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SUMMARY

Dysregulated angiogenesis signaling leads to pathological vascular growth and leakage, and is a hallmark of
many diseases including cancer and ocular diseases. In peripheral arterial disease, the concomitant increase
in vascular permeability presents significant challenges in therapeutic efforts to improve perfusion by stim-
ulating vascular growth. Building a mechanistic understanding of the endothelial control of vascular growth
and permeability signaling is crucial to guide our efforts to identify therapeutic strategies that permit blood
vessel growth while maintaining vascular stability. We develop a mechanistic systems biology model of
the endothelial signaling network formed by the vascular endothelial growth factor (VEGF) and angiopoietin
(Ang)-Tie pathways, two major signaling pathways regulating vascular growth and stability. Our model, cali-
brated and validated against experimental data, reveals the mechanisms through which chronic Ang1 stim-
ulation protects endothelial cells from VEGF-induced hyperpermeability, and predicts that combining Src

inhibition with Tie2 activation can inhibit vascular leakage without disturbing angiogenesis signaling.

INTRODUCTION

Angiogenesis refers to the growth of new vasculature from
existing one, and it is an important physiological process in
development, skeletal muscle exercise, wound healing, and
reproduction.’ Pathological angiogenesis is characterized by
the dysregulation of angiogenesis signaling that leads to the
development of unstable and leaky vasculature and is a hallmark
of many angiogenesis-related disease, including cancer and
ocular diseases.” Tumor angiogenesis is a hallmark of cancer
progression and therapeutic agents to halt tumor growth by in-
hibiting angiogenesis have been widely used in the treatment
of many types of solid tumors.>* In ocular diseases like neovas-
cular age-related macular degeneration and diabetic retinop-
athy, leaky retinal vasculature causes edema and vision impair-
ment. Therapeutic strategies to treat these diseases aim to
inhibit vascular permeability and neovascularization.® Another
angiogenesis-related disease is peripheral arterial disease
(PAD), which affects the lives of over 10 million patients in the
United States and over 200 million worldwide.® PAD is character-
ized by atherosclerotic blockades that lead to obstructed blood
flow to the leg tissues, causing ischemic reperfusion injuries and
tissue necrosis. Extensive research aiming to therapeutically
induce angiogenesis to aid in the recovery of blood perfusion
in ischemic tissues in PAD patients has had limited success.”
Therapeutically inducing angiogenesis with exogenous growth
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factors or gene therapy approaches often leads to the develop-
ment of unstable, leaky vasculature that cannot provide
adequate benefit to perfusion recovery,® partly because many
signaling pathways that promote angiogenesis also induce
vascular leakage.® There is still a large unmet need to discover
therapeutic strategies that promote vascular growth without
causing leakage to improve perfusion to ischemic tissues in pa-
tients with PAD. In what follows we will often refer to PAD appli-
cations, however, it should be noted that the analysis is general
and applies to other angiogenesis-dependent diseases including
cancer and ocular diseases.

Angiogenesis is a highly regulated process orchestrated and
mediated by endothelial cells, perivascular cells, muscle cells
and other parenchymal cells, and immune cells.'® Endothelial
cells are major driver of angiogenesis, and they regulate
vascular growth, permeability, stability, and quiescence with
complex intracellular signaling networks formed by multiple
signaling pathways.'" The vascular endothelial growth factor
(VEGF) signaling pathway is one of the major endothelial
signaling pathways regulating angiogenesis and vascular
permeability.’® VEGF signaling pathway consists of ligands
VEGF-A, VEGF-B, VEGF-C, and placental growth factor and re-
ceptors VEGFR1, VEGFR2, and VEGFR3.'>'* VEGF-A is the
canonical activating ligand and is the focus of this study. Activa-
tion of VEGF receptor VEGFR2 by VEGF-A is associated with
endothelial survival, migration, proliferation, and permeability.

iScience 28, 112625, June 20, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:zhangyu@jhmi.edu
https://doi.org/10.1016/j.isci.2025.112625
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112625&domain=pdf

¢? CellPress

OPEN ACCESS

VEGF’s activation of VEGFR2 is regulated by many molecular
regulatory mechanisms including the association with co-re-
ceptor neuropilin-1 (NRP-1),"® heterodimerization of VEGFR2
with VEGFR1,"'® thrombospondin-1 (TSP-1) and its interaction
with cluster of differentiation 47 (CD47).'” The activation of
VEGFR2 promotes endothelial survival and migration through
its downstream activation of phosphoinositide 3-kinase
(PIBK)/Akt and calcium and Erk-dependent sphingosine-1-
phosphate (S1P) activation.'®?° VEGF-induced Src activation
is also associated with increased endothelial permeability and
leakage.?’

Another major endothelial signaling pathway regulating angio-
genesis and vascular stability is the angiopoietin (Ang)-Tie
signaling pathway. The Ang-Tie signaling pathway consists of li-
gands Ang1-4, receptor Tie2, and co-receptor Tiel. Ang1 and
Ang2 are the most abundant ligands relevant to angiogenesis.
Ang1 is an activating ligand of Tie2, whereas Ang2 is considered
a context-dependent, weak agonist of Tie2 that can compete
with and antagonize Angi’s activation of Tie2.?>*® Ang-Tie
signaling pathway is regulated by many molecular regulatory
mechanisms. Activation of Tie2 requires ligand-induced multi-
merization and clustering by multimeric forms of Ang1, which
mostly exists in clusters of tetramers or higher oligomers, or
Ang2, which exists in both low and high multimeric forms.?*
Vascular endothelial protein tyrosine phosphatase (VE-PTP) cat-
alyzes the dephosphorylation of active Tie2 and regulates its ac-
tivity.?® Co-receptor Tie1 does not bind to any angiopoietins but
can affect Tie2 signaling by forming heterodimers with Tie2.7%%’
Tie1’s heterodimer formation with Tie2 can both limit Tie2’s
ligand access and sustain its activation by promoting Tie2’s
junctional localization.”®*° Both Tie1 and Tie2 also undergo
constitutive and ligand-induced extracellular domain shed-
ding.***" In confluent endothelial cells, Tie2 activation promotes
endothelial survival through PI3K/Akt*>** signaling and en-
hances junctional stability by activating RhoA-GTP that can, in
turn, bind to mDia and sequester Src kinase.***°

VEGF and Ang-Tie signaling pathways also have intersecting
downstream signaling nodes and crosstalk mechanisms that
regulate each other’s activity. VEGF can induce the extracellular
domain shedding of Tie2®' and the release of Ang2 from Weibel-
Palade bodies.*®*” Ang1’s activation of Tie2 leads to sequestra-
tion and inhibition of Src, a downstream signaling node of VEGF
associated with vascular permeability and can activate PI3K and
enhance the shared downstream activation of Akt.>>*® To under-
stand how vascular growth, permeability, and stability are regu-
lated by the complex reaction network formed by VEGF and
Ang-Tie pathways, their crosstalk mechanisms, and intertwined
downstream signaling network, we build an integrative systems
biology model with detailed molecular mechanisms to simulate
the potential signaling outcomes in physiological and patholog-
ical conditions and computationally investigate the effects of po-
tential therapeutics targeting this signaling network.

In cancer and retinal diseases, many therapeutic development
efforts focus on inhibiting the activity of VEGF signaling pathway
by targeting ligands and receptors with antibodies or small mole-
cule tyrosine kinase inhibitors.">'° Advances in our understand-
ing of the role of Ang-Tie pathway in regulating vascular perme-
ability have also led to the promising developments of drugs that
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simultaneously target VEGF and Ang2 to inhibit both vascular
permeability and growth.>**" In PAD, the need to promote the
growth of blood vessels to increase perfusion while inhibiting
the concomitant increases in vascular permeability makes ther-
apeutic development uniquely challenging.*? A quantitative un-
derstanding of the complex interplay between angiogenesis
signaling and the molecular control of vascular permeability is
crucial to guide our efforts in developing combination therapies
and discovering new therapeutic avenues.

The importance of VEGF and Ang-Tie signaling pathways in
regulating vascular growth and permeability and their complex
regulatory mechanisms have given rise to a myriad of computa-
tional models that study different aspects of these pathways in
isolation.'® In our previous studies, we developed computational
systems biology models to quantitatively investigate different as-
pects of these individual signaling pathways and how potential
proangiogenic therapeutics targeting them can affect the
signaling outcomes. For the VEGF pathway, we have investi-
gated its downstream calcium-dependent Erk activation,*® the
effect of TSP1 in promoting the activation of VEGFR2 and its
downstream signaling,** as well as the molecular mechanisms
for the proangiogenic effect of avB3 through its binding to
VEGFR2.%° We have also developed computational models of
the Ang-Tie pathway to quantitatively investigate the molecular
mechanisms that regulate the activation of Tie2 and its signaling
outcomes, as well as potential therapeutic targets in the pathway
that could promote vascular stability in the context of PAD.*%*”
However, computational models that study the VEGF or Ang-
Tie pathway in isolation do not take into account the complex
interplay and crosstalk mechanisms between the two pathways
and the integrated downstream signaling network formed by
them. In this study, we combine our systems biology under-
standing of VEGF and Ang-Tie models obtained from previous
studies with new mechanistic findings of the crosstalk and the in-
tersecting downstream signaling network formed by these two
pathways to build an integrative model of the endothelial
signaling network to quantitatively characterize the molecular
control of vascular growth, permeability, and stability. Our model
mechanistically explains the vascular protective function of Ang-
Tie’s chronic stimulation and demonstrates that acute activation
of Tie2 by Ang1 is not sufficient to reverse VEGF-induced hyper-
permeability. The model also quantitatively predicts the effect of
Src inhibition in suppressing vascular permeability and its inhibi-
tion of angiogenesis signaling, which could be rescued by com-
bination with Tie2 activation.

