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Abstract

Pulmonary angiogenesis is a key driver of alveolarization. Our prior
studies showed that NF-kB promotes pulmonary angiogenesis
during early alveolarization. However, the mechanisms regulating
temporal-specific NF-kB activation in the pulmonary vasculature are
unknown. To identify mechanisms that activate proangiogenic NF-«kB
signaling in the developing pulmonary vasculature, proteomic analysis
ofthelung secretome was performed using two-dimensional difference
gel electrophoresis. NF-kB activation and angiogenic function was
assessed in primary pulmonary endothelial cells (PECs) and TGFBI
(transforming growth factor-B-induced protein)-regulated genes
identified using RNA sequencing. Alveolarization and pulmonary
angiogenesis was assessed in wild-type and Tgfbi null mice exposed to
normoxia or hyperoxia. Lung TGFBI expression was determined in
premature lambs supported by invasive and noninvasive respiratory
support. Secreted factors from the early alveolar, but not the late

In contrast to many organs, significant lung
development occurs postnatally. During
alveolarization, the final stage of lung
development, division of primitive airspaces
by secondary septation and exponential

growth of the pulmonary microvasculature
by angiogenesis markedly increases gas
exchange surface area (1). Angiogenesis is a
key driver of alveolarization. Inhibiting
angiogenesis impairs alveolarization,

alveolar or adult lung, promoted proliferation and migration in
quiescent, adult PECs. Proteomic analysis identified TGFBI as one
protein highly expressed by the early alveolar lung that promoted PEC
migration by activating NF-kB via av33 integrins. RNA sequencing
identified Csf3 as a TGFBI-regulated gene that enhances nitric oxide
production in PECs. Loss of TGFBI in mice exaggerated the impaired
pulmonary angiogenesis induced by chronic hyperoxia, and TGFBI
expression was disrupted in premature lambs with impaired
alveolarization. Our studies identify TGFBI as a developmentally
regulated protein that promotes NF-k B-mediated angiogenesis during
early alveolarization by enhancing nitric oxide production. We
speculate that dysregulation of TGFBI expression may contribute to
diseases marked by impaired alveolar and vascular growth.

Keywords: alveolarization; endothelial migration; colony-
stimulating factor-3; nitric oxide production; bronchopulmonary
dysplasia

whereas enhancing angiogenesis preserves
alveolarization during injury (2, 3).
Dysregulated angiogenesis is observed in
premature infants with bronchopulmonary
dysplasia (BPD), a chronic lung disease

(Received in original form April 21, 2020; accepted in final form October 29, 2020)

Supported by U.S. National Institutes of Health grants HL122918 (C.M.A.), HL148165 (S.J.C.), and HL110002 (K.H.A.), the Stanford Maternal Child Health
Institute, the Tashia and John Morgridge Faculty Scholar Award (C.M.A.), the Stanford Chemical Engineering Undergraduate Summer Research Program
(G.S.U.), the Stanford C.J. Huang SAMSUNG Fellowship (S.F.), and the University of Utah School of Medicine, Division of Neonatology (K.H.A.).

Author Contributions: M.L., C.I., S.R., R.D.-G., S.F., G.S.U., S.C.H., R.E.D., and C.M.A. designed and executed studies and analyzed and interpreted results.
P.S. and S.J.C. created the Tgfbi null mice. M.J.D., D.M.N., and K.H.A. designed and executed the studies on preterm lambs. M.L. and C.M.A. drafted the
manuscript. All authors contributed significant edits, gave final approval for publication, and agree to be accountable for the integrity of the information

contained in this manuscript.

Correspondence and requests for reprints should be addressed to Cristina M. Alvira, M.D., Department of Pediatrics, Center for Excellence in Puimonary Biology,
Stanford University School of Medicine, 770 Welch Road, Suite 435, Palo Alto, CA 94304. E-mail: calvira@stanford.edu.

This article has a related editorial.

This article has a data supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

Am J Respir Cell Mol Biol Vol 64, Iss 3, pp 318-330, Mar 2021
Copyright © 2021 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2020-01530C on December 2, 2020

Internet address: www.atsjournals.org

318

American Journal of Respiratory Cell and Molecular Biology Volume 64 Number 3 | March 2021


http://crossmark.crossref.org/dialog/?doi=10.1165/rcmb.2020-0153OC&domain=pdf
http://orcid.org/0000-0002-9801-6304
http://orcid.org/0000-0001-8497-0861
http://orcid.org/0000-0002-6921-0001
mailto:calvira@stanford.edu
http://dx.doi.org/10.1165/rcmb.2020-0515ED
http://www.atsjournals.org
http://dx.doi.org/10.1165/rcmb.2020-0153OC
http://www.atsjournals.org

ORIGINAL RESEARCH

Clinical Relevance

Our data identified a novel pathway of
myofibroblast-endothelial cross-talk
mediated through TGFBI (transforming
growth factor-B-induced protein) that
serves as a key mechanism that drives
the rapid pulmonary angiogenesis that
occurs at early alveolarization. We
believe that this work has important
implications for lung development,
injury, and repair across the entire
lifespan. By identifying and carefully
characterizing a novel pathway, this
work addresses both fundamental
biology and putative therapeutic
targets for investigators engaged in
lung, vascular, and regenerative
medicine.

characterized by impaired alveolarization
that represents the most common
complication of extreme prematurity (4).
The extension of alveolarization into
postnatal life provides an important
window of opportunity for lung repair and
regeneration (5). Thus, elucidating
pathways that promote pulmonary
angiogenesis and alveolarization has
important clinical implications.

