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Abstract

Bronchopulmonary dysplasia (BPD) is a disease with a significant sexual dimorphism where
males have a disadvantage compared to their female counterparts. Although mechanisms behind
this sexual dimorphism are poorly understood, sex differences in angiogenesis have been
identified as one possible source of the male disadvantage in BPD. Pulmonary angiogenesis was
assessed In vitro using a bead sprouting assay with pooled male or female human pulmonary
microvascular endothelial cells (HPMEC, 18-19 weeks gestation, canalicular stage of human
lung development) in standard (sex-hormone containing) and hormone-stripped medium. We
identified sex-specific phenotypes in angiogenesis where male HPMECs produce fewer but
longer sprouts compared to female HPMECs. The presence of sex hormones from standard
culture medium modifies the male HPMEC phenotype with shorter and fewer sprouts but does
not influence the female phenotype. Using a conditioned medium model, we further
characterized the influence of the sex-specific secretome. Male and female HPMECs secrete
factors that increase the maximum length of sprouts in female, but not male HPMECs. The
presence of sex hormones abolishes this response. The male HPMEC secretome inhibits
angiogenic sprouting in male HPMECs in the absence of sex hormones. Taken together, these
results demonstrate that the pulmonary endothelial cell phenotypes are influenced by sex

hormones and sex-specific secreted factors in a sex-dependent manner.
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New and Noteworthy

We identified a sex-specific phenotype wherein male HPMECs produce fewer but longer sprouts
than females. Surprisingly, the presence of sex hormones only modifies the male phenotype,
resulting in shorter and even fewer sprouts. Further, we found the sex specific secretome has a
sex-dependent influence on angiogenesis that is also sex hormone sensitive. These new and
surprising findings point to the unappreciated role of sex and sex-related exogenous factors in

early developmental angiogenesis.
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Introduction

Bronchopulmonary dysplasia (BPD), a chronic lung disease characterized by impaired
alveolar development and vascular rarefaction, is a disease with a prominent sexual dimorphism
where male sex is considered an independent risk factor (1-3). Alveolar development cannot
occur properly when pulmonary angiogenesis is inhibited (4—7). While there exists a sexual
dimorphism in angiogenesis, investigation of the underlying mechanisms that lie inherent to the
lung endothelial cells, or the role sex hormones may play in these differences, have yet to be
identified.

Work done on sex differences in the vascular niche during development has shown
striking transcriptomic differences between female and male endothelial cells that contribute to
differential cellular responses (8, 9). Sex hormones from maternal and fetal origin are crucial in
development, directly impact angiogenesis, and are modified by preterm birth (9). Estradiol,
integral to organ development in both sexes but commonly associated with females, has been
shown to enhance endothelial cell proliferation and migration (10). Further, estradiol upregulates
VEGF (vascular endothelial growth factor) expression in endothelial cells, subsequently
increasing angiogenesis (11). Dihydrotestosterone, a derivative of testosterone associated with
males, has also been reported to converge on VEGF signaling through the androgen receptor,
stimulating endothelial cell proliferation (12, 13). Few studies highlight the intersection of
chromosomal and sex hormone influences on cellular sex phenotypes (14).

Accounting for the influence of sex hormones in in vitro models is critically important as
standard culture practices contain physiologically relevant concentrations of sex hormones in the
fetal bovine serum (FBS) (9, 15-19). Most standard culture mediums contain phenol red

indicator, a weak estrogen receptor agonist (20, 21). As such, standard culture medium exposes
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cells to sex hormones, and an alternative medium is needed to delineate the role of sex hormones
in sex-specific signaling. Using phenol red free medium supplemented with charcoal-stripped
FBS serves as a hormone-free medium (HFM) for cell culture (12, 16).

Cells also possess distinct secretomes, a profile of secreted factors, that have recently
been shown to exhibit sexual dimorphism in male and female endothelial cells (22). In
combination, several studies have established that the chromosomal sex of the cell determines
both its secretome and how it responds to soluble external signals (8, 22-24).

Despite these previous findings, a focused study on the underlying sex differences in
lung-specific endothelial cell angiogenesis and the exogenous factors that govern these
differences in vitro have not been previously reported. We hypothesize that sex chromosomes
mediate differences in angiogenesis in human pulmonary microvascular endothelial cells
(HPMEC). Further, we hypothesize that sex-specific exogenous factors, such as sex hormones or

sex-specific secretome, will have a sex-specific influence on angiogenesis.

