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Abstract

Collagen-producing myofibroblast transdifferentiation is considered a crucial determinant in the
formation of scar tissue in the lungs of patients with idiopathic pulmonary fibrosis (IPF). Multiple
resident pulmonary cell types and bone marrow-derived fibrocytes have been implicated as
contributors to fibrotic lesions due to the transdifferentiation potential of these cells into
myofibroblasts. In this study, we assessed the expression of Wilms’ tumor 1 (WT1), a known
marker of mesothelial cells, in various cell types in normal and fibrotic lungs. We demonstrate that
WT1 is expressed by both mesothelial and mesenchymal cells in IPF lungs, but has limited or no
expression in normal human lungs. We also demonstrate that WT1-positive cells accumulate in
fibrotic lung lesions, using two different mouse models of pulmonary fibrosis and WT1 promoter-
driven fluorescent reporter mice. Reconstitution of bone-marrow cells into a transforming growth
factor-a transgenic-mouse model demonstrated that fibrocytes do not transform into WT1-positive
mesenchymal cells, but do augment accumulation of WT1-positive cells in severe fibrotic lung
disease. Importantly, the number of WT1-positive cells in fibrotic lesions were correlated with
severity of lung disease as assessed by changes in lung function, histology, and hydroxyproline
levels in mice. Finally, inhibition of WT1 expression was sufficient to attenuate collagen and other
extracellular-matrix gene production by mesenchymal cells from both murine and human fibrotic
lungs. Thus, the results of this study demonstrate a novel association between fibrocyte-driven
WT1-positive cell accumulation and severe fibrotic lung disease.
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INTRODUCTION

Pulmonary fibrosis represents a heterogeneous group of diseases in which fibrotic lesions
are characterized by the accumulation of multiple mesenchymal cells involved in the
excessive deposition of extracellular matrix (ECM) in the parenchyma and subpleural
regions of the lung (1-4). Idiopathic pulmonary fibrosis (IPF) is a fatal fibrotic lung disease
with an incidence of 4.6—7.4 people per 100,000 of the population (5, 6). Despite the clinical
and public-health significance of IPF, the pathophysiology of this disease remains under-
defined. The development of novel therapeutic approaches for IPF likely depends on a
mechanistic understanding of the role of the multiple lung mesenchymal cells that
accumulate and participate in IPF pathogenesis. Recent findings suggest the co-existence of
multiple lung mesenchymal cells in fibrotic lung lesions, including fibrocytes, pericytes,
mesothelial cells, fibroblasts, and myofibroblasts (7-9). However, the cellular mechanisms
involved in the progressive accumulation of lung mesenchymal cells in multiple fibrotic
lesions of the lung, including in the parenchyma, adventitia, and subpleural areas, are not
well understood.

Histopathological analysis of IPF lungs demonstrates a predominant honeycombing pattern
in subpleural/peripheral areas, the appearance of fibrotic foci, and reticular abnormalities
(10, 11). The thickened peripheral surfaces of the lung contain clusters of inflammatory and
lung-resident mesenchymal cells that exist in continuity with the established fibrosis, which
is a characteristic histologic feature of IPF thought to be the root of the underlying disease
process (3, 12). The thickening of the lung subpleura also is a predominant feature in
pneumoconiosis caused by the inhalation of asbestos fibers and diffuse scleroderma (13, 14).
Pulmonary function studies typically reveal a restrictive pattern due to reduced elasticity of
the lungs with the thickened subpleura (3, 15). Currently, there have been no mechanisms
identified to explain the pathogenesis of subpleural fibrosis (16). In mouse models,
overexpression of either transforming growth factor-a (TGFa) or transforming growth
factor-p (TGFB) is sufficient to induce progressive pleura/subpleural fibrosis with severe
impairment of pulmonary function (17, 18). TGFa transgenic mice develop progressive
fibrosis in adventitia, parenchyma, and subpleural areas of the lung with histological
features similar to IPF when the EGFR ligand, TGFa, was conditionally overexpressed in
the lung epithelium using the Club cell (Clara cell) specific protein rtTA promoter (19).
Results of adenoviral gene transfer of TGF-B1 into the pleural mesothelium in rats suggest
that mesothelial cells may be important in the development of subpleural fibrosis (18).
Recent studies of ours and others demonstrate the critical relationship between the EGFR
and TGFp pathways and the most prominent effects noted in the subpleural regions of the
lung (20, 21).

Fibrocytes are unique bone marrow (BM)-derived mesenchymal progenitor cells that
express a common leukocyte antigen, CD45, and a mesenchymal marker, type | collagen
(Coll) (22, 23). Fibrocytes can be identified in tissues with active fibrosis and inflammation
in multiple fibroproliferative diseases, including IPF (24-30). Several studies have
demonstrated that the number of circulating fibrocytes in patients with IPF reflects
fibrogenic activity and disease progression (28, 29). The relevance of fibrocytes to lung
fibrosis also has been demonstrated using mouse models in which inhibition of fibrocyte

J Immunol. Author manuscript; available in PMC 2016 October 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sontake et al.

Page 3

recruitment and maturation was sufficient to reduce the fibrotic burden (23, 31, 32).
However, fibrocyte-driven functions that are responsible for the initiation and maintenance
of pulmonary fibrosis remain ill defined. Using a green fluorescent protein (GFP)-labeled
BM-transplant model, we recently demonstrated that GFP-positive fibrocytes accumulate
progressively in fibrotic lesions, including in the subpleura of TGFa-transgenic mice (8).
However, the majority of myofibroblasts that accumulate in these lesions are derived from
lung-resident fibroblasts, but not fibrocytes (7-9). In vitro co-culture studies combined with
in vivo adoptive cell-transfer studies suggest that fibrocytes augment lung-resident
mesenchymal-cell proliferation and accumulation in fibrotic lung lesions, including in the
subpleural regions (8, 33). Although the new findings suggest that lung-resident
mesenchymal cells contribute to the excessive ECM deposition in fibrotic regions, the
molecular and cellular origins of this remain unknown (8, 9, 34).

The findings of the current study identify Wilms” Tumor 1 (WT21)-positive cells as a sizable
subset of lung-resident mesenchymal cells that progressively accumulate in the subpleural
fibrotic lesions of both human IPF and mouse models of pulmonary fibrosis. Using a
combination of fibrocyte adoptive cell transfers and imaging methods, we unequivocally
demonstrate that fibrocytes augment the accumulation of WT1-positive cells in fibrotic
lesions that is associated with severe lung disease in mouse models of pulmonary fibrosis.
Moreover, inhibition of WT1 was sufficient to attenuate ECM production in lung
mesenchymal cells of both human IPF and mouse models of pulmonary fibrosis.

METHODS

Mouse strains

The WT1CreERT2/+ transgenic mouse strain has been described previously (35).
Heterozygous WT1C"®ERT2 mice (knock-in allele) are normal and can be used to track the
genetic lineage of WT1-expressing cells (35). We generated WT1C€ERTZ+ROSAMTMG/+
mice, a double-fluorescent Cre recombinase reporter mouse strain, by crossing
WT1CreERT2/* heterozygous and ROSAMTMG/ heterozygous mice. Heterozygous
WT1CreERT2HROSAMTMG/+ mice (knock-in allele) express CreERT2 under the WT1 gene
locus. The generation of TGFa-overexpressing mice in an FVB/NJ inbred-strain background
has been described previously (17). Homozygous Club cell (Clara cell) specific protein-rtTA
(CCSP) mice were mated with heterozygous (TetO) 7-cmv TGFa mice to generate
bitransgenic TGFa (CCSP/TGFa) mice. Female mice, 10-12 weeks old, were used in all
experiments. Mice were housed under specific pathogen-free conditions, and all animal
experimental protocols were approved by the Institutional Animal Use and Care Committee
of the Cincinnati Children’s Hospital Research Foundation.

