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Kinetics of the angiogenic response in lung endothelium
following acute inflammatory injury with bleomycin
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INational Jewish Health, 1400 Jackson St., Denver, CO 80206

2University of Colorado Denver, Anschutz Medical Campus, Pulmonary Sciences and Critical
Care Medicine, 12700 E. 19™ Ave, Aurora, CO 80045

SCalifornia National Primate Research Center, Hutchison Dr. and County Road 98, University of
California, Davis, CA 95616

Abstract

Purpose/Aim—Angiogenesis is a central component of normal wound healing but it has not
been fully characterized in lung repair following acute inflammatory injury. The current literature
lacks vital information pertaining to the extent, timing, and location of this process. This
information is necessary for examining mechanisms that drive normal lung repair in resolving
acute inflammatory injury. The goal of our study was to formally characterize lung angiogenesis
over a time course of bleomycin induced lung injury.

Materials and Methods—Female C57BL/6 mice age 8-12 weeks were treated with a single
dose of intratracheal bleomycin. Total lung endothelial cells were quantified with flow cytometry
0, 7, 14, 21, and 28 days following bleomycin administration, and endothelial cell replication was
assessed using bromodeoxyuridine (BrdU) incorporation.

Results—Endothelial cell replication was maximal 14 days after bleomycin administration,
while total lung endothelial cells peaked at day 21. Tissue analysis with stereology was performed
to measure total lung vascular surface area in bleomycin at day 21 relative to controls and
demonstrated a trend toward increased vasculature in the bleomycin group.

Conclusions—Angiogenesis begins shortly after injury in the bleomycin model and leads to an
expansion in the lung endothelial cell population that peaks at day 21. This study offers the first
longitudinal examination of angiogenesis following acute inflammatory lung injury induced by
bleomycin. Information provided in this study will be vital for further investigating mechanisms of
angiogenesis in both normal and abnormal lung repair.
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Introduction

Angiogenesis is a fundamental biologic process important in both embryogenesis and adult
tissue repair. It is defined as the sprouting of new blood vessels from pre-existing
vasculature, and it occurs through a carefully orchestrated process involving endothelial cell
activation, proliferation, migration, and vessel maturation (1). In the lung, angiogenesis is
seen in ischemic injury, fibrotic lung disease, and in chronic inflammatory states of the
airways including asthma and COPD (2-7). Surprisingly, little is known regarding
angiogenesis in resolving, acute inflammatory lung injury. Following this form of injury, the
lung often repairs itself completely, returning to normal structure and function. It is not
known whether angiogenesis plays a significant role in this “normal” repair response of the
lung.

In tissues outside the lung, the vasculature plays a critical role during repair. This has most
extensively been studied in skin. Here, impaired angiogenesis contributes to delayed wound
closure, decreased wound strength, and exaggerated fibrosis such as keloid scar formation
(8-12). Angiogenesis may likewise be important in lung repair, but few studies have
specifically investigated this area. To date, precise information about the extent, kinetics,
and location of angiogenesis following acute inflammatory lung injury is lacking.

Examinations in both humans and mice have provided evidence for a pro-angiogenic state in
the lung following acute inflammatory injury. Studies have demonstrated that
bronchoalveolar lavage (BAL) fluid from individuals with the acute respiratory distress
syndrome (ARDS) induces greater endothelial cell migration and in vivo neovascularization
than BAL fluid from control patients (13). Similarly, lung tissue homogenates obtained from
mice 16 days after administration of bleomycin induced greater vascularization in rat
corneal micropocket assays than homogenates form saline treated controls (14). Lung tissue
homogenates obtained during the first 3-14 days after treatment with bleomycin
demonstrated increased levels of VEGF expression measured by Western blot (15).
Anatomic evidence for new blood vessels following bleomycin injury has been reported in
rats using methacrylate casts of the lung vasculature(16, 17). These studies indicated
capillary architectural distortion and neovascularization in a peribronchiolar distribution
near areas of fibrosis, however these investigations focused on single, late time points at 30
and 75 days following injury. While these investigations provide important evidence in
support of angiogenic processes following acute lung injury, quantitative and longitudinal
data pertaining to the kinetics of angiogenesis and the extent of angiogenesis following acute
inflammatory injury is lacking.

