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ABSTRACT

Angiogenesis is defined #se growth of new blood vessels from preexisting vessels
Systematic regulation of angiogenesis could lead to new treatoferatscular diseases and
cancerAs such, vascular endothelial growth factor (VEGF), a potent angiogenic growth factor,
offers a promising therapeutic targeespite this promise, VEGF targeted therapies are not
clinically effective for many pathologies, such as breast cambeis, a b#er understandingf
the VEGF network forregulatng angiogenesisalong withidentifying key nodesontrdling
angiogenesiwithin this network are necessary fwovide effective VEGF therapeuti&ystems
biology, defined aspplying experiment ancbnmputational modelingo understand a biological
system can readilydefinethis VEGFangiogenesis networkn this dissertation, | provide an
overview of how computational systems biology has been used to provide basic biological
insights into angiogenesis, explore aatigiogenic therapeutic options for cancer, and pro

angiogenic therapeutic options for vasgulisease.

Using systems biology,havepreviouslypredictecthat VEGFR1 acts as a predictive
biomarker of antMVEGF efficacy in breast cancer. Particularly, tumor endothelial cell
subpopulations exhibiting high VEGFRL1 levels result in ineffective\dB{sF treatmentThese
high VEGFR1 subpopulations are characterized by a high amount of WIEGIFR1 complex
formation, and subsequently high VE®EGFR1 internalizationThe high VEGFVEGFR1
complex formationmplies a possible VEGFRdignalingrole beyondts classically defined
decoy statudn this dissertation, | introduce a computational approach that accurately predicts
the cell response elicited via VEGFRL1 signaling. | show that VEGFR1 promotes cell migration

through PLGand PI3K pathwaysand promags cell proliferation through a PL@athway.



These results provide new biological insight into VEGFR1 signaling and angiogenesis while

offering a system for directing angiogenesis.

Cell subpopulations expressing high VEGFRL1 levels are characterizddrgg amount
of VEGFVEGFRL1 internalizationThus, endocytosis may regulate VEGFR1 signaling; indeed,
intracellularbased receptor signaling has recently emerged as a key comipomexdiating cell
responsefor receptor tyrosine kinases (RTKs). Howeverw endocytosis fundamentally
mediates signaling for any RTK remains poorly defined. Understanding how endocytosis
fundamentally directs intracellular receptor signaling requires recspémific endocytosis
mechanisms to be delineated. This delineatmyuires identifying the signaling mechanisms
common to all receptor types. To this ehdpnducta computationainetaanalysis predicting
endocytic compartment signaling across eight RTKs, and identify their common signaling
mechanismdl. find thatendocyic vesicles are the primary cell signaling compartmewty 43%
total receptor phosphorylation occurs within the endocytic vesicle compartment for all eight
RTKs. Conversely, all RTKs exhibit low membrabased receptor signaling, exhibiting < 1%
total receptor phosphorylatioMechanistically, this higiRTK phosphorylation withirndocytic
vesicles may be attributed to tirdow volume,which facilitatesanenriched ligand
concentrationThe late endosome and nucleus are also important contributocepdae
signaling, where 26% and 18% average receptor phosphorylation occurs, respectively.
Furthermore, nuclear translocation requires late endosomal transport; blocking receptor
trafficking from late endosomes the nucleus reduces nuclear signaling 96%ese findings
can be applied to understand specific RTK signaling functions in terms of cell response, and

optimize RTK therapeutics targeting endocytic pathways.



Overall, | reveal theole of VEGFR1 andts signaling mechanismsyhich is essential
information to the field of angiogenesis. This information advances angiogenesis therapeutics by
identifying the VEGFVEGFR1 signaling axias an essential targéidentify the primary
adapters that can be targeted to critically regulate VEGEFR1 signalig, and endocytic
compartmentalization that can be targeted for tuning receptor sigrfalirigermore, the
computational techniques | develop advance the field of systems biology by delitieating
signatto-response of receptsignaling improving recepir investigation by allowing adapter
phosphorylation and cell responses to be quantified simultaneaualydition to
compartmentalized receptor signalifidfese computation&chniqueimprove disease
treatmat by allowing optimal receptor signalingrgets to be identified quickly. Additionally,
unknown receptor signaling can be mapped from adapter phosphorylation to cell reEpesse.
computationatechnique can be integrated into multiscale computational models to provide

clinically relevant patientspecificplatforms for directinglisease treatment.
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CHAPTER 1

INTRODUCTION

Angiogenesis is the physiological procegsrenewmicrovessels form from preexisting
microvesselq1], [2]. Similarly, arteriogenesis is where new collateral artédaes from
preexisting arterief3], [4]. As angiogenesis and arteriogenesissarglar processegl], albeit at
different scaled, use either term interchangeably for the purpodtiethapter Angiogenesis
occurs in two different forms: sprouting or intussusceptive angiogdig¢si2]. Sprouting
angiogenesignvolvespreexistingolood vessel tosproutandform new blood vesselSprouting
angiogenesis is initiated Bxtracellular growth factor binding endothelial celkurface
receptorg5]. This ligandreceptor binding has dual action: 1) it initiates enzyme secretion from
endothelial cells, which break down thesement membrane, and 2) it promaliescted
endothelial cell migration and proliferati§b]. The migrating endothelial cells result in tube
formation and fusion, whichre stabilized bpericyterecruitmentn microvessels, or smooth
muscle cell recruitment in arteride,result in newfunctional blood vesse[4], [6]. The
majority of current angiogenesis research focuses on sprouting angiogenesis, due to its

prevalence inwound healing7] and cancer progressi¢8].

Intussusceptive angiogenesghe splitting of an existing blood vessel into two blood
vesseld2], [9], [10]. Intussusceptive angiogenescors by blood vessel walls continuously
extending into the lumefprming an intravascular pillar, whigwventually spli a single tube
into two tubesUnlike sprouting angiogenesis, intussusceptive angiogenesis is ineffective at
vascularizing regionkcking blood vessels, instead primarily adding additional vessels to
regions already containing blood vesg&ls [9], [10]. Additionally, intussusceptive

angiogenesis does not require endothelial cell migration or prolifergijnwWhile
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intussusceptive angiogenesis can be initiated by growth factor stimulation, it also results f
mechanical stress produced by blood fl[daw/]. Intravascular pillars seem to spécaily form at

vessel bifurcations when hemodynamics are altered to cause high flow velocity, but low shear
stresq12], [13]. As such, intussusceptive angiogenesis is difficult to regulate, as hemodynamics
cannot be eagilaltered and requires invasive procedyit&3. Further research investigating
chemical cues, including any mechanotransduction pathways activated through shear stress, is

necessary to develop efficient, noninvasive methods for regulating intussusceptive angiogenesis.

Sprouting and intussusceptive angiogenesis are both critical to normal physiological
processes, such as wound healing and embryonic development. Moreover, over 70 diseases,
including cancer and occlusive vascular disease, are angiogenesis defetjdgr§]. In 1971,
Judah Folkman hypothesized that tumor growth depends on angiogenesis initiated by a tumor
angiogenesis factgi6]. This hymthesis was derived from studies showing that tumors only
grow to a dormant state, at32mm in diameter, in the absence of neovasculariz§tigjin[19],
tumor implantation induces endothelial cell proliferatib@], [20] and formation of new
capillarieg[21]1[23], and tumor growth is limited by the rate of endothelial cell proliferation
[24], [25]. Since this hypothesis, many studies have been conducted to atheewatrent
understanding of tumor angiogenesis: tumor cells promote sprouting angiogenesis to provide the
necesary nutrients for further tumor growth and metastasis, reviewld®jn[26], [27].

Inhibiting sprouting angiogenesis is therefore a promising approach to prevent transition of

tumors fom a benign to malignant stafg#s], [29].

In 2005, Rakesh Jairupforth an alternative hypothesis on tumor angiogenesis: rather
than destroying tumor vasculature to deprive the tumor of oxygen and nutriengg)@agenic

therapies are most effective by normalizing the abnormal tumor vasculature to allow more



efficient drug delivery30]. This hypothesis was derived from studies showing that tumor
vasculature is structurally and functionally abnor{Bali [33], that this structural abnormality

impairs blood flow and compromises the ability for drug delivery to tufi@a$ [36], and that
normalizing tumor vasculature allows drug delivery deeper into tumors to cause tumor regression
[37]1[39]. Studies have continued to provide support for this hypothesis, revie\w],if41];

a recent clinical trial shows that vascular normalization, measured by pericyte coverage, is
associated with improveohthological response to the aatigiogenic drug bevacizum@?].
Understanding the mechanisms throughohlantiangiogenic drugs normalize tumor

vasculature, and optimizing treatment regimens to best regulate sprouting angiogenesis, is a

primary challenge for preventing tumor angiogenesis and tumor progré3jp[#4.

Occlusive vascular diseases stiom a lack ofblood flow, resulting in tissue ischemia,
loss of limb fundbn, and deat45]. For occlusive vascular diseas@romoting either sprouting
or intussusceptive angiogenesis to reestablish proper blood flow is therefore a promising
approach to prevent tissue ischeidi@], [47]. Overall, the ability to control angiogenesis would
allow for the prevention and treatment of pathologies: preventing cancer mortality by inhibiting

tumorangogenesis, and treating vascular diseases by promoting angiogenesis.



CHAPTER 2

LITERATURE REVIEW

2.1The VEGF Family

The vascular endothelial growth factér (VEGF-A) is a keygrowth factorthat promotes
angiogenesisThe existence of VEGR was first hypothesized as an unknown factor by Judah
Folkman in 1971who characterized VEGA as an unknown tumeangiogenesis factgi6].
Senger et adentifiedthis unknown factor asascular permeability factor (VPF) i983[48],
andLeung et atharacterized this factoand termed WEGF, in 1989[49]. Keck et al showed
in 1989 thalvPF and VEGF are the same molecji8], denonstrating that this single factor has
multiple functionsl n 1993, Napol e oydemorstated farrthe firg timethdt or at o1
inhibiting VEGF suppresses tumor grov1i]. Since these studies, VEGRshbeen studied as a
promising therapeutic target for cancer and vascular disease, reviefd&gl [52]. Anti-
angiogenic therapeutic approaches that have been applied to inhibit tumor angiogenesis are
reviewed in[53]. An overview of the VEGHlirected angiogenesis timeline is given in Figure

2.1.

