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Abstract

accelerates EC sprouting and lung epithelial cell budding in vitro.
PRP extract also increases phosphorylation levels of Tie2 in the

Angiogenesis, the growth of new blood vessels, plays a key role in
organ development, homeostasis, and regeneration. The cooperation
of multiple angiogenic factors, rather than a single factor, is required
for physiological angiogenesis. Recently, we have reported that
soluble platelet-rich plasma (PRP) extract, which contains abundant
angiopoietin-1 and multiple other angiogenic factors, stimulates
angiogenesis and maintains vascular integrity in vitro and in vivo. In
this report, we have demonstrated that mouse PRP extract increases
phosphorylation levels of the Wnt coreceptor low-density
lipoprotein receptor-related protein 5 (LRP5) and thereby activates
angiogenic factor receptor Tie2 in endothelial cells (ECs) and

mouse lungs and accelerates compensatory lung growth and recovery
of exercise capacity after unilateral pneumonectomy in mice, whereas
soluble Tie2 receptor or Lrp5 knockdown attenuates the effects of
PRP extract. Because human PRP extract is generated from
autologous peripheral blood and can be stored at —80°C, our findings
may lead to the development of novel therapeutic interventions for
various angiogenesis-related lung diseases and to the improvement
of strategies for lung regeneration.
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More than 35 million Americans suffer from
chronic lung diseases, including chronic
obstructive pulmonary disease, pulmonary
fibrosis, and asthma. Chronic lung diseases
are the third leading cause of death in the
United States, causing approximately
400,000 deaths every year in the United
States. These pulmonary diseases are
primarily caused by the loss or deregulated
remodeling of alveolar septa, which results
in compromised gas exchange at the

alveolar—capillary interface and in long-
term impairment of patients’ quality of life.
To date, lung transplantation is the only
way to save patients with end-stage chronic
lung diseases. However, because of the
shortage of transplant donors, high cost,
serious complications, and low survival rate
(1), lung transplantation is not an optimal
approach. It has been recognized that
human lungs continue to grow until
adolescence by neoalveolarization (2) and

that adult human lungs may have
the potential to regenerate after
pneumonectomy (PNX) (3). Thus,
stimulating the regeneration of adult
lungs could be a good therapeutic
strategy for chronic lung diseases.
Capillary blood vessels not only
transport oxygen, nutrients, and specific
cells to the lung; they also provide
instructive signals to the surrounding local
microenvironment in the lung. Therefore,
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Clinical Relevance

Our findings may improve the
efficiency of lung regeneration and
lung organ engineering. Because
deregulated angiogenesis contributes
to the pathogenesis of various
chronic lung diseases, such as
bronchopulmonary dysplasia and
emphysema, the findings regarding the
mechanism by which platelet-rich
plasma (PRP) extract stimulates
angiogenesis and lung regeneration
after pneumonectomy may improve
understanding of how these processes
are deregulated in diseased lungs and
may potentially lead to the
development of new therapeutic
strategies for chronic lung diseases.
Given that PRP extract is generated
from autologous peripheral blood by
a simple method and can be preserved
stably in the freezer for a long period,
PRP extract could be a potentially good
therapeutic tool for regenerating
damaged or lost adult lung tissue.

angiogenesis plays key roles in physiological
lung development and regeneration (4-9),
and angiogenesis-targeted therapy may

be a good strategy to regenerate damaged
or lost adult lung tissues. Most current
angiogenic therapies for various
pathological conditions (e.g., ischemic
diseases) rely on the use of a single
angiogenic factor, such as vascular
endothelial growth factor (VEGF)

(10, 11). However, angiogenesis is
controlled by multiple angiogenic
signaling pathways (12-14), and an
appropriate combination of angiogenic
factors rather than a single factor is
preferred to generate stable and functional
blood vessels in tissues (15-17).

Aside from coagulation factors,
platelets store and release many bioactive
angiogenic factors, including platelet-
derived epidermal growth factor, platelet-
derived growth factor (PDGF), VEGF, basic
fibroblast growth factor, angiopoietin (Ang),
and transforming growth factor B (18),
and attract endothelial cells (ECs),
macrophages, mesenchymal stem cells, and
osteoblasts to local sites, enhancing
angiogenesis, tissue regeneration, and
wound healing (19, 20). Therefore, platelet-
rich plasma (PRP), which includes
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concentrated platelets, has been extensively
used to accelerate tissue regeneration in the
orthopedic and periodontal fields (21).
However, the signaling mechanism by
which PRP controls angiogenesis and tissue
regeneration remains unknown. Recently,
we have reported that soluble extract from
mouse PRP (PRP extract), which contains
abundant Angl and a lower amount
of multiple other angiogenic factors,
stimulates angiogenesis and maintains lung
vascular integrity through endothelial
Angl-Tie2 signaling in mice (17, 22).
We have also shown that low-density
lipoprotein receptor-related protein
5 (LRP5), a component of the Wnt
ligand-receptor complex, stimulates
angiogenesis and alveolar formation in
neonatal mouse lungs by activating Tie2
in ECs (5, 23). Thus, PRP extract may
stimulate regenerative alveolar formation
by accelerating angiogenesis through the
Angl-LRP5-Tie2 pathway in adult mice.
In this report, we have demonstrated
that mouse PRP extract promotes vascular
and alveolar regeneration after unilateral
PNX through the Angl-LRP5-Tie2
pathway in adult mice. Because human
autologous PRP extract is generated from
whole blood with a simple method, can be
stably stored at —80°C (22), and has little
immunological reaction and no risk of
unnecessary pathogen transfer (21, 24),
PRP extract could be an efficient
therapeutic tool for lung regeneration and
chronic lung diseases.