In this study we provide a novel temporal characterization of angiogenesis following acute
inflammatory lung injury using the bleomycin injury model. The bleomycin model is
characterized by initial robust inflammation (days 0-21) followed by self-limited fibrosis
that peaks between days 14-28 (18, 19). Approximately 6-8 weeks after treatment with
bleomycin, injury resolves and the lung regains normal structure and function. Our
investigation is the first to systematically examine longitudinal changes in the lung
endothelial cell population following inflammatory injury, and thereby provides critical
information about the kinetics of angiogenesis. Our findings provide new insights into

Exp Lung Res. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yunt et al.

Page 3

vascular features of innate lung repair responses. This information provides important
knowledge for studies that seek to examine mechanisms of angiogenesis in both resolving
and non-resolving injury states following acute inflammatory insults.

Materials and Methods

Mice

Experiments were performed in accordance with the ethical standards of the Institutional
Animal Care and Use Committee at National Jewish Health, Denver, Colorado.

Wild type C57BL/6, Tie2-GFP (STOCK-Tg(TIE2GFP)287Sato/J), and UBI-GFP mice
(C57BL/6-Tg (UBI-GFP) 30Scha/J) were obtained from Jackson Laboratory (Bar Harbor,
ME). Except for Tie2-GFP mice, all animals were females between the ages of 8-12 weeks.
Tie2-GFP mice were 8-12 week old males. Mice were housed in a specific pathogen free
facility.

Bleomycin Lung Injury Model

Bleomycin sulfate was obtained from Hospira Inc (Lake Forest, IL). Mice were anesthetized
with inhaled isoflurane. Bleomycin was administered by intratracheal instillation at a dose of
3U/kg diluted in PBS to a total volume of 50 pl. Instillation was performed using a modified
feeding needle. For time course experiments, mice were treated at selected time points and
all were sacrificed on the same day. Mice for a given experiment were all the same age on
the day of sacrifice.

Bone Marrow Transplantation

For experiments involving bone marrow transplantation, recipient mice were UBI-GFP mice
and donor mice were wild type C57BL/6 mice. Bone marrow cells were obtained from the
hind limbs of donor mice. Femurs and tibias were isolated and all muscle and subcutaneous
tissue was removed by mechanical dissociation. Bone medullary cavities were cannulated
with a 22 gauge needle and flushed with sterile DMEM (Mediatech Inc, Manassas, VA)
supplemented with 10% fetal calf serum, penicillin (1000U/ml), and streptomycin (100 pg/
ml). Cells and bone marrow particulates were gently resuspended with an 18 gauge needle.
Cell suspension was then filtered through a 70 micron cell strainer. Cell suspensions were
centrifuged at 200g for 10 minutes. Pellets were briefly resuspended in 1 cc of lysis buffer.
Suspension was re-spun at 200g for 5 minutes. After an additional wash step, cells were
resuspended to a concentration of 25x107 cells/ml. Recipient mice were injected with 5x107
cells in a volume of 200 pl diluted in HBSS (Mediatech Inc, Manassas, VA) via the lateral
tail vein.

Recipient mice were 8-week-old UBI-GFP mice. These mice were irradiated with 900 cGy
of total body radiation using a 137Cs source. Mice were injected with donor bone marrow
approximately 3 hour after irradiation. Resulting chimeric mice were characterized by GFP-
positive tissue cells and GFP-negative bone marrow derived cells.
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Lung Digestion and Cell Quantification

Mice were sacrificed using intraperitoneal injection of Fatal Plus (Vortech Pharmaceuticals,
Dearborn, MI) diluted 1:40. Chest cavities were exposed and cardiac left atria were ligated.
PBS was instilled into the right ventricle via a 25 gauge needle to perfuse the pulmonary
vasculature. Lungs were removed and minced with a razor blade. Tissue fragments were
digested in 1cc of Liberase TM Research Grade (Roche, Mannheim, Germany) at a
concentration of 1Img/ml for 30 minutes at 37°C. Digestates were gently resuspended 50
times with a glass pipette. Cell suspensions were filtered sequentially through 100um and
70um cell strainers. Cells were centrifuged at 200g for 10 minutes. Pellets were resuspended
in RPMI 1640 (Mediatech Inc, Manassas, VA) and centrifuged at 200g for 5 minutes. Pellets
were resuspended in 1cc of PBS with 10% fetal calf serum (FCS). Total lung cells were
quantified using a Coulter Counter ZM (Coulter Electronics Limited, Bedfordshire,
England). Cells were fixed with 1% paraformaldehyde (PFA) for 20 minutes at room
temperature.