VEGF-A is now known a®neof five related growth factorsxpressed in humarisat
make up the VEGF familWEGFA, VEGFB, VEGFKC, VEGFD, and placental growth faar
(PIGF)[54]. Thereare two additional VEGF ligands: viral VEGF (VE&) [55] and snake
venom \EGF (VEGFF) [56]; these ligands are not expressed in humansassdch, shall not
be dscussed in detdilere The VEGF growth factors bind with high affinity to three tyrosine
kinase receptors, VEGFR1, VEGFR2, and VEGHRany VEGF ligands als@ontain a

heparinbinding domain, in addition to binding neuropilins;receptors to the VEGFRYEGF



A, often referred to simply as VEGpromotesangiogenesis through interaction with VEGFR1

and VEGFR2. Conversely, all other VEGF growth factors and VEGFR3 exhibit weak angiogenic
potential. VEGFB and PIGF specifically bind VEGFRand have been idéfied as key

promotors imeurogenesis arembryogenesisvEGFC and VEGFD promote

lymphangiogenesis through VEGFR&ble2.1).

TheVEGF ligand and receptar are also expressed in isoform variaegsh having
specific interactions anfinctiors. VEGF-A has severmurrently known splice variants, in
addition to fulllength VEGFA, which are distinguished by amino acid length: VE&{;,
VEGFA145 VEGFA145 VEGFA 165, VEGFA133 VEGFA 185, andVEGFA 206 A VEGFA110
isoformis alsocreatedhroughproteolytic cleavagof longer VEGF isoforms by plasm|&7].
VEGFregulated angiogenesis research typically focuses on W&fg-the predominant
VEGF-A isoform[58]. For this reason, VEGR 5 is often referred to simply as VEGF, a

notationl adopt henceforth.

The aforementionesplice variants have recently been typified asMB&F-A yuxa
isoforms, asecondarWEGFA «xp isoformscontaining the same number of amino achig
different sequences afanction, have emerge@urrently,four VEGFA .y isoforms have been
identified: VEGFA 121, VEGFA 1450, VEGFA 165, and VEGFA1ggp, fully reviewed in[59],

[60]. Key points to know about these isoforms incIWEGFA 1651 is the best studiedEGF
Asxp isoform; VEGFA 165, binds to VEGFR2 with the same kinetics as VE&Ks, but does not
activate VEGFR2 nor the signaling pathways that VEAG§s activated61]. Subsequently, the
VEGF-Axa isoforms are characterized @so-angiogenic, whereas thEGFA 4« isoforns are

antirangiogenic.



Likewise, multiple isoforms of VEGFB have also been discoverg@d?], [63]. VEGFB
is considered to primarily be a neuroprotective faf@dt; VEGFB has also been identified to
act as anyocardiumspecific angiogenic factg65], [66] and a regulator of energy metabolism
by modulating faf acid uptakd67], reviewed in68], [69]. The two discovered VEGB
isoforms are VEGHB;s7and VEGFB1 g6, differentiated by amino acid lengté2], [63]. VEGF
Bisyhas been iddified as the predominant isoform, with over 80% total VE&Being
expressed as VEGB;67[70]. However, the functional differences between VEBE;and
VEGF-Bigg, outside that VEGHB167 contains a hgain-binding domain and VEGB1gs does not

[68], are currently unknown

Conversely, VEGFC daesnot exist in multiple isoforms. VEGE is considered to
primarily promote lymphangiogenesis through interaction with VEGF&8ewed in71].
VEGFC also interacgwith VEGFR?2 although VEGFC/VEGFR?2 interactions do not appear
sufficient to promote lymphangiogenefi?]. VEGFR2 mighthave an indirect modulatory role
in VEGFC lymphangiogenesi¥ EGFC induces VEGFR2/VEGFR3 hetelimerization, unlike

VEGF-A, which differentiates VEG signaling from VEGFR3 homodimea3], [74].

Similarly, VEGFD does not exist in multiple isoforms, and is considered to primarily
promote lymphangiogenesis through VEGEFRS reviewed ifi75]. VEGFD also binds
VEGFR2[76], implying that VEGFR2/VEGFR3 heterodimerizatiomgimt be importanfor
VEGF-D signaling. However, unlike with VEGE, lymphatic development does not appear to
beaffected by VEGHD deletion[77]. As such VEGF-D signaling and functionemains
guestionable, anddditional research is necessaryrtakeany additionahssertions about

VEGF-D signaling.



PIGFcontains four known isoformggrmedPIGF1-4 [78]i [80]. Similar to VEGF, PIGF
isoforms result from alternativeplicing,each contaiimg a different number of amino acids: 131,
152, 203, and 224. Like the VEG&Fisoforms, PIGF2 and PIGH contain heparin binding
domains, while PIGA and PIGF3 do notf81]. Also like the VEGFB isoforms, the functional

differencebetween PIGF isoforms not currently known.

Similar to the VEGF ligands, the VEGFRs are agpressed in variant isofornfluble
isoforms truncated fullengthreceptors withouthe transmembrane or intracellular domains
were identified for all three VEGFR82]i [84]. These salble isoformsare considered to contain
no signaling propertiesacing to sequester free VEJB3], [85]. Thesoluble VEGFR isoforms
can dimerize with fulength membrane VEGFRw&hich may additionally direct VEGFR
signaling[86]. Intracellular VEGFR isoforsalso exist; intracellular VEGFR1 isofosm
containingeither the full or partiaintracellulardomainof full-length VEGFR wereidentified
[87], [88]. It stands to reason that other VEGFR isoforms may yet be undiscoldeetfying
all VEGFR isoforms and functiomeay be necessary to achieve complete control of

angiogenesis.

Dimerization the binding otwo receptor monomets form areceptor dimeris a
critical step tovEGFR phosphorylation and signalnsductionVEGFR1, VEGFR2, and
VEGFR3 allform homodimes: two VEGFR1 monomerkind toform a VEGFR1VEGFR1
homodimeretc Heterodimerizationwheretwo different VEGFR monomers hipalso occurs
VEGFR2forms heterodimers with both VEGFR1 and VEGFRBereasvEGFR1 and
VEGFR3are not able theterodimeare. These homodimer and heterodimer pairs can activate

different intracellular signaling pathways, leading to differential cefionses.



Overall, thisVEGF family overviewshowcases thiargeVEGF signalingnetwork The
multiple ligand types, receptor types, isoforms, and dimers compliesability to understand
and predict how angiogenesis occtistthermoreVEGF signalingcooperatesvith signaling
from other receptor® direct angiogenesi¥ EGFVEGFR andDelta-Notchsignalinginteractto
directtip/stalk cell selection sprouting angiogenesigviewed in89]. Thus,theability to
effectively regulate angiogenedts cancer and vascular disease therapehtisgelied on
methods that delineatbis complex VEGF signaling axis identify keysignaling features and

targets

Here | discusshow systems biologyhasbeen used tprovide this delineationof VEGF
signaling to identify keyVEGF signalingeatures and targeis angiogenesisSystemdiology
is an iterative approach between mathematical or computational modelinguarititative
experimentation to understatite entire biological systeff0]. Systems biology is also
advantageous by being quantitative and predictive in nature, allowing features such as model
directed experiments to quicken discovery of key angiogenesis.i®a#ems biology also has
the power tasolate and examine subsystems within angiogenesis, such as receptor signaling
pathways to identify criticalignaling nodes in angiogenesfss such, systems biologyan
examine a systemt various scalesngiogenesis can be examined macroscopicalli, asic

sprout fornation, or microscopically, such &4&EGFR signajpropagation

In thischaptey| provide an overview of systems biology techniques that have been
employed to mathematically or computationally explore angioge(iEsble 22). | review
studies employing these systems bioltgghniques t@xamine th&/EGF family in
angiogenesito providenewbiologicalinsights and to design prangiogenic or antangiogenic

therapiesLastly, | provide a brief overview on the current challesigemanipulating VEGF



signaling and angiogenesiad futureresearcldirectionsto achieve complete angiogenic

control.
2.2 Systems Blogy Approaches
2.2.1Deterministic kinetic modeling

Chemical reactions describing the kinetic reaction network are modeled using the law of

massaction:the rate of a reaction is directly proportal to reactant concentratioh.%):

[A]+B] %10 (1)

Here A, B, and C are species concentrations, A and B interact to form C with forward
rate k, and C dissociates to form A and B with reverse ratédt systems biology applications,
reactiongdescribe interactions betwesractantsmodeled as biologicapeciesuch as proteins
or genesFor deterministic kinetic modelspecies are assumed to be contained in a continuous
molecular concentratioi®ne ypical deterministic kinetic modeling applicatianto quantify

temporal species concentratiarsng ordinary differential equatior($.2):

A —kia «l A B (L.2)

The equation in (2) indicates the temporal concentratimfrspecies A ([A]) defined by
the chemical reaction if1.1). Kinetic models are alsoften employed as compartmental models,
where species reactions are bounded within a physical space (compartment), but may transport
between othecompartments that are physically separgéked 2.2). In systems biologya
microscalecompartmental example modeling theextracellularandintracellularspace, which

arephysicallyseparated by the cell membraBemacroscale example is modeliogmpartments



as different tissues, such as blstvdamand skeletal muscle tissue, which are physically
separatedythe blood vessel wallé\ thorough review on kinetic modeling of signaling

networks at naro- and macrescales can be found by Janes and Lauffenburd®d]n

A second typical deterministic kinetic modeling application is to quaniyial or
spatiotemporal species concentratiarsusingthe advectiondiffusion-reaction equation

modeled with partial differential equatiork3):
_“[f =D B[A OBy R (13

where [A] is the concentration of a species A, D is the diffusion coefficient of specigsig\,

the spatialgradient v is the convective velocity field, and R is any reactions involving species
A. In purely kinetic modelsnodelingspecies diffusion and convectitypically involves
compartmental modelingvhere species transptetween compartmenis defined byeither

constant D and terms orD andv termsthat are altered algorithmical(fig 1.1).
2.2.2Stochastic modeling

Deterministic kinetic modelinglways gives the samesults given the same reactions,
concentrations, and kinetiddowever, biological processbave elements of randomness;
deterministic modeling particularly fails at low species concentrations, \eesssumption that
species are contained in a continuous molecular concentration does nanklaldactions occur
stochastically92], [93]. Stochastic kinetic models incorporalés random element into
deterministic kinetic models faredict bological randomness and noi8gl]. Systems biology
typically applies stochastic modeling through the Gillespie algorithm or Monte Carlo

simulatians. Briefly, the Gilespie algorithm simulates tirdependent trajectories of the species
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in a chemical reaction netwof84]. Monte Carlosimulates stochastic reactions by introducing

probability distributiondor the occurrence of each reacti@].

