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Abstract

Worldwide, the incidence of both preterm births and chronic lung
disease of infancy, or bronchopulmonary dysplasia, remains high.
Infants with bronchopulmonary dysplasia have larger and fewer
alveoli, a lung pathology that can persist into adulthood. Although
recent data point to a role for hypoxia-inducible factor-lae (HIF-1ct)
in mediating pulmonary angiogenesis and alveolarization, the cell-
specific role of HIF-1a remains incompletely understood. Thus, we
hypothesized that HIF-1a, in a distinct subset of mesenchymal cells,
mediates postnatal alveolarization. To test the hypothesis, we
generated mice with a cell-specific deletion of HIF-1a by crossing
SM22a promoter—driven Cre mice with HIF-1a"1°* mice
(SM22a-HIF-1a /™), determined SM-22a-expressing cell identity
using single-cell RNA sequencing, and interrogated samples from
preterm infants. Deletion of HIF-1a in SM22a-expressing cells had
no effect on lung structure at day 3 of life. However, at 8 days, there
were fewer and larger alveoli, a difference that persisted into

In the initial description of
bronchopulmonary dysplasia (BPD) by
Northway and colleagues in 1967, postnatal
lung injury was the result of exposure to high
concentrations of inspired oxygen, aggressive
positive pressure ventilation, or infection
with inflammation (1, 2). As neonatal care
has improved with therapeutic strategies that
include prenatal steroid administration,

surfactant replacement therapy, increasing
use of noninvasive positive pressure
ventilation, and low-volume ventilator
strategy, the incidence of BPD in more
mature (>28 wk) infants has decreased even
as the overall incidence has increased,
because of the survival of very
low-birthweight infants. In infants of very
low birthweight with BPD, the characteristic

adulthood. Microvascular density, elastin organization, and
peripheral branching of the lung vasculature were decreased in
SM22a-HIF-1a. ™'~ mice, compared with control mice. Single-cell
RNA sequencing demonstrated that three mesenchymal cell
subtypes express SM22a: myofibroblasts, airway smooth muscle
cells, and vascular smooth muscle cells. Pulmonary vascular smooth
muscle cells from SM22a-HIF-1a~'~ mice had decreased
angiopoietin-2 expression and, in coculture experiments, a
diminished capacity to promote angiogenesis that was rescued by
angiopoietin-2. Angiopoietin-2 expression in tracheal aspirates of
preterm infants was inversely correlated with overall mechanical
ventilation time, a marker of disease severity. We conclude that
SM22a.-specific HIF-1a expression drives peripheral angiogenesis
and alveolarization in the lung, perhaps by promoting angiopoietin-
2 expression.

Keywords: lung development; bronchopulmonary dysplasia;
angiopoietin-2; oxygen sensing

lung structure includes fewer and larger
alveoli without inflammation, often termed
“new BPD” (3).

Increasing incidence of new BPD
highlights pulmonary endothelial cell (PEC)
angiogenesis as a key determinant of
alveolarization (3, 4). In infants with fatal
BPD, proangiogenic factors are decreased,
and pulmonary angiogenesis is impaired.
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ORIGINAL RESEARCH

Clinical Relevance

In the present manuscript, we use a
cell-specific strategy to delete hypoxia-
inducible factor lae (HIF-1at) protein
in SM22a expressing cells. We

used single cell transcriptomics to
characterize the SM22a expressing
cells. We found that, even in normoxia,
loss of HIF-1a: compromises postnatal
alveolarization by decreasing
angiogenesis, communication between
specific mesenchymal cell populations
and endothelial cells, and diminishing
expression of angiopoietin-2. We
provide data from human infants
demonstrating an inverse relationship
between disease severity and
angiopoietin-2 expression. Taken
together, we believe the work outlines
a novel, cell-specific, and previously
undescribed role for a HIF-1a in
modulating alveolarization.

The structural and physiologic abnormalities
evident in human BPD are mirrored by
either pharmacologic or genetic inhibition
of angiogenesis, which attenuates vascular
growth and consequent alveolarization (5).
In experimental models, the lung BPD
phenotype can be rescued by the
administration of exogenous vascular
endothelial growth factor (VEGF), which
preserves endothelial survival and function
to mitigate hyperoxia-induced lung injury
(6), a widely used preclinical model of
BPD (4).

Hypoxia-inducible factors (HIFs),
transcription factors that mediate the
response to low-oxygen environments,
promote angiogenesis in the postnatal
lung by increasing the expression of
proangiogenic molecules, including VEGF
and angiopoietin-2 (ANG2) (7, 8). HIF-1a
and HIF-2a may possess isoform- and cell-
specific functions in the lung, given divergent
expression patterns (9, 10). Modification in
expression of either isoform can result in
perinatal respiratory distress, severe cardiac
and vascular malformations, or incomplete
lung development (11, 12). In models of
prematurity in both primate and ovine
species, pulmonary HIF-1a and HIF-2a
protein levels are markedly reduced,
compared with levels in term counterparts
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(13, 14). HIF stabilization by manipulating
prolyl hydroxylase activity either
pharmacologically or by cell-specific genetic
deletion confers protection to lung structure
and growth, even in the presence of injurious
stimuli (15, 16). Moreover, in the context

of prenatal injury, HIF stabilization can
mitigate the untoward sequelae of
intrauterine inflammation on placental
structure and postnatal lung growth (17).
Taken together, these observations
underscore the importance of gaining further
insight into the isoform- and cell-specific role
for HIFs in postnatal lung development.