We previously showed that
endogenous NF-kB activation promotes
pulmonary angiogenesis in the early
alveolar lung (6). Blocking NF-«kB in
early alveolar pulmonary endothelial cells
(PECs) impairs angiogenic function, and
pharmacologic inhibition of NF-«kB in
young mice impairs alveolar and vascular
growth yet has no effect on adult mice.
However, the mechanisms that induce
temporal-specific activation of NF-«kB in
the developing pulmonary vasculature
remain unknown.

The tissue microenvironment
modulates angiogenesis in development and
disease. During early lung development,
the alveolar epithelium regulates vascular
patterning by expressing VEGF (vascular
endothelial growth factor) to promote
EC survival, proliferation, and migration.
In cancer, activated stromal fibroblasts
develop a myofibroblast phenotype,
colocalize with tumor vasculature, and
promote angiogenesis by expressing growth
factors and modulating the extracellular
matrix (7). Although myofibroblasts are

required for alveolarization (8), whether
they function to regulate pulmonary
angiogenesis has not been explored.

In this study, we hypothesized that
unique factors in the early alveolar
microenvironment induce temporal-specific
activation of NF-kB in the pulmonary
endothelium. We profiled the lung
secretome during development and
identified TGFBI (transforming growth
factor-B-induced protein) as protein highly
expressed by myofibroblasts during early
alveolarization. We show that TGFBI
induces NF-kB activation through avf33
integrins, increasing nitric oxide (NO)
production by increasing the expression of
Csf3 (colony-stimulating factor-3), an NF-
kB downstream target gene. Tgfbi null mice
exhibit decreased pulmonary vascular
density and a marked impairment of
alveolar and vascular growth in response
to chronic hyperoxia. Further, TGFBI
expression was dysregulated in a premature
lamb model of disrupted alveolarization.
Together, our data identify a novel
myofibroblast-endothelial cell axis that
serves to guide pulmonary angiogenesis
during early alveolarization and implicate
a role for dysregulated TGFBI in the
pathogenesis of BPD.

Some of the results of these studies have
been previously reported in preprint form
(https://doi.org/10.1101/2020.05.28.121871).

Methods

Please see the data supplement for full
details.

Animal Models

C57BL/6 neonatal mice at early
alveolarization (P6) and adult mice were
purchased from Charles River Lab. Tgfbi
null (Tgfbi ’'~) mice have been described
previously (9). Mice containing an
endothelial cell-specific deletion of Ikkf3
were generated by crossing Ikk@™" mice
(10) with Pdgfb-iCre mice (11). For
hyperoxia experiments, litters of PO pups
were maintained in room air (normoxia) or
80% O, (hyperoxia) for 14 days (12). Lung
morphometric analysis was performed as
previously described (6, 13).

The methods for delivery and
management of chronically ventilating
preterm lambs are reported (14-17).
Time-pregnant ewes at 132 + 2 days of
gestation (term ~150 d gestation) were
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used. At ~3 hours of age, the preterm
lambs were randomized to invasive
mechanical ventilation (IMV) or
noninvasive respiratory support (NRS), as
previously described (16), for a total of 21
days. Control lambs were born at term.
Protocols for the animal studies
adhered to American Physiological
Society/National Institutes of Health
guidelines for humane use of animals for
research and were prospectively approved
by the Institutional Animal Care and
Use Committee at Stanford University and
the University of Utah Health Sciences
Center.

Lung Conditioned Media

Lung conditioned media (LCM) was
prepared from lung tissue from C5BL/6
mice at the early alveolar (P6), late alveolar
(P16), and adult (8-10 wk) stages of
development (18), and proteins were
analyzed by two-dimensional difference
gel electrophoresis (2D DIGE) protein
expression profiling.

Western Immunoblot and
Immunofluorescence

Whole cell protein lysates were extracted
from lung tissue and Western blot
performed (13). Immunostaining was
performed on formalin-fixed or frozen
lung sections (6), probed with primary
antibodies against CD31, TGFBI, NF-kB
p65, or von Willebrand factor.

Isolation of Primary PECs

PECs were isolated from P6 or adult
C57BL/6, Tgfbi ' ~and Tgfbi*'*, and
Pdgfb-iCre™" " TkkB"™ and Pdgfb-
iCre™’ ™ IkkB"™ mice as described
previously (6, 13). PEC isolation by this
method with CD31 magnetic beads were
~95% pure based on staining for additional
EC markers such as CD102 (8). Cells from
passage 0 to 2 were used for all assays as
described in the data supplement. TGFBI
neutralization was performed with anti-
TGFBI antibodies (4 wg/ml) and TGFBI
stimulation with recombinant TGFBI

(10 pg/ml) (19). NF-kB inhibition was
performed with the pharmacologic
inhibitor BAY 11-0782 (2.5 uM) and avp3
inhibition with signaling anti-av(33 integrin
(4 pg/ml) antibodies.

RNA Interference

PECs were transfected with nontargeting
control (NTC), integrin o'V, integrin B3, or
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Csf3 On-Target Plus SMART pool siRNA
using Lipofectamine 2000 for 6 hours as
previously described (20).

Multiplex Fluorescent In Situ
Hybridization

PECs from P6 Pdgfb-Cre* IkkB"" and
Pdgfb-Cre” IkkB"™ mice were treated with
4-OHT and stimulated with TGFBI;
colocalization of Csf3 and PEC marker
Pecam1 were detected in PECs using
RNAscope in situ hybridization per the
manufacturer’s protocol (ACD).