2.2.3Agentbased modeling

Agentbased modelsepresent each indivil species (i.e. cell or protgias a discrete
agent that follows a certain setrofes. Similarto kinetic modeling, ageriiased models in
systems biology are typically used to quantify spatiotemporal species inforrj@g]obinlike
kinetic modeling, agdrbased models do not require kinetic or concentration informatdimer,
rules define species interactions and transport, which may or machuwte kinetic or
concentration informatiof®0]. Cellular automaton is one primary example of admsed
modeling: creating a twar threedimensional spatial grid, where each lattice on the grid
contains an agent of interest, and simulating the spatiotemporal agent movements and

interactions across the grid.

Agentbased models are advantageasishey incorporate stochasticity, andvie
spatiotemporal information on individual agents, with@guiring complex mathematical
equations (such ds2-1.3) to be defined and solveldurthermorgagentbased models do not
requireknowledge of thesystem mechanismagent behavior is governég rules that can be
readily derived from physical laws or empirical observations. One primary limitation of agent
based models is thaimulating many agents is highly expensive computatiof@fj; Thus,
agentbased models are useful testing multiple system mechanisms to uncover the true

system behavidO6].

2.2.4Molecular modeling
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Molecular modelingimulateghe threedimensionaktructuralinteractons between
atoms and moleculd88]. Here, Ifocus on molecular modeling in the context of computational
drug screeningp identifying potentid VEGF inhibitors[99]. Computationatirugscreening is an
approach to identify novel therapeutics for targeting signgiteins.Potentialdrugs targeting
the signal protein of interest are predicted by screening thidiEfighent molecules, and
guantifying their binthg strength tahe signal proteinBinding strength is typically determined
through docking analysis, prieting the ability of a molecule to bind the signal protein through
preferred orientatiorsize, flexibility, predicted interaction kineticand atomic structur&he

therapeutiefficacy of these drugs then examineth vitro or in vivo[99].
2.2.5Finite element modeling

Finite element modeling is based on similar principles of cellular automaton: a spatial
domainis bounded and discretized to calculate the quantity of interest within each lattice on the
grid temporally{100]. Finite element modeling differs from agdrésed modeling in two
primary ways: (1) finite element models quantify materials in continuum, such as fluid velocities
or temperature fields, dn(2) finite element models are defined from conservation laws. A
typical finite element application is to quantify hemodynamic forces, velocity, pressure, and

shear stresses, through the Nax8éskes equationd.01]:
ru+ o Qb sgup p f (14)
DO O (1.5)
where 7 is the fluid densityll is the velocity field,U is the time derivative of the velocity

field, S, is the viscous stresyy is the pressure, an& is the external force3he equations in

12



(1.4) and(1.5) aredefined by conservation oiomentum and massspectivelyFinite element
models could be used to calculpteysiologically reévant velocity fields for advectien
diffusion-reaction simulationsl(3), allowing multiscaleVEGF modelingFor angiogenesis
applications, finite element modeling is typically used to examine how blood flow stress directs

vessel growth ointravenous angiogenic draglivery.

2.2.6Multivariate models

Theabovecomputational techniquesquireno experimental da trainingfor model
development granted such models are typically trained to ensure physiological accuracy
However, these models require high parameterization wWieenumber of reactions and species
becomes largeandnot all species or variables related to the system are typically incorporated
into these modelslo overcome these challenges, multivariate models seek to providetsignal
responsestatistical models derived directly from experimental dasasétich do ot require
explicit definition of system mechanisms commonly usednultivariate modein systems
biology ispartial least squares regress{@LSR) PLSRis a regression technique tltatrrelates
independent variables to dependent variables withisysiem[102]. An example iuilding a
PLSR model to correlategand stimuli (independent variable) to cell response (dependent
variable) using experimental observaticasd then applying thellSR model to predioivhat

cell responses will occur from untested ligand stirfil02].

Statistical modeling is another commonly used multivariate approach in systems biology
where the probabily of observing some response from a system of interest is calculated given a
probability mode[103]. Bayesian statistics is one such commonly used statistical model,
Bayesian statistiasfers posteriorprobabilitiesof model parameters by model training with

empirical datg104]. An example Bayesian model application is predictexeptor signaling
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crosstalk involved indrug resistanceysing empiricabene expressioprofiles from drug
resistance and drugpnresistant patienfd05]. Machine learning is a similatatistcal modeling
approachyhich describes a system from empirically derived sample inputs thjoeglessing
algorithmg[106]. Machine learning differs from Bayesian statistics in that machine |leadpigg)
not describe biological mechanisms of a system, rather providiagtemizedfit of input data to
responseAn examplemachine learning application is mapping tissue gene expressions to
disease groupso allow predictive disease classification from future tissue gene expression

screening$107].

While multivariate models are powerful@edicting signato-responseghey are
empiricatbased models thare not capablef describing mechanisms of a biological system
Since thiditeraturereview focuses on computational systems biology for understanding

angiogenesis mechanismslo not review multivariate approaches for angiogeriesigtail

In the following sectionl provide an overview ofomputationakystems biologgtudies

that exploreangiogenesimechanismsnd methods for regulating angiogenesis

2.3 Systems Blogy for StudyingAngiogenesis

2.3.1Sprouting angiogenesis

Computational modelings a tool to understand angiogendsés been applied hadia-
hand with experimentahvestigationsince the field of angiogenesis first emerged in the early
1970s when Judah Folkmattiscoveredhetumor angiogenic factdd6]. The earliest
angiogenesisamputational models examitigessel sprouting and network formation
diffusion modeling[108], [109] As VEGF and VEGFRs were not characterized aindllate

1980s toearly 1990€Fig 2 1), these initial agiogenesis models examinegissel sprouting in
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response to the uncharacterized moletwigor angiogenic factdfi6]. Despite not modeling
sprouting directly by VEGF, these early computational models offered many important insights
into growth factor directed angiogenesisich computational models determined that the
presence of an angiogenic factor is necessary toaeheyh density tumor vascularization, a
concept that was contentious for its tif@8], [110] Later sprouting modelsighlighted the
importance of an angiogenic factéindingthatdirected vessel growi11] andvessel loop
formation[112] require a growth factor gradier@ellular automatomnd random walk

approaches were applied to track individual cells throughout sprdad8¢ which captured the

proliferative phenotype of cells behind the sproutingi].

As the roles of VEGF and other factdyecame defineth angiogenesjsomputational
models began to examine sprouting as a system comprising mdttipteg factors or cell types
Some suchecent sprouting models hageedicted that basic fibroblast growth factor (bFGF)
enhances VEGHirectad angiogenesis by upregulating VEGFR25], andthatVEGF and
angiopoietins coordinate angiogenesis through endothelial cell (EC) migratioessal
maturation by pericyteld 16]. Finite element modeling has also been useddntify that
traction forces employed by cell growth controls matrix deformation antdadd angiogenic
growth and remodelingd17]. Additional computational systems biology models that have been
specifically studied sprouting angiogenesis are reviewgHli@]. Overall, such sprouting
modelshave advancethe understanding of how single or multiple growth factor gradidimesct
angiogenesis. Sprouting models also offer a powarfatroscopic frameworo examine
specificsubsystems within angiogeness suchsprouting modelbave beerextendedo

undestandhow VEGFmediated tip/stalk cell selection directs angiogenesis

2.3.2Tip/stalk cell selection and vessel sprouting

15



Gerhardtet aldefined vessel patterning for the first time in 2003, characterized by tip
cells responding to VEGWith guided migration, and stalk cells respondwith proliferation
[119]. Vessel patterning has since been well characterized in MW®Eted sprouting
angiogenesis, identified as an important feature for VEGF signaling and lumen formation to
create functional blood vessels, reviewelli?0]. As VEGF/VEGFR and Delta/Notch signaling
crosstalk was characterized as a key feature in tip/stalk cell selection and vessel patterning
[121], [122] agentbased computational models worked hamttand with experimental
investigations to explore this relationshiipsights gained from sudmentbasednodels include
identifying that DIl4 and VEGFR2 expression oscilladalirect sprouting123], andthe
validated predictionthat tip/stalk cell selectiois driventhrough tip cell filopodia extension
[124]. Pehaps the most important igéit into tip/stalk cell selection given by computational
modelsis that this process is reversibBentleyet. al.first reportedthatDII4/Notch lateral
inhibition between ECs during loop formatioauses cell fates to flji24], a processow
validatedthroughfurther modeldirected[125] andexploratory[126] experimentsRecent agent
based modeling, integrated withvivo experimentsdentified thathe rate of tip cell selection
defines a tradeff between sprout extension and vessel branching, dictating vessel network
density[127]. Modelderivedexperimentslsofoundthatreversible tip/stalk cell selectios
present in embrydc neural crest cellgccurately predictingene expression patterns that
different tip and stalk cellg28], [129] Some examples of inferencescent tip/stalk cell
sproutingmodelshave madénclude:tip cells migrate back and fortb dynamically alter the
leadng cell based on VEGFR2 expressid30], stalk cell proliferation is dependent on traction
forces applied by tip cell migratidia31], and that tip celpolarization and directed movement is

mediatedoy theVEGFVEGFR bindingdistributionon the cell surfacfl32].
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2.3.3VEGFKVEGFRkinetic models

