Endothelial Cells Recruit Macrophages and Contribute
to a Fibrotic Milieu in Bleomycin Lung Injury
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Systemicsclerosis (SSc) is a systemic autoimmune disease that causes
inflammation, vasculopathy, and fibrosis of the skin and internal
organs. One of the most severe complications of SSc involves the
development of pulmonary fibrosis. Endothelial cell injury precedes
the development of fibrosis, and is believed to be an initiating event.
Therefore, we aimed to characterize the role of endothelial cells
in the progression of pulmonary fibrosis, using a well-established
bleomycin (BLM) model of pulmonary fibrosis. Endothelial cells were
isolated by cell sorting, and the analysis of gene expression was
performed with quantitative RT-PCR. Endothelial injury was induced
between the first and second week, as shown by the elevated
expression of the vascular injury markers matrix metallopeptidase—
12 and von Willebrand factor. After injury, endothelial activation
was indicated by the up-regulation of selectins, CCL chemokines,
and inflammatory mediators, including complement anaphylatoxin
receptors (C3aR and C5aR), oncostatin M, and leukemia inhibitory
factor. The endothelial cell overexpression of fibrotic mediators, in-
cluding connective tissue growth factor, plasminogen activator inhib-
itor-1, osteopontin, fibronectin, and fibroblast specific protein-1, was
observed in the second and fourth weeks. This study suggests that
endothelial cells actively contribute to the disease process via multiple
mechanisms, including the recruitment of inflammatory cells and the
establishment of a profibrotic environment during the development
of BLM-induced pulmonary fibrosis.
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Systemic sclerosis (SSc) is a progressive autoimmune disease char-
acterized by vascular abnormalities, immune dysfunction, and fi-
brosis of the skin and internal organs (1). The pathogenesis of SSc
is not completely understood, but is believed to be initiated by an
early and persistent damage to the endothelium (2). Patients with
SSc manifest symptoms of endothelial dysfunction, including ir-
reversible structural changes because of remodeling, functional
abnormalities controlling vascular tone, and altered permeability
(2). In addition, the apoptosis of endothelial cells seems to play
an early and important role in the initiation of inflammation and
the eventual activation of fibroblasts, leading to an excess depo-
sition of interstitial collagens (3).

Bleomycin (BLM)-induced pulmonary fibrosis is the most
commonly used animal model in rodents to study interstitial
lung disease (ILD), including SSc-mediated ILD and idiopathic
pulmonary fibrosis (IPF). The subcutaneous administration of
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CLINICAL RELEVANCE

Endothelial cell injury is considered an initiating event in
the pathogenesis of scleroderma (SSc), but the role of in-
jured endothelium in the development of SSc interstitial
lung disease remains poorly understood. In this work, we
demonstrate the up-regulation of numerous inflammatory
and profibrotic genes in pulmonary endothelial cells in
response to subcutaneously administered bleomycin. This
study suggests that endothelial cells actively contribute to
pulmonary fibrosis via multiple mechanisms, including the
recruitment of inflammatory cells and the establishment of
a profibrotic environment.

BLM represents a clinically relevant model of chronic lung in-
jury, with many histological features similar to those of pulmo-
nary fibrosis in SSc patients, including mononuclear cell infiltration
and patchy interstitial fibrosis (4). Similar to human ILD, fibrotic
areas in animals treated with subcutaneous BLM develop subpleu-
ral and perivascular lesions, where fibrotic areas in the intratracheal
instillation are localized predominantly to peribronchial and peri-
bronchiolar areas (4). Similar to SSc, endothelial cells are believed
to be a major target of BLM-induced injury when administered via
intravenous or subcutaneous routes. Bleomycin can induce ap-
optosis in cultured endothelial cells (5), but whether endothe-
lial cells undergo apoptosis after BLM treatment in vivo has
not been clearly shown, except for one report where subendo-
thelial blebbing was described (6). Although endothelial cells
are widely accepted as a primary target of the drug, the extent
to which endothelial cells contribute to BLM-induced pulmo-
nary inflammation and fibrosis, and the extent of vasculopathy
in this model, are debated.

Endothelial cells may contribute in several ways to the devel-
opment of tissue fibrosis, involving inflammatory roles and inter-
actions with fibroblasts. Activated endothelial cells are known to
secrete cytokines and profibrotic mediators such as transforming
growth factor— (TGF-B), connective tissue growth factor/
CCN family member 2 (CTGF/CCN2), and plasminogen acti-
vator inhibitor-1 (PAI-1), which directly recruit and activate
fibroblasts to produce collagen. The direct treatment of endo-
thelial cells with BLM in vitro has been shown to induce the
secretion of certain profibrotic mediators (7, 8), but little is
known about the effects of BLM on endothelial cells in vivo.
Moreover, recent studies have suggested that a process known as
the endothelial-to-mesenchymal transition (EndMT) may be acti-
vated during fibrotic processes, creating fibroblast-like cells that
contribute to excess collagen production (8, 9). Finally, the activa-
tion of endothelial cells may contribute to prolonged tissue injury
by promoting a proinflammatory environment. The expression of
adhesion molecules and chemokines at the vascular wall contribute
to leukocyte homing and the extravasation of cells at sites of in-
flammation. Bleomycin has been shown to increase the expression
of chemokines (10, 11) and adhesion molecules (10, 11) in endo-
thelial cells in vitro. With the exception of a few studies (12-14),
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very few efforts have been undertaken to confirm the proinflam-
matory effects of BLM on endothelial cells in vivo.