RESULTS

Integrative systems biology of the endothelial cell
signaling network predicts the effects of VEGF and Ang-
Tie signaling pathways

We construct a computational systems biology model of the
endothelial signaling network formed by VEGF and Ang-Tie
signaling pathways. In the model, molecular species and reaction
rules of the VEGF signaling pathways are adapted from our pre-
viously calibrated and validated mechanistic computational
models of this pathway.***® In short, VEGF receptor VEGFR2
forms a homodimer that is activated by autophosphorylation
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Figure 1. Diagram of the endothelial
signaling network consisting of VEGF and
Ang-Tie pathways

The model mechanistically incorporates Ang1-
and Ang2-induced multimerization and activation
of Tie2, Tie2’s junctional location and heterodimer
formation with Tie1, Tie receptors’ extracellular
domain shedding, activation of VEGFR2 by VEGF,
modulation of VEGFR2 by co-receptor NRP1 and
VEGFR1, and the interaction of TSP1/CD47 with
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of Erk through Raf/MEK. Activated PLCy
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upon binding to its ligand VEGF. The model also assumes that
VEGFR1 acts as a decoy receptor and can form a heterodimer
with VEGFR2. Co-receptor NRP1 can also affect VEGFR2 dy-
namics by associating with VEGFR1 and VEGF. TSP1 can bind
to CD47, allowing for its association with VEGFR2. The model
also incorporates the internalization, recycling, synthesis, and
degradation of VEGFR2. In the Ang-Tie signaling pathway, the
multimerization and activation of Tie2 receptors are associated
with vascular quiescence and stability. The model adapts and ex-
tends from our previously developed models of the Ang-Tie
pathway and incorporates detailed molecular mechanisms of
the activation and regulation of Tie2.“®*” The Ang1 molecules,
which are strong agonists of Tie2, are assumed to be in tetrameric
form, whereas Ang2 molecules are assumed to exist in dimeric,
trimeric, and tetrameric forms. Tetrameric Ang1 and Ang2 mole-
cules can induce the clustering, multimerization, and subsequent
activation and junctional localization of Tie2. Tie2 activity is
modulated by various molecular regulatory mechanisms. Co-re-
ceptor Tie1 does not bind to any angiopoietins but can form het-
erodimers with Tie2 and inhibit Tie2’s ligand access at the cell
surface. At the cellular junction, Tie1 can induce the co-localiza-
tion of multimeric Tie2 and sustain its activation. VE-PTP regu-
lates the activation of Tie2 by catalyzing the dephosphorylation
of active Tie2 at the junctions. In addition, both Tie1 and Tie2 un-
dergo extracellular domain shedding at the cell surface, and the
cleaved product soluble Tie2 can act as a ligand trap to further
inhibit Tie2 activation. An overall diagram of the model is shown
in Figure 1.

The model also incorporates detailed molecular mechanisms
of the crosstalk between the VEGF and Ang-Tie signaling path-
ways, as well as their integrative downstream signaling network.
Activation of VEGFR2 induces Src-dependent PI3K activation,
which in turn leads to Akt activation and subsequent calcium-
dependent eNOS activation. VEGFR2 also activates PLCy and
induces its subsequent S1P- and calcium-dependent activation

the Tie2 signaling pathway, activated

Tie2, once localized at the endothelial

junctions, activates Akt via PI3k indepen-
dent of Src. Tie2 activation also promotes the activation of RhoA-
GTP, which subsequently binds to mDia, forming a complex that
can bind and sequester Src, preventing its phosphorylation by
VEGFR2. A detailed diagram of the integrative signaling network
and the crosstalk mechanisms formed by VEGF and Ang-Tie
pathways is shown in Figure 2.

The model is carefully calibrated to experimental data from in-
dependent sources measuring the activity of VEGF and Ang-Tie
signaling pathways. Figures 3A and 3B show model simulations
compared to experimental data. Figure 3A (i-iii) shows the model
calibration to experimentally measured total VEGFR2,%%*° sur-
face VEGFR2,%>°" and activated VEGFR2 (pVEGFR2) dynamics*®
following VEGF stimulation. Figure 3A (iv-viii) shows the model
calibration to experimentally measured activation of Src, AxI,
and Akt following VEGF stimulation. Figure 3A (ix—xii) shows the
calibration to eNOS activation, PLCy activation, intracellular cal-
cium concentration, and the activation of Erk1/2 by VEGF.%%%®
Figure 3B (i and ii) shows the dose-dependent activation of Tie2
by varying concentrations of Ang1 and Ang2 calibrated to exper-
imental results.>* Figure 3B (iii~vi) shows the model calibration of
the activation of Tie2 and its downstream activation of Akt,
RhoA-GTP, and mDia-Src complex formation dynamics following
Ang1 stimulation to experimental data.?®-2-435

VEGF disrupts Ang-Tie signaling and endothelial
junctional integrity by promoting Src activation, Tie2
shedding, and Ang2 release

VEGF has been observed to accelerate the extracellular domain
shedding of Tie2.?" VEGF-induced activation of S1P also acti-
vates Weibel-Palade bodies and promotes the release of Ang2,
which further suppresses the activation of Tie2.%%*" To quantita-
tively predict the effect of VEGF on Tie2 signaling, the model is
calibrated to experimental data from independent sources, as
shown in Figure 4. Figure 4A shows the model calibration to
dose-dependent activation of S1P by VEGF ranging from 0 to
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20 ng/mL, as compared to experimental results in a study by
Igarashi et al.>” Figure 4B shows the model calibration to the
release of Ang2 over time following S1P activation, compared
to experimental data reported in a study by Jang et al.*® In
Figure 4C, the model is calibrated to experimental data
measuring the constitutive shedding of Tie2 without VEGF stim-
ulation, and Figure 4D shows the model calibration to the effect
of VEGF in promoting the extracellular domain shedding of Tie2,
as reported in a study by Findley et al.*’

The calibrated model is then used to quantitatively predict the
dose-dependent effect of VEGF on the release of Ang2, Tie2
shedding, and the activation of Tie2. Figures 4E and 4F shows
that the model predicts that VEGF-induced Ang2 release and
Tie2 shedding saturates at around 7 ng/mL of Ang2 concentra-
tion. VEGF enhances the shedding of Tie2 to up to 2-fold of its
constitutive shedding (Figure 4F). High VEGF presence at more
than 7 ng/mL is predicted to inhibit Ang1-induced Tie2 activation
by up to 90% (Figure 4G). Tie2 shedding and Ang2 overexpres-
sion have also been observed in vivo in serum of patient with
angiogenesis-related diseases.’*"*® The model provides a quan-
titative and mechanistic explanation for VEGF’s disruptive effect
on Tie2 activation, inducing vascular permeability and destabili-
zation, and is used to simulate the pathological signaling out-

4 iScience 28, 112625, June 20, 2025

comes of endothelial cells with heightened VEGF, Tie2 shedding,
and Ang2, as well as the effects of perturbations to these cells.

Global sensitivity analysis identifies key mechanisms
affecting Src and Akt activation
The key signaling outcomes of the reaction network formed by
VEGF and Ang-Tie signaling pathways, in addition to the activa-
tion of receptors VEGFR2 and Tie2, include activation of Akt,
which is linked to endothelial survival, and activation of Src,
which is known to induce hyperpermeability. To identify the
key parameters that influence these signaling outcomes, we
perform a global sensitivity analysis using Sobol indices,
focusing on both first-order and second-order effects. The anal-
ysis involves sampling the parameter space with Latin hyper-
cube sampling (LHS) and calculating Sobol main-effect (first-or-
der) indices and second-order synergy indices for all model
parameters, as detailed in the STAR Methods section. The re-
sults in Figure 5A highlight the top 10 parameters with the great-
est influence on the signaling outcomes pVEGFR2, pTie2, pSrc,
and ppAkt.

The Sobol first-order analysis also suggests that ppAkt activa-
tion is most sensitive to parameters associated with PISK-Akt
signaling, including PLCy (PLCgamma_0, kcatPLCgammaDAG),
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Figure 3. Model calibration to experimental data on VEGF and Ang-Tie pathways

(A) Model calibration to experimental data on VEGF-induced VEGFR2 activation,

receptor dynamics, and downstream signaling through Akt, Erk, and calcium.

(B) Model calibration to experimental data on Ang1- and Ang2-induced Tie2 activation and downstream signaling.