VEGFVEGFRkinetic modek at the single cell scakeek to understartftbw the kinetics
of the ligandreceptor interactiondynamially alterprotein and complex concentrations
Typically, these concentrations are taken as the functional output of WE&FR interaction
models providing inferenceo angiogenic potential (i.e. higher phospieGFR2
concentratios imply moreangiogenesiwvill occur). VEGRVEGFR interaction models are
powerfulas they quantifproteinand complexoncentrationshat are difficult tgorobe or
differentiate experimentally, and allgwerturbations (such as ligand or recetmmcertation
effect9 to be easily examinedlVhile ligandreceptor kinetic models wefist introducedn the
early-1970s [133], VEGFVEGFR interactions would not be explored uMéc Gabhann and
Popeldeveloped the first VEGFEGFR kinetic model in 200@L34]. This modelpredicted that
the experimentdtypothesis thaPIGF displaces VEGF from VEGFR1, enhancutgGF
signaling through VEGFR2vas incorret; and suggested a functional VEGFR1 signaling role
[134]. Laterexperimental evidendeacked up thisnodel resultshowing that PIGRipregulates
pro-angiogenic factors and induces metastds35], [136] This initial model sbwcases the
predictive power oWEGFVEGFR interaction model¥ EGFVEGFR interaction models have
been continuously developed throughout the years to eXpleGR signaling dynamics.

provide an overview of VEGNEGFRkinetic modelsbased on the subsystems they explore.
2.3.4VEGF expressionn hypoxia

Hypoxia inducible facted U (IHI)F i s one of the primary mol
vascularization in response to hypoxic environmentsrbynoting VEGF expressidi37],
[138], leading to increased tumor cell invasiven@8®]. Systems biology has thus investigated

HIF-1 @ctivation in response to oxygen concentration, and subsedE&# expression for
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promotirg angiogenesigin initial hypoxiakinetic modeldeveloped by Qutub and Popel

identified thatHIF-1 U a c tfrom fypoxicoeithedirectssteep, switcHike or gradual cell
responseshis dual cell response may be an important consideration felHIF t ar get i ng
therapeutic$140]. Another kinetic modedéxamined how VEGF expression is mediated through
HIFF1U degr adat i o rproly ydroxywase aachagparageny hydroxylgsél].

This model identifiedhat prolyl hydroxylase alone is sufficientadtolishing HIFL U a gt i vi t vy
andthat regulating prolyl hydroxylase activity may beedfective method for controlling the
angiogenesis responsehypoxia[141]. A recent kinetic model examined the rofemiRNAs in
hypoxiainducedHIF-1 U a c t iVEGFtexpressigndentifying thatargonautel

overexpression decreases VEGF produdtl@2]. These potential therapeutic targets identified

by hypoxiainduced VEGF expression models offatentialoptions for controlling

angiogenesisandrequire further investigation.
2.3.5VEGFR dimerization models

VEGF spnaling can lead to differential signaling outcomes based on whether it signals
through VEGFR homodimers or heterodimg43]. VEGFR dimerization formation is difficult
to examine experimentallypaking theeffectsof dimerizationparameters, such as dimerization
ratesor ratio of dimer formatiorglifficult to elucidate VEGF computationamodelshave
provided VEGFR dimerization to be proh&dth suchfindings asthat dimerization does not
affect complex formation at membrane patath@sinated by stochastic VEGFEGFR binding
[144]. Modeling competition of VEGVEGFR complex formation between VEGFR
homodimers and VEGFR1/VEGFR2 heterodimers revealed that 50% complexes exist as
heterodimer$145]. Furthermore, when VEGFR2 concentrations are high, heterodimer formation

increases by decreasing BER1 homodimer formatiof145], a prediction validated
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experimentallyf146]. While these computational modelsicidated how ¥GFR dimers form,
understanding functionaifferences in VEGF signaliniproughVEGFR1 homodimers,
VEGFR2 homodimers, and VEGFR1/VEGFR&terodimersemains a challenge that systems

biology mayyetanswer

2.3.6VEGFisoformVEGFR kinetic modeling

Similar toVEGF signaling being directed by VEGFR dimer formatidBGFR signaling
is directed bythe type ofigandthat bindgTable2.1). While computational models have
examined VEGF isoforms primarily in the context of pathology (described hdlbighlight
threestudieghathave examined VEGF isoforms in normal physiology.early model
examiningVEGFg5 and VEGH,:-VEGFRbinding distributionsn skeletal muscle tissdeund
thatNRP potentiated/EGF,65VEGFR2 binding andremoving NRP causes equal VEfgfand
VEGF12-VEGFR2 binding147]. A two compartment blootissue model examined VEGI
and VEGHgs binding distributions with luminal and abluminal receptors, finding that abluminal
VEGF predominantly binds VEGFR1, whereas luminal VEGF predominately binds VEGFR2
[148]. Another study elucidated that VEGF isoform patterning observed in148j, [150]is
directed byisoform specificsequestration andegradationthroughheparan sulfate proteoglycan
binding[151]. Furthermore, matrix metalloproteinases increase soluble VEGF by cleaving
heparan sulfate proteoglycans and preventing VEGF degradibfibly [152] Note that these
computational modelexaminedVEGF, 21, VEGF65 and VEGIHsg binding distributions with
VEGFRSs:no other VEGEa isoforms have been modeled, and no VE&GHRsoform models

exist to the best ahy knowledge

2.3.7Kinetic modeling of VEGFRnternalization and intracellular signaling
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Theseextracellular modelprovide a template fadentifying key extracellular nodes and
processes mediating VEGFEGFR interactions, but do noharacterize how intracellular nodes
mediate angiogenesio overcome this limitationyEGF computational models weextended
to examine hovextracellular factors and VEG¥EGFR binding couple witimtracellular
processegeceptor internalization and intracellular signalitegdirectangiogenesisThese
VEGFR signaling models have focused on VEGFR2, whose intriredignalingrole in
angiogenesis has been well characterized experimentally, relative to VEGF3R1154] The
earliestVEGFRintracellular signaling modelidentified, developed in 2007 by Alarcon and
Page providesthe mathematical basis for modeliM§GF binding a generalizedEGFR,
VEGFR internalizationandcoupling ofa generalized stbkomology 2 (SH2) containing kinase
to the VEGFR[155]. Suchmathematical techniques have been applied to examine specific
signaling moleculed¥li et aluse modebirectedexperimentatiorio showthatVEGFR2PLGC;
directs intercellular G4 signaling mediating celicell communication in wound closuf#56].
Napione et ashow throughmodel andexperimentation thaLC,and Akt phosphorylation
depend on VEGFR2 expression, mediated by cell defi%#]. Tan et apredictthatVEGFR2
activates multiple differentpathways mediatedy Gabl and Gab2p control Akt
phosphorylation dynamid458]. Computationalnalyses havalso identified an important role
for receptor internalization imtracellular signalingmatrix-bound VEGF igredicted to be
internalized slowhby VEGFRZ2 facilitating higher and sustained ERK phosphorylgtrefative
to soluble VEGH159]. Similarly, Anderson et adxperimentallyshowthatheparinbound
VEGF increase¥EGFR2 phosphorylation, artdirough computational modelindentify that
heparinbound VEGFslows receptointernalization160]. Another modepredictsthat receptor

phosphorylation is more dependent on internalization and trafficking rates than phosphorylation
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rates indicating that phosphorylatiasf specific receptor sitasay depend on intracellular
compartmentalizatiofii61]. Together, these VEGFEGFR interaction modelgrovide systemic
information on the VEGF signaling axistapping entirextracellular and intracellulgorocesses

that mediate VEGF signaling and subsequent angiogenesis.

2.3.8MultiscaleVEGF kinetic models

VEGEF interaction models have been expandexh fitee cell suiace to macroscal@hese
systemicVEGF computational studies model the same VEMEEGFR interactionss at the cell
scale, but expand the model scope to and interactions to examine VEGF distribution and binding
at tissue owhole-bodyscalesAt the tissue scald/EGFgsand VEGH2; binding distributiongo
VEGFRs and NRPtvere modeled in skeletal muscle tissp@yviding tissue scale findings such
as thalWEGFg5 concentrations in interstitial space does not affect stetdg VEGF binding
distributions[147]. VEGF interactions are also modeled at the wAlmldy scale, using
compartmental modeling to simultaneously quantify VEGF interactions and transport between
biological compartment&Vhole-body VEGF models first emergéy examining VEGF in
tissue and bloodompartment§l62], providing the notable insights that unbound VEGF
primarily localizes to tissue compartmefi§3], andbut that soluble VEGFR1, which
sequesters unbound VEGF, does not decrease VEGF signaling potential in those tissue
compartment§l64]. Thesemacroscopi&/EGFVEGFR interaction models are also regularly
used to explore angiogenesis in pathology: understanding both how VEGF signaling is important
to pathology, and testing VEGF therapeutloghe following sectionl review modeling
approachestexplore and optimize VEGF therapeutics, specificallygrgiogenic therapeutics

for vascular disease, and aatigiogenic therapeutics for cancer.