RNA-Sequencing Analysis

Total RNA was extracted and RNA
sequencing (RNA-seq) performed by Quick
Biology. Genes showing altered expression
with P <0.05 and more than 1.5-fold change
were considered differentially expressed.

Measurement of NO in PECs

NO production was determined by loading
the cells with 4-amino-5-methylamino-
2',7'-difluorofluorescein diacetate before
immunofluorescent imaging as previously
described (21).

Statistics

Statistical differences between two groups
were determined by Student’s ¢ test or one-
or two-way ANOVA as appropriate. A

A
Adult PEC with
Starvation Media

Adult PEC with
Late Alveolar LCM

P value of <0.05 was considered
statistically significant.

Results

Factors Secreted by the Early

Alveolar Lung Activate Proangiogenic
Pathways in Adult PECs

To determine if factors present in the early
alveolar microenvironment activate NF-«B
and modulate PEC angiogenic function, we
collected LCM from mice at different stages
of development and assessed NF-kB
activation and PEC migration. Under control
conditions, NF-kB subunits are constitutively
expressed but only translocate to the nucleus
upon activation. At baseline, adult PECs
demonstrated minimal active NF-kB

(Figure 1A). However, incubation with early
alveolar LCM increased NF-kB activation by
2.65-fold (P < 0.001) (Figures 1A and 1B). In
contrast, incubation with late alveolar LCM
increased NF-kB activation only slightly
(P<0.05), and adult LCM had no effect.
Similarly, adult PECs migrated slowly when
cultured in starvation media (Figure 1C). The
early alveolar LCM was as effective as 5% FBS
in inducing adult PEC migration, resulting in
43% scratch closure (P < 0.0001). In contrast,
the adult LCM induced migration only
minimally (P <0.05). Taken together, these
data suggested that factors present in the early

Adult PEC with
Early Alveolar LCM
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alveolar lung microenvironment can induce
NEF-kB activation and promote migration in
adult PECs.

TGFBI Is Highly Expressed in the Early
Alveolar Lung but Absent in the Adult
Lung

To identify factors uniquely present in the early
alveolar lung microenvironment, we compared
all of the secreted proteins in the three LCM by
2-D DIGE (Figure E1 in the data supplement),
and identified 20 proteins that were highly
expressed in the early alveolar lung secretome
by mass spectrometry (Table E1). Of this
group, we selected TGFBI for further
investigation, a classically secreted protein that
has recently been shown to be highly expressed
by myofibroblasts by single-cell RNA-seq of the
developing mouse lung (22). We confirmed
higher expression of TGFBI in the early
alveolar LCM (P < 0.001, Figure 2A), and in
agreement with previous data (9), highest
TGEFBI protein in whole lung during

early alveolarization, followed by an age-
dependent decrease over time (Figure 2B).
Immunostaining of early alveolar lung tissue
identified numerous cells with intense TGFBI
expression (Figure 2C), located at the tips of
secondary septa, characteristic locations for
alveolar myofibroblasts. In contrast, TGFBI
immunoreactivity was completely absent in
the adult lung. Similar findings were observed
in the lungs of lambs (Figure 2D), with high
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Figure 1. Factors secreted by the early alveolar lung activate proangiogenic pathways in adult PECs. (A) Representative immunofluorescent images of adult
PECs incubated with starvation media or early alveolar (EA), late alveolar, or adult LCM for 24 hours followed by immunostaining to detect the NF-kB subunit,
p65 (red) and chromatin (blue). Scale bars, 50 wm. (B) Quantification of the total intensity of nuclear p65 with *P < 0.05 and ***P < 0.0001 versus starvation,
and P < 0.0001 versus EA-LCM, with n =6 per group. (C) EC scratch assays performed using adult PECs incubated with starvation media, 5% FBS, EA-
LCM, and adult LCM, and the percent scratch area covered at 24 hours calculated. *P < 0.05 and ****P < 0.0001 versus starvation, and *#*#P < 0.0001
versus EA-LCM, with n=3 per group. LA =late alveolar; LCM =lung conditioned media; PEC = pulmonary endothelial cells; Starv = starvation media.
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Figure 2. TGFBI (transforming growth factor-B—induced protein) is highly expressed in the early alveolar lung but absent in the adult lung. (A) Western blot
to determine TGFBI protein in the EA-, LA-, and adult LCM. ****P < 0.0001 versus EA=LCM, with n=3. (B) Western blot to determine TGFBI protein
relative to B-actin in whole lung from mice at the early alveolar (P6), late alveolar (P16), and adult (P30) stages of development. **P < 0.01 and

**p < (0.0001 versus P8, and P < 0.05 versus P16, with n =4 per group. (C) Representative images obtained from lung cryosections obtained from P6
and adult mice to detect CD31 (green), TGFBI (red), and chromatin (blue). Arrows point to TGFBI-positive cells at tips of secondary septa. Scale bars,
100 wm. (D) Representative images obtained from lung tissue from lambs at the early alveolar (Day 1) and late alveolar (3 wk) stages of development to
detect ACTA2 (green), TGFBI (red), and chromatin (blue). Scale bar, 50 um. Mag = magnification.
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TGEFBI expression in cells at the septal

tips at 1 day of life, corresponding to early
alveolarization, but reduced TGFBI expression
by 3 weeks of age.