PI3K activation (kinactPI3K, kcatPI3KAkt), and the VEGFR2 axis
(ksynvegfr2, kdegvegfr2). Similarly, pSrc activation is strongly
influenced by Src activity (Src_0, kactivesrc), VEGFR2 parameters
(ksynvegfr2, koffvegfr2), and Tie2 degradation (kdegptie2). For
pTie2, key parameters include Tie2 availability (Tie2_0) and
ligand-receptor interactions (konang1tie2, koffang2tie2). Finally,
pVEGFR2 is primarily affected by VEGFR2 synthesis and degra-
dation rates (ksynvegfr2, kdegvegfr2dpe2_nrp) and ligand-recep-

tor binding kinetics. The Sobol second-order synergy analysis
(Figure 5B [i-iv]) highlights interactions between parameters that
significantly influence signaling outcomes. For instance, synergis-
tic interactions between VEGF-mediated VEGFR2 activation and
Ang2-induced Tie2 activation are critical for ppAkt activation.
Similarly, interactions involving Src and VEGFR2 pathways play
a dominant role in pSrc activation. For pTie2 and pVEGFR2,
strong synergistic effects are observed in parameters governing
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bars indicate the standard error of the mean.

(E-G) Model prediction of the dose-dependent effect of VEGF on Ang2 release, Tie2 shedding, and Tie2 activation.

ligand-receptor dynamics and receptor trafficking, emphasizing
their importance in fine-tuning signaling responses.

These findings suggest that targeting key nodes, such as
VEGFR2 and Tie2, can modulate multiple signaling outcomes
simultaneously. Our model supports the current therapeutic
focus on VEGF and Ang2 inhibitors, which suppress both
vascular permeability and Akt-mediated angiogenic signaling.
While this dual effect is desirable for cancer and ocular disease,
it presents challenges in PAD, where the goal is to suppress hy-
perpermeability while maintaining angiogenic signaling. The re-
sults suggest alternative strategies, such as inhibiting Src activa-
tion or promoting the activation of Tie2, to achieve selective
suppression of vascular permeability without disrupting Akt-
mediated angiogenesis.

Chronic Ang1 stimulation protects endothelial cells
from VEGF-induced hyperpermeability; Ang1

stimulation alone cannot reverse acute VEGF-induced
hyperpermeability

Ang1-stimulated activation of Tie2 is associated with vascular
stability and quiescence. Experimental studies in Cascone

6 iScience 28, 112625, June 20, 2025

et al. and Gavard et al. show that Ang1-induced downstream
activation of RhoA promotes the formation of RhoA-GTP/mDia
complex, which in turn binds to and sequesters Src, a kinase
associated with vascular permeability.***> We use our cali-
brated model to simulate the effect of Ang1 stimulation on
VEGF-induced permeability and compare the results to experi-
mental data not used in model calibration in Gavard et al. to vali-
date the model.** In these simulations, we compare the signaling
outcomes of stimulating the endothelial cells with 50 ng/mL of
VEGF to the signaling outcomes of pre-stimulating the endothe-
lial cells with 50 ng/mL of Ang1 for 25 min and subsequently add-
ing VEGF. We also simulated the signaling outcomes of simu-
lating with only Ang1 without VEGF addition. Consistent with
experimental findings, our simulations show that Ang1 through
activating Tie2 can sequester Src, reducing the amount of free
Src available for VEGF to activate. Stabilizing the endothelial
cells with 25 min of Ang1-stimulation leads to a marked 80%
decrease in maximum Src phosphorylation and VE-Cadherin
phosphorylation after VEGF is added. Both Src and VE-
Cadherin phosphorylation are associated with vascular hyper-
permeability and leakage.®”**® Simulation predicts that adding
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(i) PVEGFR2, (i) pTie2, (iii) pSrc, and (iv) ppAkt. Warmer colors indicate stronger synergistic effects, while cooler colors indicate less significant interactions. Key
parameters with substantial effects include receptor phosphorylation rates, ligand-receptor interactions, and downstream signaling enzyme kinetics.

VEGF 25 min post Ang1 stimulation has little effect on Tie2 acti-
vation (Figure B6Ai). Consistent with experimental data,** our sim-
ulations also demonstrate that chronic Ang1 stimulation stabi-
lizes endothelial junctions by sequestering Src and protects
the endothelial cells from acute VEGF-induced hyperpermeabil-
ity. Our simulation shows that 25 min of Ang1 stimulation at
50 ng/mL results in high Tie2 activation and up to 90% of Src
sequestration, and Ang1 stabilization reduces both VEGF-
induced maximum Src and VE-Cadherin activation by approxi-
mately 85% (Figure BA [ii-iv]).

Our model demonstrates the effect of Ang1 in stabilizing
endothelial cells and protecting them from VEGF-induced
hyperpermeability, consistent with experimental data. We then
use the validated model to test if adding Ang1 simultaneously
with VEGF can reverse the vascular leakage. Our simulations
predict that Ang1 can still induce a dose-dependent Tie2 activa-
tion. However, Ang1 alone fails to have an inhibitory effect on
maximum acute Src activation induced by VEGF, even at high
concentrations of 200 and 500 ng/mL. The model shows that
mechanistically, Ang1-induced Src sequestration reaches its
maximum effect after 20 min post-stimulation. VEGF-induced
Src activation, however, happens rapidly and reaches maximum
activation of Src at approximately 5 min post-stimulation, before
Ang1-induced Src sequestration comes into effect. These re-
sults suggest that chronic Ang1 stimulation can stabilize
endothelial cells and protect them against VEGF-induced hyper-
permeability. However, if endothelial cells are already in a hyper-
permeable state, acute Ang1 stimulation is not sufficient to
reverse VEGF-induced permeability.

Src inhibition combined with Ang1 stimulation promotes
junctional stability and angiogenesis

In cancer, ocular disease and PAD patients, elevated levels of
VEGF and Ang2 are associated with worse outcomes,>*%9~°"
likely causing endothelial cells to exhibit chronic pro-perme-
ability signaling. Simulations using our validated model suggest
that in this scenario, Ang1 alone is not sufficient to reverse
VEGF-induced Src activation and hyperpermeability. Inhibition
of Src activation can be alternatively achieved by using small
molecule inhibitors that target Src or its upstream signaling
nodes, such as VEGFR2. Indeed, inhibitors of Src and VEGFR2
have been observed to reduce vascular permeability.®*°® These
inhibitors, however, disrupt angiogenesis signaling and do
not benefit patients of PAD. Because of Ang1’s ability to
enhance VEGF-induced Akt activation and endothelial survival,
we computationally investigate the signaling outcomes of
combining Ang1 stimulation with inhibitors of Src, Akt, Axl, and
VEGFR2. Our simulation shows that Src inhibition effectively in-
hibits Src activation but results in the downstream inhibition of
Akt that can be rescued by Ang1 stimulation (Figure 7A). The
combination of moderate Src inhibition with 500 ng/mL of
Ang1 can effectively inhibit Src activation without disrupting
Tie2, Akt, and Erk signaling (Figure 7A).

Inhibition of Axl or Akt, however, even in combination with
Ang1, cannot inhibit Src activation as effectively as direct Src in-
hibition (Figures 7B and 7C). Our model further demonstrates
that if Akt is inhibited by more than 60%, Ang1 addition cannot
effectively rescue Akt activation (Figure 7C). Finally, our model
predicts that VEGFR2 inhibition synergistically activates Tie2
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(B(i)—(iii)) Model prediction of the dose-dependent effect of VEGF on Ang2 release, Tie2 shedding, and Tie2 activation.

with Ang2 stimulation, and its inhibitory effect on Akt can still be
rescued by Ang1 addition when the inhibition level of VEGFR2 is
high, its inhibition of Erk, however, cannot be rescued by Ang1
addition and will lead to suppressed endothelial migration
signaling through Erk (Figure 7D).

DISCUSSION

The model we present in this study integrates and extends our
previously published models of VEGF signaling pathway and
its downstream signaling through Akt and Erk,*****® and our
models of Ang-Tie signaling pathway.“®*” The integrated model
focuses on the crosstalk mechanisms through which the two
signaling pathways regulate and affect each other’s signaling
and can be used to simulate the effect of simultaneously perturb-
ing both VEGF and Ang-Tie pathways. The main signaling out-
comes in this signaling networks are Akt,°* which is associated
with endothelial cell survival, Erk, which is associated with endo-
thelial cell migration,65 and Src and VE-cadherin, which are
associated with vascular permeability.?’+6%6°

Ang1’s activation of Tie2 has been known to promote vascular
stability and quiescence. Therapeutic drugs targeting this
pathway typically aim to promote the activation of Tie2.5”¢®
Cartilage oligomeric matrix protein (COMP)-Ang1 is an engi-
neered potent variant of Ang1 that promotes the multimerization
and activation of Tie2.%° Ang2-binding Tie2-activating antibody
(ABTAA) promotes Tie2 activation by promoting the agonistic ac-
tivity of Ang2.”® AKB9778, a small molecule inhibitor of VE-PTP,
has also been demonstrated to promote the activation of Tie2.%°
Ang2 antibodies have also been developed to inhibit Ang2’s
antagonistic effect on Tie2 activation by Ang1 and have been
demonstrated to be effective when used in combination with
VEGF inhibition to inhibit angiogenesis and vascular leakage.
In PAD, however, the signaling objective is to promote the
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growth of stable vasculature. This means that effective therapeu-
tic strategies in PAD should simultaneously inhibit vascular
leakage and promote other angiogenesis signaling. In our simu-
lations, we demonstrate that although Ang1 has a marked effect
of stabilizing endothelial cells and protecting them from VEGF-
induced permeability, this effect requires chronic stimulation
by Ang1 without the presence of VEGF. If the endothelial cells
are already in a pro-angiogenic and permeable state, Ang1 stim-
ulation alone or other therapeutic strategies that aim to promote
the activation of Tie2 are likely insufficient to reverse vascular
leakage. In PAD patients, serum concentrations of VEGF and
Ang2 have been observed to be elevated.®>"" This could cause
the endothelial cells to exhibit pro-permeability signaling that is
unable to be reversed by Tie activation, resulting in pro-angio-
genic therapies to induce the growth of leaky, and not stable,
vasculature. Based on our model predictions, we hypothesize
that it is beneficial to condition endothelial cells to be in a pro-
stability and quiescent state before inducing angiogenesis to
promote the growth of stable vasculature.