2.3.9Systems biology for pp-angiogenic therapies
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Pro-angiogenic treatments have exhibited continuousesscat vascularizing ischemic
tissue in animal models, but such treatments have not translated to clinical h&68fits
Computational models for prangiogenic therapies det optimize VEGF signaling to
vascularize ischemic tissa@adprovide clinically effective options for treatingiscular diseases
[166]. Pro-angiogenic omputationamodelsfirst examnedVEGF gradients imest andexercise
[167], [168] as exercise is the most effective preventer of vascular diggg8eSome key
findings from these computational studieslude (1)thatskeletal muscle VEGF gradients result
in heterogeneous VEGFR activatiavhich may define the nohanism for stochastic sprout
locations[168], (2) exercisaéncreases VEGF signaling by upregulating VEGFRs and NRP1
[167], and (3)VEGF signaling and subsequent tissue vascularization iseffestive within the
first week of starting exercise regim@$7]. Unfortunately, patients with progressed vascular
disease are unkbto exercise; thus, computational models also examined othangrogenic
therapies in severe artery disegde 2], [170], [171] One model suggested that injecting
myoblasts overexpressing VEGF may effectively promote angiogda&4is andalthough
further studyidentified thistreatment to be less effective than exerfls®], it may be a
promising therapeutic for patients unable to exerédisecent model suggests that targgti
miRNA, specifically inhibiting miR15a,may effectivelyincreasing VEGF synthesis and
function in peripheral artery disegde2]. Further exploration into miR5a in peripheral artery
disease, along withdditionalcomputationally derived therapeutic options for vascular diseases,

mayovercone the barriercurrentlypreventing clinical efficacy gbro-angiogenic therapies.

2.3.10Systems biology for antangiogenidherapies

Whole-bodypharmacokinetic/pharmacodynaméEGF interaction models have been

developed teystemically quantifW EGFtargetingtherapeutiefficaciesto inhibit tumor
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angiogenesisThesetumor angiogenesis modedgtendcompartmental modglof VEGF
interactions with VEGFRs and extracellular protdi%3], [164], [172]to account for drug
administration to the blood stream, absorption into healthy and diseased tissue, gadydtug
interactionsCompartmental models examined VEGF dynamics follovainigVEGF injection
[173]i [175], identifying that VEGI,; inhibition is more effective at reducing tumor angiogenic
potential than VEGfgsinhibition [176] andpredicted thaant-VEGF efficacy is sensitive to
VEGFRIevels on tumor cellgl77]. Further investigation into physiological VEGFR
heterogeneitydentified that high VEGFR1 levetgsult in ineffective ariVEGF therapy{178],
implicating VEGFR heterogeneity as a drug resistance mechaPigarmacokinetic modeling
has also identified potential drug interaction mechanisinesanttVEGF drug afliberceptay
bind NRP-bound VEGEF: in addition to free VEGFL79]. Overall, hese systemic VEGF models
offer a powerful platform fotesting ati-tumor angiogenesis therapiegich can be applied to
study patienspecific therapeutic efficacin addition to elucidating mechanisms of drug

interactions and resistance.

2.3.11Computationatrugscreening for VEGHherapeutics

Computational drug screening has recently been applied to identify possikleutar
compounds that selectively inhibit VEGFRZhesescreening approaches typically iterate
through compounds available in molecular databases, and identify potential novel VEGFR2
inhibitors through a computational structural comparison to an established VEGFR2 inhibitor
[180]. The compounds exhibiting the greatest themipgotential are then tested
experimentallySuch structural screening studies have identdiedmpaind,termedHP-14,
that exhibits a foufold higher reduction in HUVEC proliferation than tbstablished/EGFR

inhibitor Vatalanib[181], [182] Other screening studies have identified compounds that
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significantly inhibit VEGFR1 and VEGFR2 phosphorylation to prevent HUVEC tube formation
in vitro [183], inhibit VEGFR2 kinase activity and HUVEC wound closure without affecting
HUVEC proliferation[184], and inhibit vessel sprouting ex viyb85]. Further review of ani
angiogenic VEGFR2argeting therapies identified through computational screening can be
found in[186]. This computational screening approach, linked with experimental validation,
offersrapid identification opromisingVEGF inhbitors that may allow optimizing patient

specific therapeutics.

2.4 Current allengesn Angiogenesifkesearch

2.4.10vercoming resistance of VE@Rrgeting therapeutics.

Overall, computational studies and systems biology have driven angiogenic research
fundamentally and to direct angiogenic therapeutics. Many challenges remain to be overcome to
obtain complete control of angiogenesis. Overcoming\AaGF dug resistanceis alarge
challenge in providing effective cancer treatmigninhibiting angiogenesid87]i [189]. Such
therapeutigesistance was connected with heterogeneity in endothelial cell protein qii4s
leading to systems biology studies that provided mechanistic insight iridB6i+ resistance:
high VEGFRL1 cell subpopulations result in ineffective 3EGF treatmenf178], a result
observectlinically [191]i [193]. Despite such advances, aiGF and other VEGF targeting
therapeutics are still met with resistancenany patient$194]. A complete, systematic and
guantitative undetanding of VEGF signaling is necessary to overcome VEdBgeted drug

resistance and deliver personalized treatment regimes.

2.4.2Quantifying VEGFR signaling throughout endocytosis
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One primary challenge in achieving complete angiogenic control is grstadd the
relationship between endocytosis and VEGFR signaling. Recently, intracblhsed receptors
have emerged as key signal transdufE35], [196] yet signaling from intracellular VEGFRs
remains undefinedVhile recentomputational models have examined intracellbsed
VEGFR2 phosphorylatiofiL61] and kinase phosphorylati¢n58], [1], only the VEGFR
recycling pathway was modeled; no known computational models account for VEGFR nuclear
translocation or modulation of gene expression via intracellular VEGFRs. Furthermore, the high
intracellular expression of VEGFR1 and VEGHRQ7] indicates that intracellular VEGFRs

endocytosis may have a crucial role in mediating VEGFR signaling.

2.4.3Mapping the VEGF isoform functions

Another primary challenge in controlling angiogenesis is elucidating the function of all
VEGF proteins. Specific functions for most VEGF isoforms remain undefined. While systems
biology has identified differentiAfEGF 55 and VEGH2;-VEGFR binding and function, few of
the other VEGF isoforms have been studied computationally or experimentally . MEGF
functions in particular remain undefined, but may be important for angiogenesis; a recent study
identifying that VEGHgsp alters DIl4 expressiof198], together with evidence that targeting
DeltaNotch signaling may be effective awgtancer therapeut{d99], implies an important
VEGFuxp role for tumor angiogenesis. Additionally, VEG may have higher expression than
VEGF«xa Iin certain diseasd200], further highlighting the necessity to understand VE&F
functions. Unlocking the mechanisms that mediate VEGF isoform expression, binding, and

signaling may be #nkey to overcoming VEGF therapeutic resistance.

2.4.4Uncovering the VEGFR1 signaling role
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Similarly, the VEGFRL1 signaling function remains poorly defined, and there are
currently no known intracellular signaling molecules that have examined VEGFRilirsggn
specifically. Computational studies have generally ignored VEG#REd signaling due to the
its classically defined decoy status in angiogenesis; VEGFRL1 is thought to exhibit no
intracellular signaling, serving to bind VEGF with high affinity to mledVEGF binding and
signaling through VEGFR2. However, emerging evidence implies an active VEGFR1 signaling
role in angiogenesis: membraBEGFR1is upregulated during vascular reperfusion stages
ischemic tissu¢201], hypoxic tumor cellsand tumor endothelial cel]202], and VEGFR1
tyrosine kinasaleficient mice exhibit reduced angiogend2@3]. Furthernore, PIGF stimulates
endothelial cell growth and migrati¢204], [205]} and inhibiting PIGF prevents tumor growth
and metastasij206]. Computational models identifying receptor pwanslational modifications
are able to determine receptor signaling pathways and furj2aih, [208] therefore,
computational models exploring VEGFR1 parsinslational modificatioscan identify first
whether VEGFRL1 actively signals, and if so, map the VEGFRL1 signaling pathways and

VEGFRZLinduced cell responses.

2.4.5VEGF signaling models for clinical applications

Towards using systems biology to guide angiogenic therapeutics, developing clinically
relevant models that allow patiespecific investigation are essen{i2a09], [210] Developing
such personalized models is a nontrivial &kl ], necessitating multiscale modeling
approaches to capture all clini¢eatures relevant to angiogenesis, such as VEGF interactions at
the microscale and hemodynamics at the macrofzd®, [213] Integrating macroscale blood
flow stress with microscale VEGFR signaling may be an important clinical consideration; shear

stress induces VEGFR signalif]L4], directs vessel patternifgl5], and vessel sprouting may
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be dependent on fluid flowirected VEGF gradien{216]. Choosing which modeling approach

to use also must be balanced between computational complexity and physiological accuracy;
take hemodynamic modeling as an example: while modeling blood properties as Newtonian
less mathematically complex than modeling the shear thinning properties of blood, Newtonian
models do not provide physiologically relevant hemodynafii@s]. Comprehensive
angiogenesis computational models that guide therapeutic development for clinicians in an
accessible, clinically relevant way is a large challenge in systems biology today, but would

provide a platform for effective personalized medicine that no other approach can.

2.5DissertatiorResearch Overview

To address the challenge of overcoming drug resistance targgiigenic cancer
therapeuticsl developed a wholbody model quantifying how VEGFR heterogeneity directs
bevacizumab (anWVEGF) efficacy[178]. | also developed a benchmark platform for quantifying
hemodynamic§l01], as a first step to overcoming the challenge of modeling microscale VEGF
kinetics with macroscale hemodynamics for physiologycatid clinically relevant models.
VEGFR heterogeneity was experimentally measured and converted to quantitative parameters
for computational modeling using an approach | helped develop with my lab collab{2airs
From thisVEGFR heterogeneitgtudy, | identified that high VEGFRg&vels, present on tumor
associated endothelial cslibpopulationgresult in ineffective artVEGF treatmenf178], a
result also found in clinical tria[d91]i [193]. This effect did not occur from phigdogical
VEGFR2 levelsFrom this model, | identified the arMiIEGF resistance mechanism in patients

with high VEGFR1: VEGFR®ACcts as a pool to protect VEGF from aviEGF.