We interrogated single-cell RNA-
sequencing (scRNA-seq) data in mice at
distinct developmental stages to determine
the cell identity of SM22a-expressing cells.
To gain further insight into the isoform-
and cell-specific role of HIF in the neonatal
lung, we generated mice with a deletion of
HIF-1la in SM22a-expressing cells by
crossing SM22a promoter—driven Cre
recombinase mice with HIE-1a™°* and
wild-type mice. To demonstrate clinical
relevance, we interrogated tracheal aspirate
fluid of human preterm infants. We
determined that loss of HIF-1a from
SM22a-expressing cells compromised
angiogenesis and alveolarization, perhaps
owing to cell-specific decreases in ANG2
production. Moreover, ANG2 expression in
tracheal aspirate fluid was inversely
proportional to disease severity in infants
with BPD.

Methods

For a detailed description of the methods, see
the data supplement.

Results

SM22«-Cell-Specific Deletion of HIF-1«
in the Lung

In control mice, SM22a expression is present
in the pulmonary arteries and airways at
postnatal days 3 and 8 and in adults

(Figure 1A). To determine the cell-specific
role of HIF-1a, we constitutively deleted
HIF-1a expression in SM22a-expressing
cells by crossing mice expressing SM22a
promoter—driven Cre recombinase with
floxed HIF-1o mice (SM22a-HIF-1o ™).
Cre recombinase activity is primarily present
in the smooth muscle cells (SMCs) of the

pulmonary arteries (PASMCs) in SM22a
-HIF-1a ™"~ mice as detected by
B-galactosidase expression (Figure 1B). HIF-
la expression is markedly decreased in the
pulmonary arteries of SM22a-HIF-1a. ™/~
mice, especially in SM22a-expressing cells,
compared with controls (Figure 1C). To
further confirm loss of HIF-1a expression in
the target cells in SM22a-HIF-1a /™ mice,
PASMC:s were isolated from the pulmonary
arteries of SM22a -HIF-1a mice and
examined for HIF-1a protein expression. In
PASMCs from SM22c -HIF-1o '~ mice,
HIF-1o expression was absent, in contrast to
the continued expression in SM22a.-HIF-
la™" mice (Figure 1D). To determine the
specific cell populations affected by the
SM22a-HIF-1a~'~ genotype, scRNA-seq
data of mesenchymal cells from the
developing lung (18) were analyzed for Tagln
(SM22a) and Hifla expression (Figure 1E).
Airway SMC, myofibroblast, and vascular
SMC (VSMC) populations exhibited the
highest expression of Tagln. VSMCs
demonstrated the highest level of Tagln and
Hif-1a coexpression, supporting the notion
of cell-specific loss of Hif-1ct. Taken together,
these results confirm the constitutive loss of
SMC HIF-1a in the pulmonary arteries of
the SM22a-HIF-1o ™/~ mice.

HIF-1a Loss in SM22«-Expressing
Cells Compromises Alveolarization
At 3 days, there was no difference in lung
histology between SM22a-HIF-1a. ™'~ mice
and controls. However, at 8 days, the mean
linear intercept was 54 * 7% greater and
radial alveolar count (RAC) was 28 * 4% less
in SM22a-HIF-1a ™/~ mice, compared
with controls (Figures 2A and 2B). The
compromise in alveolarization persisted into
adulthood, as SM22a-HIF-1a™' ™ mice
displayed a 53.5% increase in mean linear
intercept and a 28.0% decrease in radial
alveolar count, compared with controls.
Expression of elastin was disordered,
but not quantitatively decreased, in adult
SM22a-HIF-1a. ™/~ mice, compared with
controls (Figure 2C). At 8 days, both SM22a-
HIF-la ™/~ and SM22a-HIF-1a*/* mice
expressed elastin generally (Figure 2C) and at
the septal tips, consistent with the presence
of myofibroblasts. Analysis of sScRNA-seq
data demonstrated that, after birth, multiple
mesenchymal cell types expressed Tagln at
high levels but that myofibroblasts are the
predominant mesenchymal cell type
coexpressing Tagln and Pdgfra (Figure 2D).
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Figure 1. Deletion of smooth muscle cell (SMC) hypoxia-inducible factor 1o (HIF-1ar) in SM22a-HIF-10™/
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~ mice. (A) Expression of SM22a protein in