The activation of the immune system contributes to persistent
tissue damage, causing the eventual activation of fibroblasts and
the overproduction of collagen through a poorly understood mech-
anism (15). Macrophages are central to the pathogenesis of ILD,
infiltrating the lung in response to tissue injury, or damaging
agents such as bleomycin. In the lung, they contribute further to
tissue damage by secreting cytokines, lipid mediators, and reactive
oxygen species. This creates a vicious cycle of tissue damage and
repair, eventually resulting in fibrosis (16). Understanding the
crosstalk between endothelial cells and other cell types implicated
in the pathogenesis of fibrosis, including immune cells and fibro-
blasts, is vital to understanding and treating SSc-mediated ILD.

The purpose of this study was to determine the role of endo-
thelial cells in BLM-induced pulmonary fibrosis. We isolated en-
dothelial cells from lung tissue after BLM injury by cell sorting,
and used gene expression analysis to determine the role these
cells play in the pathogenesis of pulmonary fibrosis. We observed
an increased expression of numerous genes, including genes re-
lated to endothelial cell injury, inflammation, and fibrosis, sug-
gesting the active participation of endothelial cells during the
progression of pulmonary fibrosis.

MATERIALS AND METHODS

Reagents

Several antibodies were obtained from BD Pharmingen (San Jose, CA),
including Fc block rat anti-mouse CD16/CD32 (1:100), Allophycocyanin
(APC) rat anti-mouse CD45 (1:100), R-phycoerythrin (PE) rat anti-mouse
CD?31 (1:100), and rat anti-mouse macrophage antigen-3 (MAC3) (1:50). Rab-
bit anti-human von Willebrand factor (VWF; 1:1,200) was purchased from
Dako. Several reagents were purchased from Vector (Burlingame, CA), in-
cluding antigen unmasking solution (catalogue number H-3300), rabbit serum
(catalogue number S-5000), biotinylated rabbit anti-rat, an Avidin/Biotinylated
Enzyme Complex (ABC) kit, and a diaminobenzidine (DAB) Kit.

BLM Subcutaneous Injection Model

Fibrosis was induced in 8- to 12-week-old male C57BL/6 mice (Charles
River Laboratories, Wilmington, MA) by a daily subcutaneous injection
with 100 pl of bleomycin (1 mg/ml; Enzo, Farmingdale, NY) or saline for
7, 14, or 28 days. Animals were killed 24 hours after the final treatment.
All experiments were performed according to guidelines of the Institu-
tional Animal Care and Use Committee at Boston University.

Tissue Collection and Histology

For histology, the right lung was tied off and saved in RNA Later (Life
Technologies, Grand Island, NY). The left lung was fixed by tracheal
perfusion with 4% paraformaldehyde, and transferred into 70% ethanol.
Samples were dehydrated in a series of ethanol and xylene, and embedded
in paraffin. For histology, sections were stained with hematoxylin and eo-
sin or Gomori trichrome, or used for immunohistochemistry.

Immunohistochemistry

Tissue sections were deparaffinized and rehydrated. Antigen retrieval was per-
formed in citrate buffer. The Fc receptor was blocked for 30 minutes, and en-
dogenous peroxidase activity was blocked by incubating slides for 30 minutes in
0.3% H,0,. Slides were incubated in 0.1 M glycine for 45 minutes at 4°C
(Mac3 only). Blocking was performed in 3% rabbit serum (Mac3) or 3% goat
serum (VWF) for 1 hour, and incubated overnight with primary antibody.
Slides were incubated in the secondary antibody for 30 minutes. For visual-
ization, the ABC and DAB substrate kits were used according to the man-
ufacturer’s protocol (Vector), and counterstained in hematoxylin.

Flow Cytometry and Cell Sorting

Lung tissue was digested by mechanical disruption, followed by enzy-
matic digestion for 1 hour at 37°C in a 0.01% collagenase 1 (Worthington

Biochemical Corp., Lakewood, NJ)/Dispase (STEMCELL Technologies,
Vancouver, BC, Canada) solution with CaCl,, passed through a 70-pm
filter, centrifuged, and resuspended in buffer. Cells were incubated in the
Fc block, followed by immunostaining for 30 minutes with APC-labeled
CD45 and PE-labeled CD31. Cells were washed and sorted by flow cytom-
etry to separate the endothelial (CD45~ CD31") and immune (CD45"
CD317) cell populations. In a separate experiment, cells were sorted by
the methods described, using APC-labeled CD11c and PE-labeled CD11b
for the staining of macrophage and dendritic subpopulations (17).

For the isolation of RNA, cells were lysed in RLT buffer (Qiagen,
Valencia, CA) with the QIAshredder column (Qiagen). RNA was iso-
lated with an RNeasy Mini Kit (Qiagen), and real-time quantitative
RT-PCR was performed as will be described.

Real-Time Quantitative PCR

Each total lung was homogenized and RNA was extracted by column pu-
rification, using the RNeasy Mini Kit (Qiagen). One microgram of RNA
was reverse-transcribed, using random hexamers. Endothelial cells were
sorted, followed by a cDNA amplification step using the Ovation PicoSL
WTA V2 kit (NuGEN Technologies, San Carlos, CA). Quantitative PCR
was performed using SYBR Green (Applied Biosystems, Grand Island,
NY) with ¢cDNA in triplicate, and with B-actin as the internal control.
The primers are listed in Table 1. Results were normalized to a saline-
injected lung, and fold change was determined using the AACt method.
Statistics are reported as the results of a two-tailed, unpaired Student ¢ test.