Particularly, this resistance mechanism barbroken into three stage9: jefae antt

VEGF administration,i) shorttermeffectsof anttVEGF treatment, andii() long-term effects
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of antrVEGF treatment (Fig 2.3]i) Before antiVEGF is administered, high VEGFR1
subpopulationseachan equilibrium statexhibited bya high VEGF concentration bound at the
cell membrane and low free VEGF concentration extracellularly. Convelsei\f{EGFR1
subpopulations exhibit a low VEGF concentration bound at the cell membrane and high
extracellular VEGF concentration at equilibriu(ii) At short time points after aRWEGF
treatment, both high and low VEGFR1 subpopulations exhézitly completsequestration of
free VEGF which is then rapidly cleared from the bodis results in a concentratignadient

of high VEGF at the demembrane and low extracellular VEGF, causing VEGF to unbind from
the cell surface and diffuse into the extracellular sp@deDue to this VEGF diffusion away

from the cell surface, high VEGFR1 subpopulations reswdn increased free VEGF
concentation following ant#VEGF treatment; low VEGFR1 subpopulations conversely result in

a decreasefiee VEGF concentratioffig 2.3)

Theant-VEGF resistance exhibited by high VEGFRIibpopulations is characterized by
two additional physiological phenomena: high VE@EGFR1 binding and high VEGF
VEGFR1 internalization (Fig 2.3This first physiological phenomenagh VEGFVEGFR1
binding implies these subpopulatiopsrposefully expgsshigh VEGFR1levels to produce high
VEGFRL1 signalingHowever, the VEGFRL1 signaling role and pathways has not been previously
defined.Chapter 3 discusses my researchriderstand the VEGFR1 signaling radapwing
that VEGFR1 actively signals to promeccell migration and proliferation through Pl&hd
PI3K pathwaysThis second physiologicgdhenomena, high VEG¥EGFR1 internalization,
impliesthatendocytosis is an important VEGFR1 signaling regulator. However, how
endocytosis quantitativelggulate receptor signaling is not defined. Chapter 4 discusses my

research to quantifhe relationship between endocytosis and receptor signaling, showing that
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receptor signaling primarily occurs intracellularly from endocytic vesicles, late endosomes, and
thenucleusWithin these chapters, | also discuss the implications of my results to the larger

fields of angiogenesis, systems biology, #merapeutics.
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2.6 Figures and Tables
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Figure 2.1: Timeline of VEGF-directed angiogenesis research.

Timeline highlighting the major discoveries and emergence of computational models indie&Ed
angiogenesis. References refer to the discovery or the first known study to develop a computational model
for that specific research area.
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Figure 2.2: Example systems biologyechniquesto modelprotein transport and interactions.

(A) A deterministic kinetic compartmental model containing a single chemiadlaeanvolving two
molecules [X] and [Y] binding to form [X:) all with units of M. The reactiois defined by the forward

rate k (M™'s?) and reverse ratg 7). In this example, Xs a free molecule able toave across
compartments, while ¥ anchored within the compartment. Compartment 1 is blood that is spatially
close enough to interact with tissue defined by Compartment 2, both with units of L. Blue arrows indicate
diffusion, while the green arrow indicates convention from blood flaw tikis kinetic model, diffusion

and convection terms are assumed to have unit§ dfrsexample ordinary differential equation

governing K] in Compartment 1 is shown. JB\n agentbased model using a grid for spatial

discretization. Pseudales are gien for directing agent motility and interactionS) Example of finite
element modeling to determine blood flow velocities, taken from simulations perforifiéd|nThe

blood velocity field can be integrated with kinetic or ageméed models to provide more plojsgically
relevant convection rates or movement probabilities, respectively. Conversely, the tissue could also be
modeled with finite elements, and advectaiffusion-reaction could be solved.
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Figure 2.3: Tumor endothelial cell subpopulations with higfVEGFR1 levels result in ineffective
anti-VEGF treatment.

Tumor endothelial cell subpopulation responses te\dBGF treatment based on whether they express
low (left) or high (right) VEGFRL1 leus, derived from results found [278]. High VEGFR1
subpopulations are resistanct to anEGF treatment, as free VEGF increases following-9iBGF
treatment. Low VEGFR1 subpopulations conversetynot resistance to atiEGF treatment, as they
exhibitreduced free VEGF following artiEGF treatmentHigh VEGFR1 subpopulations are
additionally characterized by high VEGREGFRL1 binding and high VEGFEGFRL internalization.
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Table 2.1: The VEGF family proteins.

Protein Isoform Family Interactions Primary Function Discovery

VEGFA [48], [49]
VEGFA110 [218]
VEGFA,; Pro-angiogenic [219]
VEGF-A 145 [220]
VEGFA 14 Unknown [221]
VEGFA 1 VEGFR1, VEGFR2 [219]
VEGFA 53 VE%FIEA(‘P](Q%%%?&?;) Pro-angiogenic [222]
VEGF-A 159 [219]
VEGF-A,s [223]
VEGFA 1,1 [61]
VEGFA 151 Anti-angiogeneic [224]
VEGF-A 165, [225]
VEGF-A 159 [61]

VEGFB VEGFR1 Neurogemsis and [62]
VEGF-Bgs7 VEGF-B (homodimer) embryogenesis [62]
VEGFBgs [63]

VEGFC VEGFRS3, VEGFR2 Lymphangiogenesis [226]

VEGFC (homodimer)
VEGFD VEGFR2, VEGFR3 Lymphangiogenesis [76]
VEGF-D (homodimer)

PIGF [227]
PIGF1 VEGFR1 [78]
PIGF2 PIGF (homodimer) Pro-angiogenic [78]
PIGE3 VEGF-A (heterodimer) [79]
PIGF4 [80]

VEGFR1 VEGF-A, VEGF-B, PIGF Angiogenesis [228]
sVEGFR1 VEGFR1 (homodimer) Anti-angiogenic [82]
VEGFR2 (heterodimer)
VEGFR2 VEGFA Angiogenesis [229],
VEGFR2 (homodimer) [230]
SVEGFR2 | VEGFR1, VEGFR3 (heterodimer Anti- angiogenic [231]
Anti-lymphangiogenic
VEGFR3 VEGFC Lymphangiogenesis [232]
sVEGFR3 VEGFR3 (homodimer) Anti-lymphangiogenic [84]
VEGFR2 (heterodimer)

Currently characterized ligands, receptors, and their isoforms in the VEGF familyfaimigr
interactions, function, and discovery of each VEGF family protein are dilishthe general, primary
function for each protein; note that specific ftioe may differ depending on cell type or physiological

context.
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Table 22: Systems biology modeling approaches.

Computational Scale Functional Outputs Angiogenesis Reference
Method applications
Kinetic: Molecules in Temporal Protein interactions
Deterministic continuum concentration Protein transport [233]
Drug PK/PD
Kinetic: Temporal Protein interactions
Stochastic Molecules concentration Protein transport [233]
Drug PK/PD
Molecular Spatiotemporal agent| Protein or cell motility
Agentbased Cell dynamics Protein or cell [96]
interactions
Cell proliferation
Molecular Molecular Binding potential Structural analysis [98]
Modeling Inhibitor identification
Tissue Hemodynamics
Finite element Fluids Continuum mechanics Vessel sprouting [100]
Drugdelivery
Multivariate Cell Signakto-response Stimuli to cell response [234]
Tissue

Typical computational models used in systems biology, the scafdfs quantities they model (i.e.

molecules, cell, tissue), functional output(s) given by the model, specific applications to angiogenesis, and

references describing the methods in detail.
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CHAPTER 3

VEGFR1 PROMOTES CELL MIGRATION AND PROLIFERATION THROUGH PLC ,
AND PI3K PATHWAYS

3.1 Introduction

Vascular endothelial growth factor (VEGF) is a potent angiogenesis promoter, and is
therefore a promising target for many pathologies, including vasculasdised canc§235]i
[239]. Despite this promise, VEGF targeted therapies are not clinically effective for many
patientg187], [188] As such, iere is an urgent ne¢aldevelopa greater understanding lodw
VEGFpromoted angiogenesis can be controlled, mechanistitalipprovethe efficiency and

specificity of current angiogenic treatmegnt

VEGF receptoil (VEGFR1) has emerged as a predictive biomarker foNde@F
therapeutics in cancgt78], [240], [241] but its signaling mechanisms and function remain
incompletely defined. VEGFRL1 is conventionally described as a decoy rettegitdoes not
produce intracellular signaj242], due to its high VEGF affinity but low phosphorylation
compared to VEGFRR43]. However, emerging evidence suggests an active VEGFR1
signaling role in angiogenesis: membrafieGFR1is upregulated during vascular reperfunsio
stagesn ischemic tissu¢201]; andVEGFR1 tyrosine kinasdeficient mice exhibit reduced
angiogenesis bothhypoxic tumor celland tumor endothelial cel[202][203]. Furthermore,
VEGFR1 demonstrates tumor activity via placental growth factor (FZ&2H), [205] wherein,
inhibition of this VEGFR1 spedatf ligand, prevents tumor growth and metastg§]. Given
this emergingevidence, and the VEGFR1 bianker role in cancef,believethat VEGFRImust

have an important signaling role, anaim to delineate it.
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VEGFRL1 signaling can be determined by systems biology: mathematically defining
receptor signaling. The power of a mechanistic approach is iéulass to the biological
structure. Towards this end, the two key signaling mechanismMeSER1 ligation include: (1)
carboxyterminal receptor phosphorylation at specific tyrosine sites and (2) adapter binding at
these sited. define these as the keteps, because they structurally facilitate the second
messenger signaling that directs the angiogenic hallmarks of cell proliferation and migration
[161], [244], [245] as such, these steps may together predict those hallmarks. Indeed, there is
evidence that tyrosine site phosphorylation is linked to cell response: cell proliferation results
from phosphorylation ahe VEGFRZTyr''"> whereasphosphorylation athe VEGFR2Tyr'?!
has been linked to cell migratigh61]. Cell responses are similarly linked to adapter binding
and adapter phosphorylation atRTK phospgiyoosine site$246]i [250] While these tyrosie
sitebased and adapteased approaches are useful to predict cell response, they are often
analyzed separately, which does not enable a unified understanding of how RTK structure directs
cell function[251], [252] Therefore, computational models that integrate these key elements of

receptor activation, would advance structhesedoredictionof VEGFR1signaling.