TGFBI Is Necessary and Sufficient for
Promoting Early Alveolar and Adult
PEC Migration

We next determined whether TGFBI was
required for the early alveolar LCM to

enhance adult PEC migration. The addition
of anti-TGFBI antibodies, but not isotype
control IgG, significantly impaired, but did
not completely abrogate, the capacity of the
early alveolar LCM to promote adult PEC
migration (P < 0.0001, Figure 3A) but

had no effect on its proliferative effect
(Figure 3B). To determine whether TGFBI
was sufficient to promote PEC migration,
we used recombinant TGFBI (rTGFBI) in

microfluidic chemotaxis assays that permitted
the creation of stable, linear gradients of
chemotactic agents. Early alveolar PECs
exposed to a gradient of starvation media
migrated randomly, whereas those exposed to
a gradient of VEGF demonstrated directed
migration toward the source (P <<0.0001)
(Figure 3C). Both the early alveolar LCM and
rTGFBI induced similar directed migration,
although VEGF was a more potent
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Figure 3. TGFBI is necessary and sufficient to promote PEC migration. (A) Endothelial scratch assays were performed using adult PECs incubated with
starvation media, 5% FBS, EA-LCM, EA-LCM plus isotype control IgG, and EA-LCM plus anti-TGFBI antibodies (4 wg/ml) and the percent scratch area
covered at 24 hours calculated. ****P < 0.0001 versus starvation, and **#*P < 0.0001 versus EA-LCM, with n =3 per group. Representative results from
three separate experiments. (B) BrdU incorporation assays to assess adult PEC proliferation at 24 hours in cells incubated with 5% FBS, EA-LCM,
EA-LCM + IgG, and EA-LCM + anti-TGFBI antibodies. ****P < 0.0001 versus starvation with n=3-6 per group. (C) Tracks of individual cells (top) and
directional histograms (bottom) from live cell imaging and tracking of early alveolar PECs subjected to microfluidic chemotaxis assays performed with
starvation media, EA-LCM, starvation + TGFBI, or starvation + VEGF (50 ng/ml) with each chamber containing a source on the right side and a sink on the
left. Total number of individual cells tracked is reported in the upper left corner, and the number of cells migrating away (black) or toward (red) in the bottom
left and right corners, respectively. In each group there were between three and five cells with a migration of net zero, accounting for the remaining cells
making up the total number. P value is shown on the image. Ab =antibody; rTGFBI =recombinant TGFBI; VEGF = vascular endothelial growth factor.
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chemoattractant as it was able to stimulate TGFBI-mediated PEC Migration Is increased NF-kB activation by 80%
migration at much lower doses. Moreover, NF-xB Dependent (P <0.001), but the addition of anti-
rTGFBI promoted migration of both the We next assessed whether the promigratory ~ TGFBI antibodies significantly blunted this
early alveolar and adult PECs in endothelial ~ effect of TGFBI is NF-kB dependent. effect (P < 0.05) (Figure 4A). rTGFBI
scratch assays and Boyden chamber assays ~ Similar to the migration results, early significantly increased NF-kB activity in
(Figure E2). alveolar LCM containing control I1gG early alveolar PECs (Figure 4B, P < 0.001),
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Figure 4. TGFBI-mediated pulmonary endothelial cell migration is NF-kB dependent. (A) Representative images of adult PECs incubated with starvation
media, EA-LCM + IgG, and EA-LCM + anti-TGFBI antibodies for 24 hours followed by immunostaining to detect p65 (red) and chromatin (blue), with
quantification to determine the total intensity of nuclear p65 over nuclear area. *P < 0.05 and **P < 0.001 versus starvation, and *P < 0.05 versus EA-LCM + IgG,
with n=5 per group. Scale bar, 50 pm. (B) Representative images from early alveolar PECs incubated with starvation media + vehicle or starvation media + rTGFBI
for 24 hours stained to detect the p65 (red), CD31 (green), and DAPI (blue), with quantification of total intensity of nuclear p65. ***P < 0.0001 with n =127 control cells
and n=112 rTGFBI-stimulated cells. (C) Representative electrophoretic mobility shift assay to detect NF-kB-DNA binding in early alveolar PECs exposed to starvation
media or starvation media + TGFBI. (D) Scratch assays using early alveolar PECs stimulated with starvation media, starvation media + rTGFBI, or starvation
media + rTGFBI and BAY 11-7082 (2.5 wM), with the percent scratch area covered at 24 hours calculated. **P < 0.001 versus starvation and *#P < 0.0001
versus rTGFBI, with n=4 per group. (F) Scratch assays performed using wild-type PECs (kkB™'") and PECs lacking the NF-kB activator, IKKB (kk8 /")
stimulated with starvation media, EGM, starvation media + rTGFBI, and the percent scratch area covered at 24 hours calculated. **P < 0.01 and ***P < 0.0001
versus starvation, and P < 0.01 versus TGFBI-treated IkkB” * PECs, with n=4 per group. BAY =BAY-7082; EGM =endothelial growth media.

Liu, losef, Rao, et al.: TGFBI Promotes Pulmonary Angiogenesis 323



ORIGINAL RESEARCH

and increased NF-kB-DNA binding as
early as 30 minutes, with peak NF-kB-
DNA binding observed at 1 hour

(Figure 4C). In addition, inhibiting NF-«B
with BAY-7082 (23) completely abrogated
TGBFI-mediated migration (P < 0.0001,
Figure 4D). Furthermore, we performed
studies using PECs obtained from mice
containing an endothelial-specific deletion
of Ikkp, the primary activator of NF-«kB in
early alveolar PECs (20). Although rTGFBI
increased migration in wild-type (WT)
PECs (P < 0.01), TGFBI-induced migration
was absent in PECs lacking Ikkf. Taken
together, these data demonstrate that
TGFBI-mediated migration is IKKB/NF-kB
dependent (Figure 4E).