RESULTS

Subcutaneous Injection of Bleomycin Induces Inflammation
and Extensive Pulmonary Fibrosis

Mice were subjected to a daily subcutaneous administration of BLM,
and tissue was first analyzed for evidence of inflammation and fibro-
sis. A decline in health of the BLM-treated animals was evidenced
by progressive weight loss, showing a significant difference from the
saline control group by the first week, with this significant difference
sustained into the fourth week of the experiment. Further evidence
of pulmonary inflammation was indicated by histology of the lungs,
using a standard hematoxylin and eosin stain. Lungs from BLM mice
showed thickened alveolar walls and increased cellularity by Day 14
because of the infiltration of immune cells (18) (see Figures E1A and
E1B in the online supplement).

Fibrosis of lung tissue was demonstrated using Gomori tri-
chrome stain as a standard measure for collagen deposition.
Fibrotic areas were observed as early as Day 14 in BLM-treated
mice. Fibrotic regions were substantially larger by Day 28, and
showed a complete obliteration of the alveolar compartment (Fig-
ure E1C). Interstitial collagens (Collal, Colla2, Col3al, Col5al,
and Col5a2) were quantified by quantitative PCR (Figure E1D).
All collagen chains were found to be significantly increased at both
2 and 4 weeks. As a confirmation of the profibrotic environment of
BLM lungs, the mRNA expressions of profibrotic mediators PAI-
1, CTGF, and TGF-B were analyzed. The expression of PAI-1
was marginally increased in the total tissue, showing a significant
effect at 2 weeks (Figure E1E). Changes in CTGF were not
observed in BLM mice after 4 weeks (Figure E1F), whereas
TGF-B1 was moderately increased at 4 weeks in total tissue (Fig-
ure E1G; P = 0.066). These results confirm the presence of pul-
monary inflammation and fibrosis in a chronic model of lung
injury after systemic BLM administration.

Macrophages Are Recruited to Tissue by 2 Weeks
in Subcutaneous BLM Lung Injury

Fibrosis is believed to be the result of a response to injury, with
macrophage recruitment as a central cell type in inflammation-
driven fibrosis (15). We investigated the infiltration of macro-
phages to the lung after injury by BLM, and aimed to determine
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TABLE 1. PRIMERS FOR REAL-TIME QUANTITATIVE PCR (5'-3")

Forward Reverse
B-actin AAGGCCAACCGTGAAAACAT  GTGGTACGACCAGAGGCATAC
Collal GCCAAGAAGACATCCCTGAAG TGTGGCAGATACAGATCAAGC
Colla2 GCCACCATTGATAGTCTCTCC  CACCCCAGCGAAGAACTCATA
Col3al TTTGTGCAAGTGGAACCTG TGGACTGCTGTGCCAAAATA
Col5al GGACTAGTCCGCTTTC GTGGTCACTGCGGCTGAGG
CCTGTCAACTTGTCCGATGG  AACTTC
Col5a2 CAGAAGCCCAGACGTATCG GGTGGTCAGGCACTTCAGAT
PAI-1 AGGATCGAGGTAAACGAGAGC GCGGGCTGAGATGACAAA
CTGF TGACCTGGAGGAA AGCCCTGTATGTCTTCACACTG
AACATTAAGA
TGF-B1 TGGAGCAACATGTGGAACTC  CAGCAGCCGGTTACCAAG
MCP-1/CCL2 CATCCACGTGTTGGCTCA GATCATCTTGCTGGTGAA
TGAGT
EMR1 CCTGGACGAATCCTGTGAAG  GGTGGGACCACAGAGAGTTG
VWF CCAAGGAGGGTCTGCAACT AAAGGAAGACTCTGGCAAGCTA
MMP12 TGATGCTGTCACAACAGTGG  GTAATGTTGGTGGCTGGACTC
ICAM-1 CCCACGCTACCTCTGCTC GATGGATACCTGAGCATCACC
VCAM TGGTGAAATGGAATCTGAACC CCCAGATGGTGGTTTCCTT
E-selectin TCCTCTGGAGAGTGGAGTGC  GGTGGGTCAAAGCTTCACAT
P-selectin ATGCCTGGCTACTGGACACT  GACTGAGCATAGGGGCACA
CD34 GGGTAGCTCTCTGCCTGATG ~ TCCGTGGTAGCAGAAGTCAA
CXCL1 AGACTCCAGCCACACTCCAA  TGACAGCGCAGCTCATTG
CXCL2 AAAATCATCCAAAAGATAC CTTTGGTTCTTCCGTTGAGG
TGAACAA
CCL3 TGCCCTTGCTGTTCTTCTCT GTGGAATCTTCCGGCTGTAG
CCL6 TCTTTATCCTTGTGGCTGTCC  TGGAGGGTTATAGCGACGAT
CCL7 TTCTGTGCCTGCTGCTCATA TTGACATAGCAGCATGTGGAT
CCL9 TGGGCCCAGATCACACAT CCCATGTGAAACATTTCAATTTC
C3aR GTGGCTCGCAGATCATCA AAGACTCCATGGCTCAGTCAA
C5aR GCATCCGTCGCTGGTTAC TGCTGTTATCTATGGGGTCCA
IL-6 GCTACCAAACTGGATATAA CCAGGTAGCTATGGTAC
TCAGGA TCCAGAA
OSM TGCTCCAACTCTTCCTCTCAG  CAGGTTTTGGAGGCGGATA
LIF AAACGGCCTGCATCTAAGG AGCAGCAGTAAGGGCACAAT
Fibronectin ~ TGGGTCTGAGTACACCGTGA  GTGGAATGGAGCGCAGAG
FSP-1 GGAGCTGCCTAGCTTCCTG TCCTGGAAGTCAACTTCATTGTC
OPN CCCGGTGAAAGTGACTGATT  TTCTTCAGAGGACACAGCATTC