Here,|l predict how VEGFR1 directs cell response by developing, comparing, and
validating a structurbased model of carboxtgrminal VEGFRL1 activation and a general
VEGFRL1 activation model. The models quantitatively rad&pter protein contributions to
VEGFRImediated cell migration and cell proliferation. Model comparison reveals how degrees
of model isl oppinesso affect predictions of
predictions of cell response tougrtreatment are validated via functional assays. Together,
modeling approach provides a new, validated tool for struttased prediction of cell signaling,

applied to grant the exigent mapping of the angiogenic receptor VEGFRL1.
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3.2 Results

3.2.1VEGFR1 primarily induces cell migration

Following VEGF binding, the initial intracellular VEGFR1 signal transduction steps
include: receptor dimerization; autophosphorylation, a-prasslational modification (PTM) of
carboxyterminal tyrosines; adaptbmding to phosphayrosine residue@ig 3.1) and adapter
phosphorylation. To identify how the aggregated cell response depends on sapkdite
PTMs,| models where adapter binding and PTMs occurspetifically (nonspecific model)
and adapter bding and PTM processes represent known receptor binding specificity (specific
model) (Fig3.2A). Both the nonspecific and specific modeledict that VEGFR1 primarily
induces cell migration (Fig.2B). This isevidenced by migration exhibitifgpththe hghest
integrated cell response (RBRC) andthe highesphosphorylation amplitude (F§2D). The
specific model reveals mechanistic insight into the migratory cell response: the VEGFR1
tyrosine sites specify cell migration signaling. This is evidetgeithe specific model exhibiting
a greater contribution to migration signaling; the integrated migration response, relative to
proliferation and degradation, increases 16% in the specific model, relative to the nonspecific
model (Fig3.2C). Furthermore, #hmigration phosphorylation amplitude increases 23% in the
specific model, relative to the nonspecific model &&D). Therefore] predict that VEGFR1

tyrosine sites are structured to specify cell migration signaling.

3.22 VEGFRL1 tyrosine sites spegiPLC,, and PI3K activation through adapter binding

competition.

VEGFRL1 tyrosine sites specify cell migration signaling through Rird PI3K
phosphorylation (Fi@.2E). PLC, and PI3K are the only adapters with increased integrated

responses (Fig.2F) and phosphorylation amplitudes (BigG) between nonspecific and
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specific models. fiis uniqueincrease IPLC, and PI3Kactivation is due to their binding
preference witlthe VEGFR1phosphetyrosine sitegFig 3.1A); only two adapters bind
VEGFR1 simitaneously (Appendid, TableA.4-A.5): one adapter at Ty¥ and a second
adapter at another tyrosine site. PI3K &, are the only adapters that bind ¥y thus
experiencing les¥EGFR1-binding competition than the other adapters, resultirgyeater
activation.This is evidenced bPLC,and PI3Kactivation preferentially occurrinat Tyr'®*

(AppendixA, FigA.1).

3. YELFRLtomoted cel | responses ,arkrl 3K,gudmad e

Src activation.

To predict which adapters prpemafrodm slemeict i
anal yses between adapter concentratilpnedacd c
t hatprcodlilf er at i anperainnda rmilgyr RioECeaddi REK @wucentragions, in
thatordef FB3AB 3 DEZ) . Conversely, degr adPACandSr ci s pr i
concentrations33CinF)hafThesedet hf Eiegadapters di
coordinated faPhiomBgABNncrebB4KDpgFit e 38809 ( Fi g
concentr afmmwlne d wl e-2/Lclel | i ncreases phosphoryl e
l ncreasi n34 P 3aKkn d(3FEYc cpohicgnt r at*imnohecabeskcel2l:
i ncreasagisnttehger &PtLeCd response, indigating that F
phosphoryl atitomeesTudge tthheart WIEtGGFR1 i s structure
PLC,and PI3K, predict thatPLC,and PI3K mediate VEGFR1 cell responses r o u g h

coordimniavewdi ae i nvolving Src.

3.2.4Specific tyrosine site modeling captures adapter phosphorylation dynamics
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The specific model accurately predicts PI3K phosphorylation dynamics and magnitude in
VEGRt reat ed RAW 264. 7 ma c rlggdnesgfdistest (Rgd5Al enced b
[253]. The specific model accurately predicts that PI3K phosphorylation is abrogated by the
PI13K-specific inhibitor Wortmannipwhile relatively unaffected by inhibiting other adapters (Fig
3.5A). Conversely, the nonspecific model accurately predicts relative phosphorylation trends
(AppendixA, Fig A.2), but not phosphorylation magnitudes; the nonspecific model
underestimates Pk3phosphorylatiorby 81% andf a i | $goodhesf-fit test (Fig3.5A).

Model predicted PLECphosphorylation shows the same trend: thespeific model accurately
predicts PLG phosphorylatiorgiven VEGF and inhibitor treatmestwhereashe nonspeéic

model fails validationKig 3.5B). The specific model also accurately identifies which VEGFR1
associated adapters are not critical to VEGFR1 signaling: Abl phosphorylation is not detected as
predicted (Fig3.5C). This validation highlightthat modelig specific receptor tyrosine sites is
essential to capture adapter phosphorylation magnitudes, and is translatable across cell lines,
whereas the conventional approach to model a nonspecific receptor tyrosine site fails

physiological validation.
3. PIBK agadr ePLlcG i t i ciand uome &V ECGEFIRIL mi gr at i on

lval itdheet epo éali cti on that VEGFR1 promotes ce
regul @#LCs fllowey by PI3KI findthatVEGFR1 does promote cell r
induces significant 3BABY) mi Guat henmodegeYEGFRE |
mi gration i s pr i pgfallowedly PiBkefguB.6AaB). &k specyic VEGFR1
tyrosine site model accurately qudies a d a gdnteilbutions to RAW migration; RAW

migration decreases 79% in vitro wRhL £Lnhibition (72% predictedand 64% with PI3K
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inhibition (64% predicted)Hig 3.6B). Additionally, themodel accurately identifies that Abl is

insignificant to VEGFR-induced migrationKig 3.6B).

3. YEGFRbduced cel |l proliferatyon is primar

lval itdeet eged edi cti on that VEGFR1 promotes ce
t hr dPu@dctivationVEGFR1 promotes cell proliferation:
proliferati3@éc)ual ivdhgetreod i(cFtiigon-i ndatc edEGFRI at i or
significantl y rRAWIpartoeldi fbeyr aPtLiCon de,chbabesi 509
(FBgC) . Conversely, PI 3K and AbI i nhi bition da

accurately predicted by the specific VEGFR1 s

3.3 Discussion

TheVEGFR1status as a decoy receptor may not fully capture its signalinfLia¢
however, few studies have probed VEGFR1 signdRd@], whichis difficult to map dueo the
low phosphorylation levels VEGFR1 exhibitss VEGFRL1 is a tyrosine kinase receptor, a
receptor family known to signal through coupling with the SH2 domain of ad§p&eifs
examiningVEGFRZX-adapter bindingan offemew nsight intoVEGFR1signal propagationt o
this end| developed and validated a recepaolapter interaction modeling approach, which
accurately predicts cell responses from adapter phosphorylation, and is translatable across
receptor and cell types. Combining this modeling approach with experimentaligalidat
identified that VEGFR1 induces cell migration via Blabd PI3K pathways, and induces

proliferation via a PLEpathway.

3.3.1Novel modeling techniques allow prediction of receptor signaling.roles
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My modeling approach quantifies adapter phosphooylaaind cell responses
simultaneously to map unknown receptor signaling pathwaysnodeling approach refines the
receptor signaling models by integrating the pioneered approaches that accurately predict select
adapteireceptor interactiond 58], [255]) [257] and cell responsd&58]i [260] from external
stimuli. | additionally advance receptor signaling models by providing the ability to map
unknown receptor pathways. Furthermdrehow thathis approach to model specific receptor
tyrosine sites offers physiological relevancy; both nonspecific and specific VEGFR1 tyrosine site
models are validated when only the shape of adapter phosphorylation over time is considered
(AppendixA, Fig A.2), but oty the specific tyrosine site model accurately predicts adapter
phosphorylation magnitudes (F8gb). My modeling approach presented here is advantageous as
it maps unknown receptor signaling from adapter activation to cell response, simultaneously,
with high physiological relevancy. Additionallyyy receptoradapter modeling approach can be
easily integrated into pharmacokinetic/pharmacodynamic models, which accurately quantify
extracellular VEGF concentration dynamics in response teva@F drugq174], [179], [261]
to provide a clinically relevant platform to explore how afiGF drugs mediate VEGFR
signaling: through altering extracellular VEGF concentrations, VBE&GFR interactions, and
subsequent intracellular VEGFR signaling. Such a model integration would overcome one of the
major challenges for developing personalized, clinically relevant computapiatf@arms
reviewed in[211], [262] providing a multiscale model to comprehensively investigate biological
systems; in this case, comprehensively modeling receptor signaling at the tissue macardscale a

intracellular microscale.

3.3.2gFlow cytometry accurately quantifies membrane receptors
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My ability to accurately quantify VEGFR1 signaling highlights the power of integrating
experiment and computation to provide new biology insight: empirical esedéefined
VEGFRZXadapter reactions, kinetics, and concentrationgh#amodel, which in turn provided
testable VEGFRL1 signaling predictions thabnfirmed experimentally. This first step, model
parameterization, is essential to develop physiologically relevant models, as previously described
[91], [263], [264] VEGFR concentration parameterizatiwas achieveavith quantitative flow
(gFlow) cytometry[201], [265], [266] a recently established highroughputapproactthat
detects receptor expression watfluorescengffinity probeand quantifies absolute receptor
levels usingluorescentalibration standard267]. While gFlow cytometry is becomiran
essential tool for parameterizing receptor concentrations in computational fid&®3)4159],

[163], [174], [176] [179], analogous methods for quantifying other receptor signaling
parameters, such as adapter phosphorylation eateapt well established. As such, most
computational models contain parameters that are estimated or generalized across multiple
species or interactiorj268]computational models; Bose and Janes recently developed one such
method for higkthroughput characterization of signal molecule dephosphorylation kinetics via
phosphatase activi{f69]. Development of such higimroughput methods to completely
parameterize receptor signaling models, from species concentratgpectiic kinetics for

every interaction, would unlock additional options for tuning receptor signaling, such as by

targeting specific phosphatases, while maintaining high physiological relevancy.