Flow cytometry

Cells were suspended in PBS + 10%FCS. FcyR was blocked using anti-CD16/CD32 mAb
(BD Biosciences). Cells were washed then incubated with primary antibody for 30 minutes
at room temperature. Cells were washed then incubated with secondary antibody alongside
additional conjugated primary antibodies. Cells were washed twice and taken to flow
cytometry. Antibodies used included anti-CD31 (clone 390, Abcam, Cambridge, MA); anti-
thrombomodulin (R&D Systems, Minneapolis, MN); and anti-CD45 (eBioscience, San
Diego, CA). Appropriate isotype controls were used. Flow cytometry was performed using
an LSR Il cytometer (Becton Dickinson). Data were collected using Cellquest software
(Becton Dickinson). Data were analyzed using Flowjo software (Tree Star, Ashland, OR).
Using flow cytometry, the endothelial cell population was identified. The endothelial cell
fraction of the singlet-live cell population was multiplied by the total lung cells as
previously quantified (see Lung Digestion and Cell Quantification). This provided the
number of total lung endothelial cells.

Bromodeoxyuridine assay

Bromodeoxyuridine (BrdU) assay was performed using a BD Pharmingen FITC BrdU flow
kit (BD Pharmingen, San Jose, CA). Mice were treated with 100 ul of BrdU at 48 and 24
hours prior to sacrifice via intraperitoneal injection. Fixation and antibody staining was
performed as recommended by the manufacturer’s protocol.

Histopathology and Immunofluorescence with Stereology

Mouse lungs were fixed by rapid flow airway instillation fixation using 4%
paraformaldehyde in low melt agarose under a constant pressure of 25cm H»0. Lungs were
kept in 1% PFA for 18 hours then embedded into an agar block for isotropic uniform
random (IUR) orientation. IUR orientation was performed as randomly oriented cuts
through the agar block using first a uniform clock and second using a cosine-weighted clock
(20). The resulting randomly oriented agar block with embedded lung tissue was then sliced
into 2 mm thick slices. Tissue-containing agar slices were laid face up and pictures were
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taken of each slice from a fixed distance for determination of lung volume by Cavalieri
method. Lung tissue was carefully removed from each slice and embedded into paraffin
blocks. Tissue sections of 5um thickness were prepared.

Tissue sections were deparaffinized. Antigen retrieval was performed using Borg Decloaker
RTU (Biocare Medical, Concord, CA) under a boiling water bath for 15 minutes followed
by 15 minutes on bench at room temperature. Blocking was performed using a 10% Donkey
serum diluted in a 1:1 mixture of 5% bovine serum albumin and Superblock (Thermo
Scientific, Rockford, IL) for 40 minutes at 37°C. Blood vessel staining was performed using
an antibody directed against thrombomodulin (R&D Systems, Minneapolis, MN) applied
overnight at 4°C . Secondary antibody was Cy3-conjugated bovine anti-goat (Jackson
ImmunoResearch Laboratories Inc, West Grove, PA) applied for 35 minutes at 37°C.
Coverslips were applied with Vectashield Mounting Media with DAPI (Vector Laboratories,
Burlingame, CA). Images were acquired with an Axiovert 200M Marianas digital
microscopy workstation (Carl Zeiss, Oberkochen, Germany) using 31 Slidebook (Denver,
CO) imaging software. For determination of blood vessel surface area, 20 images were taken
from each mouse lung at 20x magnification. Images were selected by systematic uniform
random sampling (SURS). Images were overlaid with a line probe test system, and
intersections were counted between the probes and blood vessels (defined by positive
thrombomodulin staining) within a reference volume of lung parenchyma. A stratified
analysis was used to calculate total vascular surface area in each mouse lung as follows:

SA  vessels=volume of lung*S,

S = 21 = 2L
v L Plung* (l/p)

where | is the number of vessel intersections and L is the test line length over the lung . L
was estimated by the points on the grid that hit lung (Pjyng) and the line length per point (I/p)
for our grid. Final reference volume was the whole-lung volume determined by Cavalieri
method (21).

Statistical Analysis

Results

Data are represented as mean = SEM. Statistical analysis was performed using two-tailed
Student t test for unpaired samples. For multiple comparisons, data were evaluated by
ANOVA with a Tukey HSD post-hoc test.