Materials and Methods

Cell culture

HPMEC:s (ScienCell, Carlsbad, CA; female lots: 17799, 17807, 15900; male lots: 11816, 11422,
16021) were cultured on fibronectin-coated plates (2 ug/cmz) in standard Endothelial Cell
Medium (SM, ScienCell) at 37°C supplemented with 5% CO,. SM was supplemented with 5%
FBS, endothelial cell growth supplement (ScienCell), and 1% penicillin/streptomycin
(ScienCell). Cultures maintained in HFM were grown in phenol red free Endothelial Cell

Medium (ScienCell) supplemented the same as SM but with 5% charcoal-stripped FBS



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

Accepted Manuscript
Version of record at: https://doi.org/10.1152/ajpheart.00552.2022

(HyClone, Logan, UT). Individual donors were equally combined to generate male or female

pooled HPMECs and grown to near confluence before experimental use (passages 4-6).

Angiogenesis assay

Angiogenesis was determined using a 3D fibrin gel bead assay as previously described (4, 5).
Collagen-coated cytodex-3 micro-carrier beads (Sigma-Aldrich, St. Louis, MO) were coated
with male or female HPMECs at 20,000 cells per 750 beads, incubated for 4 hours at 37°C with
periodic agitation then statically overnight. Beads were resuspended in 2 mg/ml fibrin (Millipore,
Burlington, MA) gels supplemented with 0.15 U/ml of aprotinin (Sigma-Aldrich) at 250
beads/ml. Gel cultures were maintained in SM or HFM for four days with daily medium
changes. Percentage of beads to produce at least one sprout captured the cell’s ability to respond
to pro-angiogenic factors. Number of sprouts per bead captured cell-to-cell coordination.
Maximum length of sprouts captured cell proliferation. Lengths were determined in Image J by

tracing the sprout from the edge of the bead to the tip of the sprout.

Conditioned medium

Conditioned medium experiments tested the influence of sex-specific secretomes on
angiogenesis. SM or HFM media was collected from male or female monolayer cultures (~80%
confluent). Conditioned medium was centrifuged (300 g for 10 minutes) to pellet cellular debris,
collected, and stored at 4°C for a maximum of 2 days. Cells were seeded into an angiogenesis
assay and were maintained in the conditioned medium with daily media changes for four days.
These experiments were performed in parallel with male and female HPMECs angiogenesis

assays in SM and HFM to serve as controls.
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Immunofluorescent imaging

HPMECs were fixed, stained, and imaged as previously described (25, 26) in 4%
paraformaldehyde (Thermo Scientific, Waltham, MA) with 0.1% Triton-x-100 (Thermo
Scientific) for 2 hours at 4°C. Cells were counterstained with phalloidin-554 (Cell Signaling,
Danvers, MA) and Hoechst (Invitrogen, Waltham, MA) overnight at 4°C. Images were taken

using an epifluorescent microscope (Zeiss, Oberkochen, Germany).

Statistical analysis of control and conditioned media experiments
Significance was determined using Student’s t-test. The percentage of beads that produced a
minimum of one sprout was determined by averaging across wells, while sprout length and

number of sprouts were analyzed by averaging across beads.
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Results

Role of sex hormones in angiogenesis:

Angiogenesis was quantified in male and female HPMECs using a bead sprouting assay to
establish baseline sex differences (HFM) and identify differences controlled by sex hormones
(SM). Sprouts are here defined as multiple cells in a continuous line from bead to sprout tip (Fig.
1a). These data show that at baseline, there is no sex difference between male (64%) and female
(82%) HPMEC:s in their ability to produce sprouts (Fig. 1b). However, when sex hormones are
present, male HPMECs (55%) were less likely to produce sprouts. The ability to produce sprouts
was unchanged in female HPMECs. Female HPMECs had more sprouts (3.1) per bead compared
to male (2.5) (Fig. 1¢). When male HPMECs were exposed to sex hormones, the average number
of sprouts decreased to 2.0 sprouts. In comparison, female HPMECs did not have a significant
decrease (2.6 sprouts). Sprout elongation requires that stalk cells gain a proliferative phenotype,
a process coordinated by the tip cell. Male HPMECs produced longer sprouts (99.7 um)
compared to females (64.9 pm), a difference that was abolished when sex hormones were present
(Fig. 1d). Male HPMEC sprout lengths decreased to 70.1 pm. In contrast, female HPMECs

sprout length was not significantly different (88.5 pm) in the presence of sex hormones.