Human tissue samples

Human IPF and control non-IPF biopsies were obtained from adult patients who had
undergone lung transplantation and paraffin-embedded. Lung samples from donor lungs
with no lung disease were used as control non-IPF lung biopsies. IPF was diagnosed
according to the American Thoracic Society consensus criteria (36). All tissues were
acquired using research protocols and/or informed consent and approved by the University
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of Michigan Health System Institutional Review Board. All materials were de-identified to
the research team.

Human and mouse primary lung mesenchymal cell cultures

Primary lung mesenchymal cell cultures were prepared as described previously (8). The lung
tissue was collected into Dulbecco’s Modified Essential Medium (DMEM) supplemented to
contain 10% FBS and 1% each of pencillin, streptamycin, and amphotericin. Each lung
tissue sample was cut into 2 cm x 2 cm pieces, and each piece was finely minced and
digested in 5 ml of DMEM containing collagenase (2 mg/ml), incubated at 37°C for 1 hr.
Digested tissues were passed through a 100 um filter, washed twice by centrifugation at 100
x g for 5 min and plated onto 100 mm tissue-culture plates in 10 ml DMEM, and incubated
at 37°C, 5% CO» to allow the cells to adhere and migrate away from the larger remaining
tissue pieces. Unbound cells were removed on Day 2 of culture by washing cells with fresh
DMEM. Adherent lung mesenchymal cells were continued in culture until confluence (1-2
wks).

Mouse models of TGFa.- and bleomycin-induced fibrosis

TGFa expression was induced by administering food containing doxycycline (Dox; 62.5
mg/kg) to CCSP/TGFa mice. CCSP/- mice fed with Dox-treated food were used as control
mice for Dox treatments as they develop no fibrosis due to the lack of a TGFa transgene. In
a mouse model of blemycin-induced fibrosis, 10-12 week-old female FVB/NJ mice were
administered bleomycin (0.05 mg) daily in 0.05 mL saline solution intradermally (i.d.) in the
center of the shaved back (within a 50 mm radius) for 5 days per week for a total of 4 wks.
At Day 28, mice were euthanized and lung samples were collected for further analysis. All
animals received either bleomycin or saline for 4 wks. Pulmonary fibrosis in both models
was evaluated by analysis of lung hydroxyproline concentration, histology and measurement
of lung function, and visualization of gene transcripts and proteins by Western blot (8).

Adoptive cell-transfer studies

Adoptive cell-transfer studies were performed as described previously (8). In brief,
fibrocytes (CD45*Col1*) of the lung were isolated by positive selection from lung
mesenchymal-cell cultures of CCSP/TGFa mice on Dox for 4 wks using anti-CD45
magnetic beads (8). FACS analysis indicates that the purity of fibrocytes isolated by this
technique is approximately 95% (8). Fibrocytes were resuspended in phosphate-buffered
saline at two million cells per ml. FVB/NJ recipient mice were infused intravenously with
250 pl of sterile saline or fibrocytes at Day 14 of saline or bleomycin (i.d.) treatment.
Bleomycin or saline injections were continued for an additional 2 wks (5 days/week), and
mice were sacrificed for pulmonary fibrosis measurements on Day 28.

Tamoxifen treatments

WT1CreERT2HROSAMTMG/+ mice were i.d. treated with bleomycin for 4 wks to induce lung
fibrosis or with saline as a control. Tamoxifen (H7904; Sigma-Aldrich, St. Louis, MO,

USA) was dissolved in ethanol and emulsified in sunflower oil (W530285; Sigma-Aldrich)
at 25 mg/ml concentration. To determine WT1-expressing cells (green in color), mice were
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treated with Tamoxifen (2.5 mg/day) to activate Cre recombination via intraperitoneal
injections at the end (Day 26 to 27) of bleomycin treatment and euthanized on Day 28.

Histology, hydroxyproline, and lung-function tests

Lungs were inflation-fixed using 4% paraformaldehyde and stained with Masson trichrome
as previously described (21). Lung fibrosis was assessed by measuring the total weight of
the right lung and determining hydroxyproline levels using a colorimetric assay as
previously described (21). The lung-function measurements were performed using a
computerized Flexi Vent system (SCIREQ, Montreal, Canada) as previously described (21).

Immunohistochemistry and subpleural thickness measurements

Formalin- or OCT-fixed lung tissue sections were prepared and stained with antibodies
against WT1 [mouse monoclonal anti-human WT1, clone 6F-H2; Ventana, Tucson, AZ,
USA and rabbit anti-mouse WT1, clone CAN-R9(IHC)-56-2; Abcam, Cambridge, MA,
USA], vimentin (anti-human vimentin, ab137321; Abcam), aSMA (Clone 1A4, Dako, CA,
USA), and pancytokeratin (rabbit anti-human pancytokeratin, AE1/AE3/PCR26; Ventana,
Tucson, AZ, USA) as described previously (8). Pleural thickness was measured by
histomorphometric measurement on stained lung sections. Ten randomly selected uniform
fields (26.2 mm?) per lung section in the pleural regions of the lung were obtained for each
animal using a Leica DM2700 M bright-field microscope (Leica Microsystems, Buffalo
Grove, IL, USA). High-magnification images (40X) were captured with a 3CCD color video
camera, and the number of WT1-positive and total cells were counted using MetaMorph
imaging software (v6.2; Molecular Devices, Sunnyvale, CA, USA). Pleural thickness was
measured using the measured-distance function of MetaMorph.

Confocal imaging

Lungs were embedded in OCT medium, and sections were prepared as described previously
(8). Lung cells positive for WT1 [rabbit anti-WT1 antibody: clone CAN-R9 (IHC)-56-2;
Abcam] were co-localized with vimentin, aSMA, and GFP by immunofluorescence staining
using a rabbit anti-vimentin antibody (clone 3B4; Millipore, Billerica, MA, USA) and
mouse monoclonal anti-aSMA antibody (clone 1A4 A5228; Sigma-Aldrich). Appropriate
secondary antibodies conjugated with Alexa-Fluor® 488, Alexa-Fluor® 594, or Alexa-
Fluor® 647 (Invitrogen®, Life Technologies, Grand Island, NY, USA), respectively, were
used for co-immunostaining. Confocal images were collected using a Nikon AIR-A1 laser-
scanning confocal microscope (Nikon, Melville, NY, USA). A z-stack of optical sections, 10
pum in total thickness, was captured from each lung tissue section and five 3D images were
obtained per mouse. 3D-volume rendering was performed to quantify the number of GFP-,
vimentin-, and WT1-positive cells in the lung lesions using the surface tool in Imaris
(version 4.2.0; Bitplane, South Windsor, CT, USA). The morphological criteria used to
count cells positive for any two different fluorescent signals was with a maximum gap size
of 1 um in diameter between two signals. Data are reported as + SEM of cell number of
experimental groups. The total five images per mouse were used to quantify stromal cells in
CCSP/- and CCSP/TGFa chimera mice on Dox for 4 wks with 4-6 mice per group.
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WT1 siRNA transfection studies

Primary human or mouse fibroblast cells were transfected with stealth WT1 small
interfering RNA (siRNA) [human WT1 siRNA (Hss111388, Invitrogen) or mouse WT1
SIRNA (MSS212628, Invitrogen) or stealth control sSiRNA (human - sc37007, Santa Cruz
Biotechnology Inc., Dallas, TX, USA or mouse - 12935-200, Invitrogen)] using the
Lipofectamine 3000 Transfection kit (Invitrogen) according to the manufacturer’s
instructions. Primary lung-resident mesenchymal cells were separated from fibrocytes using
anti-CD45 magnetic beads as described previously (8) and grown on 12-well plates to 90%
confluence. Cells were transfected with siRNA using OptiMEM media containing no
antibiotics. Transfected cells were harvested 72 h post transfection and used for RNA
isolation and gene-expression analysis.

