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ABSTRACT

Tumor vasculature plays a crucial role in tumor progression, affecting nutrition and oxygen transportation as well as the efficiency of drug
delivery. While targeting pro-angiogenic growth factors has been a significant focus for treating tumor angiogenesis, recent studies indicate that
metabolism also plays a role in regulating endothelial cell behavior. Like cancer cells, tumor endothelial cells undergo metabolic changes that reg-
ulate rearrangement for tip cell position during angiogenesis. Our previous studies have shown that altered mechanical properties of the collagen
matrix regulate angiogenesis and can promote a tumor vasculature phenotype. Here, we examine the effect of collagen density on endothelial cell
tip-stalk cell rearrangement and cellular energetics during angiogenic sprouting. We find that increased collagen density leads to an elevated
energy state and an increased rate of tip-stalk cell switching, which is correlated with the energy state of the cells. Tip cells exhibit higher glucose
uptake than stalk cells, and inhibition of glucose uptake revealed that invading sprouts rely on glucose to meet elevated energy requirements for
invasion in dense matrices. This work helps to elucidate the complex interplay between the mechanical microenvironment and the endothelial
cell metabolic status during angiogenesis, which could have important implications for developing new anti-cancer therapies.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0195249

INTRODUCTION

Angiogenesis is a process in which new blood vessels form via
sprouting from existing vessels." During angiogenesis, endothelial cells
proliferate, migrate into the surrounding stroma, and arrange them-
selves into spouts. As the cell spouts get longer, the newly formed

tumor vasculature is characterized by leaky, tortuous, disorganized,
and misshapen blood vessels that create heterogenous blood flow and
elevated interstitial pressure that collectively contribute to tumor pro-
gression and a more aggressive phenotype.” * Thus, many studies have
sought to increase the effectiveness of tumor treatments via normaliz-

endothelium differentiates into tip and stalk cells, and tip cells then
coordinate with stalk cells to elongate the sprout.” Maintaining an
appropriate tip-stalk cell dynamic is critical for regulating sprouting
during angiogenesis.” In healthy tissue, the microenvironment regu-
lates angiogenesis by tightly controlled chemical and mechanical cues
that typically maintain quiescence.”” However, the tight regulation of
angiogenesis is lost during tumor progression, resulting in an increased
activation of angiogenesis that disrupts the tight regulation of blood
vessel formation and results in abnormal tumor vasculature.” Solid

ing tumor vasculature.”*

Angiogenesis relies on the coordinated behavior of highly migra-
tory tip cells at the front of new sprouts and quiescent stalk cells that
trail and elongate the sprout. However, tip and stalk cells are not genet-
ically predetermined, and angiogenic sprouting is a dynamic process
where endothelial cells actively rearrange and switch tip position to
allow more competitive stalk cells to overtake the lead, with rearrange-
ment requiring energy-intensive actin remodeling and traction force
generation.”'’ Given the high energy requirements for angiogenic
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sprouting and invasion, metabolism has been shown to play a crucial
role in controlling tip vs stalk cell specification during angiogenic inva-
sion and has been implicated as a driver of the angiogenic switch."'
Tumor endothelial cells, like cancer cells, exhibit an increased rate of
glycolysis, and recent studies have shown that targeting tumor endo-
thelial cell glycolysis has the potential to induce vascular normaliza-
tion.'” As such, there is growing interest in targeting endothelial cell
metabolism to inhibit angiogenesis.

While tissue mechanics have a prominent role in angiogenesis
and tumor angiogenesis, and increased collagen cross-linking alone
can induce a tumor vasculature phenotype,'” the impact of the tumor
microenvironment’s physical properties on metabolism is often under-
estimated. Here, we explored the effect of collagen density on tip-stalk
cell dynamics during angiogenic sprouting and monitored the energy
dynamics of sprouting endothelial cells utilizing a genetically engi-
neered fluorescent biosensor of intracellular ATP:ADP ratio. Our data
indicate that the tip—stalk cell switching rate and the energy difference
between the tip and stalk cells increased with collagen density. We
identify a correlation between the cells’ energy state, spatial position-
ing, and the rearrangement of tip cells, indicating angiogenesis through
dense collagen is more energetically demanding than angiogenesis in
less dense collagen. These insights link the mechanics of the cellular
matrix, cellular metabolism, and tumor endothelial cell behavior dur-
ing angiogenic sprout formation and outgrowth.