TGFBI-mediated NF-kB Activation

and Endothelial Migration Requires
avp3 Integrins

We next performed studies to identify how
TGFBI was mediating these effects. TGFBI
contains a carboxy-terminal Arg-Gly-Asp
(RGD) sequence that allows binding

to integrins (24). We focused initially

on avf33, an integrin upregulated in
angiogenic vascular tissue (25) that
activates NF-kB in ECs (26, 27). rTGFBI
significantly increased NF«B activity in
early alveolar PECs pretreated with control
IgG but had no effect on PECs treated with
anti-avP3 integrin antibodies (Figures 5A
and 5B). Although both rTGFBI alone and
rTGFBI + IgG promoted PEC migration to
a similar degree (Figure 5C), anti-av[33
antibodies completely blocked rTGFBI-
induced PEC migration. Finally, we
transfected early alveolar PECs with

NTC, av integrin, or 3 integrin siRNA.
In vehicle-stimulated cells, migration

was similar between the three groups
(Figure 5D). rTGFBI significantly increased
migration in the NTC-transfected PECs

(P < 0.01) but did not increase migration in
PECs transfected with either av or B3
siRNA.

TGFBI Promotes Migration of Early
Alveolar PECs by Increasing
NF-kB-mediated Csf3 Expression

to Enhance NO Production

To identify mechanism by which TGFBI
promotes PEC migration, we profiled
TGFBI-responsive genes using RNA-seq.
Given that rTGFBI stimulated both early
alveolar and adult PEC migration (Figure
E2), we looked for genes induced by rTGFBI
in both groups. Hierarchical clustering of
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Figure 5. TGFBI-mediated endothelial migration requires avp3 integrins. (A) Representative
images obtained from early alveolar PECs pretreated with either IgG or anti-avB3 antibodies before
stimulation with starvation media + vehicle or starvation media + rTGFBI for 24 hours stained to
detect the p65 (red), CD31 (green), and DAPI (blue), with (B) quantification of total intensity of nuclear
p65. Scale bar, 20 pm. **P < 0.01 versus starvation + IgG, and ## versus rTGFBI + IgG with n=4.
(C) Scratch assays with early alveolar PECs incubated with starvation media, EGM, starvation
media + rTGFBI, starvation media + rTGFBI + IgG, and starvation media + rTGFBI plus anti-avp3
antibodies and the percent scratch area covered at 24 hours calculated. *P < 0.05 and ***P

< 0.001 versus starvation, and *#P < 0.01 versus starvation + rTGFBI + IgG, with n=3 per group.

Representative result from two independent experiments. (D) Scratch assays were performed using
early alveolar PECs transfected with nontargeting control (NTC), integrin av, and integrin 83 siRNA. At
48 hours after transfection, the groups were incubated with starvation media, EGM, and starvation
media + rTGFBI and the percent scratch area covered at 24 hours calculated. **P < 0.01 versus

starvation, and #P < 0.05 and #*#P < 0.01 versus NTC stimulated with rTGFBI, with n = 3-4 per group.

Representative result from four independent experiments.

differentially expressed genes demonstrated
good clustering of vehicle- and rTGFBI-
stimulated samples (Figure 6A). rTGFBI
significantly dysregulated 56 genes in early
alveolar (Table E2) and 64 genes in adult
PECs (Table E3); however, only three genes
were shared (Figure E3A). Csf3, a known
NEF-kB target gene, was among the shared
genes, upregulated 3.01-fold in early
alveolar and 2.77-fold in adult PECs by
rTGFBI (Figure E3B). We confirmed that
rTGFBI induced a 3.4-fold increase in Csf3
gene expression in early alveolar PECs

(P < 0.05) by quantitative PCR (Figure 6B),
and increased CSF3 protein (P < 0.01)
(Figure 6C). To determine if Csf3

expression in the PECs requires NF-kB
activation, we performed multiplex in situ
hybridization to simultaneously detect Csf3
and Pecam]1 in IkkB*’" and IkkB~’~ PECs
isolated from P6 pups. Using this method,
we conformed that Csf3 is expressed

in PecamI-positive cells (Figure 6D).
rTGFBI stimulation for 4 hours increased
Csf3 expression by 2.7-fold in IkkB™/"
PECs (P < 0.0001) but failed to increase
Csf3 expression in the IkkB ™/~ PECs
(Figure 6D).