Materials and Methods

Materials

Soluble Tie2 receptor and Angl were from
R&D (Minneapolis, MN). Anti-CD31
antibody was from Transduction
Laboratories (Lexington, KY).
Anti-aquaporin 5 (AQP5), anti-E-cadherin,
anti-surfactant protein B, and anti-LRP5
antibodies were from Abcam (Cambridge,
MA). Anti-B-actin monoclonal antibody
was from Sigma (St. Louis, MO). Anti-Tie2
monoclonal antibody was from Upstate
(Lake Placid, NY). Anti-phospho-Tie2

(Tyr 992) antibody was from R&D.
Anti-phospho-LRP5 antibody (Thr 1492)
was from AbboMax (San Jose, CA). Human
umbilical vein endothelial (HUVE) cells
from Lonza (Hopkinton, MA) were cultured
in EBM2 medium containing 5% FBS and
growth factors (VEGF, basic fibroblast

growth factor, and PDGF). Human adult
lung fibroblasts (ATCC, Manassas, VA) and
human immortalized bronchial epithelial
cells (HBEC3-KT; ATCC), which have
been reported to differentiate into

alveolar epithelial cells and to exhibit

a bronchoalveolar phenotype (25, 26), were
cultured in Eagle’s minimum essential
medium (ATCC) and airway epithelial cell
basal medium (ATCC), respectively.

Preparation of the PRP Extract

All animal studies were reviewed and
approved by the Animal Care and

Use Committee of Boston Children’s
Hospital. Unless otherwise indicated,

CD1 (Charles River Laboratories,
Wilmington, MA) and C57BL/6 mice
(stock no. 664; Jackson Laboratory, Bar
Harbor, ME) were used for the study.
The Lrp5~'~ mice (stock no. 005823;
Jackson Laboratory) were developed

by Deltagen, Inc. (San Mateo, CA) (5, 23).
We prepared PRP extract as previously
described (22). Details are provided in the
online supplement.

In Vitro Fibrin Gel Angiogenesis Assay
Fibrin gel angiogenesis assays were
performed as previously described (27).
Details are provided in the online
supplement.

Coculture of HBEC3-KT and HUVE
Cells

Coculture of HBEC3-KT and HUVE cells
was performed as previously described with
slight modifications (25). Details are
provided in the online supplement.

Unilateral PNX

Unilateral PNX was performed as described
(28). Details are provided in the online
supplement.

Static Lung Compliance

Static lung compliance was evaluated 7 days
after PNX as described (17, 29). Details are
provided in the online supplement.

Measurement of Alveolar-Arterial
Oxygen Difference

Mice were anesthetized with ketamine/
xylazine (intraperitoneally). The chest

was surgically opened, and arterial blood was
obtained by puncturing the left ventricle using
a heparinized needle and syringe. Arterial
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blood gas was analyzed as described in the
online supplement (30).

In Vivo Pulmonary Vascular
Permeability Assay

Lung vascular permeability was assessed
7 days after PNX using Evans blue dye
leakage (17, 31, 32). Details are provided
in the online supplement.

Exercise Capacity

Mice were run according to a predetermined
protocol, and we assessed the ability of mice
to run for distance (17, 32). Details are
provided in the online supplement.

Statistical Analysis

All phenotypic analysis was performed by
masked observers unaware of the identity of
the experimental groups. Error bars (SEM)
and P values were determined from the
results of three or more independent
experiments. The F test (for two samples)
or the Levene test (for more than two
samples) was performed to confirm that the
variances are homogeneous. Student’s ¢ test
was used for statistical significance between
two groups. For more than two groups,
one-way ANOVA with a post hoc analysis
using the Bonferroni test was conducted.

