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Arjaans S, Wagner BD, Mourani PM, Mandell EW, Poindexter
BB, Berger RMF, Abman SH. Early angiogenic proteins associated
with high risk for bronchopulmonary dysplasia and pulmonary hyper-
tension in preterm infants. Am J Physiol Lung Cell Mol Physiol 318:
L644–L654, 2020. First published January 22, 2020; doi:10.1152/
ajplung.00131.2019.—Early pulmonary vascular disease in preterm
infants is associated with the subsequent development of bronchopul-
monary dysplasia (BPD) and pulmonary hypertension (PH); however,
mechanisms that contribute to or identify infants with increased
susceptibility for BPD and/or PH are incompletely understood. There-
fore, we tested if changes in circulating angiogenic peptides during the
first week of life are associated with the later development of BPD
and/or PH. We further sought to determine alternate peptides and
related signaling pathways with the risk for BPD or PH. We prospec-
tively enrolled infants with gestational age �34 wk and collected
blood samples during their first week of life. BPD and PH were
assessed at 36 wk postmenstrual age. Samples were assayed for each
of the 1,121 peptides included in the SOMAscan scan technology,
with subsequent pathway analysis. Of 102 infants in the study, 82 had
BPD, and 13 had PH. Multiple angiogenic proteins (PF-4, VEGF121,
ANG-1, bone morphogenetic protein 10 [BMP10], hepatocyte growth
factor (HGF), ANG-2) were associated with the subsequent diagnosis
of BPD; and FGF-19, PF-4, connective tissue activating peptide
(CTAP)-III, and PDGF-AA levels were associated with BPD severity.
Early increases in BMP10 was strongly associated with the late risk
for BPD and PH. We found that early alterations of circulating
angiogenic peptides and others were associated with the subsequent
development of BPD. We further identified peptides that were asso-
ciated with BPD severity and BPD-associated PH, including BMP10.
We speculate that proteomic biomarkers during the first week of life
may identify infants at risk for BPD and/or PH to enhance care and
research.

angiogenesis; aptamers; biomarkers; bronchopulmonary dysplasia;
lung development; proteomics; pulmonary hypertension; SOMAmer

INTRODUCTION

Advances in perinatal medicine have increased survival of
extremely premature infants over the past decades (47). How-
ever, preterm infants remain at high risk for late respiratory
morbidity and mortality caused by the development of bron-
chopulmonary dysplasia (BPD), the chronic lung disease of
prematurity that occurs in infants who have required respira-
tory support and oxygen therapy at birth (19, 38). BPD is a
multifactorial disease that is associated with complex interac-
tions between genetic, molecular, cellular, and environmental
factors, but its pathogenesis is incompletely understood, and
strategies to prevent BPD remain limited (2, 4, 16, 29). Preterm
birth and postnatal injury to the developing lung can impair
angiogenesis and alveolarization, resulting in simplification of the
distal lung airspace. These characteristic histologic changes of
BPD are clinically manifested by persistent respiratory disease
with a prolonged need for supplemental oxygen, recurrent respi-
ratory exacerbations with frequent hospitalizations (45), exercise
intolerance, pulmonary hypertension (PH), and related respiratory
impairments that can extend into adulthood (4).

PH often complicates the postnatal course and outcomes of
extremely premature infants, especially in infants with severe
BPD (7, 23, 35). Past studies suggest that 15%–25% of infants
with BPD also develop PH, with the highest rates of PH
reported in severe BPD (3, 7, 32, 35). When present, PH is
associated with poor outcomes in BPD infants, with mortality
rates of up to 48% (3, 22). A recent study suggests that the
presence of PH by echocardiography within the first 2 wk of
life is associated with poor in-hospital survival (6). Therefore,
insights into factors that contribute to the pathogenesis of BPD
and PH are needed to develop better strategies for the early
identification and treatment of at-risk premature infants (29).

In addition to the important contribution of PH to the
pathophysiology and cardiorespiratory outcomes of infants
with BPD, abnormal growth of the lung circulation, or angio-
genesis, may contribute to disease pathogenesis, including
disruption of alveolarization (1, 18, 46, 49). Past studies have
suggested that early disruption of pulmonary vascular growth,
endothelial dysfunction, and impaired angiocrine signaling
may contribute to the development of BPD (1, 8, 18, 44, 46,
54). Experimentally, disruption of angiogenesis in neonatal
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animals can impair alveolar growth and cause PH, suggesting
that early injury to the developing vasculature may contribute
to sustained abnormalities of lung structure and function (18),
which is referred to as the “vascular hypothesis” of BPD (1, 46,
49). Clinically, the presence of pulmonary vascular disease by
echocardiogram at 7 days of age is associated with the subse-
quent development of BPD and PH at 36 wk postmenstrual age
(PMA) (35) as well as late respiratory disease during early
childhood (36). These findings suggest that early alterations in
angiogenic signaling or related processes may be contributing
to or reflect high risk of the subsequent diagnosis of BPD with
or without PH at 36 wk PMA.