Influence of sex-specific cell secretions on angiogenesis:

To test the influence of sex-specific secretomes, angiogenesis was assessed in the presence of
conditioned media. HFM was conditioned by either male or female HPMECs grown in a
monolayer and subsequently used to stimulate angiogenesis in male and female HPMECs (Fig.
2a). HPMEC:s cultured in a fibrin clot with un-conditioned HFM served as a control. Neither

male- nor female-conditioned media had a significant influence on the ability of male or female
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HPMEC:s to produce sprouts, with 60.0-88.2% beads with sprouts across conditions (Fig. 2b).
Female-conditioned media had no significant effects on the average number of sprouts in male
(2.2 sprouts) or female (3.1 sprouts) HPMECs. While male-conditioned media did not
significantly affect female HPMEC average number of sprouts (3.6 sprouts), it significantly
decreased the average number of male sprouts (2.1) (Fig. 2c¢).

The average maximal length of sprouts in male HPMECs remained constant in all three
conditions (99.7-105.4 um). In contrast, female HPMECs had dramatically longer sprouts
compared to the control (64.9 um) compared to female (151.1 pm) or male (178.3 pm)
conditioned media (Fig. 2d). This increase in length in the female HPMECs is ~2.5 times longer

than controls.

Influence of sex hormones on cell secretions on angiogenesis:
The presence of sex hormones can influence the secretome of cells. To test the influence of sex
hormones on sex-specific secretions, we conditioned sex hormone containing SM with male or
female HPMECs grown in a monolayer and subsequently used it to stimulate angiogenesis in
male and female HPMECs (Fig. 3a). HPMECs cultured in un-conditioned SM served as a
control. Neither male- nor female-conditioned media in the presence of sex hormones had a
significant influence on the ability of female (60-84%) or male (54-81%) HPMECs: to produce a
sprout (Fig. 3b). These conditioned medias also did not influence female (2.2-3.3) or male (1.8-
2.5) average number of sprouts (Fig. 3¢).

The presence of sex hormones with male- and female-conditioned media abolished the
HFM secretome response of female HPMECs having longer sprouts. Female HPMECs in

conditioned SM (89.6-110.8 um) had lengths comparable to controls (Fig. 3d). Female HPMECs
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secrete factors that male HPMECs responded to in the presence of sex hormones, producing
longer sprouts (107 um) than controls (69.8 um). In the presence of sex hormones, male
HPMEC:s secretions had no significant influence over maximal sprout length in male HPMECs

(92.8 pm).

Discussion

Sex differences are prominent in pulmonary angiogenesis, a critical process for proper
lung development (1). In this study, we characterized sex differences of human pulmonary
microvascular endothelial cells. Our objective was to identify sex differences in 3D angiogenesis
and determine the role of exogenous factors in this process.

In the absence of sex hormones, male and female HPMECs were equally likely to
produce at least one sprout in response to pro-angiogenic factors. This demonstrates that both
male and female lung endothelial cells respond to proangiogenic factors regardless of
chromosomal identity. Both estrogen and testosterone play a role in sex-specific signaling and
are expected to have some role in the observed phenotype of the HPMEC response to sprouting.
When sex hormones were present in the medium, angiogenic sprouting was inhibited only in
male HPMECs, with a lower percentage of beads containing sprouts. Therefore, we hypothesized
that the inherent ability to respond to a pro-angiogenic factor by male and female HPMEC: is the
same; however, when exogenous sex hormones are present, tip cell formation is inhibited in male
cells but not in female cells. Identifying which sex hormone is responsible for this inhibition in
male pulmonary endothelial cells, as well as the underlying mechanism of that inhibition, should

be pursued.

10
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Once an endothelial cell responds to a pro-angiogenic factor, a complex signaling
cascade inhibits neighboring cells from responding (27-30). This is canonically achieved
through Delta like ligand 4 and Notch signaling (27, 28). In the absence of sex hormones, female
HPMEC:s produced more sprouts per bead than male HPMECs (Fig. 1¢). This suggests that the
area of inhibition over neighboring cells becoming tip cells is increased in male HPMECs. The
presence of sex hormones did not influence the number of sprouts per bead in female HPMECs
but did have a further inhibitory effect on male HPMECs, with fewer angiogenic sprouts per
bead observed.