Results

PRP Extract Stimulates Angiogenesis
through LRP5-Tie2 Signaling In Vitro
We have reported that PRP extract, which
contains abundant Angl, stimulates
angiogenesis through endothelial Angl-Tie2
signaling in mice (17, 22). Because the Wnt
coreceptor LRP5 enhances angiogenesis in
neonatal mouse lungs by increasing Tie2
activity (5), we examined whether PRP
extract stimulates Tie2 activity in HUVE
cells through LRP5 signaling. The threonine
phosphorylation levels of LRP5 were 3.8-fold
higher (Figure 1A) and the tyrosine
phosphorylation levels of Tie2 were 9.1-fold
higher in HUVE cells treated with PRP
extract compared with those in cells treated
with protein concentration-matched control
serum (Figure 1A). Importantly, when we
knocked down LRP5 expression using small
interfering RNA (siRNA) transfection, LRP5
siRNA decreased the protein levels of
LRP5 and Tie2, the threonine
phosphorylation levels of LRP5, and the
tyrosine phosphorylation levels of Tie2
induced by PRP extract in HUVE cells

(Figure 1A). siRNA-based knockdown of
LRP5 also decreases the protein levels of
B-catenin in ECs (5) (not shown), suggesting
that LRP5 mediates PRP extract-induced
increases in Tie2 tyrosine phosphorylation
in ECs via the canonical Wnt pathway.

To examine whether PRP extract
modulates blood vessel formation through
the LRP5-Tie2 pathway in vitro, we
performed a three-dimensional EC
sprouting assay inside the fibrin gel (27).
After culturing beads coated with HUVE
cells in the fibrin gel for 5 days, sprouting
from the beads was quantified (Figures 1B
and 1C). PRP extract increased the area,
lumen diameter, and length of the
EC sprouts by 5.1-, 2.5-, and 2.1-fold,
respectively, whereas LRP5 knockdown
using siRNA transfection (Figure 1D)
inhibited sprout formation induced by PRP
extract (Figures 1B and 1C). Actin staining of
the sprouted area also revealed that PRP
extract significantly increased the diameter of
the sprouts, whereas LRP5 knockdown
inhibited this effect (Figures 1B and 1C). Tie2
knockdown using siRNA transfection (see
Figure E1A in the online supplement) also
decreased sprout area and length, but it did
not change the diameter of sprouts induced by
PRP extract (Figure E1A). Inhibition of
Angl-Tie2 signaling using soluble Tie2
receptor, which blocks Angl, also inhibited
the formation of EC sprouts induced by PRP
extract (Figure E1B), suggesting that PRP
extract stimulates EC sprouting through
Angl-LRP5-Tie2 signaling. Although Angl is
the major angiogenic factor in PRP extract,
PRP extract also contains lower amounts of
other factors and effectively stimulates
angiogenesis and maintains lung vascular
integrity (17, 22). To prove that these multiple
other factors in PRP extract are required for
stimulation of angiogenesis, we treated HUVE
cells with recombinant Angl (100 ng/ml) and
performed the assay. Although recombinant
Angl increased sprout area, diameter, and
length in HUVE cells, the magnitude of the
changes was smaller compared with those
treated with PRP extract (Figure E1C),
suggesting that small amounts of other factors
in PRP extract may be required for the action
of PRP extract or that PRP extract contains
more biologically active Angl.

PRP Extract Stimulates Epithelial
Budding through LRP5-Tie2 Signaling
In Vitro

It has been recognized that ECs stimulate
alveolar morphogenesis by instructing lung
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epithelial cells (7, 8). Because PRP

extract stimulates EC sprouting in vitro
(Figures 1 and E1) and in vivo (22), we next
examined whether PRP extract activates
alveolar morphogenesis by stimulating
angiogenesis. It has been reported

that immortalized bronchial epithelial

cells (HBEC3-KT) differentiate into
alveolar epithelial cells and exhibit

a bronchoalveolar phenotype when
cultured on growth factor-reduced
Matrigel that is overlaid on top of

a monolayer of human lung fibroblasts
(25). Therefore, we used this system to
examine whether ECs stimulate alveolar
morphogenesis in HBEC3-KT cells

when these cells are cocultured. When
HBEC3-KT cells were cocultured with
HUVE cells on the growth factor-reduced
Matrigel, the cells self-assembled into
tubule-like structures (Figure 2A) similar to
those observed in organotypic cultures
with ECs (22) or HBEC3-KT cells alone
(Figure E2A) (25). Hematoxylin and eosin
(H&E) staining of the cells in the small
bud-like structures emerging from the
tubules demonstrated that cells within the
buds display a cuboidal morphology, and
there seems to be a lumen within the
budding structure (Figure E2B). These
budding structures expressed alveolar
epithelial markers (E-cadherin, aquaporin
5, and surfactant protein B) (Figure 2A),
suggesting that these cells differentiated
into alveolar epithelial cells. In the
coculture, the number of alveolar buds that
had lumens and expressed alveolar
epithelial markers increased by 6 times
compared with cultures of HBEC3-KT cells
alone (Figures 2A, 2C, and E2A).
Importantly, PRP extract (1/1,000 vol/vol)
further stimulated alveolar bud formation
in cocultures of HBEC3-KT and HUVE
cells (Figures 2A and 2C). Although PRP
extract stimulated alveolar bud formation
in HBEC3-KT cells cultured without
HUVE cells, the number of alveolar buds
was significantly lower compared with that
in coculture with HUVE cells and treated
with PRP extract (Figures E2A and 2C).
These results suggest that coculture with
HUVE cells stimulates alveolar bud
formation, which is further enhanced by
PRP extract. We then examined whether
LRP5-Tie2 signaling mediates the effects of
PRP extract on alveolar bud formation