Identification of lung endothelial cells using flow cytometry

As a first step to quantify angiogenesis, we developed a flow cytometric assay for
endothelial cell identification using antibodies directed against CD31 (PECAM-1), and
CD141 (thrombomodulin). Mouse lungs were harvested, enzymatically digested into a
single cell suspension, and immunostained. Endothelial cells were identified as shown in
Figure 1a. Non-viable cells were excluded using low forward and side scatter properties.
Doublets were excluded using pulse width (not shown). Cells negative for the pan-leukocyte
marker CD45 were then examined for expression of both CD31 and thrombomodulin. CD31
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and thrombomodulin are cell surface molecules highly expressed on lung endothelial cells in
both mice and humans(22). This led to the identification of a unique population that we
recognized as endothelial cells (Figure 1a).

To verify that this population in fact represented endothelial cells, we performed similar
analysis on cells isolated from the lungs of Tie2-GFP reporter mice in which GFP is
expressed in all tissue endothelial cells (23). GFP expressing Tie-2 positive cells were
selected and analyzed for expression of CD45, CD31, and CD141. These cells were
uniformly negative for CD45 and positive for both CD31 and CD141 validating our gating
strategy as specific for endothelial cells (Figure 1b).

Endothelial cell kinetics over the course of bleomycin-induced lung injury and repair

Adult lung endothelium does not proliferate or frequently turnover in the quiescent, non-
injured state (24). Accordingly, an expansion in tissue endothelial cell populations is
suggestive of angiogenesis. Using our flow cytometry assay, we measured total lung
endothelial cells over a four-week course following bleomycin-induced injury. Female
C57BL/6 mice were treated with a single dose of intratracheal bleomycin (3.0 u/kg) at four,
three, two, and one week prior to harvesting of lung tissue for enzymatic digestion and total
cell quantification. Total lung cells were quantified using a Coulter Counter and cell
suspensions were immunostained. Endothelial cells were identified by flow cytometry and
used to quantify the whole lung endothelial cell population. Cellular recovery from whole
lung digestion is imperfect but techniques were kept strictly consistent between all samples
so as to reliably detect relative changes in cellular populations over the time course of
bleomycin-induced injury.

Our results demonstrate that total lung endothelial cells increase gradually over the course of
repair following bleomycin-induced injury peaking at day 21 (Figure 2a). At day 28 there is
a trend toward baseline, but endothelial cells remain elevated above controls. This
experiment was repeated for the 21 day time point alongside untreated controls and again
demonstrated an increase in total lung endothelial cells by approximately 30% relative to
untreated control mice (Figure 2b). Inflammation was similarly assessed over the same four-
week time course of bleomycin-induced injury. Leukocytes were identified as CD45" events
on flow cytometry and this cellular population was quantified (Figure 2c). As previously
reported, a robust inflammatory response was seen following bleomycin (19). This
correlated with the increase in lung endothelial cells (Figure 2d).

Assessment of endothelial cell replication in lung repair following bleomycin-induced

injury

To examine endothelial cell proliferation as an indicator of angiogenesis activity, we next
performed bromodeoxyuridine (BrdU) assays. Female C57BL/6 mice were treated with a
single dose of intratracheal bleomycin (3.0 u/kg) at four, three, two, or one week prior to
harvesting of lung tissue. Bromodeoxyuridine was administered via intraperitoneal
injections 48 and 24 hours prior to harvest. Flow cytometry was used to identify endothelial
cells that incorporated BrdU (Fig 3a). As shown in Figure 3b, minimal incorporation of
BrdU was noted in endothelial cells from healthy control mice (day 0) confirming a lack of
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replication in the quiescent, uninjured state. In comparison, the percentage of endothelial
cells incorporating BrdU was increased by 4 fold above baseline at day 7 (p<0.05), and 8
fold at day 14 (p<0.01). BrdU incorporation remained mildly increased at day 21 and day
28. These data point to initiation of angiogenic processes shortly after the onset of
inflammation, though with only a small fraction of the total endothelial cell population
undergoing replicating at any one time.