pulmonary arteries of SM22a-HIF-1a. ™" mice (3 d, saccular stage; 8 d, alveolar stage; Adult, mature lungs). Red indicates SM22a, and blue indicates
nuclei. Magnification, 100X. Scale bar, 200 wm. n= 3 per genotype. (B) B-galactosidase expression in pulmonary arteries from adult SM22a-HIF-1a mice.
Blue indicates B-galactosidase, and red indicates Nuclear Fast Red counterstain. Magnification, 200X. Scale bar, 100 wm. n= 3 per genotype. (C)
Expression of HIF-1a protein in pulmonary tissues of 3-day-old SM22a-HIF-1a mice. Red indicates SM22q«, green indicates HIF-1«, and blue indicates
nuclei. Magnification, 400X. Scale bar, 50 um. n= 3 per genotype. (D) Expression of HIF-1a protein inisolated pulmonary artery SMCs (PASMCs) from
SM22a-HIF-1a mice (HIF-1a™* and HIF-1a. ™/~ PASMCs) by western immunoblot. a-tubulin serves as a loading control. Data are shown as mean and
range (minimum to maximum); ****P < 0.0001; n = 6 biological replicates (E) Expression of HIF-1a protein in isolated epithelil cells from SM22a mice
(HIF-1*"* and HIF-1a”" epithelial cells) by Western Immnobilot. E-cadherin serves as a control for epithelial cells and beta actin serves as a loading
control. Data are shown as mean and range (minimum to maximum); n= 3 per genotype. (F) Dot plot showing level of expression (purple to yellow)
and fraction of the population (dot size) expressing Taginor Hifla RNA from mesenchymal cell populations of the developing lung (E18.5, P1, P7, and
P21) from wild-type mice (WT) as assessed by single-cell RNA sequencing (scRNA-seq) from GSE172251. Cell populations are abbreviated as

follows: AdvFib = adventitial fibroblast; AlvFib = alveolar fibroblast; ASM = airway smooth muscle; Epi
pericyte; PreASM/MyoF = myofibroblast and airway smooth muscle precursor; PreFib = fibroblast precursor; Prolif Fib = proliferating

significant; Peri=

= epithelial; MyoFib = myofibroblast; ns = not

fibroblast; Prolif MyoFib = proliferating myofibroblast; Prolif Peri = proliferating pericyte; VSM = vascular smooth muscle; WT = wild-type.
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Figure 2. Loss of SM22a HIF-1a arrests alveolar development. (A) Hematoxylin and eosin (H&E)-stained images of lung parenchyma from
SM22a-HIF-1a mice. Magnification, 200X. Scale bar, 100 pum. Mean linear intercept measurements for 3-day-old, 8-day-old, and adult SM22a-
HIF-1a mice. Data are shown as mean = SEM. *p <0.05, **p<0.01, ***p <0.0001; n=6 per genotype. (B) Radial alveolar count measurements
for 3-day-old, 8-day-old, and adult SM22a-HIF-1a mice. Data are shown as mean = SEM, **P <0.01, and ****P <0.0001; n = 6-12 per genotype.
(C) Elastin expression in lung tissues of SM22a-HIF-1a mice (3 d, saccular stage; 8 d, alveolar stage; adult, mature lungs). Brown indicates
resorcin-fuchsin/Hart’s elastic stain (elastin fibers), and yellow indicates counterstain. Magnification, 200x. Scale bar, 200 pm. Quantification of
elastin content by ImageJ software analysis and represented as the amount of elastin content over total parenchyma content (%). Data are
shown as mean + SEM. **P < 0.01 and ****P < 0.0001; n = 6-12 per genotype. (D) Heatmap of normalized expression of Tagin and Pdgfra
mRNA from mesenchymal cell populations of the developing lung (P1 and P7) from WT mice as assessed by scRNA-seq. (E) Expression of
SM22a protein in pulmonary tissues of SM22a-HIF-1a mice (3 d, saccular stage; 8 d, alveolar stage). Red indicates SM22a, and blue indicates
nuclei. Magnification, 400X. Scale bar, 50 um. (F) Expression of PDGFRa and a-smooth muscle cell actin (a-SMA) proteins in pulmonary tissues
of SM22a-HIF-1a mice (3 d, saccular stage; 8 d, alveolar stage). Red indicates PDGFRa, green indicates a-SMA, and blue indicates nuclei.
Magnification, 400X. Scale bar, 50 um; n=3 per genotype. Enlarged images are magnified at 1.67X-fold. Data are shown as mean * SEM,;
****p < 0.0001; n=20 per group. HPF = high-powered field.
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Figure 2. (Continued).

As shown in Figure 2E, at 8 days, both the
SM22a-HIF-1a ™" and SM22a-HIF-1a ™/~
mice are positive for SM22a expression at
the secondary alveolar septae, as detected by
SM22a immunostaining. To further
characterize the effect of SM22a-cell-specific
loss of HIF-1a,, PDGFRa expression was
examined. In contrast to the SM220.-HIF-
la™’* mice, PDGFRa expression was absent
in the septal tips of the SM22a-HIF-1a '~
mice (Figure 2F).