RNA preparation and RT-PCR

Total RNA was extracted from lung homogenates or cells using the RNAeasy Mini Kit
(Qiagen Sciences, Valencia, CA, USA) as described previously (37). Extracted RNA was
used in real-time polymerase chain reaction (RT-PCR) assays performed with the CFX384
Touch Real-Time PCR detection system (Bio-Rad, Hercules, California, USA). The relative
quantities of MRNA for several genes were determined using iTaq™ universal SYBR green
supermix (Bio-Rad) or Tagman® gene expression master mix (Applied Biosystems®, Life
Technologies, Grand Island, New York, USA). Target-gene transcripts in each sample were
normalized to hypoxanthine guanine phosphoribosyltransferase, 18s rRNA, or p-actin and
expressed as a relative increase or decrease compared with control. All real-time primer
sequences used are shown in Table 1.

Whole-transcriptome shotgun sequencing (RNA-Seq) and heat maps

The lungs of CCSP/- and CCSP/TGFa mice on Dox for 3 wks were collected in RNA-later
solution (Invitrogen), and total RNA was prepared as described. From each experimental
group, three lung-tissue samples were sequenced using an Illumina HiSeq-1000 Sequencer
(IMumina Inc., San Diego, CA, USA) as described previously (37). To identify differentially
expressed genes between the lungs of CCSP/- and CCSP/TGFa mice on Dox for 3 wks,
statistical analysis was performed using the DESeq Bioconductor package (38) that utilizes a
statistical model based on negative-binomial distribution of the read counts. Statistically
significant genes were selected based on a P-value cut-off of 0.05 as well as a two-fold
change (up or down), resulting in 1783 genes in total. Using this set of significant genes,
hierarchical clustering on the log-transformed read counts normalized for different lengths
of gene-coding regions (RPKM values) (39) was performed for the CCSP/- or CCSP/TGFa
groups, and a heat map was generated. Genes of the WT1 network were identified using an
analysis tool available in the Ingenuity Pathway Analysis (Ingenuity Systems, Redwood
City, CA, USA). Complete RNA-Seq data are available at a gene expression omnibus or
GEO database (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE66634; accession
number: GSE66634).
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Western-blot analysis

Statistics

RESULTS

Immunoblotting and quantification was performed using the volume integration function on
the Phosphor Imager software, Image quant 5.2 (Molecular Dynamics, Piscataway, NJ,
USA) as described previously (37). Primary antibodies used included rabbit anti-WT1
antibody (1:1000; SC-192, Santa Cruz Biotechnology Inc.) and anti-glyceraldehyde 3-
phosphate dehydrogenase antibody (1:1000, A300-641A, Bethyl Labs, Montgomery, TX,
USA). Appropriate secondary antibody was conjugated with peroxidase (1:1000).

All data were analyzed using Prism (version 5; GraphPad, La Jolla, CA, USA). One-way
ANOVA with Sidak’s Multiple Comparison post-test was used to compare different
experimental groups. Student’s t-test was used to compare between two experimental
groups. Data were considered statistically significant for P values less than 0.05.

WT1-positive cells accumulate in the subpleural fibrotic lesions of TGFa mice

We previously have shown that the majority of mesenchymal cells in fibrotic lesions,
including those in the subpleural regions, originates from lung-resident mesenchymal cells
yet to be identified (8). To determine the lung-resident mesenchymal cells that accumulate
in fibrotic lung lesions, total lung transcriptome analysis was performed on lung
homogenates from CCSP/- control and CCSP/TGFa mice on Dox for 3 wks using next-
generation sequencing (n=3). As shown using heat-map analysis, there were two clusters of
differentially-expressed genes in the fibrotic lungs of the TGFa mice compared to control
mice (Supplemental Figure 1). The lists of genes in Cluster 1 and Cluster 2 represent genes
that are up regulated (926 genes) or down regulated (857 genes) by approximately two fold
or more following TGFa overexpression for 3 wks. We analyzed the genes that were
differentially expressed in fibrotic lungs to identify transcription factor-driven gene
networks of lung mesenchymal cells that were selectively activated in TGFa mice compared
to control mice using Ingenuity Pathway Analysis (37). The WT1-regulated gene network
was markedly activated in the fibrotic lungs of TGFa mice (Supplemental Figure 1). WT1-
network genes with the largest increases in Cluster 1 included IL10, MYCN, TERT, and
THBS4 (Supplemental Figure 1), which are known to be involved in the maintenance of
mesenchymal-cell proliferation and deposition of ECM proteins (40-44). To confirm
increases in WT1-regulated genes, we quantified the transcripts for IL10, MYCN, TERT,
and THBS4 using RT-PCR and observed significant in vivo increases in mice with TGFa
overexpression for 4 wks (Supplementary Figure 1). We determined the Kinetics of in vivo
WT1 expression in mice with TGFa overexpression versus normal lungs and observed a
progressive increase in WT1 transcripts between Day 4 and Week 4 during TGFa-induced
fibrosis (Figure 1A). To identify whether WT1-expressing cells accumulate in the fibrotic
lung lesions of TGFa mice, lung sections from CCSP/- control and CCSP/TGFa mice on
Dox for 2 or 4 wks were immunostained for WT1 antigen. We observed increased staining
for WT1 in the nucleus of cells localized in the subpleural fibrotic lesions of TGFa mice on
Dox at Weeks 2 and 4, but limited or no immustaining in the lungs of control mice (Figure
1B). To further confirm increases in WT1, the lung subpleura of mice on Dox for 4 wks
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were minced and cultured for 5 days to isolate total lung mesenchymal-cell RNA, and WT1
transcripts were quantified. We found a significant increase in WT1 transcripts in the lung
mesenchymal cells isolated from fibrotic lesions in TGFa mice compared to control mice
(Figure 1C). We previously have shown that cultured lung mesenchymal cells contain two
major cell subsets defined as fibrocytes (CD45*Col1*) and lung-resident mesenchymal cells
(CD45Col1*) based on surface expression of the hematopoietic marker CD45 (8). To
assess whether WT1 was selectively expressed in lung-resident mesenchymal cells, we
separated fibrocytes from lung-resident mesenchymal cells from the cultured lungs of
CCSP/TGFa mice on Dox for 4 wks. We observed a significant increase in WT1 transcripts
in the lung-resident mesenchymal cells compared to fibrocytes isolated from TGFa mice
(Figure 1D). To substantiate our hypothesis that WT1 is selectively expressed in lung-
resident mesenchymal cells, but not fibrocytes, we performed immunoblots for WT1 in
fibrocytes and lung-resident mesenchymal cells isolated from the lung mesenchymal-cell
cultures of CCSP/TGFa and CCSP/- mice. We found that WT1 was selectively induced in
the lung-resident mesenchymal cells isolated from fibrotic lesions compared to control
lungs, but there was no staining for WT1 in the fibrocytes (Figure 1E).