Past studies have suggested that proteomic biomarkers may
be useful to identify infants with a greater likelihood of
developing BPD (25). Markers such as inflammatory proteins
[including increased interleukin (IL)-1�, IL-6, IL-8, tumor
necrosis factor (TNF)-�, and interferon-� and decreased IL-10,
IL-17, RANTES, and TNF-�)] and others have been associated
with high risk for BPD (16, 30). In addition, changes in
biomarkers in the cord blood, including such angiogenic pro-
teins as VEGF, placental growth factor (PLGF), and sFlt-1, and
early increases in brain natriuretic peptide (BNP) have been
associated with a greater risk of developing PH in preterm
infants, especially in the setting of abnormal placental vascular
structure and intrauterine growth restriction (24, 30, 33, 48).
However, whether early changes in circulating angiogenic
proteins or other signaling pathways can provide strong pre-
dictors of risk for BPD and for PH in preterm infants is
uncertain.

An aptamer-based proteomic platform has proven useful in
identifying peptides that are strongly associated with disease
phenotypes and course in diverse clinical settings (14, 27).
Aptamer-based proteomic strategies have the ability to identify
and accurately measure large numbers of peptides that often
circulate at low concentrations and to reflect multiple signaling
pathways from very small amounts of blood (41). This capa-

bility may be especially important in studies involving ex-
tremely preterm infants, as the use of large-scale assays has
been partly limited in the past by the relatively large amounts
of blood required. Forster et al. (12) recently applied this
aptamer-based platform to associate circulating peptides with
BPD risk; however, samples were obtained at different post-
natal ages during the first month of life and included only a
small case series of preterm infants.

Therefore, our objectives of this study were to first deter-
mine whether circulating angiogenic peptides as determined
from a large-scale proteomic strategy during the first days after
birth are associated with the subsequent diagnosis of BPD and
its severity in preterm infants or are associated with the
development of PH at 36 wk PMA. We further sought to
identify other peptides and signaling pathways in addition to
the angiogenic peptides that may be associated with BPD risk,
BPD severity, and PH at 36 wk PMA.

METHODS

Study design and population. This study was supported by a
National Institutes of Health (NIH)-funded, prospective observational
study (RR-02192 to P. M. Mourani, PI, and HL-085703 to S. H.
Abman, PI). The study protocol was approved by the Institutional
Review Board, and written informed consent was received from the
parents or guardians of all participants. We included infants with a
gestational age of less than 34 wk at birth and a birthweight between
500 g and 1,250 g. Exclusion criteria included clinical evidence of
congenital heart disease (except patent ductus arteriosus, patent fora-
men ovale, or hemodynamically insignificant atrial/ventricular septal
defects), lethal congenital abnormality, and futile cases. Infants who
died before the diagnosis of BPD could be made at 36 wk PMA were
excluded. Subjects were enrolled between July 2006 and March 2013.
Data was managed using a REDcap (Research Electronic Data Cap-
ture) (15) database hosted at the University of Colorado Denver as
previously described (35).

Primary outcome. BPD status and severity were assessed at 36 wk
PMA using a modification of the standard NIH workshop definition

Table 1. Patient demographics

Patient Characteristic
All

(n � 102)
No BPD
(n � 20)

Mild BPD
(n � 34)

Moderate BPD
(n � 26)

Severe BPD
(n � 22) P Value* P Value†

Birth weight, g 856.5 (187.1) 1,083.0 (105.3) 832.3 (148.7) 803.2 (176.7) 751.1 (146.0) �0.01 �0.01
Birth weight z-score �0.29 (0.72) �0.71 (0.75) �0.15 (0.73) �0.29 (0.66) �0.15 (0.66) 0.03 0.02
Gestational age, wk 26.48 (2.07) 29.10 (1.52) 26.09 (1.40) 26.00 (1.85) 25.27 (1.67) �0.01 �0.01
Maternal age, yr 27.28 (6.02) 29.50 (6.14) 26.38 (6.10) 26.35 (6.57) 27.77 (4.81) 0.24 0.32
Sex (male) 49 (48%) 12 (60%) 15 (44%) 10 (38%) 12 (55%) 0.44 0.96
Maternal race (white) 92 (90%) 18 (90%) 31 (91%) 23 (88%) 20 (91%) 0.99 0.99
Maternal ethnicity, Hispanic

or Latino 30 (29%) 2 (10%) 10 (29%) 10 (38%) 8 (36%) 0.16 0.07
Multiple gestation 24 (24%) 8 (40%) 5 (15%) 6 (23%) 5 (23%) 0.21 0.38
Antenatal corticosteroids‡ 78 (76%); n � 95 16 (80%); n � 18 24 (71%); n � 32 20 (77%); n � 25 18 (82%); n � 20 0.75 0.99
Cesarean section 73 (72%) 14 (70%) 24 (71%) 19 (73%) 16 (73%) 0.99 0.99
Intubated 93 (92%) 12 (65%) 33 (97%) 26 (100%) 22 (100%) �0.01 �0.01
Surfactant 87 (85%) 9 (45%) 31 (91%) 25 (96%) 22 (100%) �0.01 �0.01
Respiratory status at day 7