474

HIF-1a Loss in SM22«-Expressing
Cells Compromises Pulmonary
Angiogenesis

We next investigated whether pulmonary
angiogenesis was compromised concomitant
with impaired alveolarization. To approach
the issue, lungs were stained for von
Willebrand factor (VWE), an EC-specific
molecule. At 8 days of life, there were
markedly fewer von Willebrand
factor—positive vessels of <150 pm in

e SM22a-HIF-1a**
o SM22a-HIF-1a7

SM22a-HIF-1a '~ mice, compared with
SM22a-HIF-1a """ mice (Figure 3A). To
assess the durability of the effect on the
peripheral pulmonary vasculature, lungs
from adult mice were injected with barium,
and barium-injected arteries were quantified.
There were significantly fewer barium-
injected peripheral arterioles (<100 um) in
SM22a-HIF-1a /™ mice, compared with
SM22a-HIF-1a """ mice, both qualitatively
and quantitatively (Figure 3B). This finding
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Figure 3. Loss of SM22a HIF-1a impairs pulmonary angiogenesis. (A) Expression of von Willebrand factor (VWF) in pulmonary tissues of 8-day-
old SM22a-HIF-1a mice. Red indicates VWF. Magnification, 200X. Scale bar, 100 um. As a measure of vascularity, VWF-positive vessels

(<150 wm) were counted per HPF. Data are shown as mean (minimum-maximum); *P< 0.05; n=3 per genotype. (B) H&E-stained images of
barium-injected lungs from adult SM22«-HIF-1a mice. Magnification, 100X. Scale bar, 200 wum. As a measure of vessel density, barium-filled
distal arteries (<100 um) were counted per HPF and per 100 alveoli. Data are shown as mean (minimum-maximum); ***p < 0.001; n=4-8 per
genotype. (C) Three-dimensional images of a-SMA-stained vasculature from adult SM22«-HIF-1a mice. Left lobes were examined for the
expression of a-SMA. Scale bars, 2.0mm in the upper panels and 1.0mm in the enlarged images in the lower panels. Quantification of
bifurcated arteriole length (in millimeters) and number of branching arterioles (per artery) by Imaged software analysis. Data are shown as mean
(minimum-maximum); ****p < 0.0001; n=3 per genotype. (D) Three-dimensional images of a-SMA-stained vasculature from adult SM22a-HIF-1«
mice. Left lobes were examined. Scale bar, 0.5 mm. Quantification of distance between lung periphery and terminal arterioles (in millimeters) by
Imaged software analysis. Data are shown as mean (minimum-maximum); ***P<0.001. (E) Quantification of left lobe area (in millimeters) and
peripheral arteriole branch length (in millimeters) of adult SM22a-HIF-1a mice as assessed by Imaged software analysis. Data are shown as
mean (minimum-maximum); n=3 per genotype.
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Figure 3. (Continued).
was further underscored by stereoscopic SM22a-HIF-1a*'* mice (Figure 3C, SM22a-HIF-1a ™/~ mice, compared with
imaging and analysis of adult whole-lung bottom panels). There are fewer and longer ~ SM22a-HIF-1a™/* mice, both qualitatively
tissues stained with o-smooth muscle actin ~ arteriole branches in the arteries of SM22a-  and quantitatively (Figure 3D). There was
(a-SMA) (Figure 3C). Qualitatively, there HIF-1a.~/~ mice relative to the SM22a- no difference in lung area between the two
appears to be less vascular density in the HIF-1a™" mice. To further characterize genotypes (Figure 3E).
SM22a-HIF-1a /™ mice, compared with this observation, stereoscopic images were
SM22a-HIF-1a*/* mice (Figure 3C, top pseudocolored to permit visualization of HIF-1a Loss in SM22a-Expressing
panels). Viewed at higher magnification, the lung periphery (Figure 3D). The Cells Decreases ANG2 Expression
arterial branching occurs more proximally distance between the lung periphery and Given the central role for ECs in
in SM22a-HIF-1a /™ mice, compared with  terminal arterioles is increased for the angiogenesis, we next focused on whether
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Figure 4. Loss of SMC HIF-1a decreases ANG2 expression. (A) Expression of Angpt2 mRNA in isolated PASMCs from SM22a-HIF-1a mice
(HIF-1a™* and HIF-1a ™'~ PASMCs) by RT-gPCR. Data are shown as mean (minimum-maximum); ***p < 0.0001; n=3 biological replicates. (B)
Expression of secreted ANG2 protein in conditioned media from HIF-1a™/* and HIF-1a~/~ PASMCs by ANG2 ELISA. Data are shown as mean
(minimum-maximum); ***p < 0.001; n=3 biological replicates. (C) Images of ANG2 protein expression in pulmonary tissues of 8-day-old SM22a-
HIF-1a mice. Red indicates ANG2, green indicates a-SMA, and blue indicates nuclei. Magnification, 200X. Scale bar, 200 wum. n=3-6 per
genotype. (D) Quantification of ANG2-positive vessels represented as the amount of ANG2-positive vessels over total vessels counted (%). Data
are shown as mean + SEM. *P=<0.05, and ***P=<0.001. (E) Heatmap of normalized expression of Tag/in and Angpt2 mRNA from mesenchymal
cell populations of the developing lung (P1 and P7) from WT mice as assessed by scRNA-seq.