Using the model, we further investigate the signaling out-
comes of using Ang1 stimulation in combination with other ther-
apeutics targeting the endothelial signaling network. Most ther-
apeutics targeting the endothelial cells in cancer and ocular
diseases, including many tyrosine kinase inhibitors targeting
different nodes of this signaling network, aim to inhibit angiogen-
esis signaling, which is contrary to the therapeutic objective in
PAD.“®"? Examples in this class of drugs include sunitinib, a
VEGFR2 inhibitor,”® dasatinib, an inhibitor of breakpoint cluster
region and Src,”* and LY294002, an Akt inhibitor.”® Inhibitors
of VEGFR2, Src, or Akt, for example, diminish Akt activation,
which is associated with endothelial cell survival. VEGFR2 inhib-
itors further inhibit downstream signaling through Erk, which is
essential for migration during angiogenesis. In addition to target-
ing endothelial cells, Src inhibitors also effectively target cancer
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inhibitor, and (D) VEGFR2 inhibitor.

cells to suppress cell cycle progression, survival, and prolifera-
tion and are being used in treatment of leukemia with clinical tri-
als for many types of solid tumors ongoing.”® Ang1’s ability to
sequester Src while activating Akt independent of it makes it
desirable to be used in combination with Src inhibitor. While
Src inhibitor causes downstream inhibition of Akt, Ang1 can
partially rescue Akt activation through PI3K and simultaneously
promote vascular stability.

Our model mechanistically demonstrates Ang1’s and Src in-
hibitors’ vascular protective and anti-permeability effects, which
is an essential therapeutic goal in ocular diseases and cancer.
Tie2 activation also has been shown to promote the normaliza-
tion of tumor vasculature, leading to improved drug delivery
and tumor microenvironment.”® In addition to inhibiting vascular
leakage, promoting the growth of stable vasculature is also
important to improve therapeutic benefits in PAD patients. Our
model suggests that simultaneously promoting Tie2 activation
and inhibiting Src can achieve the desired signaling outcome.
We note that although the in vitro signaling responses as pre-

dicted by the model and validated by experiments reach steady
states 30 min to an hour post-stimulation, the in vivo develop-
ment of stable vasculature for therapeutic angiogenesis to pro-
vide prefusion benefits in PAD can take weeks to months of
time.”” Further experimentation is required to assess the long-
term, in vivo efficacy of Tie2 activation and Src inhibition. In
addition to the signaling network formed by VEGF and Ang-Tie
pathways, other endothelial signaling pathways including inter-
leukin- (IL)-6, Notch, fibroblast growth factor, and hepatocyte
growth factor have been explored as targets for proangiogenic
therapies.”®®" In addition to endothelial cells, other cells in the
angiogenesis microenvironment can affect the efficacies of
proangiogenic therapies in growing stable vasculature. Macro-
phages and their phenotypic switch have been extensively stud-
ied in the context of PAD.#*%° Developing successful therapeutic
strategies in PAD to promote the growth of stable vasculature to
facilitate perfusion recovery can benefit from our progressive
integration of the mechanistic understanding we obtain from
these systems biology models.
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Our computational model provides mechanistic insights to the
regulation of vascular growth and stability through the endothe-
lial VEGF and Ang-Tie pathways, and future work should focus
onin vitro and in vivo experimental validations of the predictions.
Recent advancements in in vitro experimental techniques
including microfluidic platforms allow precise control of shear
stress, ligand gradients, and endothelial barrier function,
enabling quantitative validation of key signaling mechanisms
identified in our model.®* Using microfluidic-based systems
and organ-on-a-chip platforms,®*®° the time-dependent effect
of Ang1 preconditioning on VEGF-stimulation can be validated
and the effect of Src inhibition could be tested in vitro.

In conclusion, we have developed an integrative mechanistic
systems biology model of the endothelial cell signaling network
formed by the VEGF and Ang-Tie signaling pathways that regu-
late vascular growth and stability. Our model is carefully cali-
brated and validated against experimental data and provides a
mechanistic hypothesis of the time-dependent effect of Ang1
on vascular permeability. Our model shows that chronic Ang1
stimulation can effectively protect endothelial cells from VEGF-
induced hyperpermeability, but acute Ang1 stimulation alone is
not sufficient to revert VEGF-induced leakage. The model also
predicts that combining Src inhibition with Ang1 stimulation
can inhibit vascular permeability without diminishing other as-
pects of angiogenesis signaling.

Limitations of the study

The computational model in this study is developed based on
in vitro experimental data and conditions. Model assumptions
and simplifications may not fully capture in vivo endothelial
signaling complexity and its integration with other angiogen-
esis-related pathways. Future research should focus on expand-
ing pathway integration, validation predictions with experimental
data, and conducting in vivo studies.

RESOURCE AVAILABILITY

Lead contact
Any data requests should be directed to the lead contact, Yu Zhang (zhangyu@
jhmi.edu).

Materials availability
This study did not generate new biological materials.

Data and code availability

The computational model developed in this study is available in the supple-
mental file (systems biology markup language [SBML] format). Additional data-
sets, model parameters, and MATLAB scripts for analysis are provided as sup-
plemental materials. Any further data requests should be directed to the
corresponding author.

ACKNOWLEDGMENTS

This work is supported by National Institutes of Health grants 2R01EY028996-
05A1 (A.S.P.), ROTHL101200 (A.S.P. and B.H.A.), and RO1HL141325 (B.H.A.).
The authors are grateful to Dr. Feilim Mac Gabhann for critical comments and
constructive suggestions. Part of this work was carried out at the Advanced
Research Computing at Hopkins (ARCH) core facility (rockfish.jhu.edu), which
is supported by the National Science Foundation (NSF) grant number
OAC1920103.

10 iScience 28, 112625, June 20, 2025

iScience

AUTHOR CONTRIBUTIONS

Y.Z., B.H.A., and A.S.P. conceptualized and designed the study. Y.Z. con-
structed the signaling model and performed all model analyses. A.S.P. and
B.H.A. provided critical input and jointly supervised the study. Y.Z. drafted
the manuscript. All authors reviewed and edited the manuscript.

DECLARATION OF INTERESTS

Y.Z.’s current affiliation is Wyss Institute at Harvard University, Boston, MA;
Broad Institute of MIT and Harvard, Cambridge, MA; Massachusetts Institute
of Technology, Cambridge, MA. A.S.P. is a co-founder of AsclepiX Therapeu-
tics and Terebra Therapeutics. He has served as a consultant to Janssen/J&J
and Incyte. He receives research funding from Merck. The terms of these ar-
rangements are being managed by Johns Hopkins University in accordance
with its conflict of interest policies.

DECLARATION OF GENERATIVE Al AND AI-ASSISTED
TECHNOLOGIES IN THE WRITING PROCESS

During the preparation of this work the authors used ChatGPT in order to
improve the language and readability of the text. After using this tool/service,
the authors reviewed and edited the content as needed and take full respon-
sibility for the content of the publication.

STARxMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o METHOD DETAILS
o Rule-based modeling of the endothelial signaling network regulating
vascular growth and stability
o Model calibration and validation of experimental data
o Global parameter sensitivity analysis
® QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.
2025.112625.

Received: May 29, 2024
Revised: January 15, 2025
Accepted: May 6, 2025
Published: May 9, 2025

REFERENCES

1. Cao, Y., Langer, R., and Ferrara, N. (2023). Targeting angiogenesis in
oncology, ophthalmology and beyond. Nat. Rev. Drug Discov. 22,
476-495. https://doi.org/10.1038/s41573-023-00671-z.

2. Dudley, A.C., and Griffioen, A.W. (2023). Pathological angiogenesis:
mechanisms and therapeutic strategies. Angiogenesis 26, 313-347.
https://doi.org/10.1007/s10456-023-09876-7.

3. Khan, K.A., and Kerbel, R.S. (2018). Improving immunotherapy outcomes
with anti-angiogenic treatments and vice versa. Nat. Rev. Clin. Oncol. 15,
310-324. https://doi.org/10.1038/nrclinonc.2018.9.