Definition of abbreviations: C3aR, complement 3a receptor; C5aR, complement
5a receptor; Col, collagen; FSP-1, fibroblast specific protein—1; CTGF, connective
tissue growth factor; LIF, leukemia inhibitory factor; MCP-1, monocyte chemo-
tactic protein—1; CCL2, chemokine (C-C motif) ligand 2; EMR1, EGF-like module
containing, mucin-like, hormone receptor-like sequence 1; MMP12, matrix
metallopeptidase-12; ICAM-1, intercellular adhesion molecule 1; OPN, osteo-
pontin; OSM, oncostatin-M; PAI-1, plasminogen activator inhibitor-1; TGF-8,
transforming growth factor-B; VCAM, vascular cell adhesion molecule 1; vVWF,
von Willebrand factor.

the role of endothelial cells in their recruitment. Chemokine
(C-C motif) ligand 2 (CCL2)/monocyte chemotactic protein—1
(MCP-1) is a main chemotactic factor for macrophage recruit-
ment (19), and was significantly increased at the mRNA level in
tissue from BLM-injured lungs, 2 weeks after treatment (Figure
1A). CCL2/MCP-1 expression steadily increased from the first
week, reaching the highest induction during the fourth week. As
an additional measure, we quantified the gene expression of
a marker expressed on macrophages, EGF-like module con-
taining, mucin-like, hormone receptor-like sequence 1 (EMR1),
which was significantly elevated in total lung homogenate from
BLM-treated mice during the fourth week (Figure 1B), suggesting
macrophage infiltration. Immunohistochemistry for the Mac3 an-
tigen, a general macrophage marker, was used to observe the
presence and localization of macrophages in tissue (20). Macro-
phages were observed within the alveolar and interstitial spaces of
BLM-treated mice by the second week, and macrophages in-
creased further in number by the fourth week (Figure 1C). As
a quantitative measure of macrophage infiltration, total cell counts
from a single-cell suspension revealed changes in immune cell
populations within the lung by FACS. A significant increase
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was evident in absolute numbers (Figure 1D) and percentages
(Figure 1E) of CD11b™ CD11c™ cells (interstitial macrophages)
and CD11b" CD11c" cells (dendritic cells) after 2 and 4 weeks
of BLM treatment. Conversely, CD11b~ CD11c™ cells (alveolar
macrophages) were decreased at both time points (Figures 1D
and 1E and Table 2). Together, the quantitative RT-PCR of mac-
rophage markers, immunohistochemistry, and FACS data show
that there is an increase in macrophage numbers in BLM-injured
lungs.

Endothelial Cells Are Damaged in Response to the
Subcutaneous Administration of BLM

Endothelial injury and apoptosis are believed to contribute to the
pathogenesis of fibrotic skin and lung disease (2, 21). Much of what
is known about the role of endothelial cells in fibrotic disease
comes from in vitro studies or from serum markers in human
fibrotic diseases. The role of endothelial cells in the commonly
used BLM mouse model of pulmonary fibrosis has not been ex-
tensively characterized. We hypothesized that subcutaneously ad-
ministered BLM would target endothelial cells, leading to damage.
To determine this, mice were injected with BLM or PBS for
1 week, 2 weeks, or 4 weeks, and endothelial cells were collected
from the lung by FACS cell sorting, using the markers CD31 and
CD45. The mRNA was isolated for gene expression analysis of
damage markers. vVWF has long been implicated as a marker for
endothelial damage, and is up-regulated in the serum of patients
with SSc (22). In endothelial cells from BLM lungs, the expression
of vWF was elevated at 2 weeks, reaching statistical significance at
4 weeks (Figure 2A). To better understand the distribution of
increased VWF expression at the protein level in endothelial cells,
lung tissue was stained according to immunohistochemistry (Figure
2B). The expression of VWF was predominantly localized around
the blood vessels of lungs from saline-injected mice, with minor
interstitial staining observed in some samples. After 2 weeks of
BLM treatment, VWF expression was enhanced around the blood
vessels and within the interstitium. As a second marker of endo-
thelial injury, we analyzed matrix metallopeptidase (MMP)-12.
MMP12 is increased in the skin and serum during SSc, and corre-
lates with vascular damage and pulmonary fibrosis (23). MMP12 is
most highly expressed in macrophages, but was shown to be in-
duced in many different cell types, including endothelial cells, dur-
ing SSc-ILD (23). In isolated endothelial cells from the lungs of
BLM-injected mice, we observed a marked up-regulation in
MMP12, which was significant at 4 weeks (Figure 2A). These data
suggest that endothelial cells are damaged in this model of chronic
lung injury, similar to the endothelial damage associated with SSc
(22, 23).