factors secreted from SM22a-expressing cells alters expression of the HIF-1a targets Angpt2 (Figure 4A). The conditioned media
cells might be altered by the deletion of HIF- ~ VEGF (19) and ANG?2 (20). PASMCs from from SM22a-HIF-1a.™* mice, but not
la. Thus, we interrogated whether the SM22a-HIE-1a ™" mice, but not SM22a- SM22a-HIF-1a '™ mice, expressed ANG2
deletion of HIF-1a in SM220ci-expressing HIF-1a~’™ mice, expressed both Vegf and (Figure 4B). These findings were further
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Figure 5. Loss of SMC HIF-1a inhibits endothelial cell (EC) migration and EC-driven angiogenesis. (A) Dot plot showing level of expression (purple to
yellow) and fraction of the population (dot size) expressing mRNA of gene products involved in angiopoietin signaling from mesenchymal cell and EC
populations of the postbirth developing lung (P1 and P7) from WT mice as assessed by scRNA-seq from GSE172251 and GSE159804, respectively. Cell
populations are abbreviated as follows: ASM, AdvFib, AlvFib, MyoFib, Peri, Prolif Fib, Prolif MyoFib, VSM, arterial EC | (Artl), arterial EC Il (Artll), Card+
capillaries (Aero), lymphatic EC (Lymph), proliferative EC (Pro EC), venous EC (Vein), Car4— capillaries (gCap). (B) Migration of murine puimonary ECs
(PECs) using a modified Boyden chamber assay. Isolated HIF-1a.*/* and HIF-1a.™/~ PASMCs were seeded in the bottom well with PECs seeded in the
top chamber. Samples were treated with or without vascular endothelial growth factor (VEGF), angiopoietin-2 antibody (ANG2 Ab), or angiopoietin 2
protein (ANG2). Representative images are shown; magnification 200 X; n= 4 biological replicates. (C) The number of migrated PECs (per HPF) after

24 hours was assessed. Data are shown as mean (minimum-maximum); *p < 0.05, ****p < 0.0001. Expression of HIF-1a protein in isolated PASMCs from
SM22a-HIF-1a mice (HIF-1a*/* and HIF-1a™/~ PASMCs) by western immunoblot. B-actin serves as a loading control. (D) Angiogenesis driven by murine
PECs using a Growth Factor Reduced BD Matrigel angiogenesis assay. 100,000 murine PECs were incubated with 100,000 HIF-1a.™/* PASMCs, with
HIF-10.~/~ PASMCs, or alone for 5 days. Samples were treated with or without VEGF, ANG2 Ab, or ANG2. Magnification 200x. Scale bar, 100 um; n=3
biological replicates. (E) VE-cadherin stained angiogenic networks using a GFR BD Matrigel angiogenesis assay. (F) Angiogenesis assay with 10,000
murine PECs incubated with 100,000 HIF-1a™"* PASMCs or HIF-1a ™'~ PASMCs for 3 days. Samples were treated with or without ANG2 Ab or ANG2.
Magnification, 400X. Scale bar, 50 wm; n= 3 biological replicates. As a measure of angiogenesis, tube length (in microns) and the number of tubes
formed (per cell colony) were assessed. Data are shown as mean + SEM; ****p < 0.0001 and as mean (minimum-maximum); ***p < 0.001,

****p < 0.0001, respectively.
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confirmed with immunohistochemistry on
lung tissue from 8-day-old mice wherein
ANG2 expression (indicated in red) was
present in lungs from SM22a-HIF-1a™/*
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mice but not those from SM22a-HIF-1a ™/~

mice (Figure 4C, upper panels). Staining for
a-SMA demonstrated ANG2 in
a-SMA-expressing cells (Figure 4C, lower

panels). Quantification of ANG2-positive
vessels demonstrated that the frequency of
ANG2-expressing vessels was greatest at

8 days, coincident with early alveolarization,
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Table 1. Patient Information

Sample

ID Preeclampsia Gender Age, wk Birth Weight, g MV. d 0,, d Fio,, Day 28 Day of Life Fio,
Mbac481 No F 23.57 590 70 142 0.40-0.70 31 0.35
MIjt258 No M 25.00 680 60 68 0.25-0.40 7 0.50
Mzjr061 No M 25.00 760 62 73 0.38-0.59 7 0.26
Myme912 No M 26.14 925 45 93 0.24-0.50 12 0.27
Mdiv347 No M 25.43 780 67 63 0.26-0.35 7 0.29
Mwsz573 No M 25.29 740 55 108 0.27-0.42 28 0.22
Mvfk822 No F 24.14 650 53 89 0.26-0.60 12 0.30
MO081zsh No M 25.43 730 78 123 0.74-1.00 10 0.30
M290afj No M 23.57 530 56 85 0.55 14 0.49
M951afc No F 26.71 890 43 103 0.31-0.39 9 0.26
M858mgx N/A M 25.57 970 57 64 0.29-0.40 13 0.53
Myly782* Yes M 30.43 930 3 1 0.21 8 0.21
Mrez567* Yes M 30.14 1370 11 8 0.21 8 0.21

Definition of abbreviations: BPD = bronchopulmonary dysplasia; F =female; Fip, = fraction of inspired oxygen; M =male; MV = minute ventilation;
N/A = not applicable.