in vitro. When we knocked down LRP5
expression in HUVE cells using siRNA
transfection or depleted Angl using soluble
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Figure 1. Platelet-rich plasma (PRP) extract induces endothelial sprouting through lipoprotein
receptor—related protein 5 (LRP5) signaling in vitro. (A) Immunoblots showing threonine-
phosphorylated LRP5, tyrosine-phosphorylated Tie2, LRP5, Tie2, and B-actin protein levels in human
umbilical vein endothelial (HUVE) cells treated with PRP extract or in combination with LRP5

small interfering RNA (siRNA) or control (Cont) siRNA with irrelevant sequences. Protein
concentration-matched mouse serum is used as a control vehicle. (B) Phase contrast images
showing endothelial cells sprouting from each bead (top; scale bar, 100 wm) and immunofluorescent
images of actin staining (bottom; scale bar, 25 wm) in HUVE cells treated with PRP extract

or in combination with LRP5 siRNA or control siRNA with irrelevant sequences. Protein
concentration—-matched mouse serum is used as a control vehicle. (C) Graph showing changes in
sprout area, diameter, and length of the longest sprout in HUVE cells treated with PRP extract or in
combination with LRP5 siRNA or control siRNA with irrelevant sequences. *P < 0.05. Error bars
represent SEM of three independent experiments. (D) Immunoblots showing LRP5 and B-actin
protein levels in HUVE cells treated with LRP5 siRNA or control siRNA with irrelevant sequences.

Tie2 receptor and cocultured with
HBEC3-KT cells, epithelial budding
induced by PRP extract was inhibited
(Figures 2B and 2C), suggesting that PRP
extract stimulates alveolar bud formation
through Angl-LRP5-Tie2 signaling in ECs
and that communication between ECs and
epithelial cells is necessary for alveolar bud
formation. Because most of the increases in
endothelial sprouting were smaller in HUVE
cells treated with recombinant Angl alone
compared with those treated with PRP
extract (Figure E1C), we also examined the
effects of recombinant Angl on epithelial
budding. Consistent with the results of the
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EC sprouting assay, treatment with
recombinant Angl (100 ng/ml) enhanced
epithelial budding, but the number of buds
was significantly smaller than those treated
with PRP extract (Figure E2C), suggesting
that small amounts of other angiogenic
factors in PRP extract may also be required
for epithelial budding in vitro.

PRP Extract Stimulates
Compensatory Lung Growth after
PNX

Because PRP extract stimulates
morphogenesis of ECs (Figure 1) and
epithelial cells (Figure 2) in vitro, we next

ORIGINAL RESEARCH

examined whether PRP extract stimulates
alveolar regeneration in mouse lung in vivo.
PNX is a good system to study the
mechanisms by which an angiogenic
signaling pathway controls lung vascular
and alveolar regeneration in the adult
mouse because (1) compensatory lung
growth after PNX in adult mice is partly
due to neoalveolarization (33) and (2) PNX
induces angiogenesis, and PNX-induced
angiogenesis produces growth factors and
stimulates alveolar formation (7, 34).
Consistent with previous reports (28), when
we performed left unilateral PNX, there was
a significant increase in the size of right
lung lobe (Figure 3A) and the weight of the
remaining right lung cardiac lobe
(measured as a ratio of the weight of
cardiac lobe to mouse weight) within 7 to
14 days after left unilateral PNX

(Figure 3B). The original lung weight to
body weight ratio was 1.01 X 10~ (g/g),
but it increased by 1.4-fold in the lungs 7 to
14 days after PNX (Figures 3A and 3B).
When we treated mice with PRP extract
(20 pl, every day, intraperitoneally) after
PNX, compensatory lung growth was
further stimulated; the ratio of lung weight
to body weight was 14% higher in PRP
extract-treated lungs 7 and 14 days after
PNX compared with untreated lungs,
whereas lung weight did not change when
we treated sham-operated mice with PRP
extract (Figures 3A and 3B). Morphometric
analysis of H&E-stained mouse lungs also
revealed that lungs treated with PRP extract
after PNX exhibited thickened alveolar
septa, a decrease in the size of the alveolar
space measured by mean linear intercept,
and an increase in the number of alveoli
compared with control untreated lung
(Figure 3C). In addition, when we analyzed
blood vessel density in the lung using
immunohistochemical staining for the
blood vessel marker CD31, PRP extract
increased the blood vessel density in the
mouse lung 7 days after PNX (Figure 3C).
These findings suggest that PRP extract
enhances lung vascular and alveolar
regeneration after PNX.