RESULTS

Increased collagen density reduces invasion
and increases energy levels of angiogenic sprouts

To examine the impact of collagen density on angiogenic sprout-
ing, we used a three-dimensional in vitro spheroid-based angiogenesis
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assay, which gives rise to capillary-like sprouts that mimic the physiolog-
ical arrangement of endothelial cells in vessels. ' Here, we examined
3-7mg/ml type I collagen matrices, which show decreasing pore size
and fiber length with increasing collagen density [Figs. 1(a) and 1(c)].
Human umbilical endothelial cell (HUVEC) spheroids were embedded
in collagen gels and cultured for 72 h, and the collective invasion of mul-
ticellular sprouts into the surrounding collagen matrix was assessed.
Immunofluorescent labeling of angiogenic sprouts with the endothelial
cell marker CD31 and phalloidin showed that collagen density had a sig-
nificant impact on spheroid outgrowth. In high-density collagen with a
more confined and difficult to migrate microenvironment, spheroid
sprout length and the number of sprouts per spheroid also decreased,
indicating that spheroid invasion was reduced [Figs. 1(d) and 1(f)].
Given that angiogenic sprouting is an energy-demanding process
and heightened collagen density inhibited sprouting, we next measured
how a cellular energetic level responds to collagen density.'""”
HUVECs were transduced with fluorescent intracellular ATP:ADP
biosensor PercevalHR, enabling measurements of cellular energetics."”
We have previously shown that collagen density impacts the cellular
energetics of individual and collectively migrating cells and that the
ATP:ADP ratio correlates with energy utilization."” ** To examine
endothelial cell energetics during angiogenic sprouting, HUVEC sphe-
roids expressing PercevalHR were embedded in collagen matrices of
different densities and the intracellular ATP:ADP ratio was measured
after 72 h. HUVEC spheroids in high-density collagen matrices exhib-
ited increased intracellular ATP:ADP ratio in invading angiogenic
sprouts [Figs. 2(a) and 2(b)]. Changes in migration were significantly
correlated with cellular energetics, with sprouts in matrix conditions
most permissive to invasion having lower ATP:ADP ratios [Fig. 2(c)].
Together, these results indicate that endothelial cell invasion through
dense collagen during angiogenic sprouting consumes high amounts
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FIG. 1. Increased collagen density reduces invasion of angiogenic sprouts. (a) Representative images of confocal reflectance visualizing collagen architecture. (b) and (c)
Quantification of pore size (b) and fiber length (c) of collagen matrices (n =5). (d) Representative images of HUVEC spheroids embedded in collagen matrix with different den-
sities. Samples were stained for actin and DAPI to visualize the outgrowths. (e) and (f) Quantification of (€) sprout length and (f) the number of sprouts per spheroid (n = 60,
37, 32, and 34 for 3, 4, 5, and 7 mg/ml collagen, respectively). Data are presented as floating bars (min to max) with the line at the mean value. “P < 0.05, “*P < 0.01,

P < 0.001, and ****P < 0.0001; scale bar =100 um.
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FIG. 2. Collagen density increases ATP:ADP ratio of invading angiogenic sprouts. (a) Representative heatmap of normalized ATP:ADP ratio of invading angiogenic sprouts of
HUVEC spheroids embedded in collagen matrix with varying collagen densities. (b) Quantification of normalized ATP:ADP ratio of invading angiogenic sprouts (n =36, 37, 78,
and 48 for 3, 4, 5, and 7 mg/ml collagen, respectively). (c) Representative line-scans of ATP:ADP ratio along angiogenic sprouts. (d) Relationship between sprout length and
ATP:ADP ratio across collagen densities. (d) Quantification of normalized ATP:ADP ratio of angiogenic sprouts following Y27632 treatment. Data are presented as floating bars
(min to max) with the line at the mean value. *P < 0.05, **P < 0.01, and ****P < 0.0001; scale bar = 100 um.

of cellular energy, potentially due to the denser matrix requiring more
energy for invasion.