ELISA for angiopoietin-2 from tracheal aspirates during the first week of life.

Logo-transformed expression data corrected for gestational age and early onset of infection.

Wilcoxon and t tests performed to identify significance for BPD grades (0/1 versus 2/3).

Regression analysis was performed to identify significance for mechanical ventilation with oxygen supplementation (days) and O,
supplementation (days).

Analyses included all infants presented in the table. Exception: analysis for “overall days of mechanical ventilation” and “overall days of oxygen
supplementation” were repeated for only those infants with BPD grades 1, 2, and 3 (results displayed).

*Denotes patients without BPD.

R=-0.86, P =0.00063

1
N

a stage of lung development marked by providing further evidence that VSMC population expresses a high level of
profound angiogenesis. At 8 days, there were ~ compromised Angpt2 in the SM22a-HIF- Angpt2 and that the EC populations highly
significantly fewer ANG2-expressing vessels ~ la™'~ mice derives from the loss of PASMC  express the receptors for ANG2, Tiel, and
in the lungs of SM22«-HIF-1a ™'~ mice, HIF-1a expression. Tek, suggesting crosstalk between SMCs and
compared with SM22a-HIF-1a™* mice the multiple EC subtypes (Figure 5A). To
(Figure 4D). Analysis of scRNA-seq data HIF-1a Loss in SM22a-Expressing further detail the mechanism whereby loss of
demonstrated that VSMCs are the cell Cells Compromises EC Migration PASMC HIF-1a affects pulmonary
population that most prominently express Analysis of scRNA-seq data from pulmonary ~ angiogenesis, we interrogated whether
both Tagln and Angpt2 (Figure 4E), mesenchymal cells and ECs revealed that the PASMC:s provide a promigratory signal
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Figure 6. Tracheal aspirate ANG2 increases with gestation and is inversely proportional to BPD severity. (A) Tracheal aspirate samples from preterm
infants were examined for the expression of ANG2 protein by ANG2 ELISA. Graph represents the positive correlation between ANG2 expression and
gestational age (GA) in weeks. P=0.034. (B) Significant negative correlation of ANG2 expression levels (log2 transformed; R=0.86, p =0.00063) with
the duration of mechanical ventilation (day) in preterm infants with BPD. The analysis is corrected for the presence of early onset of infection (EQI).
Shades of blue indicate groups of gestational age (week). Red line is the bestfit line.
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to ECs. PASMCs were seeded in the bottom
well, and PECs were seeded in the upper
chamber. PEC migration was significantly
greater in the presence of HIF-1a ™/
PASMCs than in the presence of HIF-1a '~
PASMC:s (Figure 5B). VEGF increased PEC
migration in all conditions. Soluble ANG2
antibody blocked PEC migration to HIF-1ct
PASMCs, whereas ANG2 significantly
increased PEC migration to HIF-1a™/~
PASMCs (Figure 5C). Immunoblotting of
isolated PASMCs confirmed that HIF-1a
protein is expressed in HIF-1a*' ™, but not
HIF-1a™'~, PASMCs.

To determine whether loss of PASMC
HIF-1a affects angiogenesis (Figure 5D),
PECs were grown on Growth Factor
Reduced Matrigel (Corning), in the presence
and absence of PASMCs, for 5 days. PECs
alone generated a two-dimensional vascular
network. The addition of VEGF to PECs
increased the complexity of the tubes
formed. In coculture studies, HIF-1a
PASMCs and PECs further increased
complexity. The addition of ANG2 antibody
to cocultures that included HIF-1a.*/*
PASMCs and PECs blocked the increase.
Consistent with the EC migration studies,
cocultures with HIF-1a ™/~ PASMCs and
PECs did not increase complexity above
PECs alone with a large number of cells
surrounded by a limited concentric vascular
network. Addition of ANG2 protein to
cocultures of HIF-1a. '~ PASMCs and PECs
markedly increased complexity (Figure 5D).

To quantify the effect of PASMC HIF-
la expression on PEC tube formation, the
Growth Factor Reduced Matrigel assays were
modified (Figures 5E and 5F) to include a
reduced number of PECs (10%). After
3 days, cells were stained for f-actin
expression to visualize SMCs and ECs.
Coculture of HIF-1a*'" PASMCs and PECs
generated cell colonies with tubal
outgrowths. The addition of ANG2 antibody
blocked the increase in tube number and
length. In coculture experiments with HIF-
la~'~ PASMCs and PECs, tube formation
and length were limited; however, the
addition of ANG2 markedly increased the
number and length of tubes formed.