Mechanical ventilation 52 (51%) 3 (15%) 18 (53%) 16 (62%) 15 (68%) �0.01 �0.01
FIO2

0.30 (0.10) 0.26 (0.08) 0.29 (0.07) 0.31 (0.10) 0.35 (0.13) 0.04 0.26
Early PH‡ 44 (43%) 6 (30%) 17 (51%); n � 33 10 (39%) 11 (50%); n � 21 0.35

PH at 36 wk PMA‡ 13 (13%) 0 (0%) 4 (12%); n � 33 3 (12%) 6 (27%); n � 21 0.08 0.04
PDA (medical treatment) 63 (62%) 3 (15%) 22 (65%) 19 (73%) 19 (86%) �0.01 �0.01
PDA (surgical ligation) 24 (24%) 0 (0%) 5 (15%) 8 (31%) 11 (50%) �0.01 �0.01

Values are means � SD or n (%). All patient characteristics across bronchopulmonary dysplasia (BPD) groups are shown. FIO2
, fraction of inspired oxygen;

PDA, patent ductus arteriosus; PH, pulmonary hypertension; PMA, postmenstrual age. *P values displayed from comparison between all the severity groups of
BPD; †P values displayed from comparison between severe BPD versus no BPD. ‡Second n indicates the number of infants for which data were available.
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with application of the oxygen reduction test as previously described
(19, 35, 52). Additional details on the method for assigning BPD
status are provided in the Supplemental Material (see https://doi.org/
10.5061/dryad.ns1rn8pnq). PH was defined as the presence of one of
the following echocardiographic parameters: an estimated right ven-
tricular systolic pressure (RVSP) greater than 40 mmHg, RVSP/
systemic systolic blood pressure greater than 0.5, any cardiac shunt
with bidirectional or right-to-left flow, or any degree of ventricular
septal wall flattening. Serial echocardiograms were obtained to assess
for PH at 7 days of age and at 36 wk PMA.

Data collection. In addition to clinical information, blood samples
were collected at 7 days (� 48 h) after birth. Blood was placed into
an EDTA-plasma tube, which was centrifuged after phlebotomy. The
supernatant was removed, aliquoted, and stored at �80°C until assay.
The blood sample collected closest to day seven was utilized for the
primary analysis. More detail on the collected data is provided in the
Supplemental Material.

Proteomic analyses. Proteomic analysis was conducted using the
Slow Off-rate Modified Aptamer (SOMA) scan assay at the labora-
tories of SomaLogic (Boulder, CO) (40). This is a highly sensitive,
quantitative, and reproducible proteomic tool that has been previously
described in detail (14, 37, 41). At the time of assay, samples in each
well of a 96-well plate were incubated with a mixture of the 1,121
SOMAmer reagents. Two sequential bead-based immobilization and
washing steps eliminated unbound or nonspecifically bound proteins
and the unbound SOMAmer reagents, leaving only protein target-
bound SOMAmer reagents. These remaining SOMAmer reagents

were isolated, and each reagent was quantified simultaneously on a
custom Agilent hybridization array. The amount of each SOMAmer
measured was quantitatively proportional to the protein concentration
in the original sample. Additional information about the SOMAscan is
provided in the Supplemental Material. The proteomic data will be
made available to other researchers and will be accessible via the
Gene Expression Omnibus (GEO) database (record no. GSE121097).

Statistical analysis. Descriptive statistics were calculated using
means and standard deviations for continuous variables and frequen-
cies and percentages for categorical variables. Demographic variables
were compared across groups using ANOVA and chi-square or a
Fisher’s exact test, depending on the distribution of the variables.

All protein concentrations were log (base 2) transformed and
compared according to BPD severity (none, mild, moderate, and
severe) and by the presence of PH at 36 wk PMA. These comparisons
were performed using linear contrasts of means in a two-way
ANOVA with an interaction term for BPD severity and PH. P values
were adjusted to control the false discovery rate (FDR) to account for
the multiple tests performed on each protein; these adjustments were
made within each a priori-specified comparison (i.e., BPD severe
versus no BPD) (5). Both unadjusted and adjusted P values are
presented. Random forests consisting of 5,000 classification trees
were used to identify proteins that best discriminated across groups of
interest (50). The random forest was performed in R using the
RandomForest package (42).