Angiogenesis requires not only the formation of a tip cell but also the coordination of a
proliferative stalk (30, 31). Contrary to the tip cell behaviors, in the absence of sex hormones,
male HPMECs had longer sprouts compared to female HPMECs (Fig 1¢). Combined, this
represents a male and female phenotype where males produce fewer but longer sprouts compared
to female HPMECs (Fig. 4a). The functional advantage of one phenotype over another is
unclear. However, it is likely that the ability to change between different phenotypes in response
to stressors such as hyperoxia and inflammation, which are superimposed onto the requirements
of the developing and growing lung, may underpin functional outcomes. Consistent with the
other parameters of angiogenesis, the sexual dimorphism of maximum sprout length was
abolished when male and female HPMECs were exposed to sex hormone-containing medium.
Female HPMECs were unaffected by the presence of sex hormones, while male HPMECs
exhibited decreased sprout length, further demonstrating that the presence of sex hormones had
an overall inhibitory role in male angiogenesis (Fig. 4b).

To address the secretome, we performed a bead sprouting angiogenesis assay with media

conditioned by male or female HPMEC: in the absence of exogenous sex hormones. The ability

11
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of male and female HPMEC:s to respond to pro-angiogenic factors and produce at least one
sprout remained unchanged when male and female HPMECs were exposed to male or female
conditioned media (Fig 2b). This was consistent even when sex hormones were present in the
conditioned medium (Fig. 3b). Interestingly, conditioned media from male HPMECs contain
factors that decreased the number of sprouts from male but not female HPMECs (Fig 2¢). The
presence of sex hormones abolished this further decrease in sprout number of male HPMECs in
response to male conditioned media (Fig. 3¢). In contrast, both male and female HPMECs
secreted factors that stimulated the elongation of sprouts in female HPMECs but had no
influence on male HPMECs (Fig 2¢). Again, the presence of sex hormones in the conditioned
media abolished this effect on female HPMECs with the average maximal sprout length similar
to control cells (Fig. 3¢). In contrast, male HPMECs had increased maximal sprout lengths when
exposed to the secretome of female HPMECS in the presence of sex hormones. Together, this
demonstrates that male and female HPMECs not only have distinct secretomes but that these
secretomes produce a response that is dependent upon both the presence of sex hormones and the

sex of the receiving cells (Fig. 4c-f).

Conclusions

These findings represent the first steps to identifying how male and female lung
endothelial cells undergo angiogenesis differently and what exogenous factors influence this
process. Sex hormones, as well as sex-specific secretomes, play a pivotal role in angiogenesis
and need to be considered in future studies. Identification of molecular targets of these sex
differences in lung angiogenesis has implications for therapeutic targets for the treatment of

BPD.

12
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Figure Legends

Figure 1: Male HPMECs produce fewer, but longer, sprouts compared to female HPMECs.
A) Male and female coated beads cultured in HFM and SM. Dashed yellow circles outline beads,
arrow denotes sprouts. B) Percentage of beads that produced at least one sprout, mean + SD, n =

3 wells. C) Average number of sprouts per bead, n = 72-86 beads. D) Average maximal length of

sprouts per bead, n = 72-86 beads. * p < 0.05, ** p <0.01, **** p <0.0001.

Figure 2: HPMEC secretome influences angiogenesis in a sex-dependent manner. A) Male
and female coated beads cultured in HFM conditioned by male or female HPMECs. Dashed
yellow circles outline beads, arrows denote sprouts. B) Percentage of beads that produced at least
one sprout, means = SD, n = 3 wells. C) Average number of sprouts per bead, n = 72-104 beads.
D) Average maximal length of sprouts, n = 72-104 beads. C denotes control, * p < 0.05 and ****

p <0.0001 compared to the sex-matched control.

Figure 3: HPMEC response to the secretome is sex hormone dependent. A) Male and female
coated beads cultured in SM (hormone containing) conditioned by male or female HPMECs.
Dashed yellow circles outline beads, arrows denote sprouts. B) Percentage of beads that
produced at least one sprout, means + SD, n = 3 wells. C) Average number of sprouts per bead, n
= 59-86 beads. D) Average maximal length of sprouts, n = 59-86 beads. C denotes control, * p <

0.05 compared to the sex-matched control.
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Figure 4: Sex-specific angiogenesis phenotype and the influence of exogenous factors. A)
Baseline phenotype: male HPMECs produce longer but fewer sprouts than females. B) Male
HPMEC:s produce shorter and fewer sprouts in the presence of sex hormones. C) Female
HPMEC:s produce longer sprouts in the presence of a female secretome. D) Sex hormones and a
female secretome increase sprout length in male HPMECs but eliminate changes from the female
secretome alone in female HPMECs. E) Male HPMECs produce fewer sprouts while female
HPMEC:s produce longer sprouts in the presence of a male secretome. F) Sex hormones in
combination with the male secretome nullify the effects of either source independently, with

male and female angiogenesis resembling the baseline phenotype. Created in Biorender.com
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