+/+

+/+

ANG2 Expression Increases with
Gestation and Is Decreased in Infants
with BPD

To address whether ANG2 might play a role
in the development of BPD in preterm
human infants, tracheal aspirates from 13
preterm infants were examined for ANG2
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expression (Table 1). It is interesting that
gestational age correlated positively with
ANG?2 levels in tracheal aspirates, with a
progressive increase between 24 and

30 weeks of gestational age (Figure 6A).
Eleven of the 13 preterm infants developed
BPD and were mechanically ventilated.
Among the mechanically ventilated infants,
ANG?2 levels correlated inversely with
duration of mechanical ventilation

(Figure 6B). Given that duration of
mechanical ventilation can be considered a
proxy for BPD severity, lower levels of ANG2
might possess prognostic implications for
infants with severe BPD.

Discussion

Lung development is carefully orchestrated,
requiring temporally and spatially specific
molecular expression. To determine the
cell-specific role of the transcription factor
HIF-1a in neonatal lung development, the
molecule was deleted from SM22a:-
expressing cells. This strategy resulted in the
loss of HIF-1a in SM22at-expressing cells.
The present data argue that HIF-1a plays a
previously unknown cell-specific and
temporally specific role in mediating
alveolarization. Although loss of HIF-1a in
SM22a-expressing cells had no effect on lung
structure through the saccular stage, lung
alveolarization was attenuated by 8 days, an
effect that persisted through adulthood. The
decrease in overall and peripheral pulmonary
vascular density corresponded with a marked
decrease in ANG2 expression in the
pulmonary vasculature, an observation
buttressed by scRNA-seq data demonstrating
that VSMCs in the developing lung normally
express Angpt2. Coculture experiments
further underscored the importance of
HIF-1a expression in VSMCs in facilitating
EC migration and angiogenesis. Data from
preterm human infants, wherein BPD
severity is inversely proportional to ANG2
levels in tracheal aspirates, represents further
proof of concept. Given that BPD most
significantly affects alveolarization, these

data provide insight into the molecular
pathogenesis of a disease, BPD, of
indeterminate clinical cause and uncertain
natural history. These observations
demonstrate a temporally specific,
proangiogenic role for HIF-1a in SM22a-
expressing cells that promotes
alveolarization, even in normoxia.

In the lung, the expression patterns of
HIF-1o and HIF-2a are relatively distinct,
arguing for functions that are both cell type
and isoform specific (21). Data from genetic
models offer further support for this
construct as deletion of HIF-1a is
embryonically lethal (22), whereas loss of
HIF-2a leads to ~50% embryonic death,
with neonatal respiratory distress and death
in surviving pups (23). Pharmacologic
stabilization of HIF by means of nonspecific
prolyl hydroxylase activity inhibition
preserves lung structure and function,
despite injurious stimuli such as mechanical
ventilation (15), hyperoxia (24), or
intrauterine inflammation (17). Moreover,
HIF-1a stabilization in SM22a-expressing
cells protects the neonatal lung from
hyperoxia-induced injury, an observation
that buttresses the present findings (16). The
contrast between the present findings and
the report wherein HIF-1a stabilization in
the pulmonary epithelium compromised
branching morphogenesis, lung maturation,
and increased pulmonary hemorrhage
highlights the importance of both cell type-
and isoform-specific knowledge (25). For
example, in the adult lung, pulmonary artery
EC HIF stabilization results in vascular
remodeling and pulmonary hypertension
owing to increased HIF-2a, and not HIF-1a
(26, 27). The present results are the first to
outline an SM22a-expressing cell
type-specific role for HIF-1a in mediating
alveolarization.

Even absent HIF-1a in SM22a-
expressing cells, lung development occurs
without evident compromise through the
saccular phase, the vast majority of which
occurs in the relatively hypoxic intrauterine
environment (28). Lung structure was
affected only during early alveolarization,
which, in both humans and mice, occurs in a
relatively oxygen-rich environment (29),
underscoring a role for HIF-1q, even in
normoxia. Prior work has also pointed to a
cell-specific, normoxic role for HIF-1a in
maintaining low pulmonary vascular
resistance (30). The importance of HIF-1a in
SM22a-expressing cells in a normoxic
environment, in contrast to the intrauterine
environment, may relate to regional hypoxia
as a driver of angiogenesis (31), a critical
determinant of alveolarization. Consistent
with this notion, the effects on lung
development were differentially distributed
to the periphery, regions that were most
likely to be hypoxic. Arteriole branches
originated and terminated relatively more
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proximally in mice lacking HIF-1a in
SM22a-expressing cells, pointing to a
non-cell-autonomous role for HIF-1a in
pulmonary angiogenesis that drives
alveolarization. The relatively diminished
vascular density and decreased alveolar
number in the present model—the results of
loss of HIF-1a in SM22ac-expressing cells—
are entirely consistent with the findings in
human infants with BPD (5, 32). These
observations suggest that local hypoxia in the
peripheral lung during physiologic
development might lead to HIF-1a
stabilization in lung mesenchymal cells to
increase ANG2 production and augment EC
migration and angiogenesis.