Activation of Endothelium Contributes to Inflammation
and Macrophage Recruitment in Subcutaneous BLM
Lung Injury

The activation of endothelial cells plays an important role in the
recruitment of immune cells to sites of tissue injury. The recruit-
ment of immune cells involves a process of rolling, binding, and
extravasation through the vascular wall. This process is mediated
by adhesion molecules on the vascular wall. To determine whether
endothelial cells contributed to the infiltration of macrophages
(Figure 1), the expression of chemokines and adhesion molecules
was quantified in isolated pulmonary endothelial cells from 1-, 2-,
and 4-week BLM-injected or PBS-injected animals, using quanti-
tative RT-PCR. Previous reports have shown that selectins are up-
regulated in vitro and acutely in vivo (11, 13, 14) in response to
BLM. We show an increased trend in the selectins, with CD34,
a ligand for L-selectin, significantly increased after 4 weeks of
treatment (Figure 3B). Interestingly, the transcriptional level of
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Figure 1. Subcutaneous bleomycin (BLM) injection induces the infiltration of macrophages. The presence of macrophages in the lung was analyzed
by the quantitative RT-PCR of total tissue extract for monocyte chemotactic protein—1 (MCP-1)/chemokine (C-C motif) ligand 2 (CCL2) (A) and EGF-
like module containing, mucin-like, hormone receptor-like sequence 1 (EMRT) (B). Relative expression was normalized to normal (saline-injected)
lung tissue. Macrophage numbers were increased in tissue in 2- and 4-week BLM mice, as indicated by the immunohistochemistry of macrophage
antigen-3 (MAC3) (C) shown at high magpnification, with nuclei stained by hematoxylin (X200; scale bar = 50 pm). Flow-cytometric counts of cell
populations from lungs of PBS, and 2- and 4-week BLM mice were determined by the FACS sorting of alveolar macrophages (CD11b~CD11c"),
interstitial macrophages (CD11b"CD11c¢™), and dendritic cells (CD11b"CD11c*). Cell counts represent a total count from one full lung (D), and
representative dot plots show cell populations in percentages, taken from a sampling of 10,000 cells (E). A two-tailed, unpaired Student ¢ test
compared BLM samples to saline-injected samples at the same time-point (n = 3-4). *P < 0.05, **P < 0.01. Bleo, bleomycin; wk, weeks.

intercellular adhesion molecule 1 (ICAM-1) and vascular cell ad-
hesion molecule 1 (VCAMI1) were both unchanged after BLM
treatment (Figure 3A), despite previous reports (10, 12). Along
with adhesion molecules, chemokines provide important signals to
recruit leukocytes to sites of inflammation (24).

The expression of chemokines has been noted in the serum of
patients with SSc, including CCL2, CCL3, CCL4, and CXCLS8
(25). In a separate study, the expression of CCL2 was correlated
with pulmonary fibrosis in SSc (26). We observed a significant
induction of CCL2, a strong chemotactic factor for macrophages,
at both 2 weeks and 4 weeks. Other CCL chemokines (CCL3,
CCL6, CCL7, and CCL9) were all elevated at 4 weeks, whereas
CCL6 and CCL9 were significantly increased at 2 weeks (Figure
3C). Although chemokine expression is considered redundant,
the CCL family is importantly involved in monocyte recruitment,
whereas the CXC family is typically important in neutrophil

recruitment (27). CXCL1 and CXCL2 have also been shown to
be increased in BLM lung fibrosis (28). Although CXCL2 was
elevated between 1 and 4 weeks, and significantly increased at
4 weeks in endothelial cells from the lungs of BLM-treated mice
(Figure 3D), the fold-change was much lower than that of the
CCL chemokine family.

To investigate further the inflammatory properties of endo-
thelial cells after BLM injury, we investigated the regulation
of receptors for complement 3a (C3a) and complement 5a
(C5a) anaphylatoxins, which have been shown to up-regulate
chemotactic factors synergistically in response to an inflamma-
tory stimulus such as IL-6 (29). After BLM lung injury, com-
plement 3a receptor (C3aR) and complement 5a receptor
(C5aR) were elevated at 2 weeks, reaching statistical signif-
icance during the fourth week (Figure 3E). In vitro studies have
shown synergistic activation of the anaphylatoxin receptors
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TABLE 2. SUMMARY OF CELL POPULATIONS IN FACS SORTING

CD11b~ CD11c* CD11b* CD11c™ CD11b* CD11c”

PBS 2 wk 6.78 = 1.29 10.47 + 2.47 1.84 * 0.73
PBS 4 wk 4.02 + 2.86 517 = 1.95 0.54 = 0.36
BLM 2 wk 2.00 + 0.27F 25.98 + 13.82* 2.89 + 1.09
BLM 4 wk 0.53 = 0.19* 22.90 + 7.85" 4.76 + 1.247

Definition of abbreviation: BLM, bleomycin.
Data are represented as percentages (n = 3-4).
*P < 0.05.

fP<o.01.

#P < 0.001.

with IL-6 activation (29), although IL-6 was not elevated in
the endothelial cells in our system (Figure 3F). Within the
IL-6 family, we observed an increased trend in oncostatin-M
(OSM) and leukemia inhibitory factor (LIF), which were
both significant during the fourth week. Together, the ele-
vation of adhesion molecules, chemokines, anaphylatoxin
receptors, and cytokines show the participation of endothe-
lial cells in inflammation during the progression of BLM-
induced lung injury.