In the final stage of the analysis, pathway analysis was conducted
using pathways downloaded from Reactome (11, 31) and a functional
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Fig. 1. Heatmap angiogenic proteins. Heatmap displaying the protein levels [log2 relative fluorescent units (RFU)] for each of the angiogenic factors (rows) by
subject (columns). A darker color corresponds with a higher protein level. Columns are color coded by bronchopulmonary dysplasia (BPD) and pulmonary
hypertension (PH) status at 36 wk postmenstrual age.
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class scoring approach appropriate for platforms where proteins are
selected a priori (21), using the P values as the protein-level statistics
for the 4,001 proteins that were measured (39). This functional class
scoring approach differs from an enrichment analysis in that it does
not specifically test whether the pathways are enriched with a larger
than expected number of significant proteins, and therefore also does
not require a cutoff to be applied to each protein. The underlying
inference from the functional class scoring approach is testing
whether the pathway contains at least one measured protein that
significantly differed between groups or whether a subset of proteins
in the pathway have coordinated differences. Pathways were ranked
based on the unadjusted P values, calculated using a permutation ap-
proach that appropriately accounts for the correlation between proteins,
permuting group labels using 1,000 permutations (13). Spearman’s rank-
based correlations were calculated to describe the association between
each pair of proteins across all samples. The matrix of correlations was
then used in a network analysis using the igraph package in R.

In addition to the primary analysis, 76 blood samples were
collected on days either before (days 3–5) or after (days 10 –12)
postnatal day 7 and, as a result, were excluded from the original
analyses. The early plasma samples were from 64 individual
infants; 26 infants were not included in the analyses of day 7. The
late plasma samples were from 12 individual infants, of whom 4
infants were not included in the analyses of day 7. Therefore, we
performed an analysis with these excluded blood samples for the
identified top 10 proteins that were associated with development of
BPD in the first week of life using ANOVA. The analysis of these
contemporary close set of samples provides some assurance to sub-
stantiate the plausibility of the findings in the full set and to determine
the consistency of results outside of an independent validation. All
statistics were performed on data from infants with complete data and
were computed using SAS version 9.4 and R (42, 43).

RESULTS

Eighty-two subjects with BPD and 20 infants who did not
develop BPD were included in the study. Lower birth weight
and gestational age were associated with the severity of BPD,
and infants without BPD had lower rates of intubation and
surfactant administration (Table 1). Thirteen subjects had PH
at 36 wk PMA, 9 of whom also had moderate/severe BPD
(Supplemental Fig. S1A). Early PH at day 7 was identified in
44 infants and was marginally associated with PH at 36 wk
PMA (Supplemental Table S1).

Angiogenic factor proteins. Ninety-four of the proteins in-
cluded in the SOMAscan were classified as angiogenic factors
in the biological process gene ontology (Fig. 1 and Supple-
mental Table S2). As shown, several angiogenic proteins,
including bone morphogenetic protein 10 (BMP10), von Wil-
lebrand factor (vWF), HGF, and angiopoietin 2 were most
strongly increased, whereas PF-4, CTAP-III, PDGF-AA and
PDGF-BB, prolactin (PRL), VEGF121, and others were sig-
nificantly decreased in preterm infants who subsequently de-
veloped BPD (Fig. 2).

Although only 13 infants from this cohort were diagnosed
with BPD and PH at 36 wk, we found that BMP10 was most
strongly increased in infants with PH (Fig. 2). Overall, 20
protein levels differed when compared between severe BPD
and no BPD, whereas only two differed between PH and no PH
(Fig. 2). In general, the comparisons for BPD and PH were in
the same direction, with the exception of PRL, which was
increased in PH but decreased in severe BPD. The levels of
CTAP-III, FGF-19, PDGF-AA, and PF-4 had a linear relation-
ship between levels and severity of BPD (Fig. 3A, all linear

trend P values �0.01; GEO Database record no. GSE121097).
There was no difference in these proteins with PH, and there
were marginal differences in BMP10, CTGF, IP-10, and PRL
between infants with PH and those without PH (Fig. 3B). The
top two ranked proteins for distinguishing across the 4 BPD
categories using a random forest were FGF-19 and b-ECGF
(Supplemental Fig. S2), and the classification error was 65.7%.

All SOMAmer protein targets. Comparisons of the 1,121
peptides between infants who developed severe BPD versus
infants who did not develop BPD showed that 97 proteins
differed between the 2 groups after FDR correction (Fig. 4).
Top-ranked proteins included cystatin-M, elafin, and TARC.
Results for all of the comparisons are included in the GEO
Database (record no. GSE121097).