4. Ansari, M.J., Bokov, D., Markov, A., Jalil, A.T., Shalaby, M.N., Suksatan,
W., Chupradit, S., Al-Ghamdi, H.S., Shomali, N., Zamani, A., et al.
(2022). Cancer combination therapies by angiogenesis inhibitors; a
comprehensive review. Cell Commun. Signal. 20, 49. https://doi.org/10.
1186/s12964-022-00838-y.


mailto:zhangyu@jhmi.edu
mailto:zhangyu@jhmi.edu
http://rockfish.jhu.edu
https://doi.org/10.1016/j.isci.2025.112625
https://doi.org/10.1016/j.isci.2025.112625
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030

iScience

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

. Amoaku, W.M.K., Saker, S., and Stewart, E.A. (2015). A review of thera-

pies for diabetic macular oedema and rationale for combination therapy.
Eye (Lond) 29, 1115-1130. https://doi.org/10.1038/eye.2015.110.

. Annex, B.H., and Cooke, J.P. (2021). New Directions in Therapeutic Angio-

genesis and Arteriogenesis in Peripheral Arterial Disease. Circ. Res. 128,
1944-1957. https://doi.org/10.1161/CIRCRESAHA.121.318266.

. lyer, S.R., and Annex, B.H. (2017). Therapeutic Angiogenesis for Periph-

eral Artery Disease: Lessons Learned in Translational Science. JACC.
Basic Transl. Sci. 2, 503-512. https://doi.org/10.1016/j.jacbts.2017.
07.012.

. Annex, B.H. (2013). Therapeutic angiogenesis for critical limb ischaemia.

Nat. Rev. Cardiol. 70, 387-396. https://doi.org/10.1038/nrcardio.2013.70.

. Carmeliet, P., and Jain, R.K. (2011). Molecular mechanisms and clinical

applications of angiogenesis. Nature 473, 298-307. https://doi.org/10.
1038/nature10144.

Zhang, Y., Wang, H., Oliveira, R.H.M., Zhao, C., and Popel, A.S. (2022).
Systems biology of angiogenesis signaling: Computational models and
omics. WIREs Mech. Dis. 14, e1550. https://doi.org/10.1002/wsbm.1550.

Eilken, H.M., and Adams, R.H. (2010). Dynamics of endothelial cell
behavior in sprouting angiogenesis. Curr. Opin. Cell Biol. 22, 617-625.
https://doi.org/10.1016/j.ceb.2010.08.010.

Apte, R.S., Chen, D.S., and Ferrara, N. (2019). VEGF in Signaling and Dis-
ease: Beyond Discovery and Development. Cell 176, 1248-1264. https://
doi.org/10.1016/j.cell.2019.01.021.

Mac Gabhann, F., and Popel, A.S. (2008). Systems biology of vascular
endothelial growth factors. Microcirculation 15, 715-738. https://doi.org/
10.1080/10739680802095964.

Holmes, D.I.R., and Zachary, I. (2005). The vascular endothelial growth
factor (VEGF) family: angiogenic factors in health and disease. Genome
Biol. 6, 209. https://doi.org/10.1186/gb-2005-6-2-209.

Gelfand, M.V., Hagan, N., Tata, A., Oh, W.J., Lacoste, B., Kang, K.T., Ko-
pycinska, J., Bischoff, J., Wang, J.H., and Gu, C. (2014). Neuropilin-1 func-
tions as a VEGFR2 co-receptor to guide developmental angiogenesis in-
dependent of ligand binding. Elife 3, e03720. https://doi.org/10.7554/
eLife.03720.

Cudmore, M.J., Hewett, P.W., Ahmad, S., Wang, K.Q., Cai, M., Al-Ani, B.,
Fujisawa, T., Ma, B., Sissaoui, S., Ramma, W., et al. (2012). The role of het-
erodimerization between VEGFR-1 and VEGFR-2 in the regulation of
endothelial cell homeostasis. Nat. Commun. 3, 972. https://doi.org/10.
1038/ncomms1977.

Kaur, S., Chang, T., Singh, S.P., Lim, L., Mannan, P., Garfield, S.H., Pen-
drak, M.L., Soto-Pantoja, D.R., Rosenberg, A.Z., Jin, S., and Roberts, D.D.
(2014). CDA47 signaling regulates the immunosuppressive activity of VEGF
in T cells. J. Immunol. 793, 3914-3924. https://doi.org/10.4049/jimmunol.
1303116.

Ruan, G.X., and Kazlauskas, A. (2012). Axl is essential for VEGF-A-depen-
dent activation of PIBK/Akt. EMBO J. 37, 1692-1708. https://doi.org/10.
1038/emboj.2012.21.

Ruan, G.X., and Kazlauskas, A. (2012). VEGF-A engages at least three
tyrosine kinases to activate PI3K/Akt. Cell Cycle 711, 2047-2048. https://
doi.org/10.4161/cc.20535.

Pitson, S.M., Moretti, P.A.B., Zebol, J.R., Lynn, H.E., Xia, P., Vadas, M.A,,
and Wattenberg, B.W. (2003). Activation of sphingosine kinase 1 by ERK1/
2-mediated phosphorylation. EMBO J. 22, 5491-5500. https://doi.org/10.
1093/emboj/cdg540.

Hu, G., Place, A.T., and Minshall, R.D. (2008). Regulation of endothelial
permeability by Src kinase signaling: vascular leakage versus transcellular
transport of drugs and macromolecules. Chem. Biol. Interact. 171,
177-189. https://doi.org/10.1016/j.cbi.2007.08.006.

Eklund, L., and Saharinen, P. (2013). Angiopoietin signaling in the vascula-
ture. Exp. Cell Res. 319, 1271-1280. https://doi.org/10.1016/j.yexcr.2013.
03.011.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

¢? CellPress

OPEN ACCESS

Thurston, G., and Daly, C. (2012). The complex role of angiopoietin-2 in the
angiopoietin-tie signaling pathway. Cold Spring Harb. Perspect. Med. 2,
a006550. https://doi.org/10.1101/cshperspect.a006650.

Kim, K.T., Choi, H.H., Steinmetz, M.O., Maco, B., Kammerer, R.A., Ahn, S.
Y., Kim, H.Z., Lee, G.M., and Koh, G.Y. (2005). Oligomerization and
multimerization are critical for angiopoietin-1 to bind and phosphorylate
Tie2. J. Biol. Chem. 280, 20126-20131. https://doi.org/10.1074/jbc.
M500292200.

Shen, J., Frye, M., Lee, B.L., Reinardy, J.L., McClung, J.M., Ding, K., Ko-
jima, M., Xia, H., Seidel, C., Lima e Silva, R., et al. (2014). Targeting VE-PTP
activates TIE2 and stabilizes the ocular vasculature. J. Clin. Investig. 124,
4564-4576. https://doi.org/10.1172/JCI74527.

Leppanen, V.M., Saharinen, P., and Alitalo, K. (2017). Structural basis of
Tie2 activation and Tie2/Tie1 heterodimerization. Proc. Natl. Acad. Sci.
USA 1174, 4376-4381. https://doi.org/10.1073/pnas.1616166114.

Seegar, T.C.M., Eller, B., Tzvetkova-Robev, D., Kolev, M.V., Henderson,
S.C., Nikolov, D.B., and Barton, W.A. (2010). Tiel1-Tie2 interactions
mediate functional differences between angiopoietin ligands. Mol. Cell
37, 643-655. https://doi.org/10.1016/j.molcel.2010.02.007.

Mueller, S.B., and Kontos, C.D. (2016). Tie1: an orphan receptor provides
context for angiopoietin-2/Tie2 signaling. J. Clin. Investig. 726, 3188
3191. https://doi.org/10.1172/JCI89963.

Savant, S., La Porta, S., Budnik, A., Busch, K., Hu, J., Tisch, N., Korn, C.,
Valls, A.F., Benest, A.V., Terhardt, D., et al. (2015). The Orphan Receptor
Tie1 Controls Angiogenesis and Vascular Remodeling by Differentially
Regulating Tie2 in Tip and Stalk Cells. Cell Rep. 12, 1761-1773. https://
doi.org/10.1016/j.celrep.2015.08.024.

Singh, H., Hansen, T.M., Patel, N., and Brindle, N.P.J. (2012). The molec-
ular balance between receptor tyrosine kinases Tie1 and Tie2 is dynami-
cally controlled by VEGF and TNFalpha and regulates angiopoietin signal-
ling. PLoS One 7, €29319. https://doi.org/10.1371/journal.pone.0029319.

Findley, C.M., Cudmore, M.J., Ahmed, A., and Kontos, C.D. (2007). VEGF
induces Tie2 shedding via a phosphoinositide 3-kinase/Akt dependent
pathway to modulate Tie2 signaling. Arterioscler. Thromb. Vasc. Biol.
27, 2619-2626. https://doi.org/10.1161/ATVBAHA.107.150482.