Endothelial Cells Contribute to a Sustained Profibrotic
Environment in Chronic Lung Injury

In vitro, endothelial cells have been shown to secrete profibrotic
mediators such as TGF-B, PAI-1, and CTGF, which induce fibro-
blast growth, differentiation, and the synthesis of collagen (7, 8).
Recent evidence has also shown that endothelial cells may become
fibroblast-like and secrete collagen through the process of EndMT.
To determine the extent to which endothelial cells contribute to the
fibrotic process, we analyzed the gene expression of fibrotic media-
tors and EndMT markers in isolated pulmonary endothelial cells
from BLM-treated mice. The expression of TGF-f1 mRNA was
reduced at 1 week, but no difference in expression was evident at
2 and 4 weeks, compared with endothelial cells from PBS-injected
mice. The gene expression of PAI-1 in endothelial cells was signif-
icantly increased at 4 weeks in the lungs of BLM-treated mice.
CTGF was elevated during the first week, reaching significance
during the fourth week (Figure 4A). Consistent with previous
reports (9), markers for EndMT, fibronectin and fibroblast specific
protein-1 (FSP-1), were both elevated in endothelial cells after
BLM injury (Figure 4A). Fibronectin was elevated early, reaching
significance during the second and fourth weeks, and FSP-1 was also
elevated early, achieving significance during the fourth week. Inter-
estingly, osteopontin (OPN), a profibrotic and proinflammatory
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molecule, was highly induced during the second and fourth weeks
after BLM injury (Figure 4B). Together, increases in CTGF, PAI-1,
OPN, and EndMT markers in endothelial cells from BLM-treated
lungs suggest that endothelial cells contribute to the profibrotic mi-
lieu and sustain a local profibrotic environment.

DISCUSSION

Although skin fibrosis in SSc is generally believed to be caused by
injury to the endothelium, little is known about the involvement of
endothelial cells in SSc-ILD, as well as in IPF. Our goal was to
characterize the response of pulmonary endothelial cells to the
subcutaneous administration of BLM, a model for both SSc-
ILD and IPF. We found that endothelial cells expressed elevated
levels of vVWF and MMP12, indicating sustained cell injury in re-
sponse to BLM administration. The activation of endothelial cells
was evidenced by increases in the endothelial expression of selec-
tins and chemokines, which correlated with an increased number
of interstitial macrophages in lung tissue. Endothelial cells further
contributed to the inflammatory process through the elevated ex-
pression of complement receptors and IL-6 family cytokines. In
addition, the elevated expression of profibrotic mediators and
EndMT markers indicated the direct involvement of endothelial
cells in the fibrotic response.

Currently, little is known about the in vivo role of endo-
thelial cells during BLM lung injury. Reports have cited
changes in adhesion molecules (11, 13, 14), cytokines (10,
11, 30), vascular mediators (31), and profibrotic molecules
(7, 8) after the in vitro treatment of endothelial cells with
BLM, but many of these mediators were not verified in vivo.
Furthermore, the presence of cytokines and chemokines in bron-
chiolar lavage fluid and serum has been reported in patients and in
animals treated with BLM, but the cellular origin of these media-
tors is either unknown or assumed. In our study, we used a meth-
odology that can accurately detect the regulation of genes in an
isolated cell population. Although the confirmation of endothelial
localization in human lung biopsies would be beneficial for the
markers described, our method would not be possible in human
samples. Human samples often present difficulties in obtaining
proper controls, and samples are often not suitable for cell isola-
tion, which must be performed on fresh tissues. Both of these
problems are overcome by using animal models of disease, provid-
ing insights into the early manifestations of a disease process,
mechanistic data, and the identification of novel targets. An area
of future exploration will include the confirmation of novel targets
in fixed human tissue samples from a library of healthy and fibrotic
tissues.
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Figure 2. Evidence of endothelial injury by BLM injection in mice. mRNA was isolated from FACS-sorted pulmonary endothelial cells (CD317CD457) of
1-, 2-, and 4-week BLM-injected or saline-injected animals. (A) The gene expressions of vascular injury markers von Willebrand factor (vWF) and matrix
metalloproteinase-12 (MMP12) were quantified by quantitative RT-PCR. Data showing fold differences were normalized to endothelial cells from normal
(saline-injected) lungs. (B) Vascular injury was confirmed by the immunohistochemistry of VWF in saline-injected and 2- and 4-week BLM lung sections.
Representative images are shown at high magnification, with nuclei stained by hematoxylin (X200; scale bar = 50 um). A two-tailed, unpaired Student
t test compared endothelial cells from BLM lungs with endothelial cells from saline-injected lungs (n = 4). *P < 0.05.
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Figure 3. Endothelial cells recruit monocytes and perpetuate inflammation. mRNA isolated from FACS-sorted pulmonary endothelial cells (CD31™
CD457) of 1-, 2-, and 4-week BLM-injected or saline-injected animals was used to compare the gene expression of inflammatory mediators. The
endothelial expression of mediators important for monocyte recruitment was quantified in terms of cellular adhesion molecules (A), selectins (B),
CCL chemokines (C), and CXCL chemokines (D). The endothelial cell contribution to the inflammatory response was shown by the up-regulated
expression of complement receptors (E) and the IL-6 family of cytokines (F). Relative expression is quantified by the AACt method, and represented
as fold change, normalized to endothelial cells from normal a (saline-injected) lung. A two-tailed, unpaired Student t test compared endothelial cells
from BLM lungs with endothelial cells from saline-injected lungs (n = 4). *P < 0.05, **P < 0.01. C3aR, complement 3a receptor; C5aR, complement
5a receptor; ICAM1, intercellular adhesion molecule 1; LIF, leukemia inhibitory factor; OSM, oncostatin-M; VCAM, vascular cell adhesion molecule 1.