The energy levels of angiogenic sprouts are correlated
with invasion and cell contractility

Successful invasion requires cells to respond to the physical cues in
the surrounding matrix utilizing actomyosin contractility to coordinate
mechanosensing,” with cell contractility increasing with increasing colla-
gen density.” The ATP:ADP ratio was elevated at the forefront of invad-
ing strands, suggesting cells at the forefront of invading sprouts, where
highly motile tip cells are located, were using more energy [Fig. 2(d)].
Interestingly, the leading edge is also where filopodia and actin-
containing protrusive structures interact and remodel the matrix,””**
with invasion into dense matrices triggering high filopodia density.

Therefore, we examined the impact of cell contractility on spher-
oid invasion and angiogenic sprout energetics by treating spheroids
with the ROCK inhibitor Y72632 to block cell contractility. Indeed, the
inhibition of cell contractility following treatment with Y27632 not only
decreased spheroid invasion but also decreased the high ATP:ADP ratio
of angiogenic sprouts in 7 mg/ml collagen [Figs. 2(¢) and 2(f)]. These
findings suggest that collagen density-mediated cell contractility during
invasion is associated with increased bioenergetics in dense collagen.

Tip-stalk cell switching rate during angiogenic
sprouting is accelerated in dense collagen

Cellular competition between tip and stalk cells significantly
influences the iterative sprouting processes in angiogenesis,” and while

collagen density has been shown to restrict angiogenesis,* the influ-
ence of the physical microenvironment on endothelial cell competition
has largely not been explored. To examine the effects of matrix cues on
tip cell rearrangement during angiogenic sprouting, HUVEC spheroids
were labeled with the far-red fluorescent nuclear DNA stain DRAQ5
and cultured in 3-7 mg/ml collagen matrices for 72 h, then the cell
position during invasion was examined over 18 h [Fig. 3(a), supple-
mentary material video S1-S4]. HUVEC spheroids collectively invaded
the surrounding collagen, during which cells dynamically shuffled tip
position within strands [Figs. 3(a) and 3(b)]. Notably, the lifetime of
tip cells reduced with increasing collagen density, as angiogenic sprouts
in dense matrices required more cell rearrangement during invasion
[Fig. 3(c)]. The tip-stalk cell switching rate was dependent on cell con-
tractility, as Y27632 treatment reduced invasion and the cell lifetime at
the tip position [Fig. 3(d)]. These observations suggests that denser
matrices necessitate more extensive cell rearrangement for effective
invasion.

Tip cells uptake more glucose to invade through dense
collagen

Glucose is a main source of cellular energy production and has
been associated with invasiveness,”’ with cells collectively moving
toward a glucose gradient to reduce the energy cost of migration.””
Given our results indicate collagen density increases the cellular energy
state of invading sprouts, we investigated if altered glucose uptake
could account for the change in intracellular ATP:ADP with collagen
density. To measure glucose uptake in vitro, we used the fluorescent
glucose analog, 2-NBDG. After 72 h of culture in collagen gels,
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FIG. 3. Collagen density affects tip-stalk cell rearrangement in angiogenic sprouts. (a) Representative images of HUVEC spheroids labeled with DRAQ5. Angiogenetic sprout-
ing was tracked over time. (b) The number of cells remaining at the tip position of angiogenic sprouts decreases with increasing collagen density. (c) Quantification of time spent
at the tip position before being overtaken by a stalk cell decreases as density increases (n=31, 19, 13, 8 cells for 3, 4, 5, and 7 mg/ml collagen, respectively). (d)
Quantification of tip cell lifetime following Y27632 treatment. Data are presented as floating bars (min to max) with the line at the mean value. *P < 0.05 and “*P < 0.01; scale

bar =25 um.