WT1-positive cells accumulate in the subpleural fibrotic lesions of human IPF

We assessed whether increased WT1 expression detected in the mouse model is a feature of
fibrosis in human IPF by analyzing lung sections from patients with IPF (n=6) and non-I1PF
patients (n=4). We performed double immunostainings on serial lung sections to visualize
the localization patterns of WT1, vimentin, and cytokeratin. This allowed us to visualize
WT1-positive cells that co-express mesothelial (cytokeratin) and/or mesenchymal
(vimentin) cell markers. In contrast to normal lung, IPF lung tissue exhibited prominent
staining for WT1 in cells populated in the thickened subpleural areas of the lung (Figure
2B). The high-magnification images demonstrated that WT1 was localized in the nuclear
regions of lung cells of IPF lungs, but there was limited or no WT1 staining in the normal
non-1PF lungs (Figure 2A). The antibody-control slides using mouse and rabbit 1gG showed
no detectable staining (data not shown). In IPF lungs, WT1-expressing cells were co-
localized with staining for vimentin and/or cytokeratin (Figure 2B). In IPF lung tissues, the
majority of mesothelial cells (cytokeratin-positive) were co-localized with WT1 in the
nuclei, but their location was restricted to pleural surfaces with no staining for cytokeratin in
the subpleural regions of IPF lungs (Figure 2B). However, the thickened subpleural region
of the IPF lungs did display WT1-positive cells that co-localized with vimentin, but not
cytokeratin (Figure 2B). Thus, the thickened pleura of IPF lungs, but not normal lung, had
an accumulation of two major subsets of WT1-positive cells, where WT1 was expressed by
both mesothelial and mesenchymal cells. Moreover, increased immunostaining for WT1 in
both mesothelial and mesenchymal cells demonstrated overexpression of WT1 in IPF lungs.

To observe whether WT1 expression was increased during interstitial fibrotic lung diseases
in humans, we extracted data from the mRNA expression catalogue available in the Lung
Genomic Research Consortium database and confirmed WT1 overexpression in individuals
with interstitial lung disease compared to controls (Supplementary Figure 2). To further
substantiate that WT1 is overexpressed in lung-resident mesenchymal cells of human IPF
lungs, we cultured the subpleural biopsies of human IPF and control non-1PF lungs (n=2).
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The subpleural pieces of the lungs were minced and cultured for 2 wks to obtain primary
lung mesenchymal cells. We separated fibrocytes from lung-resident mesenchymal cells
using anti-CD45 magnetic beads. WT1 transcripts were quantified in the lung-resident
mesenchymal cells from primary cultures of IPF and control non-IPF lungs. Notably, WT1
transcripts were significantly increased in lung-resident mesenchymal cells of IPF compared
to control non-1PF lungs (Supplementary Figure 2).

Fibrocytes do not transform into WT1-positive cells in pulmonary fibrosis

To further substantiate our findings that WT1-positive cells and fibrocytes are two distinct
mesenchymal cell subsets that accumulate in vivo in subpleural fibrotic lesions, GFP-
expressing BM cells were transferred into lethally irradiated recipient CCSP/- control and
CCSP/TGFa mice (8). At 9 wks after BM transplantation, the majority of CD45™ cells in the
lungs of both strains of mice were GFP postive (8). CCSP/- and CCSP/TGFa GFP chimera
mice were then placed on Dox for 4 wks. Our previous findings have demonstrated an
approximately 3- to 4-fold increase in GFP-positive fibrocytes, including in the subpleural
fibrotic lesions, in CCSP/TGFa mice compared with controls (8). For this study, lung
sections from chimeric mice were immunostained for WT1 and vimentin to construct 3D
images and count cells based on GFP, WT1, and vimentin expression. Consistent with our
previous findings, we observed a significant increase in vimentin-positive cells in CCSP/
TGFa chimera mice compared to CCSP/- controls on Dox for 4 wks (Figure 3A and 3B).
More than 20% of cells were co-localized with WT1, suggesting that WT1-positive cells are
a sizable subset of total lung-resident mesenchymal cells in the subpleural fibrotic lesions of
TGFa mice (Figure 3C). Notably, WT1 staining was restricted to the nuclear regions of
GFP-negative cells, and there also was no staining for WT1 in the GFP-positive fibrocytes.
Together, our immunostaining results for WT1 demonstrated that WT1-positive cells and
fibrocytes are two distinct subsets of the lung mesenchymal cells that accumulate in the
subpleural fibrotic lesions of the TGFa mice compared to control mice.

WT1-positive cells accumulate in the lung during bleomycin-induced fibrosis

To substantiate our hypothesis that WT1-positive cells accumulate in the fibrotic lungs, we
developed an alternative mouse model of bleomycin-induced pulmonary fibrosis. For these
experiments, mice were injected i.d. with bleomycin for 4 wks. Lung sections stained with
hemotoxylin and eosin demonstrated a significant increase in lung inflammation in the
bleomycin-treated mice compared to saline-treated control mice (Supplementary Figure 3).
Similarly, bleomycin invoked fibrotic responses in the airways, interstitium, and pleural
regions of the lungs in bleomycin-treated mice (Supplementary Figure 3). Masson
trichrome-stained lung sections revealed pleural thickening that was modest but consistent
across the lung pleura during bleomycin-induced pulmonary fibrosis, which was associated
with increased hydroxyproline levels (Supplementary Figure 3). In contrast, when
bleomycin is administered via the intratracheal route, mice develop severe lung injury
marked by excessive tissue inflammation and fibrosis, but with limited or no significant
changes in pleural thickening and lung mechanics, including resistance and tissue elastance
(45-47). Notably, mice injected i.d. with bleomycin for 4 wks displayed a decline in lung
function with a greater than two-fold increase in resistance and tissue elastance compared to
saline-treated control mice (Supplementary Figure 3). As observed in the TGFa model,
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thickened lung pleura was associated with a significant increase in the number of WT1-
positive cells. However, WT1 expression was restricted to the cells localized in the lung
pleura during bleomycin-induced pulmonary fibrosis (Figure 4A and B). We also generated
Tamoxifen-inducible double transgenic WT1C"®ERT2/ROSA26-loxP-stop-loxP-tdTomato
mice (WT1CreERTZHROSAMTMG/*) and used this genetic knock-in mouse model to identify
genetic lineage of WT1-expressing cells. These mice express membrane red-fluorescent

“mT") protein prior to Cre excision and membrane green-fluorescent (“mG”) protein
following tomaxin-inducible CreERT2 activation (48). In support of our hypothesis, we
observed increased GFP-expressing WT1-positive cells in the pleura of bleomycin-treated
mice compared to saline-treated control mice (Figure 4C).

Fibrocytes augment accumulation of WT1-positive cells in severe fibrotic lung disease