Although endothelial cells undergo apoptosis when treated
with BLM in vitro (6), the role of apoptosis has been debated
in scleroderma (2). In our model, we did not detect a significant
amount of apoptosis, either via the expression of apoptotic
markers in isolated endothelial cells, or by cleaved caspase 3
staining in the lung (data not shown). On the other hand, en-
dothelial injury was evident. Endothelial injury has been indi-
cated by increased circulating vWF in patients with scleroderma
(32) and by increases in angiotensin-converting enzyme in ei-
ther the serum or BAL of mice exposed to BLM (31). Because
vWEF initiates thrombus formation in response to denudation of the
vascular wall, its expression is induced upon injury to endothelial
cells, and is likely a protective mechanism (33). We observed an

increase of VWF expression in endothelial cells, suggesting injury to
the endothelium. In a recent report by Manetti and colleagues (23),
increased MMP12 in the serum of patients with scleroderma cor-
related with the severity of pulmonary fibrosis and vascular injury.
Consistent with this, we found that MMP12 was up-regulated in
endothelial cells from mice treated with BLM. Thus, our data sug-
gest that in this subcutaneous BLM model, inflammation and fibro-
sis are primarily driven by endothelial injury.

In addition to skin and organ fibrosis, a major characteristic
of scleroderma involves vascular dysfunction (2, 3, 34). The
overexpression of endothelin-1 and the down-regulation of endo-
thelial nitric oxide synthase (eNOS) in endothelial cells have been
suggested to trigger abnormal vasoconstriction, contributing to



Leach, Chrobak, Han, et al.: Endothelial Cells Participate in Lung Fibrosis

A. Profibrotic Mediators

20-
- E3 PBS
.g 154 * BLM, 1 wk
g E3 BLM, 2 wk
| D BLM, 4wk
m e
$ 6
8 a4 L
& 2 £

0- 1L}

< N & & &
<@ I °¢e°\ &
&

1099
B. Osteopontin
60~
c - E3 PBS
K<) T . 3 BLM 1wk
§ 40+ E3 BLM 2 wk
& D BLM 4wk
w
V]
2 204
®
T
® F
0 T
'\(\
&
K
o“’@

Figure 4. Endothelial expression of profibrotic mediators in response to BLM in vivo. mRNA isolated from FACS-sorted pulmonary endothelial cells
(CD31%CD457) of 1-, 2-, and 4-week BLM-injected or saline-injected animals was used to compare the gene expression of profibrotic mediators.
The expression of secreted mediators (CTGF, connective tissue growth factor; PAI-1, plasminogen activator inhibitor-1; and TGF-B1, transforming
growth factor—B), endothelial-to-mesenchymal transition markers (Fn, fibronectin; and FSP-1, fibroblast-specific protein-1) (A4), and the profibrotic
and proinflammatory mediator osteopontin (B) were quantified by the AACt method, and are represented as fold change, normalized to endothelial
cells from a saline-injected lung. A two-tailed, unpaired Student t test compared endothelial cells from BLM lungs with endothelial cells from saline-

injected lungs (n = 4). *P < 0.05, **P < 0.01.

Raynaud’s phenomenon and pulmonary hypertension in patients
with SSc. Park and colleagues (35) reported an increase in total
levels of endothelin-1 (ET-1), localized to the airway epithelium
and inflammatory cells, but not endothelial cells. Endothelin-
converting enzyme—1 (ECE-1) was also reportedly increased in
the airway epithelium, Type II pneumocytes, and endothelium,
but not in immune cells. In our study, we found a slight decrease
in ECE-1 and no changes in the expression of ET-1 or eNos
in endothelial cells from BLM lungs (data not shown). Also
observed during scleroderma vascular dysfunction are the loss
of vascular endothelial (VE)-cadherin, gaps between endo-
thelial cells, and the loss of vascular integrity (2, 36). Contrary
to these changes in the vasculature of humans with SSc, we found
minimal changes in adhesion molecules known to maintain vas-
cular integrity, including Claudin 5, VE-cadherin, platelet/
endothelial cell adhesion molecule 1 (PECAM1)/CD31, and junc-
tional adhesion molecule 1 (JAM1) (data not shown). We con-
clude that little evidence existed for changes in the expression of
genes regulating the integrity of the vascular barrier or in vascular
tone, although we cannot exclude possible changes in the expres-
sion or subcellular localization of the corresponding proteins.