Although the present approach entails
HIF-1a deletion specifically in SM22a.-
expressing cells, scRNA-seq data underscore
the potential involvement of multiple cell
types. Tagln, which encodes SM22a, is well
expressed in multiple mesenchymal cell
types, including myofibroblasts, airway
SMCs, and VSMCs. Among these Tagln-
expressing cell types, HIF-1o is most well
expressed in VSMCs. Myofibroblasts, cells
critical for secondary septation (33) of the
lung and elastin deposition (34), express
Tagln and HIF-1o.. The disordered elastin
expression and decreased secondary
septation and PDGFRa expression at the
septal tips in mice with HIF-1a deletion in
SM22a-expressing cells implicate a role for
myofibroblasts. The notion that HIF-1o and
PDGFRa expression are correlated has a
precedent, as in both hepatocellular
carcinoma (35) and glioblastoma (36) Hifl o
and Pdgfra gene expression are positively
correlated. Whether HIF-1a expression
directly or indirectly affects PDGFRA
expression merits further investigation.

Findings from human infants offer
support, albeit indirect, for a construct
wherein cell-specific HIF-1a-driven ANG2
production increases secondary septation of
the lung. Consistent with prior reports,
tracheal aspirate ANG2 expression correlated
directly with gestational age. ANG2

expression levels increased significantly
during the saccular phase of lung
development, mirroring findings during
murine lung development (37). Moreover,
among the 11 of the 13 infants sampled who
did develop BPD, the duration of mechanical
ventilatory support correlated inversely with
ANG?2 levels in the tracheal aspirates. The
timing of the sample collection, as well as the
correlative design of the study, does not
eliminate the potential that the increases in
ANG2 levels might result from inflammation
associated with infection, high
concentrations of inspired oxygen, or
ventilator-associated lung injury (38).
Although prior reports argue that elevation
of ANG?2 in tracheal aspirates represents an
unfavorable prognostic sign (39), the present
data address disease severity as opposed to
the presence or absence of BPD. Given that
ANG?2 can stimulate EC migration and
sprouting with inhibition impairing
sprouting tip migration (40), a context-
specific, proangiogenic role for ANG2 is not
unexpected in the neonatal lung. The
findings from in vitro experiments wherein
ANG2 rescued endothelial migration in
coculture experiments with HIF-1a ™/~
PASMC:s offer further support for this
construct.

Taken together, the present findings
outline a proangiogenic role for ANG2.
Whereas angiopoietin-1 is an agonist for Tyr
kinase with immunoglobulin and epidermal
growth factor homology domains (Tie2),
ANG?2 is a context-dependent antagonist
that can inhibit ANG1-induced Tie2
phosphorylation (41). In the neonatal lung,
the role of ANG2 may be more complex than
prior reports (39) suggest and possess
context-specific effects (42). When ANG2
receptor binding occurs in the presence of
VEGEF, conditions favor angiogenesis, as
endothelial junctional integrity and pericyte-
EC interactions decrease and EC migration,
vascular sprouting, and proliferation
increase. Conversely, absent VEGF, ANG2
can cause EC apoptosis (43). In disease states

such as BPD, when VEGF expression is
decreased but not absent, whether ANG2
plays a predominately pro- or antiangiogenic
role remains unknown.

Limitations of the present study include
use of a genetic loss-of-function strategy
using a Cre recombinase driven by a
promoter, Tagln, that is expressed in several
cell subtypes in the mesenchyme (44). Use of
an inducible Cre with a Notch3 driver might
reveal greater detail surrounding the loss of
the HIF-1a deletion in VSMCs and pericytes
at specific developmental time points (45).
Moreover, in the present report, only a single
HIF isoform was deleted. Although
significant amounts of HIF-2a protein were
not noted in the cells of interest, the effects of
any residual HIF-2oe may have been
disproportionately significant. The present
findings would be further strengthened by
in vivo experiments demonstrating that
alterations in ANG2 expression, either in
specific cell types or even more generally, can
modulate alveolarization.

Opverall, the present work demonstrates
a cell-specific role for HIF-1a in SM22a-
expressing cells in the lung at a temporally
specific point in development. We report a
non-cell-autonomous effect of HIF-1a
expression in SM22a cells to promote
endothelial migration, distal pulmonary
vascular development, elastin organization,
and secondary septation of the lung, perhaps
because of increases in the expression of
downstream targets of HIF, ANG2, and
VEGEF. These results highlight the
importance of cell-type- and isoform-
specific insight into HIF, especially early in
air-breathing life, when angiogenesis drives a
logarithmic increase in alveolar number
(2-6). 1
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