Previous studies from our laboratory and others have demonstrated that fibrocytes traffic to
fibrotic lung lesions and increase collagen deposition and thickening of fibrotic lesions in
the subpleura and adventitial lung regions of TGFa mice and other mouse models of
pulmonary fibrosis (8, 32). To determine whether fibrocytes influence accumulation of
WT1-positive cells in the progressive expansion of fibrotic lung lesions, adoptive cell-
transfer experiments were performed. Fibrocytes (CD45*Col1*) were infused into the tail
vein of CCSP/TGFa mice on Dox for 2 wks, and fibrotic lesions were assessed for the
accumulation of WT1-positive cells at Day 7 after cell transfer. Transfer of fibrocytes
resulted in significant increases in the number of WT1-positive cells in CCSP/TGFa mice
compared with CCSP/- and CCSP/TGFa mice receiving saline (Figure 5A). Our previous
studies demonstrated that transfer of fibrocytes augmented thickening of the subpleural
fibrotic lesions and lung function decline in CCSP/TGFa mice infused with fibrocytes
compared with CCSP/- and CCSP/TGFa mice that received saline (8). For this study, the
number of WT1-positive cells in the subpleural regions were quantified using Metamorph
image analysis software to determine whether this cell population was correlated with the
thickening of the lung pleura. Fibrocyte infusion resulted in a significant increase in the
number of WT1-positive cells in CCSP/TGFa mice compared with CCSP/- and CCSP/
TGFa mice receiving saline (Figure 5B). Pearson correlation with linear regression analysis
indicated a linear correlation between increased subpleural thickness and WT1-positive cell
accumulations in CCSP/TGFa mice infused with either saline or fibrocytes (Figure 5C;
r2=0.8198, P<0.005). Similarly, a linear correlation was observed between the number of
WT1-positive cells in the lung subpleura and total lung hydroxyproline levels (Figure 5D;
n=6/group, r=0.6076, P<0.005). To determine whether fibrocyte-driven WT1-positive cell
accumulation has any positive effect on the WT1-regulated gene network, total lung
transcripts were analyzed using RT-PCR. WT1-regulated gene networks were markedly
activated in the fibrotic lungs of TGFa mice infused with fibrocytes compared with CCSP/-
and CCSP/TGFa mice that received saline (Figure 6A-E). In particular, transcripts of
MYCN, IL10, Colla, THBS4, and TERT were significantly elevated in CCSP/TGFa mice
infused with either saline or fibrocytes (Figure 6A—E). Taken together, our data suggest that
increased sub-pleural thickness is associated with an increased WT1-positive population,
which in turn is associated with disease severity as assessed by collagen deposition, lung
function, and the WT1-regulated gene network in TGFa mice.
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To further substantiate our hypothesis that fibrocytes contribute to WT1-positive cell
accumulation and subpleural thickening, we intravenously transferred purified populations
of TGFa-induced fibrocytes or saline on Day 14 into wild-type (FVB/NJ background) mice
that were treated i.d. with bleomycin or saline for a total of 28 days. Bleomycin-treated mice
that received TGFa-induced fibrocytes had an increased collagen deposition and
accumulation of WT1-positive cells in the subpleural regions of the lung compared with
mice treated with saline or bleomycin (Figure 7A and 7B). The total lung hydroxyproline
levels were increased in bleomycin-treated mice compared with saline-treated mice, which
was further augmented by the transfer of TGFa-induced fibrocytes (Figure 7C). Fibrocytes
infused into saline-treated wild-type mice had no effect on collagen staining and
hydroxyproline levels. We also observed a significant increase in resistance and elastance
with the transfer of fibrocytes into mice during bleomycin-induced pulmonary fibrosis
(Figure 7D and E). Notably, adoptive cell transfer of TGFa-induced fibrocytes into saline-
treated mice was not sufficient to alter lung function or the number of WT1-positive cells in
the lung pleura compared to i.d. saline-treated mice (Figure 7D-F). Moreover, similarly to
the CCSP/TGFa model, we observed a linear correlation between the WT1-positive cell
population in the lung pleura and total lung hydroxyproline levels (Figure 7G; r2=0.6125,
P<0.05).

WT1 is a critical regulator of ECM gene expression by lung mesenchymal cells

Myofibroblasts are the main effectors of fibrosis in all tissues, including the lung, and
contribute to the excessive ECM deposition in the fibrotic lesions of human IPF (19, 49-52).
To investigate WT1 expression in myofibroblasts that accumulate in the lung subpleura of
human IPF lungs, dual stainings for WT1 and aSMA (myofibroblast marker) were
performed on lung sections from IPF and control non-1PF lungs. Consistent with no staining
for WT1 in normal lungs, the control non-IPF lungs stained negative for WT1 and had
limited positive staining for aSMA in perivascular areas of the lung. In IPF lungs, WT1-
positive cells were co-localized with cytoplasmic aSMA in the subpleural fibrotic lesions
(Figure 8A). To investigate WT1 expression in myofibroblasts that accumulate in the lung
subpleura of TGFa mice, dual stainings for WT1 and aSMA were performed on lung
sections from CCSP/- and CCSP/TGFa transgenic mice on Dox for 6 wks, when fibrosis
was established. Consistent with no staining for WT1 in normal lungs, the lung pleura of
CCSP/- mice stained negative for WT1 and also had limited staining for aSMA. In CCSP/
TGFa mice, WT1-positive cells were co-localized with cytoplasmic aSMA in the subpleural
fibrotic lesions (Figure 8B). Importantly, CCSP/TGFa mice at 6 wks on Dox showed two
distinct populations of WT1-positive cells. In particular, elongated and spindle-shaped cells
that were positive for both aSMA and WT1 were predominatly localized in the mature
surfaces of the subpleural regions, whereas WT1-positive cells with limited or no staining
for aSMA were localized in the subpleural lesions that interface with lung parenchyma in
CCSP/TGFa mice (Figure 8B). Together, the immunostaining results suggest that WT1 is
expressed by both myofibroblasts and vimentin-positive mesenchymal cells of the lung
subpleura of CCSP/TGFa transgenic mice and human IPF lungs.

To assess whether increased WT1 expression is merely associated with or actually plays an
important role in regulating ECM gene expression and contributing to fibrosis, we
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performed an in vitro knockdown of WT1 and assessed changes in ECM gene transcripts.
We cultured the subpleural fibrotic lesions of human IPF lung and separated lung-resident
mesenchymal cells (CD45-Col1*) from fibrocytes by negative selection using anti-CD45
magnetic beads. Thus isolated primary lung-resident mesenchymal cells were transfected
with WT1 or control siRNA for 72 h, and ECM gene expression was analyzed by RT-PCR.
WT1 transcripts were effectively depleted in cells transfected with WT1-specific SIRNA
compared to control siRNA (Figure 8C). The major ECM genes, collagen 1a, collagen 3a,
and FN1, were significantly decreased in human IPF cells transfected with WT1-specific
SiRNA compared to control siRNA (Figure 8C). To confirm that WT1 is a critical regulator
of ECM genes in mesenchymal cells of TGFa mice, the lung pleura of TGFa mice on Dox
for 4 wks were cultured to isolate lung-resident mesenchymal cells (CD45-Col1*) by
negative selection using anti-CD45 magnetic beads. Thus isolated primary lung-resident
mesenchymal cells were transfected with WT1 or control siRNA for 72 h, and ECM gene
expression was analyzed by RT-PCR. WT1 transcripts were effectively depleted in cells
transfected with WT1-specific SIRNA compared to control siRNA (Figure 8D). The
expression of major ECM genes, in particular collagen 3a, collagen 5a, and FN1, were
significantly decreased in cells transfected with WT1-specific SiRNA compared to control
SiRNA (Figure 8D).