To examine the effects of PRP extract
on lung function after PNX, we analyzed
lung compliance, alveolar-arterial oxygen
difference, and lung vascular permeability
and compared these parameters between
mouse lungs with or without PRP extract
treatment after PNX. Lung compliance
was approximately 30% higher in the
lungs treated with PRP extract, whereas
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Figure 2. PRP extract induces lung epithelial budding through LRP5-Tie2 signaling in vitro. (A) Phase
contrast images showing epithelial cell budding (left; scale bar, 100 pm) and immunofluorescent
images (scale bar, 50 um) showing epithelial cell buds detected by staining with anti-E-cadherin
(E-cad) (second), anti-aquaporin 5 (AQPS5) (third), or anti-surfactant protein B (SPB) (right) antibodies
in coculture of HBEC3-KT (KT) and HUVE cells (top) and coculture of KT and HUVE cells treated with
PRP extract (bottom) for 5 days. Arrows indicate the bud formation. Protein concentration-matched
mouse serum is used as a control vehicle for PRP extract. (B) Phase contrast images showing
epithelial cell budding (scale bar, 100 wm) in coculture of KT and HUVE cells treated with PRP extract
in combination with LRP5 siRNA (top) or soluble Tie2 (sol Tie2, bottom) for 5 days. Arrows indicate the
bud formation. (C) Graph showing the number of buds in coculture of KT and HUVE cells treated
with PRP extract or in combination with soluble Tie2 or LRP5 siRNA for 5 days. *P < 0.05.

Error bars represent SEM of three independent experiments. DAPI, 4’,6-diamidino-2-phenylindole.

alveolar-arterial oxygen difference was not
changed in the mice after PNX under
resting conditions on room air (Figures 3D
and 3E). Lung vascular permeability
measured by the leakage of intravenously
injected Evans blue dye into the alveolar
space was also not changed by treatment
with PRP extract after PNX (Figure E3A).
These results suggest that PNX and PRP
extract did not have inflammatory effects
and that PRP extract stimulates expansion
of functional alveolar units after PNX.

We also analyzed exercise capacity by

measuring the total distance mice were able
to run using a rodent treadmill exercise
system. The total running distance decreased
by 84 and 29% in mice 7 and 14 days after
PNX, respectively, compared with control
sham-operated mice (Figure 3F), suggesting
that physiological lung function is impaired
after PNX even after the remaining lung has
undergone some compensatory growth.
Treatment with PRP extract after PNX
restored running distance to the levels of
control mice without PNX (Figure 3F),
indicating that PRP extract accelerates the

Mammoto, Chen, Jiang, et al.: PRP Extract Stimulates Lung Regeneration

functional recovery from PNX. Importantly,
the effects of PRP extract on compensatory
lung growth and lung function after PNX
seem to be lung specific rather than systemic
effects of PRP extract because intratracheal
administration of PRP extract had similar
effects on compensatory lung growth and
lung function after PNX as systemic
intraperitoneal administration (Figures E3B
and E3QC).

PRP Extract Stimulates Post-PNX
Compensatory Lung Growth through
Ang1-Tie2 Signaling

We have reported that postnatal
alveolarization is regulated by the Angl-Tie2
pathway (5, 23); Angl activates Tie2 receptor
and stimulates lung vascular and alveolar
formation during postnatal lung development
in mice (5). Because PRP extract contains
abundant Angl (22) and stimulates
endothelial and epithelial morphogenesis

in vitro (Figures 1, 2, E1, and E2), we next
explored whether PRP extract enhances
angiogenesis after PNX through Angl-Tie2
signaling. Tie2 tyrosine phosphorylation
levels were higher in mouse lungs 7 days after
PNX, and, consistent with in vitro results
using HUVE cells, treatment with PRP
extract further increased the levels of Tie2
phosphorylation compared with those in
untreated lungs after PNX (Figure 4A),
suggesting that PRP extract may stimulate
lung vascular and alveolar regeneration
through Angl-Tie2 signaling in vivo.