As a measure of endothelial cell activation and interaction
with the immune system, we measured the expression of adhe-
sion molecules and chemokines in endothelial cells. The overex-
pression of adhesion molecules (E-selectin, P-selectin, and CD34)
and chemokines (CXCL1, CXCL2, CCL2, CCL3, CCL6, CCL7,
and CCL9) suggests that endothelial cells are activated and contrib-
ute to the homing of immune cells to sites of injury. Although others
have reported increases in E-selectin and P-selectin after BLM
injury (11, 13, 14), the induction of selectins is typically shown to
be induced early. Serrano-Mollar and colleagues (14) showed
P-selectin induction after 1 hour, and the P-selectin returned to
basal levels after 3 hours. Our study showed a prolonged induction
of P-selectin, E-selectin, and CD34. Further evidence of endothe-
lial activation and immune system involvement is found in the
induction of members of the IL-6 family of cytokines, LIF and
OSM. Although evidence indicates that IL-6 is elevated in
SSc (37), our experiments found no evidence of its induction in
endothelial cells. Interestingly, OSM has been shown to contribute
to the prolonged activation of P-selectin in endothelial cells in vitro
(38), and was reportedly increased in the serum and BAL from

patients with ILD (39). Together, the prolonged expression of the
selectin family of adhesion molecules and CC chemokines, which
typically recruit monocytes (19), suggests an important role of
endothelial cells in monocyte recruitment after BLM.

The up-regulation of complement receptors further suggests
that endothelial cells are activated after BLM treatment in vivo.
Endothelial cells have been shown to constitutively express low
levels of C5aR, which is induced further after the treatment of
endothelial cells in vitro with proinflammatory cytokines, in-
cluding LPS, IL-6, or IFN-y (29). The activation of complement
has been noted in many autoimmune and inflammatory diseases
(40), and the depletion of complement has been shown to
attenuate BLM-induced pulmonary fibrosis in mice (41). In
SSc, activated complement and the increased expression of
C5aR have been shown in skin biopsies (42), and an increased
expression of complement components has been shown in serum
(43). Evidence from Laudes and colleagues (29) suggests that the
activation of C5aR in endothelial cells provides a proinflamma-
tory signal, working synergistically with proinflammatory cyto-
kines such as IL-6. The costimulation of endothelial cells in
culture with IL-6 and C5a led to an enhanced production of
MCP-1/CCL2 and macrophage inflammatory protein—2/CXCL2.
In our study, we also observed the increased expression of many
CC chemokines, including MCP-1/CCL2, suggesting that the up-
regulation and engagement of C5aR and C3aR may enhance the
inflammatory response.

In SSc, endothelial cells are believed to contribute to the devel-
opment of skin fibrosis, but little is known about the role of endo-
thelial cells in pulmonary fibrosis. In vitro studies have shown that
endothelial cells secrete many profibrotic mediators, and among
these, TGF-B (7, 8), CTGF (8), and PAI-1 (44) are up-regulated
after the stimulation of endothelial cells with BLM in vitro.
According to our experiments, CT'GF was elevated in endothelial
cells between the first and fourth weeks after BLM stimulation,
and was significantly elevated during the fourth week. In addition,
Pai-1 was also significantly increased during the fourth week. PAI-
1 is the main inhibitor of fibrinolysis, and is speculated to play an
additional role in tissue fibrosis through the inhibition of MMP
activity and modulation of the inflammatory response (45). These
data suggest that endothelial cells may contribute to the prolifer-
ation and activation of nearby fibroblasts or pericytes in vivo.
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We found that OPN was markedly elevated within 1 week in
pulmonary endothelial cells exposed to BLM. OPN is a profi-
brotic cytokine with many functions in fibrosis and inflammation.
It is up-regulated in the serum of patients with IPF (46) and SSc
(47) and in fibroblasts, macrophages, and epithelial cells of SSc
dermal biopsies (46, 47). OPN™’" mice treated with BLM were
resistant to skin (47) and lung (48) fibrosis. Reduced fibrosis has
been attributed to the effects of OPN on fibroblasts or macro-
phages. Macrophages secrete large amounts of TGF-f during
fibrosis, an effect that is greatly attenuated in OPN-deficient
macrophages (47). Furthermore, OPN induces migration and
proliferation in fibroblasts (46, 47). Although a profibrotic role
of OPN in endothelial cells has not been described, the secretion
of OPN may exert a significant effect on surrounding cell types.

As an additional mechanism of endothelial cell contributions
to fibrosis, endothelial cells may take on a fibroblast-like phe-
notype through EndMT, and contribute to the secretion and de-
position of collagen in tissue (9). To test this, we measured the
expression of fibronectin (Fn) and FSP-1, both markers for EndMT.
The increased expression of these markers supports the conclusions
of Hashimoto and colleagues (9), who used lineage tracing studies to
determine the role of EndMT during pulmonary fibrosis. Fibronec-
tin is also a component of the extracellular matrix, and is secreted at
areas of injury. Increased Fn expression has been shown to precede
the development of pulmonary fibrosis in rats treated with BLM
(49). In our system, Fn was elevated in endothelial cells early, and
was significantly increased by the second week. Interestingly, fibro-
nectin has a well-known function in wound healing and fibrosis, and
may contribute to fibroblast adhesion, contraction, and motility (50).
This suggests that a local change in the profibrotic milieu of endo-
thelial cells after injury contributes directly to the fibrotic process,
possibly accounting for a sustained and self-perpetuating fibrotic
response.

In conclusion, these results suggest that endothelial cells facil-
itate the development of BLM-induced fibrosis through several dif-
ferent mechanisms, contributing to both inflammatory and fibrotic
processes, continuing into late-stage disease and potentially perpet-
uating injury and repair. The up-regulation of genes involved in
vascular injury, activation, inflammation, and fibrosis suggests that
the crosstalk of endothelial cells, immune cells, and fibroblasts is
important in the development of tissue injury and fibrosis.

Author disclosures are available with the text of this article at www.atsjournals.org.
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