HUVEC spheroids were incubated with 2-NBDG for 24 h, and glucose
uptake was quantified. While the bulk GLUT1 expression level of cells
embedded in 3 mg/ml and 7mg/ml gel was similar (supplementary
material Fig. S1), we observed increased glucose uptake in more dense
collagen gels [Figs. 4(a) and 4(b)]. To elucidate the connection between
the glucose uptake of endothelial cells and their cellular position within
invading angiogenic sprouts, we quantified the glucose uptake of tip
and stalk cells, respectively, using 2-NBDG to assess intracellular glu-
cose concentrations. HUVEC spheroids were cultured for 72 h in col-
lagen gels, followed by a 24 h incubation with 2-NBDG, and then
spheroids were fixed and imaged to evaluate glucose uptake. To delin-
eate cell boundaries and identify tip vs stalk cells in sprouts, spheroids
were stained with WGA to label cell membranes. We observed a signif-
icantly higher glucose uptake in tip cells compared to stalk cells, a dis-
parity that intensified with the increase in collagen density [Figs. 4(c)
and 4(e)]. Matrix densities that exhibited a more significant differential
in glucose uptake between tip and stalk cells (2-NBDG tip:stalk) corre-
sponded with a reduced tip cell lifetime [Fig. 4(f)]. These results sug-
gest that dense matrices present a more significant challenge for cell
invasion, necessitating increased cell energy expenditure and increased
switching between tip and stalk cells. Specifically, tip cells require
higher energetic costs than stalk cells during angiogenic sprouting,
likely resulting in the stalk cells replacing the tip cell to maintain
outgrowth  in  challenging and  energetically ~ demanding
microenvironments.

Glucose uptake is associated with invasion, cellular
energetics, and tip-stalk cell switching

To assay the effects of inhibition of metabolism on the invasion
and energy state of angiogenic sprouts, we embedded HUVEC sphe-
roids in collagen matrices and treated cells with BAY876, a GLUT1

inhibitor that blocks glucose transportation. Here, we investigated the
requirement of glucose uptake in supporting the increased energy state
and tip cell switching rate of invading sprouts in high-density collagen.
HUVEC spheroids were embedded in collagen matrices, grown for 72
h, then treated with the GLUT1 inhibitor, BAY876. Using quantitative
polarization microscopy to measure cell contractility in three-
dimensional matrices, we found that GLUT1 inhibition significantly
lowered the contractility of invading sprouts in both 3 and 7 mg/ml
collagen, and spheroids exhibited lowered outgrowth [Figs. 5(a)
and 5(c)]. We next examined the impact of glucose uptake inhibition
on cellular energy state. BAY876 treatment lowered glucose uptake, as
expected, and lowered the ATP:ADP ratio, such that there was no lon-
ger a significant difference between sprouts in 3 and 7 mg/ml collagen
[Fig. 5(d)]. Notably, the inhibition of GLUT1 also significantly
decreased tip cell lifetime [Fig. 5(¢)]. Together, these results indicate
that glucose uptake supports the elevated energy state of angiogenic
sprouts in dense collagen matrices, and glucose uptake is required to
maintain tip cell invasion.

DISCUSSION

The mechanical properties of tumor stroma play a crucial role in
modulating cell functions, with emerging evidence linking matrix
mechanics and metabolism to cell migration.'” > Our study indicates
that increased collagen density accelerates the rate of tip-stalk cell
switching during angiogenesis, which is correlated with the energy
state of the cells. These findings highlight how the physical cues in the
microenvironment influence endothelial cell metabolism and suggest
that tip-stalk cell switching is related to the metabolic costs of tip cell
invasion. Our research uncovers a complex interaction between the
mechanical characteristics of the extracellular matrix (ECM), endothe-
lial cell metabolism, and tip-stalk cell rearrangement in angiogenesis.
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FIG. 4. Collagen density alters tip—stalk cell glucose uptake. (a) and (b) Representative heatmap and quantification of intracellular 2-NBDG level in invading angiogenic sprouts
for HUVEC spheroids in varying collagen densities (n =36, 37, 78, and 48 for 3, 4, 5, and 7 mg/ml collagen, respectively). (c) Representative heatmap and WGA staining of
the intracellular 2-NBDG level in tip and stalk cells of invading angiogenic sprouts. (d) Quantification of 2-NBDG uptake in tip vs stalk cells across varying collagen densities.
(e) Ratio of glucose uptake between tip and stalk cells within spheroids embedded in collagen with different densities. (f) Relationship between tip—stalk cell glucose uptake and
tip cell lifetime across collagen densities (n = 28, 59, 41, and 28 cells for 3, 4, 5, and 7 mg/ml, respectively). Data are presented as floating bars (min to max) with the line at
the mean value.”P < 0.05, “*P < 0.01, and ****P < 0.0001; scale bar = 100 (a) and 20 um (c).

Together, this work identifies mechanical mechanisms that may con-
tribute toward aberrant metabolism found in tumor endothelial cells
and promote abnormal tumor vasculature.