DISCUSSION

Our study demonstrates that fibrocytes do accelerate subpleural thickening and pulmonary
fibrosis when infused directly into the circulation of mouse models of TGFa- and
bleomycin-induced fibrosis. Our mechanistic studies determined that fibrocytes contribute to
the expansion of subpleural fibrotic lesions by activating WT1-positive cell accumulations
in the fibrotic lung lesions of two different in vivo models of pulmonary fibrosis. Pulmonary
mesothelial cells (PMC) are mesoderm-derived lung-resident mesenchymal cells that
express both an epithelial cell-specific marker, cytokeratin, and a mesenchymal cell-specific
marker, vimentin (53, 54). Previously, WT1 expression was thought to be limited to PMC of
the lung (55); however, our immunostainings demonstrate that WT1 is overexpressed by
both fibroblasts and myofibroblasts in human IPF lungs and in vivo models of pulmonary
fibrosis. Notably, WT1 transcripts downregulation was sufficient to attenuate ECM gene
expression in lung fibroblasts isolated from the fibrotic lungs of human IPF and TGFa mice.
Thus, the findings from this study unequivocally demonstrate that WT1-positive fibroblasts
and myofibroblasts are novel lung-resident mesenchymal cells in the fibrotic lungs of both
human IPF and mouse models of pulmonary fibrosis. In the developing mouse lung, at
embryonic stage E10.5, the majority of mesothelial cells has been shown to express WT1
(56). Later in life, mesothelial cells contribute to smooth-muscle cells in peri-vascular and
peri-bronchial areas of the adult lung, but show no expression of WT1 (56). In agreement
with this, we observed limited or no staining for WT1 in both normal adult human lungs and
normal mouse lungs. A recent study by Karki and colleagues suggests that WT1 is necessary
for the morphological integrity of the pleural membrane in normal lungs and the loss of
WT1 contributes to IPF via mesothelial-to-mesenchymal transition (55). In contrast, the
results of the present study suggest that WT1 transcripts are elevated in resident lung cells
isolated from the subpleural lung mesenchymal cell cultures of human IPF compared to
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normal lungs. This is supported by the finding that WT1 expression occurs in PMC,
fibroblasts, and myofibroblasts of human IPF lungs, but has limited or no expression in
normal human lungs. Although these discrepancies in expression data for WT1 could be
explained by variations in tissue sampling and also inflammation in subpleura and
parenchymal areas of the lung in IPF. In support of, a recent study performed using 40 IPF
subjects and 8 normal controls showed immune cell infiltrations and elevation of WT1
transcripts in IPF lungs compared to control samples (12).

Myofibroblasts are the major source for excessive ECM deposition in fibrotic lesions
including in the lung pleura (19, 57, 58). For the first time, we demonstrate that
myofibroblasts («¢SMA positive) that accumulate in mature fibrotic lesions of the lung
subpleura co-express WT1 in the nucleus in IPF lungs and TGFa mice on Dox for 6 wks. A
recent study suggests that pleural mesothelial cells migrate into the lung parenchyma based
on experiments for lineage tracking of WT1-positive cells with -gal activation by Cre upon
Tamoxifen injection (55). In particular, -gal-stained WT1-positive cells were observed in
large numbers on the pleural surface in control mice and migrated into the parenchyma with
no significant change in number in the pleura within 4 hrs of TGFp treatment (55). In
contrast, our WT1 immunostainings suggest limited or no staining for WT1 on the pleural
surfaces of adult normal mice. To further substantiate this finding, we used the heritable
expression of the red fluorescent protein variant td-Tomato for lineage tags that are
compatible with confocal analysis and require no staining with antibody. Further, the use of
a fluorescent reporter has been shown to overcome limitations associated with X-gal
staining using anti-pgal antibodies (7, 59). Notably, adult mice with reporter gene, when
treated with both saline and Tamoxifen, had no GFP-positive cells in the lung pleura,
whereas WT1-positive cells did accumulate in the lung pleural surfaces during bleomycin-
induced pulmonary fibrosis. However, the lack of green cells in the parenchyma or
adventitia of bleomycin-treated mice suggests that more careful evaluation of mesothelial
origins in the progressive thickening of the lung subpleura and parenchyma is needed (55).
Furthermore, a recent study on the adequacy of WT1-based epicardial fate mapping suggests
that WT1C"eEGFP mediates sporadic and ectopic recombination resulting in highly variable
patterns of green fluorescence when neither WT1 mRNA nor WT1 protein was detected
(60). Our present study, using WT1"€ERT2 showed Cre activity by administration of
Tamoxifen in the lung pleura, which was consistent with immunohistochemical detection of
WT1-positive cells in bleomycin-treated mice compared to saline-treated control mice.
Nonetheless, we do not know whether WT1-positive cells accumulate in the lung subpleura
due to overexpression of WT1 by a specific growth factor or expansion of WT1-positive
progenitors, or whether both of these contribute to the pool of WT1-positive cells. It is
critical to identify the signals upregulated by TGFa or bleomycin that induce WT1
expression or the proliferation of WT1-positive progenitors in the subpleural fibrotic lung
lesions. However, our findings do suggest that both mesothelial and mesenchymal cells
upregulate WT1 in IPF and mouse models of pulmonary fibrosis. Recent fate-mapping
studies using TGFa mice demonstrate limited transdifferentition of epithelial cells into
myofibroblasts, which was also demonstrated with a mouse model of bleomycin-induced
fibrosis (7, 19). Therefore, future studies are warranted that would examine mesothelial-to-
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myofibroblast transition in causing the progressive expansion of subpleural fibrotic lesions
using complementary mouse models of pulmonary fibrosis.

Several clinical studies have demonstrated that the number of circulating fibrocytes in
patients with IPF reflects fibrogenic activity and disease progression (24, 29, 61). Our recent
findings demonstrated a progressive accumulation of BM-derived fibrocytes that expressed
the monocyte-lineage marker CD14 and the tissue-invasive marker CD44 during TGFa-
induced pulmonary fibrosis (8). To confirm that fibrocyte subsets of human IPF lung
subpleura also express CD14 and CD44, we characterized fibrocyte subsets that selectively
accumulate in the subpleural fibrotic lesions of human IPF lung using multicolor flow
cytometry. Indeed, the major subsets of fibrocytes in the thickened lung subpleura of human
IPF expressed both CD14 and CD44 (Supplemental Figure 4). In a recent study, we
demonstrated that fibrocytes that accumulate in the lung subpleura have limited or no direct
contribution to myofibroblasts, but do augment subpleural thickening and pulmonary
fibrosis (8). Using a GFP-labeled BM transplant model, we also demonstrated that
fibrocytes do not transform into WT1-positive lung-resident mesenchymal cells. This was
further supported by immunoblots for WT1 in fibrocytes (CD45*Col1*) and lung-resident
mesenchymal cells (CD45-Col1") isolated from the lung mesenchymal cell cultures from
TGFa transgenic mice on Dox for 4 wks. Overall, our results suggest that WT1-positive
cells and fibrocytes are two distinct subsets that accumulate during the progressive
thickening of the lung pleura. We therefore hypothesize that fibrocytes augment subpleural
thickening and pulmonary fibrosis by altering WT1-positive cell accumulation during
TGFa-induced fibrosis. Concurrently, using two different mouse models of pulmonary
fibrosis, we have demonstrated that severe fibrotic lung disease is associated with fibrocyte-
driven accumulation of WT1-positive cells. We provide data to suggest a previously
unsuspected role for fibrocytes in causing WT1-positive cell accumulation as a downstream
mediator of persistent lung fibrosis by production of collagen and other ECM proteins. In
particular, knockdown of WT1 using siRNA resulted in a significant down regulation of
ECM proteins, including Col 3a, Col 5a, and FN1. This phenomenon of WT1-regulated
ECM gene expression is also observed in lung-resident fibroblasts of human IPF. Also, we
have identified a network of WT1-regulated genes that show a progressive increase during
TGFa-induced fibrosis in mice. In particular, WT1 has been shown to act as a transcription
factor to regulate the transcription of multiple genes (MYCN, IL-10, TERT, and THBS4)
involved in the diverse pro-fibrotic functions in fibroblasts, such as proliferation and
enhanced survival under stress (40-44). In this study, we have revealed a unique role of
fibrocytes as regulators that augment accumulation of WT1-positive cells, thereby
increasing transcription of WT1-regulated genes in severe lung disease in mice. Our findings
also support the likelihood that WT1 and its regulated network of genes play an important
role in the pathogenesis of IPF. Interestingly, the blood of patients with interstitial lung
disease is enriched with fibrocytes and IL-10 compared to healthy controls (62-64). Further,
chronic overexpression of IL-10 has been shown to induce pulmonary fibrosis that involves
fibrocyte recruitment and M2 activation via a CCL2/CCR?2 axis (41, 65). Similarly, TERT
mutations are the most common genetic defect found in familial pulmonary fibrosis (66, 67).
TERT deficiency in mice has resulted in a significant protection against bleomycin-induced
fibrosis, and fibroblasts displayed decreased proliferation and increased apoptosis rates with
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TERT deficiency (40). Additional studies involving fibrocytes, WT1, and WT1-regulated
genes are now needed to identify the interplay among these cellular and molecular regulators
of pulmonary fibrosis. In particular, studies are needed to establish whether WT1 expression
in the subpleura of human IPF lungs indicates severity of fibrotic disease. Also, assessment
of human IPF cells and their fiberoptic phenotypes with altered WT1 expression would
facilitate establishment of the role of WT1 in the pathogenesis of IPF and identify the
therapeutic relevance of targeting WT1 in IPF patients.