Fukuhara, S., Sako, K., Minami, T., Noda, K., Kim, H.Z., Kodama, T., Shi-
buya, M., Takakura, N., Koh, G.Y., and Mochizuki, N. (2008). Differential
function of Tie2 at cell-cell contacts and cell-substratum contacts regu-
lated by angiopoietin-1. Nat. Cell Biol. 70, 513-526. https://doi.org/10.
1038/ncb1714.

Saharinen, P., Eklund, L., Miettinen, J., Wirkkala, R., Anisimov, A., Winder-
lich, M., Nottebaum, A., Vestweber, D., Deutsch, U., Koh, G.Y., et al.
(2008). Angiopoietins assemble distinct Tie2 signalling complexes in endo-
thelial cell-cell and cell-matrix contacts. Nat. Cell Biol. 70, 527-537.
https://doi.org/10.1038/ncb1715.

Cascone, ., Audero, E., Giraudo, E., Napione, L., Maniero, F., Philips, M.
R., Collard, J.G., Serini, G., and Bussolino, F. (2003). Tie-2-dependent
activation of RhoA and Rac1 participates in endothelial cell motility trig-
gered by angiopoietin-1. Blood 702, 2482-2490. https://doi.org/10.
1182/blood-2003-03-0670.

Gavard, J., Patel, V., and Gutkind, J.S. (2008). Angiopoietin-1 prevents
VEGF-induced endothelial permeability by sequestering Src through
mDia. Dev. Cell 714, 25-36. https://doi.org/10.1016/j.devcel.2007.10.019.

Jang, C., Koh, Y.J., Lim, N.K,, Kang, H.J., Kim, D.H., Park, S.K., Lee, G.M.,
Jeon, C.J., and Koh, G.Y. (2009). Angiopoietin-2 exocytosis is stimulated
by sphingosine-1-phosphate in human blood and lymphatic endothelial
cells. Arterioscler. Thromb. Vasc. Biol. 29, 401-407. https://doi.org/10.
1161/ATVBAHA.108.172676.

Igarashi, J., Erwin, P.A., Dantas, A.P.V., Chen, H., and Michel, T. (2003).
VEGF induces S1P1 receptors in endothelial cells: Implications for
cross-talk between sphingolipid and growth factor receptors. Proc. Natl.
Acad. Sci. USA 100, 10664-10669. https://doi.org/10.1073/pnas.
1934494100.

iScience 28, 112625, June 20, 2025 11



https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030

¢? CellPress

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

12

OPEN ACCESS

Fujikawa, K., de Aos Scherpenseel, I., Jain, S.K., Presman, E., Christen-
sen, R.A., and Varticovski, L. (1999). Role of Pl 3-kinase in angiopoietin-
1-mediated migration and attachment-dependent survival of endothelial
cells. Exp. Cell Res. 253, 663-672. https://doi.org/10.1006/excr.
1999.4693.

Joussen, A.M., Ricci, F., Paris, L.P., Korn, C., Quezada-Ruiz, C., and Zar-
bin, M. (2021). Angiopoietin/Tie2 signalling and its role in retinal and
choroidal vascular diseases: a review of preclinical data. Eye (Lond) 35,
1305-1316. https://doi.org/10.1038/s41433-020-01377-x.

Khanani, A.M., Kotecha, A., Chang, A., Chen, S.J., Chen, Y., Guymer, R.,
Heier, J.S., Holz, F.G., lida, T., Ives, J.A., et al. (2024). TENAYA and
LUCERNE: Two-Year Results from the Phase 3 Neovascular Age-
Related Macular Degeneration Trials of Faricimab with Treat-and-Extend
Dosing in Year 2. Ophthalmology 737, 914-926. https://doi.org/10.1016/
j.ophtha.2024.02.014.

Wykoff, C.C., Abreu, F., Adamis, A.P., Basu, K., Eichenbaum, D.A., Has-
kova, Z., Lin, H., Loewenstein, A., Mohan, S., Pearce, |.A., et al. (2022). Ef-
ficacy, durability, and safety of intravitreal faricimab with extended dosing
up to every 16 weeks in patients with diabetic macular oedema
(YOSEMITE and RHINE): two randomised, double-masked, phase 3 trials.
Lancet 399, 741-755. https://doi.org/10.1016/S0140-6736(22)00018-6.

Zaied, A.A., Ushio-Fukai, M., Fukai, T., Kovacs-Kasa, A., Alhusban, S.,
Sudhabhar, V., Ganta, V.C., and Annex, B.H. (2023). Pentose Pathway Acti-
vation Is Superior to Increased Glycolysis for Therapeutic Angiogenesis in
Peripheral Arterial Disease. J. Am. Heart Assoc. 12, e027986. https://doi.
org/10.1161/JAHA.122.027986.

Bazzazi, H., Isenberg, J.S., and Popel, A.S. (2017). Inhibition of VEGFR2
Activation and lts Downstream Signaling to ERK1/2 and Calcium by
Thrombospondin-1 (TSP1): In silico Investigation. Front. Physiol. 8, 48.
https://doi.org/10.3389/fphys.2017.00048.

Bazzazi, H., Zhang, Y., Jafarnejad, M., Isenberg, J.S., Annex, B.H., and
Popel, A.S. (2018). Computer Simulation of TSP1 Inhibition of VEGF-Akt-
eNOS: An Angiogenesis Triple Threat. Front. Physiol. 9, 644. https://doi.
org/10.3389/fphys.2018.00644.

Bazzazi, H., Zhang, Y., Jafarnejad, M., and Popel, A.S. (2018). Computa-
tional modeling of synergistic interaction between alphaVbeta3 integrin
and VEGFR2 in endothelial cells: Implications for the mechanism of action
of angiogenesis-modulating integrin-binding peptides. J. Theor. Biol. 455,
212-221. https://doi.org/10.1016/j.jtbi.2018.06.029.

Zhang, Y., Kontos, C.D., Annex, B.H., and Popel, A.S. (2019). Angiopoie-
tin-Tie Signaling Pathway in Endothelial Cells: A Computational Model. iS-
cience 20, 497-511. https://doi.org/10.1016/j.isci.2019.10.006.

Zhang, Y., Kontos, C.D., Annex, B.H., and Popel, A.S. (2021). A systems
biology model of junctional localization and downstream signaling of the
Ang-Tie signaling pathway. NPJ Syst. Biol. Appl. 7, 34. https://doi.org/
10.1038/s41540-021-00194-6.

Zhang, Y., Popel, A.S., and Bazzazi, H. (2023). Combining Multikinase
Tyrosine Kinase Inhibitors Targeting the Vascular Endothelial Growth Fac-
tor and Cluster of Differentiation 47 Signaling Pathways Is Predicted to In-
crease the Efficacy of Antiangiogenic Combination Therapies. ACS Phar-
macol. Transl. Sci. 6, 710-726. https://doi.org/10.1021/acsptsci.3c00008.

Bruns, A.F., Herbert, S.P., Odell, A.F., Jopling, H.M., Hooper, N.M., Zach-
ary, 1.C., Walker, J.H., and Ponnambalam, S. (2010). Ligand-stimulated
VEGFR2 signaling is regulated by co-ordinated trafficking and proteolysis.
Traffic 11, 161-174. https://doi.org/10.1111/j.1600-0854.2009.01001.x.

Ballmer-Hofer, K., Andersson, A.E., Ratcliffe, L.E., and Berger, P. (2011).
Neuropilin-1 promotes VEGFR-2 trafficking through Rab11 vesicles
thereby specifying signal output. Blood 778, 816-826. https://doi.org/10.
1182/blood-2011-01-328773.

Ewan, L.C., Jopling, H.M., Jia, H., Mittar, S., Bagherzadeh, A., Howell, G.
J., Walker, J.H., Zachary, |.C., and Ponnambalam, S. (2006). Intrinsic tyro-
sine kinase activity is required for vascular endothelial growth factor re-
ceptor 2 ubiquitination, sorting and degradation in endothelial cells. Traffic
7, 1270-1282. https://doi.org/10.1111/j.1600-0854.2006.00462.x.

iScience 28, 112625, June 20, 2025

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

iScience

Chabot, C., Spring, K., Gratton, J.P., Elchebly, M., and Royal, I. (2009).
New role for the protein tyrosine phosphatase DEP-1 in Akt activation
and endothelial cell survival. Mol. Cell Biol. 29, 241-253. https://doi.org/
10.1128/MCB.01374-08.

Li, J., Cubbon, R.M., Wilson, L.A., Amer, M.S., McKeown, L., Hou, B.,
Majeed, Y., Tumova, S., Seymour, V.A.L., Taylor, H., et al. (2011). Orai1
and CRAC channel dependence of VEGF-activated Ca2+ entry and endo-
thelial tube formation. Circ. Res. 108, 1190-1198. https://doi.org/10.1161/
CIRCRESAHA.111.243352.

Bogdanovic, E., Nguyen, V.P.K.H., and Dumont, D.J. (2006). Activation of
Tie2 by angiopoietin-1 and angiopoietin-2 results in their release and re-
ceptor internalization. J. Cell Sci. 71719, 3551-3560. https://doi.org/10.
1242/jcs.03077.