Migration costs substantial energy, and localized energy produc-
tion is essential to support cytoskeletal remodeling and the formation
of protrusions at the forefront of migrating cells.” " Our findings that
suggest migration is energy intensive are supported by prior work
demonstrating that the architecture and mechanical properties of the
ECM affect cancer cellular energy use during migration, influencing
the choice of migration paths. ~"'Breast cancer cells increase energy
consumption during invasion in denser collagen matrices during both
single-cell and collective migration. Leading cells at an invasive
front have also been shown to dynamically change based on metabolic
costs. During collective migration, the invasion process is gov-
erned by the energy states of leader and follower cells, where a follower
cell takes the lead after a leader cell exhausts its energy to ensure con-
tinuous migration.”” Like a leader cell during collective migration that
bears most of the energetic load during invasion, the tip cell of an
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angiogenic stalk bears most of the energetic load of vessel outgrowth.
Consequently, increased energy costs associated with moving through
a dense matrix might significantly affect the frequency of cell shuffling
and angiogenesis.” While we characterized how collagen density-
mediated physical cues within the local microenvironment regulate
cell energetic status and tip-stalk cell switching of endothelial cells, we
are aware that collagen with different densities may provide various
amounts of adhesion sites and biochemical microenvironment to cells.
Further studies would be needed to tease apart the influence of bio-
chemical microenvironments and mechanical properties on endothe-
lial angiogenetic behaviors.

Endothelial tip cells, characterized by their high motility and
extensive filopodia formation during migration, demand significant
energy.”” By tracking the migration of individual endothelial cells
invading strands of HUVEC spheroids, our study revealed a dynamic
reorganization of tip cells and stalk cells during angiogenic sprouting,
which was correlated with cellular energy status. We observed that the
frequency of tip-stalk cell turnover increases with collagen density.
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Inhibition of glucose uptake lowered the energy state of angiogenic
sprouts in dense collagen matrices, and decreased the cell contractility
and frequency of tip-stalk cell switching within angiogenic sprouts.
Tip-stalk cell switching likely sustains invasion despite the energetic
costs of sprout outgrowth, which could in part explain why the rate of
switching increases in denser collagen. Interestingly, the roles of tip
and stalk cells are not fixed by genetics, but rather exhibit plasticity
with reversible phenotypes.'’ Therefore, excessive shuffling during
sprouting could disrupt developing the proper pattern of tip and stalk
cells, interfering with proper branching, and potentially leading to
abnormal angiogenesis. Excessive tip cell behavior has been shown to
lead to excess branching and denser vascular networks, common in
tumor vasculature.”” Our work raises the question of whether branch-
ing helps to minimize the energetic impact to a cell by identifying less
energetically demanding paths, which will be addressed in future work.

Tumor endothelial cells display similar metabolic characteristics
to cancer cells, favoring hyperglycolytic metabolism.'” Activation of
glycolytic activator PFKFB3 significantly impacts cell dynamics during
angiogenesis, leading to the aberrant tumor vasculature. Blockage of
endothelial PFKFB3 promotes tumor vessel normalization, which sug-
gests that interruption of metabolic pathways is a promising strategy
for vascular normalization.”* *® While many studies have ventured
into normalizing tumor vasculature via suppression of specific signal-
ing molecules, such strategies frequently encounter challenges due to
the emergence of cellular escape mechanisms.””** For example, the ini-
tial response to anti-angiogenic therapies targeting the VEGF pathway

is always followed by a restoration of tumor progression.’” The devel-
opment of innovative approaches for normalizing tumor vasculature
may be a key step in developing more effective cancer treatments.
Recent findings suggest that targeting mechanical cues within tumors
or mechanosensing pathways could be a viable strategy. Emerging
evidence now highlights the significant role of metabolism in this
context.”>"’ These insights highlight the influence of ECM on angio-
genesis through cellular energy dynamics, suggesting that manipulat-
ing ECM-mediated cellular energy states and metabolism could offer
new avenues for cancer therapy and the normalization of tumor
vasculature.