To directly examine whether PRP
extract enhances angiogenesis and alveolar
formation after PNX through Angl-Tie2
signaling, we depleted Angl by treating
mice with soluble Tie2 receptor. Treatment
of mice with soluble Tie2 receptor (1 g,
every day, intraperitoneally) for 7 days
suppressed the effects of PRP extract on
lung weight after PNX, reducing it to the
levels of that in mouse lung with PNX alone
(Figure 4B). Morphometric analysis of
H&E-stained mouse lungs also revealed
that soluble Tie2 attenuated alveolar
formation stimulated by PRP extract in the
lung after PNX; septation was incomplete,
alveolar spaces measured by mean linear
intercept were twice as large, and the
number of alveoli was 27% smaller in
the lungs treated with soluble Tie2 in
combination with PRP extract after
PNX compared with those treated with
PRP extract alone (Figures 4C and 4D).
Furthermore, soluble Tie2 decreased blood
vessel density detected by CD31 staining in
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Figure 3. PRP extract induces post-pneumonectomy (PNX) compensatory lung growth. (A) Representative micrograph showing the right lung lobe of
control mouse, mouse treated with PRP extract for 7 days, mouse 7 days after PNX, or in combination with treatment with PRP extract after PNX for 7
days. Protein concentration-matched mouse serum is used as a control vehicle. (B) Graph showing the ratio of the weight of right lung cardiac lobe to
mouse body weight (BW) after PNX, treatment with PRP extract, or PNX in combination with treatment with PRP extract (n = 7; mean = SEM). *P < 0.05. (C)
Hematoxylin and eosin (H&E)-stained mouse lungs (top; scale bar, 50 pm) and CD31-positive blood vessels (bottom; scale bar, 20 pm) in the cardiac lobe
of control (Ct) mouse, mouse 7 days after PNX (PNX), or in combination with treatment with PRP extract after PNX for 7 days (PNX+PRP). Graphs
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mouse lung treated with PRP extract after
PNX by 41% (Figures 4C and 4D). Exercise
capacity as measured by a rodent treadmill
exercise protocol also revealed that total
running distance restored by PRP extract
after PNX was attenuated by soluble Tie2
treatment (Figure 4E). These results suggest
that PRP extract accelerates compensatory
lung growth and recovery of lung function
after PNX through Angl-Tie2 signaling.

LRP5-Tie2 Signaling Mediates
Compensatory Lung Growth after

PNX

We have found that LRP5 knockdown
decreases Tie2 phosphorylation in HUVE
cells (Figure 1) and inhibits endothelial
sprouting and lung epithelial budding
induced by PRP extract in vitro (Figures 1
and 2). Tie2 phosphorylation levels were also
higher after PNX, and were further increased
by PRP extract in mouse lungs (Figure 4A).
Thus, we next examined whether LRP5-Tie2
signaling mediates compensatory alveolar
growth after PNX in mice. When we
performed PNX on Lrp5~ '~ mice, in which
LRP5 and Tie2 expression are decreased in
the lungs (Figure E4A), and treated the mice
with PRP extract for 7 days, PNX alone and
PNX in combination with treatment with
PRP extract failed to increase lung weight as
observed in the wild-type (WT) mouse lungs
(Figure 5A). Morphometric analysis of H&E-
stained mouse lungs also revealed that PRP
extract did not stimulate alveolar formation
in Lrp5~'~ mice after PNX; septation was
incomplete, alveolar spaces were large, and
the alveolar number was small in the Lrp5 '~
mouse lungs treated with PRP extract after
PNX, similar to the untreated Lrp5 '~ mouse
lungs (Figure 5B) but unlike the effects
observed in control mice after PNX (Figures
3C and E4B), suggesting that LRP5-Tie2
signaling mediates compensatory lung growth
after PNX in mice.

Discussion

It has been recognized that rebooting the
process of embryonic development by

stimulating the morphogenesis signaling
pathways or by recapitulating embryonic
microenvironments may be an ideal strategy
for the regeneration of adult organs (35).
Angiogenesis plays a key role in alveolar
formation in developing and regenerating
lungs (4-9, 33), whereas deregulated
angiogenesis contributes to various lung
developmental disorders such as
bronchopulmonary dysplasia (BPD)

(5, 9, 23) and impairment of adult lung
regeneration in mice (7, 8, 28, 36). ECs
interact with alveolar epithelial cells, and
endothelial signaling plays an important
role in the process of lung regeneration
(7, 8). Therefore, modulation of
angiogenesis could be a potential strategy
for regeneration of lost or damaged adult
lung tissues. Recently, we have reported
that PRP extract, which contains abundant
Angl and lower amounts of other
angiogenic growth factors, stimulates
angiogenesis and maintains vascular
integrity through the Angl-Tie2 pathway
in vitro and in vivo (17, 22). However, the
mechanism by which PRP controls vascular
and alveolar morphogenesis during

lung regeneration has not been well
characterized. In this report, we have
demonstrated that PRP extract stimulates
EC sprouting and lung epithelial bud
formation through Angl-LRP5-Tie2
signaling in vitro. We have also found that
PRP extract stimulates angiogenesis and
accelerates compensatory lung growth after
unilateral PNX through Angl-LRP5-Tie2
signaling in adult mice in vivo.

