-mediated paracrine stimulation of fibroblast proliferation and motility/
invasiveness directly, and myofibroblast differentiation indirectly. Induction of TERT by
AREG mediated in part the effects on cell proliferation, while association with a6 integrin
and TGFp induction suggest their involvement in fibroblast motility and differentiation to
myofibroblast, respectively. These novel findings uncover multiple potential therapeutic
targets for future study.
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Figure 1. AREG was induced in BLM injured lung
A) AREG mRNA expression level in saline (SAL) or bleomycin (BLM)-treated lung tissues

at day 7 were evaluated by gPCR. n=3 animals per group. B) AREG protein levels in SAL or
BLM-treated lung tissue samples (30 g of tissue lysate) were analyzed by Western blotting.
The intensity of protein bands were expressed as relative integration units and shown as a
percentage of the GAPDH signal used as loading control (n=3 mice/group) Data are shown
as the mean = SD. *P<0.05 between the indicated 2 groups.
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Figure 2. BLM-induced pulmonary fibrosis was attenuated in AREG-deficient mice
The effects of AREG deficiency on BLM-induced pulmonary fibrosis were evaluated in WT

or Areg KO mice at day 21 after BLM treatment with respect to (A) histopathology at 20x
magnification, (B) lung hydroxyproline content and (C) lung aSMA, collagen | (Col I) and
TERT mRNA levels. Data are shown as the mean + SD with n=5. *P<0.05 between the
indicated 2 groups.
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Figure 3. AREG expression in the different lung cell types after BLM treatment
The indicated lung cell types, including type Il alveolar epithelial cells (AECII) and group 2

innate lymphoid cells (ILC2), were isolated from SAL or BLM-treated mice and their
AREG mRNA levels were evaluated by qRT-PCR.. Data are shown as the mean = SD, with
n=3 animals per group. *P<0.05 between the indicated 2 groups.
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Figure 4. Depletion of BM derived CD11c* cells attenuated pulmonary fibrosis
A) At the indicated time points after SAL or BLM instillation, single cell suspensions from

lung tissues of WT or diphtheria toxin treated CD11c-DTR BM chimera (‘DTR”) mice were
analyzed for CD11c expression by flow cytometry. The results were expressed as % of total
cells. B) Lung tissue samples from these mice were analyzed for AREG mRNA by qRT-
PCR. BLM-DTX refers to the BLM treated DTR mice receiving diphtheria toxin. C) The
levels of AREG protein in the BAL fluid from SAL or BLM-treated control and DTR mice
at days 7 and 21 were analyzed by ELISA. D) Purified CD11c* and CD11c™ cells from GM-
CSF treated mouse BM cells were analyzed for AREG mRNA by qRT-PCR. E) Lung tissue
sections from mice treated as indicated in (A) were stained with hematoxylin and eosin
(images captured at 20x magnification). F) The lung tissue samples were also analyzed for
hydroxyproline content. G) Lung TGFp and aSMA mRNA were also analyzed by gRT-PCR.
Data are shown as the mean = SD, n=3 animals per group. *P<0.05 between the indicated 2
groups.
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Figure 5. CD11c* BM cells from BLM-treated donor mice exacerbated fibrosis and activated
fibroblasts in an AREG-dependent manner

Flow sorted BM-derived CD11c™ cells from SAL or BLM treated donor mice as indicated
were transferred endotracheally into recipient mice which had been treated with low dose
(1U/kg body weight) BLM or SAL 2 days prior to cell transfer. The effects of this cell
transfer on, A) lung hydroxyproline content (n=3), and B) lung Col I mRNA levels are
shown (n=3). C) BM-derived CD11c™ cells were transfected with control (‘C’) or AREG
shRNA (“‘C-sh”), and then transferred endotracheally into recipient mice, which had been
treated with SAL or BLM as in (A). The effect of these cell transfers on lung hydroxyproline
content of recipient mice are shown (n=3). D) Conditioned media (CM) were prepared from
cultures of BM CD11c* cells isolated from SAL or BLM treated mice as indicated, and their
effects on MLF proliferation were measured using the WST-1 cell proliferation assay. The
results were expressed as a percentage of the untreated controls (n=5). E) The effects on
aSMA and procollagen I (Col I) mRNA levels were evaluated by gRT-PCR in left and right
panels, respectively (n=3). F) BM CD11c™* cells from BLM-treated WT or Areg KO (‘KO-
CD11c™) mice were cocultured with MLFs for 48 hours. The MLFs were then harvested for
analysis of aSMA mRNA by gRT-PCR (n=3). Data are shown as the mean + SD. *P<0.05
between the indicated 2 groups.
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Figure 6. AREG promoted fibroblast proliferation
A) Effect of recombinant AREG at the indicated doses on MLF proliferation (WST-1

absorbance at 450nm) are shown (n=5). B) The effects of AREG on control or IPF human
lung fibroblast proliferation are shown as the % increase in cell number (n=5). C) BM
CD11c™ cell conditioned media (CM) were pretreated without or with anti-AREG antibody
(antiAR) or non-immune IgG as indicated. They were added to MLF cultures to analyze
their effects on TERT expression using qRT-PCR and compared to the effect of recombinant
AREG (n=3). D) Following serum starvation for 48 hours mouse lung fibroblasts were
treated with the EGFR inhibitor, PD153035 (5 uM) for 1 hour and then were treated with
100 ng/ml of AREG for another 16 hours. Fibroblast TERT mRNA was analyzed by gRT-
PCR (n=3). E) The effects of AREG on WT or TERT KO MLF proliferation are shown as %
increase in cell number (n=5). F) The effects of AREG on BJ or BJ5ta human fibroblast cell
lines are shown as % increase in cell number (n=5). All data are shown as the mean + SD.
*P<0.05 between the indicated 2 groups.
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Figure 7. Effect of AREG on lung fibroblast motility
A) Control human lung fibroblasts monolayers in a 96-well ImageLock plate were scratch

wounded using WoundMaker, and treated with AREG or buffer only, as indicated. Images
were recorded every 45 minute to measure residual would gap in this wound healing assay.
B) Human lung fibroblasts from control or IPF patients were treated with the indicated dose
of AREG for 24 hours and analyzed for a6 integrin mRNA by qRT-PCR. C) WT or Areg
KO mice were treated with BLM or SAL, and analyzed for lung a6 integrin mRNA by gRT-
PCR. All results were expressed as mean + SD, with n=12 in the wound healing assay and
n=3 for the a6 integrin mMRNA analysis. *P<0.05 between the indicated 2 groups.
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