CONCLUSION

Previous research has established that the density of the collagen
matrix is a critical factor in regulating angiogenesis and cell migration.
Like cancer cells, endothelial cells undergo metabolic shifts and experi-
ence tip-stalk cell dynamics during invasion. However, the intricate
relationship between collagen density, cellular metabolism, and the
dynamics of tip-stalk cell rearrangement remains less explored. In our
study, we employed the PercevalHR probe alongside the 2-NBDG glu-
cose uptake assay to measure the metabolic status of endothelial cells
during angiogenesis. Additionally, we used time-lapse imaging to track
the tip—stalk cell rearrangement during angiogenic invasion. We found
that increased collagen density impedes invasion and leads to a higher
frequency of tip position changes. Notably, this increased rate of tip-
stalk switching correlates with the energetic state of the cells suggesting
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that the switching occurs in response to intracellular energetic state.
This research highlights the pivotal role of cellular energy status in reg-
ulating mechanical properties of tip-stalk cell rearrangement during
angiogenesis. Furthermore, our study sheds light on the mechanical
signals within the tumor microenvironment that contribute to altered
metabolism in endothelial cells, ultimately influencing the abnormal
phenotype of tumor vasculature.

METHODS
Cell culture and reagents

Human umbilical vein endothelial cells (HUVECs; Lonza, Basel,
Switzerland) were maintained in endothelial growth medium 2 (EGM-
2; Lonza) at 37°C and 5% CO,. Only cells between passages 3 and 5
were used in experiments. To quantify the energetic status of cells,
FUGW-PercevalHR (#49083, Addgene) and GW1-pHRed (#31473,
Addgene) were transduced and co-expressed in the HUVECs via lenti-
virus in the presence of 8pug/ml polybrene (Santa Cruz
Biotechnology). To produce lentivirus, HEK-293T cells (CRL-3216,
ATCC) were transfected with lentiviral FUGW-PercevalHR or GW1-
pHRed together with second-generation packing constructs psPAX2
(Addgene) and pMD2.G (Addgene) in TransIT-LT1 (Mirus).
Lentiviral particles were harvested 48 and 72 h post-transfection and
then concentrated with a Lenti-X Concentrator (Takara Bio). To
inhibit the Rho-kinase (ROCK), cells were treated with Y27632
(Millipore Sigma) at 10 M concentration.”' To inhibit glucose uptake,
HUVECs were treated with BAY876 (Millipore Sigma, Burlington,
MA, USA), a GLUT!1 inhibitor at 100 nM concentration.”” All cell lines
were tested and found negative for mycoplasma contamination using
the Universal Mycoplasma Detection Kit (30-1012K, ATCC).

Spheroid generation and embedding

HUVEC spheroids were prepared as described previously.'”
Briefly, HUVECs were suspended in EGM-2 supplemented with
0.25% MethoCult (STEMCELL Technologies) and then plated into
96-well round-bottom plates (Costar, Corning Inc) at 10000 cells per
well. Plates were centrifuged at 1000 rpm for 5min and cultured for
48-72 h at 37 °C and 5% CO, to allow spheroid formation. After sphe-
roids formed, they were encapsulated in collagen matrices with 3, 4, 5,
and 7mg/ml density. 10 mg/ml type I collagen stock solution was
diluted in 0.1% sterile acetic acid, then mixed with spheroid suspension
and 10x PBS, HEPES, and neutralized with sodium bicarbonate to
form 300 ul collagen gels with 1x PBS, 25 mM HEPES, and 44 mM
sodium. Each collagen gel was embedded with 2-3 HUVEC spheroids
and incubated at 37°C and 5% CO, for 1 h to polymerize. After poly-
merization, cells were fed with 500 ul EGM-2 per well and cultured at
37°C and 5% CO, until experiments.