By strict definition, angiogenesis results from in-situ proliferation from pre-existing vessels.
In recent years the role of bone marrow derived endothelial progenitor cells (EPCs) in the
process of postnatal blood vessel growth has received considerable attention(25-28).
Whether EPCs directly incorporate into new adult vasculature during repair or act in a
paracrine fashion releasing pro-angiogenic factors to existing vessels remains
controversial(29-31). To determine whether proliferating endothelial cells originated from
preexisting endothelial cells within the lung, we transplanted wild type bone marrow into
lethally radiated ubiquitin-GFP reporter mice. Resulting chimeras contained GFP-negative
bone marrow and GFP-positive tissue cells. Fifteen weeks after transplantation, bleomycin
was administered and 16 days later lungs were harvested for enzymatic digestion and flow
cytometry analysis. BrdU was administered 48 and 24 hours prior to harvest to identify
replicating cells. In transplanted mice that received bleomycin, 9% of all endothelial cells
were positive for BrdU indicating active proliferation at day 16. Virtually all of these cells
(97%) expressed GFP indicating in-situ origin (Fig 4a). Conversely, only 12% of all CD45
positive cells at this time point were positive for GFP (Fig 4b). These findings indicate that
following acute lung injury, proliferating lung endothelial cells originate from in situ or pre-
existing vessels while a great majority of leukocytes traffic from the bone marrow. These
findings corroborate vessel growth by angiogenesis but do not preclude the possibility of
simultaneous paracrine signaling effects from EPCs or direct incorporation of EPC derived
cells not identified using the CD45~, CD31*, CD141* surface marker profile. Differentiated
EPC-derived endothelial cells have, however, been shown to exhibit similar surface marker
profiles as primary vessel-derived endothelial cells(32).

Quantification of lung vascular surface area using stereology

Taken as a whole, our data suggest that endothelial cells replicate maximally 1-2 weeks after
the onset of injury and that the total number of endothelial cells peaks at day 21. To further
substantiate these findings, we sought to examine total lung vasculature using tissue
histology and immunohistochemistry. We selected the 21-day time point since this was the
point of maximum numbers of lung endothelial cells suggesting maximum vasculature
within the lung. We stained lung tissue sections from mice at day 21 after bleomycin using
an antibody directed against thrombomodulin. This qualitatively demonstrated areas of
increased blood vessel density near areas of injury and inflammation (Figure 5).

Accurate quantitative histologic assessments require the use of stereology to prevent bias
and erroneous interpretation. These methods must be incorporated into all aspects of tissue
preparation, sampling, and analysis (21, 33). Recognizing this, we performed detailed
studies using strict stereologic protocols to measure lung vasculature in control mice and
mice treated with bleomycin at day 21. Importantly, we opted to examine the entire lung so
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as to limit confounding factors related to variability in tissue inflation within compliant
naive lungs versus stiff injured lungs. Total lung vascular surface area was the selected
readout, given unique geometrical properties of the alveolar capillary network that bias other
measures such as total capillary length (34).

Immunofluorescence staining was performed for thrombomodulin on lung tissue sections
(Figure 6a). To determine vascular surface area, a line probe test system was used (Figure
6b). Intersections were counted between the line probe and blood vessels (defined by
positive thrombomodulin staining) within a reference volume of lung parenchyma. A total of
26 mice were used; 11 treated with bleomycin and 15 untreated. Our findings suggest
increased lung vasculature in the mice treated with bleomycin at the day 21 time point when
compared to untreated control mice (Figure 6¢). This compliments our finding of increased
endothelial cells at day 21.

Discussion

Mechanisms of lung repair after acute inflammatory injury are incompletely understood but
likely involve multiple cell types and complex cellular processes. The role of lung
vasculature in this process has received little attention to date. Following acute injury, the
lung endothelium undergoes substantial programming changes, moving from quiescence to a
pro-inflammatory, pro-thrombotic state with loss of endothelial barrier function and
decreased oxygen supply (35, 36). These conditions lead to the release of pro-angiogenic
growth factors, recruitment of inflammatory mononuclear cells and platelets, and induction
of hypoxia inducible factors (HIFs) all of which may contribute to angiogenesis (24, 37, 38).
As such the injured lung microenvironment is ideally suited for angiogenesis. Yet despite
the known importance of angiogenesis in wound healing in skin and other organs,
angiogenesis has not been formally evaluated as a component of repair in resolving lung
injury.