In summary, our study demonstrates accumulation of WT1-positive cells in the lung
subpleura during progressive pulmonary fibrosis. Further, fibrocytes augment WT1-positive
cell accumulations, and this supports an unique association of fibrocytes with severe lung
disease in mice. Our findings demonstrate a positive association between accumulation of
WT1-positive cells and subpleural thickening and collagen deposition. Furthermore,
attenuation of WT1 expression resulted in a significant decrease in ECM gene transcripts by
lung-resident fibroblasts of both murine and human IPF. The findings of this study elicit
new questions and address limitations in the previous paradigm that WT1 expression is
limited to mesothelial cells and functions as a negative regulator of mesothelial-to-
myofibroblast differentiation in IPF (55). Moreover, our current findings provide impetus
for future studies to identify the role of WT1 in mesenchymal cell phenotypes of human IPF
and also test possible therapeutic options that will disrupt the functions of WT1 and
fibrocytes in pulmonary fibrosis. Overall, our results provide novel insights into previously
unrecognized roles for fibrocytes and WT1 in pulmonary fibrosis and the potential for these
to be useful therapeutic targets.
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Figure 1. Wilms’ tumor 1 (WT1)-positive cells accumulate in the subpleural fibrotic lung lesions
of TGFa mice
(A) WT1 transcripts were quantified by RT-PCR in the lungs of CCSP/- or CCSP/TGFa

transgenic mice fed doxycyclin (Dox) food for 4 days or 2, 3, and 4 wks (n=6). (B)
Immunostaining of lung sections with anti-WT1 antibodies shows progressive accumulation
of WT1-expressing cells in the subpleura of CCSP/TGF-a mice on Dox for 2 and 4 wks
compared to CCSP/- mice on Dox for 4 wks. Images are representative of n=4 per group.
Scale bar, 50 um. (C) WT1 transcripts were quantified by RT-PCR in the total RNA of lung
mesenchymal cell cultures from CCSP/- and CCSP/TGFa mice fed on Dox food for 4 wks.
(D) The total lung mesenchymal cells were separated into fibrocytes (CD45*Col1*) and
resident mesenchymal cells (CD45~Col1*) using ant-CD45 magnetic beads from lung
mesenchymal-cell cultures of CCSP/- or CCSP/TGF-a mice on Dox for 4 wks, and WT1
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transcripts were quantified by RT-PCR. (E) The lysates of fibrocytes (CD45*Col1*) and
resident mesenchymal cells (CD45~Col1*) from CCSP/- or CCSP/TGF-a mice on Dox for
4 wks were blotted with anti-WT1 antibodies and quantified using the Phosphor Imager
software, and values were normalized with GAPDH control. One-way ANOVA with
Sidak’s multiple comparisons test was used to measure significant differences between
groups. **P<0.005, ***P<0.0005, ****P<0.0001 Results are representative of two or more
independent experiments.
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Figure 2. Wilms’ tumor 1 (WT1)-positive cells accumulate in the subpleural fibrotic lesions of
lungs in patients with idiopathic pulmonary fibrosis (IPF)

Mesothelial and mesenchymal cells are the major lung cell types that express WT1 in the
subpleural fibrotic lesions of the human IPF lung. Serial lung sections from (A) non-IPF
(n=4) and (B) IPF (n=6) patients were co-immunostained with antibodies against either
cytokeratin (red, indicates mesothelial cells) and WT1 (brown) or vimentin (red, indicates
mesenchymal cells) and WT1 (brown). All images were collected at 20X (scale bars, 100
pum) and 40X (scale bars, 20 um) magnification. The dashed boxes in the 20X images
indicate the areas highlighted in the 40X images.
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Figure 3. Fibrocytes do not transform into Wilms’ tumor 1 (WT1)-positive cells in the subpleural
fibrotic lung lesions of TGFa Mice
GFP-chimera mice were generated by transplanting 3x10° bone marrow (BM) cells from

EGFP-transgenic mice into lethally-irradiated (11.75Gy) CCSP/- and CCSP/TGFa
recipients. BM cells were harvested from the tibia and femur of the EGFP donor mice by
flushing the bones with Dulbecco’s PBS under aseptic conditions and washing by
centrifugation (5 min at 1,000 x g, 4°C). (A) Lung sections from CCSP/- GFP and CCSP/
TGFa GFP chimera mice fed doxycyclin (Dox)-treated food for 4 wks were stained with
antibodies for WT1 (white) and vimentin (red). The dashed box indicates the enlarged area.
Images are representative of n=5 per group. Scale bar, 50 um. (B) Quantification of the total
vimentin-positive cells in the subpleural regions of CCSP/- GFP chimera and CCSP/TGFa
chimeric mice using Imaris version 7.2.3 (n=5). (C) Quantification of the total WT1-positive
cells from the subpleural regions of CCSP/- GFP chimera and CCSP/TGFa chimeric mice
(n=5). Data shown are means + SEM. Unpaired Student’s t-test was performed to measure
the significance. ***P<0.0005, ****P<0.0001
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Figure 4. Wilms’ tumor 1 (WT1)-positive cells accumulate in the lungs during bleomycin-
induced pulmonary fibrosis

Bleomycin was administered via intradermal injections (100 pg/day; 5 days/week) for 4 wks
and lungs were assessed for WT1-positive cells. (A) The lung sections were immunostained
for WT1 antigen (brown), and the dotted box indicates the enlarged area. All images are
representative of n=4 per group. Scale bar, 50 um. (B) The number of WT1-positive cells
were quantified for each lung section in bleomycin- and saline-treated control mice (n=4/
group). Data shown are means + SEM. Statistical significance between groups was
measured using an unpaired Student’s t-test. *P<0.05, ***P<0.0005, ****P<0.0001 (C)
WT1CreERT2ZHROSAMTMG/+ mice were injected intradermally with saline or bleomycin (100
ug/day; 5 days/wk) for 4 wks, and Cre-mediated recombination was induced by two doses of
intraperitoneal Tamoxifen at Week 4 (2.5 mg/mice; Days 26-27). Images are representative
of n=3 per group. The dashed box in the 20X images indicates the area highlighted in the
60X images. Scale bars, 200 um.
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Figure 5. Adoptive cell transfer of fibrocytes augments accumulation of Wilms’ tumor 1 (WT1)-
positive cells in the subpleura of fibrotic lung lesions during TGFa-induced pulmonary fibrosis