Quantification of intracellular ATP:ADP ratio

As described previously,'”*’the intracellular ATP:ADP ratio of
HUVECs was calculated using fluorescent PercevalHR and pHRed
probes. Cells expressing PercevalHR and pHRed probes were imaged
using a Zeiss LSM800 inverted confocal microscope with a 40x/1.1 N.
A. long working distance water-immersion objective, while a 20x/0.8
N.A. objective was used for time-lapse imaging. Cells were imaged
every 10min for 12 h. An environmental chamber was utilized to keep
cells at 37°C and 5% CO,. To excite the PercevalHR probe, a 488 and
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405 nm laser was used for the ATP-bound and ADP-bound conforma-
tion, respectively. Emission was collected through a 450-550 nm band-
pass filter. pHRed was excited using a 488 and 405nm laser, and
emission was collected through a 576 nm long-pass filter. After acquir-
ing images, a customized Image] macro was used to quantify the nor-
malized ATP: ADP ratio. A mask was generated to outline the cells
in each image by merging all channels, subjecting the merged
images to a median filter, and converting them to a mask using a Li
threshold. The mean background pixel intensity was subtracted
from each channel of the images. The mask was applied to images
to identify pixels containing fluorescent signals within the cell and
calculate the mean pixel intensity of each channel. PercevalHR
ratio (F435/F405) and pHRed ratio (Fyg5/F405) were then calculated
for individual cells. To correct the pH bias of the PercevalHR
probe, we calibrated cells with 15 mM NH,CI to alter intracellular
pH without altering the intracellular ATP:ADP ratio. The linear
correlation between the PercevalHR and pHRed signal was estab-
lished to predict pH bias in PercevalHR. Only cells in the dynamic
range of this linear correlation between the PercevalHR signal and
the pHRed signal were included in the study. The PercevalHR ratio
was then normalized by dividing the uncorrected PercevalHR sig-
nal by the transformed pH-corrected signal.

Quantification of glucose uptake

Glucose uptake was measured using fluorescent glucose analog 2-
NBDG (Life Technologies), as described previously.w’m HUVECs in
different collagen matrices were incubated in 0.146 mM 2-NBDG for
24 h, then fixed with 3.2% paraformaldehyde (Sigma-Aldrich) in 1x
PBS for 15min at room temperature after washing three times with
1x PBS for 15 min. Z-stack (5 ym slices) images of the entire spheroid
were captured using a Zeiss LSM800 confocal microscopy with an
excitation laser at 488 nm and emission through a 490-650 nm band-
pass filter. To calculate glucose uptake, max z-projection images were
generated and subjected to background subtraction, cells were manu-
ally outlined, and the mean signal intensity was calculated. The front
cell was designated as the tip cell and the cell immediately behind it as
the stalk cell. To delineate cell boundaries, cell membranes were
labeled with Alexa Fluor 633 conjugated WGA (Life Technologies) for
2 h at room temperature.

Spheroid outgrowth measurement

To measure the outgrowth of HUVEC spheroids embedded in
collagen matrices with different concentrations, z-stack (5 um slices)
images of the entire spheroid were captured using a Zeiss LSM800
microscope equipped with a 20x/0.8 N.A. objective. Samples were
imaged every 10min for 12 h in an environmental chamber main-
tained at 37°C and 5% CO,. After capturing time-lapse images, max
z-projection images covering the entire area of the spheroids were gen-
erated and the length of each sprout and the number of sprouts per
spheroid were manually measured using Image] (NIH, 2.14.0/1.54f).

Tip-stalk cell rearrangement analysis

To mark each cell and measure tip-stalk cell rearrangement dur-
ing collective migration, the nuclei of HUVECs in spheroids were
labeled with a nuclear dye DRAQS5 (Thermo Fisher). To stain cells
with DRAQ5, cells were incubated with 1 uM DRAQ5 in 1x PBS for 1
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h at 37 °C and 5% CO, and washed twice in 1x PBS for 5 min before
generating and embedding spheroids into collagen matrices. DRAQ5-
labeled HUVEC spheroids were then imaged using a Zeiss LSM800
confocal microscope with excitation at 640 nm and emission over
the 656-700 nm range. A time-lapse imaging was performed to
track cell position changes. After capturing time-lapse images, max
z-projection images covering the entire area of the spheroids were
generated and quantified. Tip-stalk cell exchange was determined
based on whether the nucleus of the stalk cell surpassed the tip cell
nucleus. The lifetime of tip cells was presented using Kaplan-
Meier survival curves, and incomplete observations were used as
censored data in the survival analysis. Tip cell lifetime was quanti-
fied as the average time a cell remained in the tip position during
the 18 h time-lapse. Only multicellular angiogenic sprouts that
were stable during the duration of the entire 18 h time-lapse were
analyzed for tip cell lifetime, whereas individually disseminated
cells and unstable, transient strands that dissociated during the
time-lapse were not included in the analysis.