The establishment of stable and
functional blood vessel networks requires
cooperation of multiple angiogenic growth
factors rather than relying on a single factor
(16). For example, VEGF and Ang work
together during vascular development;
VEGF acts at early stages of vessel
formation, whereas Angl acts later during
vessel remodeling, maturation, and
stabilization (15, 37). PRP extract contains
abundant Angl and a number of other
angiogenic growth factors including VEGF
(22), which is also required for
compensatory lung growth after PNX (28).

Importantly, the magnitude of the
endothelial sprouting and epithelial
budding induced by PRP extract was larger
than that induced by recombinant Angl
alone (Figures E1C and E2C), suggesting
that small amounts of these other factors
in PRP extract may be required for
angiogenesis and alveolar formation. In
addition to Angl, PRP extract contains
Ang2, which antagonizes the role of Angl.
Although the concentration of Ang?2 is far
below Angl (Angl:Ang2 =100:3) (22) and
thus Angl is likely dominant in the PRP
extract-treated cells, recently it has been
reported that Ang2 not only antagonizes
the role of Angl but also coordinates
angiogenesis and stimulates liver
regeneration (38, 39). Thus, Ang2 may
cooperate with Angl to accelerate lung
regeneration after PNX in mice treated with
PRP extract. PRP extract also contains
various epithelial stimulating factors, such
as keratinocyte growth factor (40) and
hepatocyte growth factor (41), which
stimulate proliferation and differentiation
of epithelial cells, and therefore PRP extract
may stimulate lung regeneration after PNX
by directly stimulating epithelial cells as
well (41, 42). In fact, PRP extract stimulates
lung epithelial bud formation to some
degree in the absence of ECs (Figure E2A),
suggesting that these epithelial-stimulating
components in PRP extract (41, 42) may
stimulate alveolar morphogenesis in vitro.
PRP extract also contains many chemical
stimulators (e.g., PDGF and FGF2) that
modulate Wnt signaling (43, 44) and may
contain Wnt ligands, which bind to LRP5.
It has been reported that Wnt3a promotes
definitive endoderm differentiation (45)
and that Wnt7b signals through LRP5 and
regulates lung airway and vascular
development (46). Wnt2-Wnt7b signaling
also promotes Wnt activity in mesenchymal
progenitors, which is required for lung
development (43), and these Wnt ligands
may potentially enhance lung regeneration
after PNX. Thus, although Angl-LRP5-Tie2
signaling seems to be one of the major
pathways by which PRP extract stimulates
lung regeneration after PNX, other

Figure 3. (Continued). showing quantification of alveolar size (mean linear intercept [MLI]; right top), alveolar number (right middle), and vessel number (right
bottom) in the lungs after PNX with or without treatment with PRP extract (n = 7; mean = SEM). *P < 0.05. (D) Static lung compliance measured 7 days
after PNX or in combination with treatment with PRP extract for 7 days (n = 6; mean = SEM). *P < 0.05. (E) Alveolar-arterial oxygen differences in the
control sham-operated mice or mice with or without PRP extract treatment after PNX for 7 days (n = 6; mean = SEM). *P < 0.05. (F) Exercise capacity of
sham-operated mice or mice undergoing PNX with or without treatment with PRP extract for 7 or 14 days assessed by a total running distance using
a rodent treadmill exercise protocol (n=7; mean = SEM). *P < 0.05.
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Figure 4. PRP extract induces angiogenesis and compensatory lung growth in mouse lung after PNX through Ang1-Tie2 signaling. (A) Immunoblots
showing tyrosine-phosphorylated Tie2 and B-actin protein levels in the right lung cardiac lobe of control mouse, mouse 7 days after PNX, or in
combination with treatment with PRP extract for 7 days after PNX. (B) Graph showing the ratio of weight of the right lung cardiac lobe to mouse body
weight after PNX treated with PRP extract or in combination with soluble (sol) Tie2 receptor for 7 days (n =7; mean = SEM). *P < 0.05. Protein
concentration-matched mouse serum and control vehicle are used as a control. (C) H&E-stained mouse right lung cardiac lobe treated with PRP extract
or in combination with sol Tie2 for 7 days after PNX (top; scale bar, 50 wm). Immunofluorescence micrographs showing CD31-positive blood vessels in
right lung cardiac lobe of mouse treated with PRP extract or in combination with sol Tie2 for 7 days after PNX (bottom; scale bar, 20 pm). (D)