Prior studies found that CSF3
promotes EC migration by increasing in
NO (28). Therefore, we next loaded
cells with the NO-sensitive dye
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Figure 6. TGFBI induces an NF-kB-dependent expression of Csf3 (colony-stimulating factor-3), a
modulator of nitric oxide (NO), in early alveolar PECs. (A) Heat map of differentially expressed genes
identified by RNA sequencing in early alveolar and adult PECs stimulated with vehicle or rTGFBI for 6
hours. Upregulated genes are in red and downregulated genes in green. (B) Gene expression of Csf3
was determined by gRT-PCR in early alveolar PECs stimulated with vehicle or rTGFBI for 6 hours.
*P < 0.05 versus vehicle with n =4 per group. (C) Representative Western blot to detect CSF3 protein
expression in whole cell lysates obtained from early alveolar PECs stimulated with vehicle or rTGFBI
for 4 hours. (D) Representative in situ hybridization images to detect Csf3 (red) and Pecam1 (green)
in IkkB™'* and IkkB ™'~ PECs treated with vehicle or FTGFBI for 4 hours, with quantification of

the fold change in raw integrated density of Csf3 mRNA particles per cell compared with vehicle.
Scale bar, 20 pm. ***P =0.0006 versus /kk,B” * PEC. (F) NO production assays in early alveolar PECs
stimulated with starvation media containing vehicle or rTGFBI for 4 hours and loaded with the
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4-amino-5-methylamino-2’,7'-
difluorofluorescein diacetate before
stimulation with vehicle or rTGFBI and
found that rTGFBI increased NO in the
PECs by more than twofold compared with
vehicle at 4 and 24 hours (Figures 6E

and E3D). To determine if the TGFBI-
mediated effects require Csf3, we performed
additional studies where we silenced Csf3.
Transfection of early alveolar PECs with
Csf3 siRNA effectively reduced CSF3
protein expression by 42 hours (Figure
E3QC). Incubation of NTC siRNA-
transfected cells with rTGFBI for 8 hours
increased migration twofold (P < 0.0001)
(Figure 6F) but did not significantly
enhance migration in Csf3 siRNA-
transfected cells. rTGFBI also enhanced NO
production in NTC siRNA-transfected cells
(Figure 6G). However, rTGFBI-mediated
increases in NO were significantly
decreased with Csf3 silencing. Taken
together, these results demonstrate that
TGFBI promotes PEC migration by
augmenting NF-kB-mediated Csf3
expression to increase NO production.

Loss of TGFBI Impairs Pulmonary
Vascular Growth in Mice, and TGFBI
Expression Is Dysregulated in

Preterm Lambs with Impaired
Alveolarization

To assess the physiological role of

TGFBI in alveolarization and pulmonary
angiogenesis, we evaluated mice containing
a global deletion of TGFBI in normoxia and
in response to chronic hyperoxia, a stimulus
that disrupts pulmonary angiogenesis and
alveolarization (29). These mice were
reported to have impaired alveolarization at
baseline, but abnormalities in vascular
growth were not observed in that initial
report. In keeping with prior results, Tgfbi
null mice exhibited a 20% decrease in radial
alveolar count (P < 0.0001) and a 128%
increase in distal airspace area (P < 0.0001)
compared with WT mice (Figures 7A-7C).
As expected, chronic hyperoxia disrupted
alveolarization in the WT mice but induced
a more exaggerated phenotype in the Tgfbi
null mice, reducing radial alveolar count by
almost 70% (P < 0.0001), and further
increased the already dilated distal airspaces
(P<0.001). Under control conditions,
Tgfbi null mice exhibited a 33% reduction
in pulmonary vascular density as compared
with WT (P < 0.0001) (Figures 7D and 7E).
Chronic hyperoxia reduced pulmonary
vascular density in WT mice by 46%
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(P < 0.0001) but caused a more exaggerated
disruption of pulmonary vascular growth in
the Tgfbi null mice, decreasing pulmonary
vascular density by 70% (P <0.0001),
resulting in an almost threefold reduction
in distal vessels in Tgfbi null compared with
WT mice. Taken together, these results
demonstrate that TGFBI is required for
physiologic pulmonary vascular growth
and that loss of TGFBI worsens the
detrimental effects of chronic hyperoxia
on alveolarization and angiogenesis.
Finally, we explored whether TGFBI
expression was altered in a large animal
model of BPD, where preterm lambs are
supported with either NRS or IMV. Control,
term lambs had focal staining of TGFBI
throughout the lung, including high
expression at the tips of all the secondary
septa (Figure 7F). Preterm lambs supported
with NRS exhibited many thin secondary
septa and a marked reduction in TGFBI
immunostaining. Preterm lambs supported
by IMV, however, had abnormally
thickened secondary septa, with a
heightened expression but abnormal
localization of TGFBI along the length of
the thick secondary septa rather than the
normal localization at the septal tips.

Discussion

During early postnatal life, growth of the
pulmonary vasculature serves as a driver of
alveolarization. In this study, we explored
the mechanisms that activate proangiogenic
NF-kB signaling in the pulmonary
endothelium during early alveolarization.
We identified TGFBI as a secreted protein
highly expressed by myofibroblasts in early
alveolarization (22), corresponding to the
time when NF-kB is endogenously active in
the pulmonary vasculature (6). We show
that TGFBI activates NF-«kB in PECs and
enhances NF-kB-mediated EC migration
via avB3 integrins. We further show that
TGFBI stimulation increases Csf3

expression, serving to enhance NO
production. Finally, we demonstrate that
loss of TGFBI in mice impairs pulmonary
vascular development at baseline and
severely impairs alveolar and vascular
growth in chronic hyperoxia, and that
TGFBI expression and localization is
aberrant in a preterm lamb model of
disrupted alveolarization. In summary, our
studies identify a novel axis, whereby
developmental expression of TGFBI
activates NF-«kB and promotes pulmonary
endothelial angiogenesis during this critical
window of vascular development.