The top discriminating proteins from the random forest for
infants across the 4 BPD severity groups were similar to those
identified using the univariate analysis and included elafin and
cystatin-M (Supplemental Fig. S3). The classification error
from using all proteins was only slightly better than using the
angiogenic factors alone (67.7%). There was a very low dis-
criminative ability for PH as determined by the random forest
approach using all proteins, and there was less overlap in the
top-ranked proteins compared with the univariate approach
than for the BPD severity comparisons (Supplemental Fig. S4).
In addition, a four-group outcome using both BPD (none/mild
versus moderate/severe) and PH was used. Not surprisingly,
several of the top-ranked proteins for this comparison over-
lapped with the BPD-only outcome (Supplemental Fig. S5).

Pathway analyses. In addition to the proteins classified into
the angiogenesis biologic process gene ontology, pathways
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Fig. 2. Angiogenic peptides in bronchopulmonary dysplasia (BPD) and pul-
monary hypertension (PH). Comparison of circulating levels of angiogenic
peptides in preterm infants who develop severe BPD versus infants without
BPD (blue) and infants with PH versus those without PH (red) at 36 wk
postmenstrual age. The points and whiskers correspond to mean difference and
95% confidence interval (CI), respectively. The subset of the 94 angiogenic
proteins with a CI that excludes 0 are plotted. BMP10, bone morphogenetic
protein 10.
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were evaluated for their association with increasing BPD
severity and included cell surface interaction at the vascular
wall, G protein-coupled receptor (GPCR) ligand binding, ma-
trix remodeling, growth factor signaling and complement path-
ways (Table 2).

Network analysis. The network analysis indicated that there
is a strong association between BMP10 and nonangiogenic
peptides that were identified as being associated with severe
BPD (Fig. 5A). Similarly, BMP10 was also highly correlated
with other top-ranked proteins associated with PH. (Fig. 5B) In
Fig. 5C, there is minimal agreement between the networks
associated with BPD and PH, with the exception of a few
proteins, including BMP10.

Adjusted for clinical factors. The main analysis focused on
the discrimination of circulating protein levels to better under-
stand the pathogenesis of BPD and PH. As noted in Table 1,
some clinical factors are associated with the development of
BPD and PH; however, these tend to not be modifiable risk
factors. To better understand the contribution of the protein
levels after including clinical factors, a random forest was fit
with all proteins, gestational age, birth weight z-score, sex, and
early PH (PH at 7 days PMA). All top-ranked factors were
circulating protein levels, with the exception of gestational age,
and were consistent with the random forest excluding clinical
factors (Supplemental Fig. S6). The classification error rate for
4-level BPD severity increased to 69.0%. Higher cystatin-M,
elafin, and macrophage mannose receptor and lower cathepsin
A were associated with increasing BPD severity after adjusting
for clinical risk factors (Supplemental Fig. S7).

Verification of results from analyses of excluded plasma
samples. In total, 64 and 12 plasma samples before and after
the day 7 collection window, respectively, were available to
determine whether the findings in the main analysis were
consistent with a contemporaneous set of samples (Supplemen-
tal Fig. S8). Analyses from the top 10 associated proteins verified
that cystatin-M, chordin-like protein 1 (CRDL1), RET, and
BMP10 in the plasma samples before day 7 and that cystatin-M,
elafin, CRDL1, and BMP10 in the plasma samples after day 7
remained associated with BPD (Supplemental Table S3).

DISCUSSION

BPD persists as a major sequel of premature birth, causing
early and late respiratory and cardiovascular morbidities. De-
spite major advances in care, the incidence of BPD has not
changed over the past few decades, and preventive care strat-
egies are limited, reflecting the importance of developing novel
strategies for early identification of at-risk subjects. Based on
strong preclinical and clinical studies that demonstrate an
important role of disrupted angiogenesis in the pathogenesis of
BPD and related PH, this study sought to determine if early
changes in low-abundance circulating proteins related to an-
giogenesis could help identify preterm infants who are at high
risk for developing BPD or BPD with PH. We used an
extensive and unbiased large-scale, aptamer-based proteomic
platform from prospectively collected plasma samples in pre-
term infants during the first week of life.

We found several peptides associated with angiogenic sig-
naling that differed significantly between neonates who subse-
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quently developed severe BPD in comparison with those with-
out BPD; the peptides included increased levels of BMP10,
vWF, hepatocyte growth factor (HGF), angiopoietin-2, FGF-
19, and HGF and decreased levels of CRDL1, angiopoietin-1,
ON, thrombospondin-1, b-ECGF, PF-4, PDGF-AA, PRL,
PDGF-BB, VEGF121, FGF-18, and phospholipase C-�-1
(PLCG1). In addition, several peptides not included in the list
of angiogenic peptides were identified that best distinguished
risk for BPD, including cystatin-M and elafin. Finally, we
further found that increasing FGF-19 and decreasing PF-4,
CTAP-III, and PDGF-AA levels were specifically associated
with increasing grades of BPD severity.