Graphs showing the quantification of alveolar size (ML, left), the alveolar number (middle), and the vessel number of CD31-positive endothelial cells (right)
in the right lung cardiac lobe after each treatment (n = 7; mean = SEM). *P < 0.05. (E) Exercise capacity of mice 7 and 14 days after PNX or in combination
with treatment with PRP extract and/or sol Tie2 receptor after PNX for 7 and 14 days assessed by a total running distance using a rodent treadmill exercise
protocol (n=7; mean = SEM). *P < 0.05.
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Figure 5. LRP5-Tie2 signaling mediates compensatory lung growth after PNX. (A) Graph showing
the ratio of weight of the lung cardiac lobe to mouse body weight 7 days after PNX with or
without treatment with PRP extract in wild-type C57BL/6 mice or Lrp5~'~ mice (n = 7; mean + SEM).
*P < 0.05. (B) H&E-stained mouse right lung cardiac lobe 7 days after PNX with or without treatment
with PRP extract in Lrp5’/ ~ mice. Scale bar, 50 pm. Graph showing the quantification of alveolar size
(ML, left) and the alveolar number (right) (n = 7; mean = SEM). *P < 0.05.

angiogenic or epithelial factors in PRP
extract may contribute to lung angiogenesis
and alveolar formation. In fact, although
LRP5 knockdown or soluble Tie2 receptor,
which blocks Angl, decreased EC sprout
diameter induced by PRP extract in vitro,
Tie2 knockdown did not change it, suggesting
that LRP5 and Angl control EC sprouting
through mechanisms other than Tie2.

Our results indicate that compensatory
lung growth appears to occur mainly within

the first week of PNX and that PRP extract
restores the exercise capacity within the first
week in mice. However, the effects of PRP
extract on the recovery of exercise capacity
were different between Weeks 1 and 2.
Given that PRP extract did not change lung
weight and exercise capacity in sham-
operated mice and that intratracheal
administration of PRP extract had similar
effects on compensatory lung growth and
recovery from exercise intolerance after

Mammoto, Chen, Jiang, et al.: PRP Extract Stimulates Lung Regeneration

PNX as systemic treatment (intraperitoneal
injection), the distinct response of exercise
capacity to PRP extract may be potentially
due to the recovery from PNX and not

a result of the systemic effects of PRP
extract.

In pathological lungs, regenerative
alveolarization may be impaired because
specific chemical factors, their receptors,
and/or lineages of progenitor cells are
depleted (47). Supplementation of these
factors or progenitor cells in the lung in
combination with PRP extract may be able
to stimulate regeneration of functional
blood vessels and alveolar structures in
diseased lungs more efficiently, which will
greatly expand the range of potential
applications of PRP extract. Although our
coculture system suggests that LRP5-Tie2
signaling in ECs controls alveolar bud
formation, it is still not clear how PRP
extract stimulates LRP5 in the ECs and how
ECs use Angl-LRP5-Tie2 signaling to
modulate alveolar morphogenesis. Also, the
molecular mechanism by which LRP5
controls Tie2 expression remains unknown.
It has been reported that LRP5 controls the
expression of Twistl, a basic helix-loop-
helix transcription factor, which binds to
E-box promoter regions (48). Because the
Tie2 promoter region contains E-box
sequences and Twistl knockdown
decreases Tie2 expression (32), one possible
mechanism is that LRP5 knockdown down-
regulates Twistl expression and thereby
decreases Tie2 transcriptional activity and
gene expression. PRP extract may stimulate
lung regeneration after PNX through the
LRP5-Twist1-Tie2 pathway. Further
characterization of these mechanisms could
lead to the development of angiogenesis-
targeting strategies for regeneration
of damaged or lost lung tissues. In
addition to signals from the chemical
microenvironment, properties of the
micromechanical environment, such as
tissue stiffness and extracellular matrix
structures, contribute to lung regeneration
and various lung diseases, including
fibrosis, acute respiratory distress
syndrome, BPD, and inflammation (23, 31, 49).
Thus, in addition to optimization of growth
factor concentrations, modification of the
micromechanical environment using
extracellular matrix modifiers may also
improve the ability of PRP extract to
promote lung regeneration.

We have reported that LRP5 controls
Tie2 expression in lung human
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microvascular endothelial cells (5).
However, although PRP extract increases
phosphorylation levels of LRP5 and Tie2 in
HUVE cells, it did not change Tie2
expression in HUVE cells. This may be
because of underlying differences between
the cell lines. Alternatively, other factors in
PRP extract may inhibit Tie2 expression
in HUVE cells in vitro.

In summary, we have demonstrated
that PRP extract stimulates adult mouse

through Angl-LRP5-Tie2 signaling. These
findings may improve the efficiency of lung
regeneration and lung organ engineering.
Because deregulated angiogenesis
contributes to pathogenesis of various
chronic lung diseases such as BPD and
emphysema, the findings regarding the
mechanism by which PRP extract
stimulates angiogenesis and lung
regeneration after PNX may improve
understanding of how these processes

potentially lead to the development of new
therapeutic strategies for chronic lung
diseases. Given that PRP extract is
generated from autologous peripheral
blood by a simple method and can be
preserved stably in the freezer for a long
period, PRP extract could be a potentially
good therapeutic tool for regenerating
damaged or lost adult lung tissue. l

Author disclosures are available with the text

lung vascular and alveolar regeneration
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