Prior investigations pertaining to angiogenesis following acute inflammatory lung injury
with bleomycin have focused on the role of angiogenesis in producing fibrosis. Burdick et
al. elegantly demonstrated that in the bleomycin model, the balance of pro- versus anti-
angiogenic factors appears to favor angiogenesis, and inhibition of angiogenesis through
administration of CXCL11 for the first twelve days following bleomycin administration
attenuated fibrosis (39). Similar fibrosis attenuation has been accomplished in the bleomycin
model using VEGFR2 antagonists and vasohibin, both of which target angiogenesis (40, 41).
While these studies suggest that angiogenesis may be pathogenic in the development of
fibrosis, we propose a more overarching hypothesis that physiologic angiogenesis is a
critical component of normal repair following acute inflammatory lung injury. Despite
transient fibrosis, injury in the bleomycin model eventually resolves completely. Therefore
angiogenesis in bleomycin injury may represent a normal physiologic response associated
with repair. If so, understanding the temporal features of angiogenesis would be critical
given that both vessel formation and vessel regression by apoptosis are likely important for
normal healing (42).
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Investigating angiogenesis in the lung presents unique challenges given the highly vascular
nature of lung tissue even in healthy, non-inflamed states. Methods must be sensitive enough
to detect true changes in lung endothelium amid sweeping alterations to surrounding lung
structures and cell populations following injury. In the bleomycin model, consideration must
also be given the heterogeneous nature of lung injury. This has important ramifications for
methods involving quantitative assessment of vasculature. Accordingly, we used the
complementary methods of flow cytometry and tissue immunohistochemistry with
stereology to study changes in lung vasculature versus time. Our data demonstrate that lung
endothelial cells proliferate from pre-existing vessels following bleomycin-induced injury
and that they gradually increase in number over several weeks, peaking at 21 days after
bleomycin. Stereology-based protocols were used to measure total lung vascular surface
area in control and bleomycin-treated mice at day 21. By a narrow margin, these findings
did not meet significance with regard to increased lung vascular surface area following
bleomycin-induced injury.

Mature, quiescent endothelium does not actively proliferate. As such, a principal focus of
our investigation pertained to lung endothelial cell replication as a marker of angiogenesis
following bleomycin administration. At its peak on day 14, replication was significantly
increased occurring in 5.75% of lung endothelial cells compared to < 1% in untreated
controls. Notably, our BrdU assay examined only a 48-hour time period preceding each time
point. Our findings therefore indicate that at any one moment, a small minority of vessels is
involved in angiogenesis. We suspect this reflects geographical heterogeneity in the
occurrence of angiogenesis mirroring the heterogeneous pattern of injury seen with
bleomycin. We note that our evaluation using a “whole lung” approach likely
underestimates vascular processes exclusively associated with regions of injury. An
important advantage of the whole lung approach, however, is that it permits an independent
assessment of lung endothelium; measurements are not made “with respect to” other
variables. This is important in inflammatory lung injury since nearly all lung structures and
cellular populations undergo change, making a static parameter for comparison difficult to
establish.

For stereologic assessments, the whole lung approach evades bias arising from a
heterogeneous distention of airspaces in healthy versus injured lung tissue during inflation
and fixation. This was the rationale for using this approach despite an obvious disadvantage
for our case given that much of the lung experiences no significant injury. Our stereologic
assessment of total lung vascular surface area ultimately did not meet significance though
we suspect that direct evaluation focused on areas of injury would highlight angiogenesis
more clearly.

For this investigation, our primary objective was to identify and characterize the kinetics of
angiogenesis in the bleomycin model so as to guide and optimize mechanistic studies going
forward. As a consequence the spatial association of angiogenesis with respect to areas of
injury was not studied, nor was the functionality of new vessels created by angiogenesis. We
chose to examine the bleomycin model because of its accessibility and its widespread use as
a model for both acute inflammatory lung injury and fibrosis. Nonetheless, we suspect that
our findings will translate to other models of lung injury. In this regard, we have
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demonstrated that endothelial cell proliferation also occurs in mice infected with HIN1
influenza A, and in LPS-injured animals (data not shown).

We recognize that our study does not address potential factors that govern angiogenesis
following acute inflammatory injury. While this was not the focus of our current
investigation, we hypothesize that inflammation plays a key role. Our findings demonstrate
that inflammation is robust following bleomycin administration and correlates with the
expansion in endothelial cell population (Figure 2). We hypothesize that inflammation and
specifically macrophages may be important in driving the lung’s angiogenic response. In
cutaneous wound healing, recruited blood monocyte-derived macrophages appear to be
important mediators of vascular sprouting and blood vessel formation largely through
release of VEGF-A (43). Depletion of specific macrophage subpopulations early in the
course of skin repair has been shown to abrogate wound angiogenesis (44). Our group has
previously demonstrated a persistence of recruited macrophages in the lung following
bleomycin-induced injury (18). The relationship between this population and lung
angiogenesis following inflammatory lung injury has not been investigated.