We further analyzed the association of proteomic findings
with PH, which was partially limited by the relatively small
number of infants in the cohort who had PH at 36 wk.
However, as a preliminary study, proteins related to angiogenic
signaling differed significantly between the infants who devel-
oped PH at 36 wk PMA and the infants who did not. These
proteins included increased levels of BMP10, which is in-
volved in vascular development through the BMP pathway,
and IP-10, which plays a role in the negative regulation of
angiogenesis. Top-ranked nonangiogenic proteins that were

involved in other processes (e.g., inflammatory), included
increased levels of IL-2 receptor subunit-� and RANK, and
decreased levels of CK-BB. We further found 5 peptides that
differed in infants who developed PH and in infants who
developed severe BPD (increased levels of BMP10, FCN1,
TFF3, Marapsin, and DYRK3).

These findings are interesting because measurements of
proteins that are associated with BPD may enable the earlier
identification of patients at risk for BPD and development of
novel preventive strategies. These data more specifically sup-
port the concept that early pulmonary vascular disease, as
reflected by changes in angiogenic signals, is associated with
high risk for the subsequent development of BPD. As pulmo-
nary vessels enhance normal alveolar development, disruption
of angiogenic signaling may alter pulmonary vessel develop-
ment, which can impair alveolar growth and reduce lung
surface area (1, 18, 47). Past clinical studies have shown that
antenatal factors, such as maternal smoking, hypertension,
gestational diabetes, and other causes of placental dysfunction,
that often lead to fetal intrauterine growth restriction are strong
determinants of poor respiratory outcomes in preterm infants
(20, 30, 34, 48). Interestingly, Mestan et al. (30) reported that

-lo
g1

0
FD

R
p-

va
lu

e

0

1

2

3

4

5

6

7

Difference

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4

TARC

Cystatin M

Elafin

Thrombospondin-1

NAP-2
RANTES

PF-4
PDGF-AATGM3

CTAP-III FGF-19

PDGF-BB CRP

LEAP-1

TIMP-3

CAPG

IL-1 R4

Fig. 4. Volcano plot of all proteins. Volcano plot displays the �log false discovery rate (FDR)-adjusted P values versus difference for the severe
bronchopulmonary dysplasia (BPD) versus no BPD comparison. Proteins with an FDR value of P � 0.05 and an absolute difference of 3 or greater, where a
difference of 1 on log2 scale corresponds to a fold change of 2, are labeled in the figure.

L649ANGIOGENIC PROTEINS IN PRETERM INFANTS AT RISK FOR BPD/PH

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00131.2019 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.118) on April 15, 2020.



decreases in key angiogenic proteins in cord blood of preterm
infants, including VEGF-A and PLGF, strongly reflected ab-
normal placental vascular changes and were further associated
with BPD and PH risk, further supporting the hypothesis that
early impairment of angiogenesis is associated with, and likely
contributes to, respiratory outcomes in preterm infants.

The top associated peptides are proteins involved in the
inflammatory, cell development, and angiogenesis processes.
Their biological functions and pathways are shown in Supple-
mental Table S4, A and B. In addition to the angiogenic
peptides, proteins from other signaling pathways were identi-
fied with high risk for BPD, including GPCR signaling, matrix
remodeling, growth factor signaling, and developmental path-
ways. We also found that peptides linked with angiogenesis are
also linked with proteins included in other pathways, indicating
that multiple mechanisms are likely involved in the pathophys-
iology of both BPD and PH, as reflected in Fig. 5. Additionally,
we identified several proteins, including cystatin-M, CRDL1,
RET, elafin, and BMP10, that were consistently altered during
the first days after birth in samples excluded from the primary
analysis, providing some degree of corroboration of our find-
ings. However, only 2 proteins were consistently different in
the plasma samples after day 7, but this analysis is limited by
the small number of blood samples (n � 12) for comparisons.
Despite these limitations, these pilot observations are interest-
ing and may suggest that mechanisms impacting the develop-
ment of BPD are most critical during the first week after birth.