CCSP/- and CCSP/TGFa mice were fed with doxycyclin (Dox)-treated food for 14 days
and fibrocytes (0.7x108 cells/mice) or saline was infused intravenously via the tail vein.
After fibrocyte infusion, mice were continued on Dox for another 7 days and lungs were
harvested for analysis. (A) Immunostaining of lung sections with anti-WT1 antibodies.
Images are representative of n=4—6 per group. Scale bar, 50 pm. (B) The number of WT1-
positive cells per total cells in the lung pleura/sub-pleura was calculated by counting WT1-
positive cells and total cells in pleura/sub-pleural regions from five representative images
per animal from CCSP/- and CCSP/TGF-a mice (n=4-6/group). Data shown are means +
SEM. Statistical significance between groups was measured using One-way ANOVA with
Sidak’s multiple comparison test. ****P<0.0001 (C) The correlation was calculated
between the number of WT1-positive cells and subpleural thickness using Pearson
correlation coefficient with linear regression analysis (r2=0.8198; P<0.0001; n=4-6 per
group). (D) The correlation was calculated between the number of WT1-positive cells and
hydroxyproline levels of the total lung using Pearson correlation coefficient with linear
regression analysis (r2=0.6076; P<0.005; n=4-6 per group).
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Figure 6. Adoptive cell transfer of fibrocytes augments Wilms’ tumor 1 (WT1)-regulated gene
expression during TGFa induced fibrosis

CCSP/-and CCSP/TGFa mice were placed on doxycycline (Dox)-treated food for 14 days
and fibrocytes (0.7x108 cells/mice) or saline was infused intravenously via the tail vein.
After fibrocyte infusion, mice were continued on Dox for another 7 days and lungs were
harvested to quantify WT1-regulated network of genes by RT-PCR. The transcripts of WT1-
regulated network genes (A) MYCN, (B) IL-10, (C) Colla, (D) THBS4, and (E) TERT are
shown as the fold induced obtained by normalizing the gene expression to a hypoxanthine
guanine phosphoribosyl transferase (HPRT) control. Data shown are mean + SEM values
(n=4-6/group). Statistical significance between groups was measured using One-way
ANOVA with Sidak’s multiple comparison test. *P<0.05, **P<0.005, ***P<0.0005,
**%*P<0.0001.
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Figure 7. Adoptive cell transfer of fibrocytes augments accumulation of Wilms’ tumor 1 (WT1)-
positive cells and fibrotic lung disease during bleomycin-induced pulmonary fibrosis

FVB/NJ mice were injected intradermally with saline or bleomycin (100 pg/day; 5 days/
week) for 2 wks. Mice were then infused with TGFa-induced fibrocytes isolated from
mesenchymal-cell lung cultures of CCSP/TGFa mice fed doxycyclin (Dox)-treated food for
4 wks, and mice were continued on saline or bleomycin for another 2 wks. (A) Masson
trichrome staining demonstrates increased collagen deposition in the subpleural areas and
also interstitium of mice infused with fibrocytes and bleomycin-treated compared to saline-
or bleomycin-treated mice. (B) The lung sections immunostained for WT1 antigen show
increased accumulation of WT1-positive cells in the subpleural surfaces of mice infused
with fibrocytes and bleomycin-treated compared to saline- or bleomycin-treated only mice.
The dotted box indicates the enlarged area. (C) Total lung hydroxyproline levels were
increased in mice infused with fibrocytes and bleomycin-treated compared to saline or
bleomycin-treated only mice. (D) The resistance of airways was increased in mice infused
with fibrocytes and bleomycin-treated compared to saline- or bleomycin-treated mice. (E)
Tissue elastance was increased in mice infused with fibrocytes and bleomycin-treated
compared to saline- or bleomycin-treated only mice. (F) The number of WT1-positive cells
in the lung subpleura was significantly increased in mice infused with fibrocytes and
bleomycin-treated compared to saline- or bleomycin-treated only mice. (G) The correlation
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was calculated between the number of WT1-positive cells and hydroxyproline levels of the
lung using Pearson correlation coefficient with linear regression analysis (r?=0.6125;
P<0.05). Data shown are means + SEM. Statistical significance was calculated using One-
way ANOVA with Sidak’s multiple comparison. Data are cumulative of two independent
experiments with similar results (n=6-8/group). *P<0.05, **P<0.005, ***P<0.0005,
**%*P<0,0001
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Figure 8. Wilms’ tumor 1 (WTL) is expressed by myofibroblasts and is a critical regulator of
extracellular matrix (ECM) gene expression
(A) Lung sections of non-1PF and IPF patients were co-immunostained with antibodies

against aSMA (red) and WT1 (brown). Images are representative of n=4 per group. Scale
bar, 50 um. (B) Immunofluorescence staining for WT1 and aSMA on lung sections of
CCSP/-and CCSP/TGFa mice on Dox for 6 wks. The dashed box with the number one is
used to indicate the subpleural area with cells positive for both WT1 and aSMA (WT1-
positive myofibroblasts). The dashed box with the number two is used to indicate the
subpleural area with the cells positive for WT1, but limited or no staining for aSMA.
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Images are representative of n=4 per group. Scale bar, 50 um. (C) Primary lung-resident
mesenchymal cells were isolated from the subpleural lung mesenchymal cell cultures of
human IPF by negative selection using anti-CD45 magnetic beads and transfected with
either control or WT1 siRNA for 72 h. The transcripts for WT1 and ECM genes, including
Colla, Col3al, and FN1, are shown as the fold induced by normalizing to 18s rRNA
control. Data shown are mean + SEM values (n=2). Statistical significance between groups
was measured using an unpaired Student’s t-test. *P<0.05, **P<0.005 (D) Primary lung-
resident mesenchymal cells were isolated from subpleural lung mesenchymal-cell cultures
of CCSP/TGFa mice on Dox 4 wks by negative selection using anti-CD45 magnetic beads
and transfected with either control or WT1 siRNA for 72 h. The transcripts for WT1 and
ECM genes, including Col3a, Col5a, and FN1, are shown as the fold induced by
normalizing to a hypoxanthine guanine phosphoribosy! transferase (HPRT) control. Data
shown are mean + SEM values (n=4/group). Statistical significance between groups was
measured using an unpaired Student’s t-test. *P<0.05, **P<0.005
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Table |
Primers and probes used for RT-PCR
Gene Forward Reverse
Human Primers
SACTIN CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG
WT1 AGCTGTCCCACTTACAGATGC CCTTGAAGTCACACTGGTATGG

Mouse Primers

HPRT GCCCTTGACTATAATGAGTACTTCAGG TTCAACTTGCGCTCATCTTAGG
WT1 CAGATGAACCTAGGAGCTACCTTAAA TGCCCTTCTGTCCATTTCA
MYCN AGCACCTCCGGAGAGGATAC CCACATCGATTTCCTCCTCT
IL-10 CAGAGCCACATGCTCCTAGA GTCCAGCTGGTCCTTTGTTT

TERT AGAGCTTTGGGCAGAAGGA GAGCATGCTGAAGAGAGTCTTG
THBSA AGACGCCTGTGATGACGAC TGGGACAGTTGTCCAAAATG
COL1la AGACATGTTCAGCTTTGTGGAC GCAGCTGACTTCAGGGATG
COL3a TCCCCTGGAATCTGTGAATC TGAGTCGAATTGGGGAGAAT
COL5a CTACATCCGTGCCCTGGT CCAGCACCGTCTTCTGGTAG

FN1 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA
Human Probes Catlog #
18srRNA Applied Biosystems® Life Technologies

Wr1 Life Technologies™ Hs01103751
COL1A1 Life Technologies™ Hs00164004
COL3A1 Life Technologies™ Hs00943809

FN1 Life Technologies™ Hs00365052
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