In summary, our study provides critical information not previously reported regarding the
fundamental process of angiogenesis in lung repair. As with other tissues, we suspect that
aberrant angiogenesis during repair of the lung may lead to impaired healing, persistent
injury, and possibly progressive disease. Targeted investigations pertaining to both blood
vessel growth and regression following acute lung injury are needed to better understand the
precise role of angiogenesis in mechanisms of lung repair.
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Figure 1. Flow cytometry gating strategy for lung endothelial cells
Single cell suspensions from whole lung digests were analyzed by flow cytometry.

Representative dot plots are shown. (A) Live cells are gated by forward scatter (FSC) and
side scatter (SSC) properties. Endothelial cells are identified by negative CD45 expression
and dual positivity for CD31 and TM. Isotype control staining for endothelial cells is
negative. (B) Gating strategy is validated using Tiel-GFP mice. Tie2 positive cells are gated
by GFP expression and analyzed for CD45, CD31, and TM expression.
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_Fi_gure 2. Time cour se of lung endothelial cells and leukocytes following bleomycin induced
njur

I\/IJiceywere treated with intratracheal bleomycin at selected time points. Lungs were
enzymatically digested and total cells were quantified. Flow cytometry identified endothelial
cells and leukocytes. These cellular populations were quantified. (A) The total number of
lung endothelial cells is shown (n=6-7 per group) over a 4 weeks time course of bleomycin
induced lung injury. * p<0.05, **p<0.01. (B) Lung endothelial cell quantification was
repeated in control versus bleomycin treated mice at day 21 (n=14 per group). ** p < 0.01.
(C) Total lung leukocytes were quantified over 4 weeks of bleomycin induced injury. *
p<0.05. (D) Time course graphs of endothelial cells and leukocytes are superimposed. Data
are represented as mean + SEM.
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Figure 3. BrdU expression in lung endothelial cells
Mice were treated with intratracheal bleomycin at selected time points. BrdU was

administered 48 and 24 hours prior to sacrifice. Lungs were enzymatically digested and
single cell suspensions were analyzed by flow cytometry. Representative dot plots are
shown. (A) Endothelial cells were identified as cells negative for CD45 and positive for both
CD31 and TM. This population was analyzed for expression of BrdU. (B) Time course of
BrdU expression in endothelial cells following bleomycin induced lung injury is shown (n=5
per group). *p<0.05, **p<0.01.
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Figure 4. GFP expression in endothelial and leukocyte populations from bone marrow

transplanted mice treated with bleomycin

Mice were treated with intratracheal bleomycin and sacrificed on day 16. BrdU was
administered 48 and 24 hours prior to harvest. Lungs were digested and single cell
suspensions were evaluated for GFP expression to determine native tissue (GFP+) versus
bone marrow (GFP-) origin. (A) Endothelial cells (ECs) were examined for BrdU positivity
to identify the replicating endothelial cell population. This population was analyzed for GFP
expression. (B) Leukocytes were identified as CD45 positive cells. This population was

analyzed for GFP expression.
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Figure 5. Histologic sections demonstrating blood vessel staining in mouse lungs
Mouse lungs were fixed with paraformaldehyde and embedded in paraffin for

immunohistochemistry. Lung tissue was stained for thrombomodulin (brown) to identify
blood vessels and counterstained with hematoxylin. Representative sections are shown for
(A) control and (B) bleomycin treated mice at day 21 (20x). Staining was visualized with the
peroxidase substrate diaminobenzidine.
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Figure 6. Stereologic assessment of endothelial vascular surface areain bleomycin treated mice
and controls

Immunofluorescence was performed on paraformaldehyde fixed, paraffin embedded lungs
from mice treated with bleomycin at day 21 and untreated controls. (A)
Immunofluorescence staining with thrombomodulin (red) and Dapi (blue) in a bleomycin
treated mouse (20x). (B) Immunofluorescence section with line probe test system for
counting vessel intersections. (C) Total lung vascular surface area determined with
stereology in control mice versus mice treated with bleomycin at day 21. Data shown are the
mean + SEM (p=0.07).
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