Previous studies have shown that early disruption of angio-
genesis in the developing lung impairs alveolarization and

causes sustained abnormalities of lung structure that mimic
clinical BPD (1, 8, 10, 18, 46). It has been shown that
decreased proangiogenic and increased antiangiogenic factors
are associated with high risk for the development of BPD (28).
Factors identified included VEGF (increased in tracheal fluid
during first postnatal days), circulating sFlt-1 and endostatin
(increased in blood during first days of life), but also decreased
cord blood markers such as endothelial progenitor cells, PLGF,
granulocyte-colony stimulating factor (G-CSF), and VEGF-A.
Each of these markers are involved in angiogenesis, and
therefore, if disturbed, may cause abnormal development of the
vasculature and reduce alveolarization in the preterm lung. In
addition, each of these biomarkers has been associated with the
subsequent development of BPD (9, 26, 30). Autopsy studies
confirmed decreased levels of VEGF and increased levels of
sFlt-1 by immunohistochemistry of the lungs of deceased
infants with BPD (8, 10). As previously observed in a past
study of cord blood samples (30), we found that circulating
VEGF-121 and PLGF levels were decreased in the first week
of life in preterm infants who subsequently developed severe
BPD. We also found that G-CSF was significantly increased in
infants with moderate/severe BPD versus infants with mild
BPD or no BPD. We did not find significant differences
between the protein levels of sFlt-1 and endostatin in infants
with BPD. In addition, we found several other angiogenic
peptides that were strongly associated with the development of
PH and BPD and its severity.

Interestingly, among the nearly 1,200 peptides studied, early
changes in circulating BMP10 levels were most strikingly

Table 2. Pathways

Rank Pathway Name
Number of SOMAmers

in Pathway
Number of “Angiogenic”

SOMAmers
Pathway P Value

Unadjusted
Pathway P Value With

No False Positive

1 Cell surface interactions at the vascular wall 45 2 (4.4%) 0.001 0.207
2 Chemokine receptors bind chemokines 24 9 (37.5%) 0.001 0.207
3 Class A/1 (rhodopsin-like receptors) 48 11 (22.9%) 0.001 0.207
4 G�i signaling events 40 9 (22.5%) 0.001 0.207
5 GPCR ligand binding 61 14 (23.0%) 0.001 0.207
6 Peptide ligand-binding receptors 48 11 (22.9%) 0.001 0.207
7 Platelet degranulation 54 9 (16.7%) 0.001 0.207
8 Regulation of IGF transport and uptake by IGFBPs 64 3 (4.7%) 0.001 0.207
9 Response to elevated platelet cytosolic Ca2	 57 9 (16.8%) 0.001 0.207

10 Post-translational protein phosphorylation 49 3 (6.1%) 0.001 0.245
11 Interleukin-4 and 13 signaling 55 5 (9.1%) 0.001 0.249
12 Interleukin-10 signaling 31 3 (9.7%) 0.001 0.294
13 Metabolism of lipids 41 1 (2.4%) 0.001 0.299
14 RET signaling 12 0 0.001 0.332
15 Signaling by PDGF 18 3 (16.7%) 0.001 0.332
16 Nonintegrin membrane-ECM interactions 14 1 (7.1%) 0.001 0.351
17 Signaling by TGF-� family members 18 1(5.6%) 0.001 0.353
18 DAP12 interactions 13 0 0.001 0.357
19 Complement cascade 36 0 0.001 0.357
20 Initial triggering of complement 20 0 0.001 0.362
21 Amyloid fiber formation 16 1 (6.3%) 0.001 0.370
22 VEGFR2-mediated cell proliferation 13 3 (23.1%) 0.001 0.402
23 Downstream signaling of activated FGFR4 18 7 (38.9%) 0.001 0.402
24 Phospholipase C-mediated cascade; FGFR4 15 7 (46.7%) 0.001 0.406
25 Signaling by ERBB2 19 1 (5.3%) 0.001 0.427
26 MHC class II antigen presentation 13 0 0.001 0.429
27 SHC-mediated cascade; FGFR4 16 7 (43.8%) 0.001 0.451
28 Gastrin-CREB signaling pathway via PKC and MAPK 23 2 (8.7%) 0.001 0.452
29 FRS-mediated FGFR4 signaling 16 7 (43.8%) 0.001 0.467
30 Dissolution of fibrin clot 11 0 0.001 0.473

ECM, extracellular matrix; FGFR4, fibroblast growth factor receptor 4; IGFBP, insulin-like growth factor-binding protein; MHC, major histocompatibility
complex; SOMAmer, Slow Off-rate Modified Aptamer; TGF, transforming growth factor; VEGFR2, vascular endothelial growth factor receptor 2.
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linked with the development of both BPD and BPD with PH.
BMP10 is a high-affinity ligand for activin receptor-like kinase
1 (ALK1), a type I BMP receptor strongly expressed on
endothelial cells, which has been implicated in diverse vascular
diseases, including idiopathic and heritable forms of pulmo-
nary arterial hypertension, hereditary hemorrhagic telangiecta-
sia, and tumor angiogenesis (26a). Our findings further suggest
that future studies of BMP10 as a biomarker and as a potential
modulator of the pathobiology of BPD and BPD-associated PH
are warranted.