Findley, C.M., Mitchell, R.G., Duscha, B.D., Annex, B.H., and Kontos, C.D.
(2008). Plasma levels of soluble Tie2 and vascular endothelial growth fac-
tor distinguish critical limb ischemia from intermittent claudication in pa-
tients with peripheral arterial disease. J. Am. Coll. Cardiol. 52, 387-393.
https://doi.org/10.1016/j.jacc.2008.02.045.

Schuldt, E.A., Lieb, W., Dérr, M., Lerch, M.M., Volizke, H., Nauck, M., and
Friedrich, N. (2018). Circulating angiopoietin-2 and its soluble receptor
Tie-2 concentrations are related to inflammatory markers in the general

population. Cytokine 7105, 1-7. https://doi.org/10.1016/j.cyto.2018.
02.0083.
Gavard, J., and Gutkind, J.S. (2006). VEGF controls endothelial-cell

permeability by promoting the beta-arrestin-dependent endocytosis of
VE-cadherin. Nat. Cell Biol. 8, 1223-1234. https://doi.org/10.1038/
nch1486.

Eliceiri, B.P., Paul, R., Schwartzberg, P.L., Hood, J.D., Leng, J., and Cher-
esh, D.A. (1999). Selective requirement for Src kinases during VEGF-
induced angiogenesis and vascular permeability. Mol. Cell 4, 915-924.
https://doi.org/10.1016/s1097-2765(00)80221-x.

Peterson, T.E., Kirkpatrick, N.D., Huang, Y., Farrar, C.T., Marijt, KA,
Kloepper, J., Datta, M., Amoozgar, Z., Seano, G., Jung, K., et al. (2016).
Dual inhibition of Ang-2 and VEGF receptors normalizes tumor vasculature
and prolongs survival in glioblastoma by altering macrophages. Proc.
Natl. Acad. Sci. USA 113, 4470-4475. https://doi.org/10.1073/pnas.
1525349113.

Moon, W.S., Rhyu, K.H., Kang, M.J., Lee, D.G., Yu, H.C., Yeum, J.H., Koh,
G.Y., and Tarnawski, A.S. (2003). Overexpression of VEGF and angiopoie-
tin 2: a key to high vascularity of hepatocellular carcinoma? Mod. Pathol.
16, 552-557. https://doi.org/10.1097/01.MP.0000071841.17900.69.

Wolf, A., and Langmann, T. (2019). Anti-VEGF-A/ANG2 combotherapy
limits pathological angiogenesis in the eye: a replication study. EMBO
Mol. Med. 71, e10362. https://doi.org/10.15252/emmm.201910362.

He, Y.X., Liu, J., Guo, B., Wang, Y.X., Pan, X., Li, D., Tang, T., Chen, Y.,
Peng, S., Bian, Z., et al. (2015). Src inhibitor reduces permeability without
disturbing vascularization and prevents bone destruction in steroid-asso-
ciated osteonecrotic lesions in rabbits. Sci. Rep. 5, 8856. https://doi.org/
10.1038/srep08856.

Smith, R.O., Ninchoji, T., Gordon, E., André, H., Dejana, E., Vestweber, D.,
Kvanta, A., and Claesson-Welsh, L. (2020). Vascular permeability in reti-
nopathy is regulated by VEGFR2 Y949 signaling to VE-cadherin. Elife 9,
e€54056. https://doi.org/10.7554/eLife.54056.

Somanath, P.R., Razorenova, O.V., Chen, J., and Byzova, T.V. (2006).
Akt1 in endothelial cell and angiogenesis. Cell Cycle 5, 512-518. https://
doi.org/10.4161/cc.5.5.2538.

Samson, S.C., Khan, A.M., and Mendoza, M.C. (2022). ERK signaling for
cell migration and invasion. Front. Mol. Biosci. 9, 998475. https://doi.
org/10.3389/fmolb.2022.998475.

Gavard, J. (2014). Endothelial permeability and VE-cadherin: a wacky
comradeship. Cell Adhes. Migrat. 8, 158-164. https://doi.org/10.4161/
cam.29026.


https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030

iScience

67

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

. Khan, K.A., Wu, F.T., Cruz-Munoz, W., and Kerbel, R.S. (2021). Ang2 inhib-
itors and Tie2 activators: potential therapeutics in perioperative treatment
of early stage cancer. EMBO Mol. Med. 13, e08253. https://doi.org/10.
15252/emmm.201708253.

Saharinen, P., Eklund, L., and Alitalo, K. (2017). Therapeutic targeting of
the angiopoietin-TIE pathway. Nat. Rev. Drug Discov. 16, 635-661.
https://doi.org/10.1038/nrd.2016.278.

Cho, C.H., Kammerer, R.A., Lee, H.J., Steinmetz, M.O., Ryu, Y.S., Lee, S.
H., Yasunaga, K., Kim, K.T., Kim, I., Choi, H.H., et al. (2004). COMP-Ang1:
a designed angiopoietin-1 variant with nonleaky angiogenic activity. Proc.
Natl. Acad. Sci. USA 101, 5547-5552. https://doi.org/10.1073/pnas.
0307574101.

Park, J.S., Kim, I.LK.,, Han, S., Park, ., Kim, C., Bae, J., Oh, S.J., Lee, S.,
Kim, J.H., Woo, D.C., et al. (2016). Normalization of Tumor Vessels by
Tie2 Activation and Ang2 Inhibition Enhances Drug Delivery and Produces
a Favorable Tumor Microenvironment. Cancer Cell 30, 953-967. https://
doi.org/10.1016/j.ccell.2016.10.018.

Hobaus, C., Pesau, G., Herz, C.T., Wrba, T., Koppensteiner, R., and
Schernthaner, G.H. (2018). Angiopoietin-2 and Survival in Peripheral Ar-
tery Disease Patients. Thromb. Haemost. 7118, 791-797. https://doi.org/
10.1055/s-0038-1636543.

Gotink, K.J., and Verheul, H.M.W. (2010). Anti-angiogenic tyrosine kinase
inhibitors: what is their mechanism of action? Angiogenesis 713, 1-14.
https://doi.org/10.1007/s10456-009-9160-6.

Faivre, S., Demetri, G., Sargent, W., and Raymond, E. (2007). Molecular
basis for sunitinib efficacy and future clinical development. Nat. Rev.
Drug Discov. 6, 734-745. https://doi.org/10.1038/nrd2380.

Olivieri, A., and Manzione, L. (2007). Dasatinib: a new step in molecular
target therapy. Ann. Oncol. 18, vi42-46. https://doi.org/10.1093/annonc/
mdm?223.

Walker, E.H., Pacold, M.E., Perisic, O., Stephens, L., Hawkins, P.T., Wy-
mann, M.P., and Williams, R.L. (2000). Structural determinants of phos-
phoinositide 3-kinase inhibition by wortmannin, LY294002, quercetin,
myricetin, and staurosporine. Mol. Cell 6, 909-919. https://doi.org/10.
1016/s1097-2765(05)00089-4.

Belli, S., Esposito, D., Servetto, A., Pesapane, A., Formisano, L., and
Bianco, R. (2020). c-Src and EGFR Inhibition in Molecular Cancer Therapy:
What Else Can We Improve? Cancers (Basel) 12, 1489. https://doi.org/10.
3390/cancers12061489.

Deveza, L., Choi, J., and Yang, F. (2012). Therapeutic angiogenesis for
treating cardiovascular diseases. Theranostics 2, 801-814. https://doi.
org/10.7150/thno.4419.

Song, M., Wang, Y., Annex, B.H., and Popel, A.S. (2023). Experiment-
based computational model predicts that IL-6 classic and trans-signaling

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

¢ CellP’ress

OPEN ACCESS

exhibit similar potency in inducing downstream signaling in endothelial
cells. NPJ Syst. Biol. Appl. 9, 45. https://doi.org/10.1038/s41540-023-
00308-2.

Song, M., and Finley, S.D. (2020). ERK and Akt exhibit distinct signaling re-
sponses following stimulation by pro-angiogenic factors. Cell Commun.
Signal. 18, 114. https://doi.org/10.1186/s12964-020-00595-w.

Oliveira, R.H.d.M., Annex, B.H., and Popel, A.S. (2024). Endothelial cells
signaling and patterning under hypoxia: a mechanistic integrative compu-
tational model including the Notch-DIl4 pathway. Front. Physiol. 75,
1351758. https://doi.org/10.3389/fphys.2024.1351758.

Morishita, R., Makino, H., Aoki, M., Hashiya, N., Yamasaki, K., Azuma, J.,
Taniyama, Y., Sawa, Y., Kaneda, Y., and Ogihara, T. (2011). Phase I/lla
clinical trial of therapeutic angiogenesis using hepatocyte growth factor
gene transfer to treat critical limb ischemia. Arterioscler. Thromb. Vasc.
Biol. 31, 713-720. https://doi.org/10.1161/ATVBAHA.110.219550.

Zhao, C., Heuslein, J.L., Zhang, Y., Annex, B.H., and Popel, A.S. (2022).
Dynamic Multiscale Regulation of Perfusion Recovery in Experimental Pe-
ripheral Arterial Disease: A Mechanistic Computational Model. JACC.
Basic Transl. Sci. 7, 28-50. https://doi.org/10.1016/j.jacbts.2021.10.014.