Pulmonary angiogenesis is essential for
alveolarization, and disrupted angiogenesis
contributes to the pathogenesis of BPD, the
most common complication of premature
birth (30). Our lab previously identified
the NF-kB pathway as an important
regulator of pulmonary angiogenesis
during alveolarization (6). However, the
mechanisms allowing for temporal-specific
activation of proangiogenic NF-kB
signaling in the pulmonary vasculature was
not identified. These results highlight the
role of paracrine factors secreted from
alveolar myofibroblasts in the creation of a
proangiogenic niche that activates NF-«B
to support pulmonary vascular growth
during early alveolarization.

By profiling developmental differences
in the lung microenvironment, we
identified TGFBI as a temporally regulated
protein highly expressed during early
alveolarization. However, the capacity of the
EA-LCM to promote migration and activate
NEF-kB was not completely abrogated by the
anti-TGFBI antibodies, suggesting that
additional factors present in the early
alveolar lung microenvironment also
serve to enhance NF-kB-dependent
proangiogenic signaling. TGFBI binds both
extracellular matrix (31, 32) and integrins
(33-35), suggesting a possible role as a
bifunctional linker protein that connects
cells to the matrix (31). TGFBI mRNA is
biphasically altered in the hyperoxia mouse

model of BPD (9) and induced during
bleomycin-mediated fibrotic lung injury
(36). Importantly, single-cell RNA-seq in
the developing murine lung identified
TGFBI as a highly discriminating gene

for myofibroblasts (22). In our study,
TGFBI was expressed at the tips of
secondary crests, characteristic locations
for myofibroblasts (8), concordant with a
prior report that identified high expression
of TGFBI in the septal tips of a 2 year-old
child, leading the authors to speculate a
putative role in alveolar morphogenesis (37).

In other systems, TGFBI is regulated by
TGF-B. TGF-B isoforms play a complex
role in lung development. Although
TGEF-B1 is expressed in the developing
lung during branching morphogenesis (38),
loss of TGF-B1 does not disrupt lung
development (39). However, loss of
TGF-B3 induces alveolar hypoplasia and
extensive intrapulmonary hemorrhage,
suggesting a role for TGF-B3 in pulmonary
vasculature stabilization (40). Impaired
alveolarization is also observed in mice with
global deletions of Smad3, the downstream
effector of TGF-f (41). Taken together,
these data highlight the importance of
precise TGF-3 signaling in the correct
cells at the right time to support lung
development. Further studies will be
needed to determine if TGF-f is the
primary regulator of TGFBI in the early
alveolar lung; however, as a putative
downstream effector of TGF-[3, our data
highlight a role for TGFBI in coordinating
alveolar and vascular growth during
alveolarization.

TGFBI promotes cell adhesion,
migration, and proliferation of diverse cell
types by interacting via integrins (42). We
specifically investigated av33 integrins
given their established role in angiogenesis.
The avP3 integrin is highly expressed
by newly forming blood vessels (25).
Activation of av33 promotes endothelial
migration (43), and blocking avf33 inhibits
tumor angiogenesis (44) and impairs lumen

Figure 6. (Continued). NO-sensitive dye 4-amino-5-methylamino-2',7’-difluorofluorescein diacetate. Representative images were taken to detect NO
(green) and chromatin (blue). Scale bar, 100 wm. Quantification of the raw integrated density of NO fluorescent signal per cell in early alveolar PECs
stimulated with vehicle or rTGFBI for 4 hours, with **P < 0.01 versus vehicle, with n=5-8 per group. Results are representative of three independent
experiments. (F) Boyden chamber assays to detect chemotactic migration in early alveolar PECs transfected with NTC or Csf3 siRNA incubated at 48 hours
after transfection with starvation media or starvation media containing FTGFBI for 8 hours. ***P < 0.0001 versus vehicle and **P < 0.01 versus NTC siRNA
transfected PECs treated with rTGFBI, with n=10-12 replicates. Results are a representative example of three independent experiments. (G) NO production
assays in early alveolar PECs transfected with NTC or Csf3 siRNA and stimulated with vehicle or rTGFBI for 4 hours. Representative images to detect NO
(green) and chromatin (blue). Scale bar, 100 wm. Quantification of the fold change in raw integrated density of NO fluorescence per cell in NTC and Csf3
siRNA transfected PECs stimulated with rTGFBI compared with vehicle for 4 hours is shown. **P=0.0008 versus NTC transfected PECs. Veh =vehicle.
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Figure 7. Loss of TGFBI in mice impairs pulmonary parenchymal and vascular growth and TGFBI expression is dysregulated in experimental models of impaired
alveolarization. (A) Representative images obtained from P14 wild-type (WT) and Tgfbi null mice maintained in normoxia or chronic hyperoxia (80% O, from P1 to
P14). Scale bar, 100 um. Quantification of radial alveolar counts (B and C) distal airspace area. **£ < 0.01 and ***P < 0.0001 versus normoxia for each genotype,
and "#P < 0,001 and P < 0.0001 versus WT via two-way ANOVA, with n =47 per group. (B, C, and E) * denotes differences between normoxia and hyperoxia
for each genotype, and * denotes differences between the genotypes in each condition. (D) Representative images stained to detect von Willebrand factor (WVF) (red)
and DAPI (blue) in lungs taken from mice at P14. Scale bar, 100 pm. (E) Quantification of WVF-stained vessels <100 wm per high-powered field in 20 nonoverlapping
sections per mouse. ***P > 0.0001 versus normoxia for each genotype, and P < 0.0001 versus WT with n=5-7 mice per group. (F) Representative

images obtained from control term newbom lambs, and premature lambs treated with noninvasive respiratory support or invasive mechanical ventilation, stained to
detect TGFBI (red), ACTA2 (green), and chromatin (blug). Scale bar, 20 um. IMV =invasive mechanical ventilation; NRS = noninvasive respiratory support.
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formation and vascular patterning in the
embryo (45). Furthermore, av33 activates
NE-kB to promote EC adhesion, survival,
and migration (26, 46). Moreover, TGFBI
promotes adhesion and migration of
human umbilical ECs via avB3 (35).
Concordant with these studies, we found
that TGFBI-stimulated PEC migration was
blocked by inhibiting either NFkB or avf33.
Taken together, our data demonstrate

that TGFBI promotes PEC migration via
avB3 to induce proangiogenic NF-kB
signaling.