Immunofluorescence staining

Spheroids embedded in collagen matrices of various stiffnesses
were fixed in 3.2% paraformaldehyde (Sigma-Aldrich) in 1x PBS for
15min at room temperature, then washed three times with 1x PBS
and permeabilized in 1% Triton X-100 (Sigma-Aldrich) for 1.5 h at
room temperature. Samples were then washed for 15min in 0.02%
Tween 20 (Sigma-Aldrich) three times and blocked for 3h in 1x PBS
supplied with 0.02% Tween 20, 10% fetal bovine serum (FBS, Bio-
Techne), and 3% bovine serum albumin (BSA; Sigma-Aldrich).
Samples were next incubated overnight at 4 °C with rabbit polyclonal
CD31/PECAM (1:100; Santa Cruz, sc-1506-R). After three rinses in
0.02% Tween 20 for 2 h each, samples were incubated in anti-goat
Alexa Fluor® 488 (1:200; Life Technologies) overnight at 4 °C, followed
by an additional three, 15min washes in 0.02% Tween 20. Finally,
samples were counter-stained with Alexa Fluor 568 phalloidin
(A12380, Life Technology) and 4',6-diamidino-2-phenylindole (DAPL;
1:500; Sigma-Aldrich, D9542).

Confocal reflectance microscopy

Collagen architecture was visualized using a Zeiss LSM800
inverted confocal microscope equipped with a 640nm laser using a
40x/1.1 N.A. long working distance water-immersion objective and
operated by Zen 2.3 software. Pore size and fiber length of each colla-
gen gel was then calculated as previously described."’

Quantitative polarization microscopy

Cell contractility of HUVEC sprouts treated with or without a
GLUT]1 inhibitor was measured with quantitative polarization micros-
copy (qQPOL) as described previously.”* Images were acquired using a
20%/0.5 N.A. polarization objective with 10° intervals of the polarizer
rotation over a range of 0-180°. The polarized image sequences were
then processed with a custom MATLAB code to obtain an optical
retardance map. The retardance signal proportional to cell contractility
was quantified by measuring the average retardance over the area of
each sprout after background subtraction.
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Western blotting

HUVECs embedded in collagen matrixes with 3 mg/ml or
7 mg/ml concentration were homogenized in Laemmli buffer using the
TissueLyserIl (Qiagen) and a single 5mm stainless steel bead
(Qiagen). After homogenization, total proteins were extracted with
preheated 4x Laemmli buffer and stored at 80°C until use.”* Protein
samples were subjected to gel electrophoresis (4%-20% Mini-
PROTEAN Precast Protein Gels, BioRad) and western blotting.
Membranes were blocked with 5% milk (Millipore Sigma) in TBS.
Membranes were then incubated overnight with primary antibodies,
anti-glucose transporter GLUT1 antibody (Abcam, ab115730) and
anti-f-Actin antibody (Millipore Sigma, A3853), at 4°C. After incu-
bating with primary antibodies, membranes were then stained with
secondary antibodies, IRdye 800CW donkey-anti-rabbit secondary
antibody (LI-COR, 926-32213) and IRDye 680RD goat anti-mouse
IgG secondary antibody (LI-COR, 926-68070), for 1 h at room temper-
ature. Primary antibodies were prepared at 1:1000 dilution in 5% milk.
Secondary antibodies were prepared at 1:2000 dilution. Membranes
were imaged using an ImageQuant LAS-4000 system. Quantification
was performed with Image] (NIH, 2.14.0/1.54f). The relevant protein
expression level was expressed as the ratio of the protein of interest to
p-Actin.

Statistical analysis

All statistical analyses were conducted using GraphPad Prism
10.0 (GraphPad Software). The D’Agostino-Pearson omnibus normal-
ity test was used to check for normality in the spread of data. When
comparing two cases, a two-tailed t-test or a two-tailed Mann-
Whitney test was used where appropriate. To compare multiple
groups, one-way ANOVA or Kruskal-Wallis test with Dunn’s post
hoc analysis was used. To determine if a curve adequately fit data or to
compare two curves, the extra sum-of-squares F-test was used.
Pearson’s correlation coefficient (r) was used to determine correlation.
No statistical method was used to predetermine the sample size.

SUPPLEMENTARY MATERIAL

See the supplementary material for the analysis of Glutl expres-
sion and representative videos of tip-stalk switching in collagen matri-
ces with varying concentrations.
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