Zhao, C., Medeiros, T.X., Sové, R.J., Annex, B.H., and Popel, A.S. (2021).
A data-driven computational model enables integrative and mechanistic
characterization of dynamic macrophage polarization. iScience 24,
102112. https://doi.org/10.1016/j.isci.2021.102112.

Cherubini, M., Erickson, S., Padmanaban, P., Haberkant, P., Stein, F., Bel-
tran-Sastre, V., and Haase, K. (2023). Flow in fetoplacental-like microves-
sels in vitro enhances perfusion, barrier function, and matrix stability. Sci.
Adv. 9, eadj8540. https://doi.org/10.1126/sciadv.adj8540.

Polacheck, W.J., Kutys, M.L., Tefft, J.B., and Chen, C.S. (2019). Microfab-
ricated blood vessels for modeling the vascular transport barrier. Nat. Pro-
toc. 74, 1425-1454. https://doi.org/10.1038/s41596-019-0144-8.

Harris, L.A., Hogg, J.S., Tapia, J.J., Sekar, J.A.P., Gupta, S., Korsunsky, .,
Arora, A., Barua, D., Sheehan, R.P., and Faeder, J.R. (2016). BioNetGen
2.2: advances in rule-based modeling. Bioinformatics 32, 3366-3368.
https://doi.org/10.1093/bioinformatics/btw469.

Gardner, D.J., Reynolds, D.R., Woodward, C.S., and Balos, C.J. (2022).
Enabling New Flexibility in the SUNDIALS Suite of Nonlinear and
Differential/Algebraic Equation Solvers. ACM Trans. Math Software 48,
1-24. https://doi.org/10.1145/3539801.

Conn, A.R., Gould, N.I.LM., and Toint, P. (1991). A Globally Convergent
Augmented Lagrangian Algorithm for Optimization with General Con-
straints and Simple Bounds. SIAM J. Numer. Anal. 28, 545-572. https://
doi.org/10.1137/0728030.

iScience 28, 112625, June 20, 2025 13



https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030
https://doi.org/10.1137/0728030

¢? CellPress iScience
OPEN ACCESS

STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

SBML model Developed in this study. Data S1.

Software and algorithms

BioNetGen https://bionetgen.org/ BioNetGen-2.2.5-stable
MATLAB Mathworks, Natick, MA R2022a

SUNDIALS https://computing.linl.gov/projects/sundials SUNDIALS v6.2.0
Other

High-performance Computing Cluster ARCH, Johns Hopkins University https://www.arch.jhu.edu/

METHOD DETAILS

Rule-based modeling of the endothelial signaling network regulating vascular growth and stability

The computational model presented in this study is developed using the rule-based language BioNetGen.® The model inherits all
species and reaction rules from our previously developed models of VEGF signaling pathway****“® and Ang-Tie signaling
pathway,®*” and in addition, incorporates the crosstalk mechanisms and integrated downstream signaling. The detailed reactions
are as follows:

The VEGF signaling module includes the VEGF ligand (VEGF-A), receptors VEGFR1 and VEGFR2, and co-receptors NRP1 and
CD47. Upon ligand binding, VEGFR2 forms homodimers, which become activated via autophosphorylation. The model also incor-
porates VEGFR1 as a decoy receptor that can heterodimerize with VEGFR2, modulating VEGFR2's activation. Co-receptor NRP1
interacts with VEGF and VEGFR1 to influence VEGFR2 activation dynamics. Additionally, CD47, upon binding to its ligand TSP1,
can associate with VEGFR2 and regulates its activity.

The model also accounts for cellular trafficking processes including VEGFR2 internalization, recycling back to the membrane, syn-
thesis, and degradation. Ligand binding and receptor dimerization are modeled as reversible binding events with associated phos-
phorylation rules. Trafficking events are implemented as first-order reactions dependent on receptor state and cellular compartment.

The Ang-Tie module includes Ang1 and Ang2 ligands, their receptor Tie2, co-receptor Tie1, and the phosphatase VE-PTP. Ang1 is
modeled as a tetrameric agonist, while Ang2 exists in dimeric, trimeric, and tetrameric forms, allowing nuanced control over Tie2
activation. Tetrameric Ang1 and Ang2 can cluster Tie2 receptors, driving multimerization and phosphorylation of Tie2. These multi-
meric complexes also translocate to cell-cell junctions, where Tie2 activity is stabilized.

Tie1, although not a direct ligand-binding receptor, modulates Tie2 signaling by heterodimerizing with Tie2 and shielding ligand
binding. At the junctions, Tie1 also facilitates co-localization and stabilization of Tie2 activation. VE-PTP dephosphorylates active
Tie2 at junctional sites and limits sustained activation.

The model also incorporates extracellular domain shedding of both Tie1 and Tie2. The cleaved soluble Tie2 can act as a ligand trap,
sequestering Ang1 and Ang2 in the extracellular space and further inhibiting Tie2 signaling.

In addition to these reaction rules from our previous models, the integrated model incorporates VEGF-induced extracellular
domain shedding of Tie2, S1P-induced activation of Weibel-Palade bodies, and subsequent release of Ang2 to the extracellular
space, active Tie2-induced Akt activation through PI3K, and the sequestration of Src by RhoA-GTP/mDia complex downstream
of Tie2 activation. The model is defined and implemented in BioNetGen, and subsequent analysis is performed in MATLAB
(MathWorks, Natick, MA) using the MATLAB executable file exported from BioNetGen. The numerical solutions of the ODE model
are calculated using the SUNDIALS suite of differential equation solvers.®”

The complete lists of model parameters and initial conditions, along with their best-fit values, are included in the supplemental
information (Tables S1 and S2). The model is available as a supplemental file in the systems biology markup language (SBML)
(Data S1).

Model calibration and validation of experimental data

The initial estimation of the parameters and initial concentrations of the species are inherited from our published and calibrated
models of the VEGF and Ang-Tie signaling pathways. We have included all model parameters and initial conditions, along with their
best-fit values in the supplemental information (Tables S1 and S2). For new interactions introduced in the integrated model—such as
VEGF-induced Tie2 shedding, S1P-induced Ang2 release, and Tie2-mediated downstream activation of Akt and sequestration of
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Src—parameter values were estimated by fitting simulation outputs to time-course experimental data. We first used manual tuning to
obtain initial estimates for the new parameters were hand-tuned to roughly match the trends and timescales observed in the exper-
imental datasets. To obtain the final set of parameters, we use a metaheuristic optimization Pattern Search algorithm, implemented
via the Global Optimization Toolbox in MATLAB R2022a that minimizes the sum of squared errors between the model simulations and
experimental measurements across multiple observables.®® Experimental data measuring the constitutive shedding of Tie2, VEGF-
induced extracellular domain shedding of Tie2,®' VEGF-induced activation of S1P,*” and S1P-induced Ang2 release dynamics®® are
used for model calibration. Experimental data on the effect of chronic Ang1 stimulation on VEGF-induced Src and VE-Cadherin acti-
vation®® are used for model validation.

Global parameter sensitivity analysis

To identify parameters and underlying molecular mechanisms that affect the activation of Akt and Src, we perform global sensitivity
analysis using Sobol indices, focusing on both first-order (main-effect) and second-order (synergy) indices. The parameter space is
sampled using Latin hypercube sampling (LHS), and the Sobol indices for all model parameters are calculated as described in the
STAR Methods section. The model parameters are varied from 0.2-fold to 5-fold of their baseline values and randomly sampled using
LHS to evaluate their effects on the signaling outcomes pVEGFR2, pTie2, ppAkt and pSrc at 5 minutes post-stimulation with 10 ng/
mL VEGF, 200 ng/mL Ang1, and 500 ng/mL Ang2. A complete list of model parameters, along with their descriptions, is available in
the supplemental information (Table S1).

The first-order Sobol analysis involved 30,000 total runs to quantify the individual contributions of parameters to the variance of the
signaling outcomes pVEGFR2, pTie2, ppAkt, and pSrc at 5 minutes post-stimulation with 10 ng/mL VEGF, 200 ng/mL Ang1, and
500 ng/mL Ang2. Bootstrapping was employed to calculate 95% confidence intervals for the first-order Sobol indices, ensuring sta-
tistical rigor in the analysis. Additionally, to assess parameter interactions, we performed second-order Sobol analysis with 112,000
runs for each of the four observables, providing comprehensive insights into synergistic effects between parameter pairs. The Sobol
sequence was configured with a skip value of 103 and a leap value of 102, balancing computational efficiency and coverage of the
parameter space.

The analysis is performed using MATLAB R2022a (MathWorks, Natick, MA). The analysis is parallelized and performed using the
high-performance computing resources at the Advanced Research Computing at Hopkins (ARCH) core facility (rockfish.jhu.edu).

QUANTIFICATION AND STATISTICAL ANALYSIS
Bootstrapping was employed to estimate 95% confidence intervals for Sobol indices, and the same random seed was used across all
simulations to ensure reproducibility.

In our first-order Sobol analysis: 30,000 simulations were performed, and 112,000 simulations were performed for second-order
Sobol analysis using MATLAB R2022a for data processing and visualization.
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