We next investigated the downstream
mechanisms by which TGFBI promotes
PEC migration, using RNA-seq to identify
novel TGFBI-regulated genes. One of the
few shared targets in early alveolar and adult
PECs was Csf3 (encoding G-CSF), a known
NF-kB target gene (47) that promotes
endothelial migration (48). G-CSF increases
the expression and activation of endothelial
nitric oxide synthase (eNOS) to augment
NO production (28). NO is produced
locally at lamellipodia of migrating human
EC, and lung EC from eNOS null mice
migrate more slowly and display impaired
capillary formation (49-51). In our study,
TGFBI increased NO production in PECs,
and silencing Csf3 blocked both TGFBI-
mediated NO production and PEC
migration. Furthermore, rTGFBI failed to
induce Csf3 expression in Ikk3 ™~ PECs,
demonstrating that the TGFBI-mediated
Csf3 upregulation requires NF-kB
signaling. In preterm lambs, prolonged
IMV reduced eNOS protein and pulmonary
capillary and microvessel abundance
(52, 53). Taken together, these studies
identify Csf3 as a central downstream
mechanism for the proangiogenic effects of
TGFBL

Finally, as proof of concept for the
importance of TGFBI in vivo, we performed
studies using Tgfbi null mice and a preterm
lamb model of impaired alveolarization
(9, 16). Although a reduction in total von
Willebrand factor positive vessels was not
observed in the Tgfbi null mice at P7 in the

original description of these mice, we found
that by P14, there was a reduction in the
density of vessels <100 wm in diameter.
Furthermore, this vascular phenotype
was markedly exaggerated by chronic
hyperoxia. We also found that TGFBI
expression was reduced in preterm lambs
treated with NRS, consistent with delayed
alveolarization observed in this group.
Importantly, in preterm lambs maintained
with the more injurious IMV strategy,
TGFBI expression was abnormally
increased along the thickened septal tips,
similar to the abnormal accumulation of
elastin and mesenchymal cell proliferation
reported (14, 54). These studies suggest that
both the correct amount and the correct
location of TGFBI is required to optimally
support vascular growth. Furthermore,
these preclinical studies support recent
clinical studies that offer additional
evidence of the importance of TGFBI in
the developing human lung. In a study
of 50 twin pairs affected and unaffected
with BPD, rare variants in TGFBI were
associated with an increased risk for BPD
(55). In a subsequent, larger study that used
whole-exome sequencing in infants with
extreme phenotypes of BPD, rare variants
in TGFBI were again identified in affected
but not unaffected subjects (56). Taken
together, these studies provide compelling
data to highlight the importance of TGFBI
in promoting distal lung development and
implicate a role for disrupted TGFBI
signaling in the pathogenesis of BPD.

Our study has some limitations.
Our proteomic analysis of the LCM used
2D-DIGE, protein spots were manually
selected, and only the top 20 differentially
expressed proteins were identified by mass
spectroscopy. Thus, there are likely
additional protein present in the LCM that
serve to enhance NF-kB signaling and
modify the proangiogenic phenotype of the
PECs in addition to TGFBI. Newer
methodologies that allow for a broader
identification of differentially expressed
proteins, including those with low

abundance that may not have been
identified with 2D-DIGE, represent
important future studies. Although we were
able to clearly show that TGFBI promotes
PEC migration by binding to av33
integrins, it is possible that TGFBI can also
bind to addition integrins, resulting in
distinct downstream effects. We performed
transcriptomic profiling of primary PECs
obtained from neonatal and adult mice to
identify novel, TGFBI-mediated target
genes. Although this approach allowed us
to directly compare genes expressed by
PECs at two distinct stages in development,
there remains the possibility for
confounding effects and change in
phenotype as a result of cell culture. We
attempted to mitigate these confounders by
performing the analyses on two separate
isolations of cells, and only including genes
differentially expressed in both separate
isolations. Nevertheless, future studies
using single-cell RNA-seq in the WT and
Tgfbi null mice could provide a more
comprehensive assessment of all of the
differentially expressed genes in both the
EC and other lung cell types.

In summary, our data identify
a paracrine mechanism by which
myofibroblast expression of TGFBI
promotes pulmonary angiogenesis through
an avB3/NF-kB axis that increases CSF3-
mediated NO production. Given the ability
of TGFBI to bind extracellular matrix
components highly expressed in the
developing lung, local secretion of
TGFBI by myofibroblasts may serve to
create an angiogenic niche that promotes
pulmonary vascular growth along the
developing septa. Taken together, our
studies identify a novel pathway allowing
for myofibroblast-endothelial cross-talk,
and we speculate that TGFBI dysregulation
may contribute to the aberrant pulmonary
angiogenesis observed in the setting of
impaired alveolarization. l

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