We also identified other peptides within the angiogenic
process to be associated with the development of BPD and its
severity. This association may indicate that the early presence
of pulmonary vascular disease could be associated with the
development of BPD (32, 35). However, while some peptides
were statistically associated with BPD severity (as shown in
Fig. 3), the distributions overlap other severity groups, sug-

gesting that protein levels may not necessarily discriminate
between severity groups. Additionally, some of the identified
angiogenic peptides (such as PDGF-AA and PDGF-BB, which
play important roles during normal lung vascular development,
and PF-4, which is a negative regulator of angiogenesis) were
also found to differ in infants with pulmonary vascular disease
at day 7 in comparison to infants without pulmonary vascular
disease at day 7 from plasma samples of infants in the same
cohort (51). Four of the top 20 peptides defined by the random
forest analysis are associated with the angiogenesis, indicating
that this process plays a significant role in the development of
BPD, in addition to inflammatory pathways.

Recently, a small cohort study of preterm infants identified
12 peptides that were associated with the development of BPD
(12). Three of the identified peptides (ANGPTL3, FGF-19, and
EPHA2) are related to angiogenesis, further supporting the
theory that early disruption of angiogenic factors may be

Fig. 5. Network figure of top identified proteins. Shown are the top angiogenic and nonangiogenic identified proteins. A: comparison between infants with severe
bronchopulmonary dysplasia (BPD) and infants without BPD. B: comparison between infants with pulmonary hypertension (PH) at 36 wk postmenstrual age and
infants without PH. C: proteins of comparisons A and B together. As shown, bone morphogenetic protein 10 (BMP10), a known angiogenic factor, is strongly
correlated with several of the top 10 proteins from the discovery analysis. The results from this figure indicate that the top nonangiogenic proteins identified are
highly correlated with at least one angiogenic protein, providing further evidence for the a priori hypothesis.
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associated with the subsequent development of BPD. Addi-
tionally, peptides that are related to inflammation, cell growth,
and the development of the nervous system were identified.
Two of these 12 identified peptides, FGF-19 and TAJ, we also
identified to be significantly different between infants with
BPD and no BPD. FGF-19 is involved in embryonic develop-
ment, cell growth, differentiation, and angiogenesis and is
required for proper morphogenesis of the cardiac outflow tract.
We speculate that FGF-19 may play a previously unrecognized
role in the development of BPD (17).

A strength of our study is the use of the SOMAmer platform,
which allows for the extensive and unbiased study of a large
number of peptides. However, it also limited our ability to
choose a more complete set of peptides for interrogation a
priori. Therefore, other peptides that play a role in the patho-
genesis of BPD and PH could be missed. Despite this, the
angiogenic proteins that we investigated did reveal strong
associations with the development of BPD and PH and sup-
ports the overall concept that altered angiogenic signaling is
associated with high risk for BPD. In addition, developing
specific signature panels utilizing the SOMAmer method may
provide an exciting new technology for screening preterm
infants for BPD and/or PH risk in the future.

As with all proteomic studies, a potential limitation of this
study is that the levels of circulating proteins may not represent
expression in lung tissue. Identified peptides are often multi-
functional and belong to several different pathways; however,
these peptides may stimulate novel preclinical research to
develop greater insights into the pathobiology of BPD and PH.
Additional limitation is the relatively small sample size of BPD
infants with PH and the lack of a large independent validation
cohort. However, despite the study having a small sample size,
it is one of the largest prospective cohorts with extremely
premature infants, and large amount of sample would be
needed for validation studies, which are not available in this
cohort. Analysis of plasma samples collected outside the day 7
window of our study was performed to verify the results from
the main analysis. Finally, since the diagnosis of BPD is made
at the age of 36 wk PMA, we could not assign a formal BPD
diagnosis in infants who died early in the study. It is possible
that we may have missed inclusion of infants with the most
severe injury and arrest of lung development.

In summary, we found evidence that early changes in cir-
culating proteins after preterm birth that reflect altered angio-
genic signaling are associated with the subsequent develop-
ment of BPD and PH at 36 wk PMA. These findings support
the “vascular hypothesis” of BPD, in which early disruption of
vascular growth and signaling contributes to the pathogenesis
of BPD and that early events are critical determinants of
disease inception. These data will enable further research in
understanding the pathophysiology of BPD and PH in an early
stage. A better understanding of the pathophysiology will
eventually lead to an earlier identification of at-risk patients,
better treatment strategies and, therefore may improve survival.
We further found novel circulating biomarkers in preterm
infants that are strongly associated with developing BPD and
BPD with PH, such as BMP10, which may enhance early
identification of at-risk preterm newborns and provide novel
targets for future preclinical and clinical studies for disease
prevention.
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