3.3.3VEGFR1 preferentially activatd® L {n burst activation to induce cell migration,

possibly through Cd signaling.

| showthatVEGFRZLinducedP L {activation is required for cell migration, and

hypothesize this VEGFRR L&ne di at ed mi gr @tii gm®ILiBve | ves Ca
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phosphoiry|lanawmi Pdtnef[lQa&0] j n[ 2Et] | [2T[@AY5Dbur st
Furthermore, direct épudealels mie@rattihen]|[ 2@&6liiinrge £
[ 27Brjom t his priommbi khreadwlwe d deltifRdefdcet! it vaa tfiucrct i o1
obserwvlebdiehypot hbat z¥ EGFR1 p hgisnp hqouriytl ka tbeusr s LsC
i ndGé&ul sredsi rect cel |bunPht@dattii ocrd.udl Tmih@iwe | | s

mi grate towar ds wva tViEGF pgosasdiibehetasel®B&ERFO WBIN M S

pl asma meEMFRFRIneon the ce|l] | VERBERDgréebeugradaeadt
phosphor yan3®)s PLCsPh@rayuEepedsye sacti’ating Ca
channel-esst ablwied h e[d2 Ti®g &liedwiieswe d Dbly2 M koisthi i ng
mi gr at idosn tthoewavrtEGHh i ¢r ancicdhratni sm i s further supr
showi ng'ptunlaste Gaol | owi ng VEGF simul at[i2o80As req
the extent of directed cell mi grat[id&3]i s depe
hypot hesi RetPLfdat i VBEGF on acts as a VEGF gradie
mi gration direcuioneawdr magrxpéeuvugmedaiFal ¢ég pr ob

mi grati®nnecessary to validate this mechani sm
3. A%ignaling may PiImd raeccttilvya trieognu Ibayt eV EGF R 1

| identified PI3K as a primary adapter directing VEGFRikdiated cell migratian
Primarily, PI3K is known to promote cetligrationthroughAkt activation[284], [285] which
also involves C# signaling; PI3K/Akt activation translocat€sf* channes to the cell
membrane, inducing Gaentry irto cells, and subsequent cell migratjag6]. However,PI13K
activation does not induce Eaignaling in HUVECY287]; rather, PI3K is activated by &ao
promote HUVEC migratiof288]. Thus,PI3K may play an important role in indirectly

activating C4" signaling and HUVEC migration
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3. F.h® LPPI3K, and Src dependent relationship may fott&'s i gnal i ng

regul atory | oop.

| observed a@ependentelationship betweeWEGFRLinducedP L& PI1 3 K, and Sr c
phosphor ylsatPilo3ngk coapeérRL @ 5o gnpi2 8lihlytpeo t b at z e
Pl 3KLL arftha@Ge a depeandeomt hnepd iVaBtGF 8 b d scted o
mi gr atuircrh ePrlgo n @ u c’ésd gdaal i ng phoaphlangl St es Sr c
phosph®rLy]l 28 B]s, [20dD ] PR I[RIOMHuls yopt hesi ze from t
studi egeasndttmYEGFR1 is structurkdgLt Pl BKefandn

Src regul ator yY'sligopFlidgyyj dandgs Chsequent cel |

3.3.6VEGFRZXpromoted hematopoietic progenitor cell migration may be required for

tumor cellmetastasis.

The strong VEGFR1 migratory signiaddentify here indicates VEGFR1 signaling may be
required for hematopoietic progenitor cell (HPC) migration to forrnpegastatic niche clusters.
Metastasigrom the primary tumor site requires circulating tumor cells to extravaste into
secondary siteR95]. Prior to this process, the tumor primes-pretasatic niches, sites
receptive to recruiting circulating tumor cells, to direct at which secondary sites metastasis
occurs[296]. These premetastatic niches are characted by clustering of VEGFR1 positive
HPCs; nhibiting VEGFR1 on HPCs preverjire metastatic nichéormationandtumor cell
metastasi§297]. This effect of pranetastatic niche formation being prevented with VEGFR1
inhibition may be explained by HPC migration requiring VEGFR1 signaling; thus, inhibiting
VEGFR1 would prevent HPC migration, HPC clustgriand subsequent tumor cell metastasis.
Furthermore, Akt activation has been implicated in macrophagisted cancer cell invasion

[298], supportingny hypothesis that VEGFRRI3K-C&"* signaling (Fig3.7) promotes
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macrophage migration. Therefore, targeting VEGHftluced HPC migration may be a

therapeutic option to prevent tumor cell metastasis.

3.3.7VEGFR1 can be comprehensively modeled by incorporating acagagter

interactions and specific phosphatases.

My modeling approach accurately predicted adapter phosphorylation and cell responses
by quantifying complex formation between specific VEGFR1 tyrosine sites and single adapters,
with adapter dephosphorylation occurring through a generalized phospBatiddieg upon this
validated model to include adaptdapter interactions and specificosphatases would
comprehensively represent VEGFR1 signaling. Modeling adapiapter interactions o u | d
identify how VEGFR1 signaloiomp@ r,edhpietadagtegct ed t hr
interactions occur via adapter SH3 domdin2 %] f orm | arger signaling
di fferent i a300],d301] Theabilityt tacaccorataly modehu tatdiapt er compl e
formation with VEGFR1 is currently I imited ho
computational studi ead alpa we ndaopveesdr ¢ tiehaannavVdEaGoFtRelr.
Il i mitation may be o0V e racsosnoec ibayt-eeiddad gandeairpftyeirn @ r 4 E G
from YBEG@GEBced protein phosphorylation dynamics

epider mal growth fadt3®dr2]receptor signaling ax

Model ing specific phosphat asteasr gweotuilndg i dent
t h er ap e udifferensphosghatases bind specific adapters to dynamically regulate receptor
signalimg [303, VEGFRbduced adapter phosphoryl ation anc
by targeting s geabiltyio model bpecHipphaspghaiases s currently
limited however, as the specific plpbstases involved in VEGFR1 signaling, and their adapter

interaction kinetics, have not been determined. Tiimigation may be overcome using the high
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throughput assay for identifying phosphoprotspecific phosphatases and kinetics developed by

the Jans lab[269]. Overall, incorporating adaptedapter interactions and phosphatase

specificity intotheVEGFR1 modelwoulpp r ovi de further insight into
directed systemically, and identify additiona

VEGFR1 signaling.
3.3.8Conclusions

My modeling approach has identified that VEGFR1ively promotes cell migration and
proliferation primarily via the PLCand PI3K pathways, and has posited a new hypothesis that
adapter coordination and €aignaling may be regulate this VEGFRtediated migratory
response. These findings criticallghaance our understanding of angiogenesis by providing a
structurallybased mechanism for VEGFR1 functidimesefindings andny modeling platform
also offer mechanistic guidance for developing therapeutics targeting VEGFRL1 signaling. This
also representsaradigm shift, since VEGF, generally, and VEGFR2 are primary targets for
drug discovery. This modeling approach provides a foundatiillyounderstandeceptor
signaling mechanismsnassentiaktepto developeffectiveangiogenidherapeutics fovascular

diseases and cancers.
3.4 Materials and Methods
3.4.1Computational models

VEGFR-adapter interaction models are defined by ordinary differential equations and
solved with the SimBiology toolbox in MATLAB. In general, the VEGBEBRapter scheme

interaction scheme follows:
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VEGF+VEGFREZI44 p VEGFR

VEGF

PVEGFR+AL125%, | pVEGFR:A
[PVEGFR:A| 2% [ pVEGFR:pA
[PVEGFR:pA + PTPNZ12 2% [ pVEGFR:pA:PTPH

PTPN

(3.1)

[PVEGFR:pA:PTPNY2'%% pVEGFR + [A:PTPN

for each adapter A and both VEGFRs, where PTPN are phosphataskes pvedicted adapter
phosphorylation iHUVECsshows good agreement to previous experimental data (Appa&ndix
Fig A.2). VEGFR1 and VEGFR2 atemthmodeled for this validation (Fig.1), as HUVECs
express both receptosollowing this validation] examine adapteVEGFR1 interactions

specifically to determine the VEGFR1 function. $gmendix A for details
3.4.2Proteinconcentrations

HUVEC protein concentrationsre determined by Western blot intensity, relative to a
known protein concentration, assuming a linear relationship between protein band intensities
(AppendixA, TableA.1).lassumé TPN act s as seamr vibiinfoi;nitthee PTPN

is sufficiently high to not be a limiting species in any reaction.
3.4.3 Kinetics parameters.

Each adaptes assumed to hatbe same interaction kinetics (oate and offrate) for
both VEGFR1 and VEGFR2, and is the same for all tyrosine (#iggendixA, TableA.2).
AdapterVEGFR interaction kinetics amssumeddentical to adapteEGFR interaction kinetics.
If adapterVEGFR or adapteEGFR interaction rates are unavailalblassume the rates between

the SH2 domain of the adapter and a phosphorylated tyrosine kinase fragment is identical to the
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adaptetVEGFR rates. (4) assume a 1 pL cell volume, to convextes from M to

molecules/cell.
3.4.4Adapter phosphorylation

All adapter phosphorylation rates (kp) are 0.91s® adapter phosphorylation is only
dependent on VEGFR interaction kinetics. Adapters do not undergalepitmsphorylation, and
are only @phosphorylated by phosphatases. A generalized phosphatase (PTPN) binds and

dephosphorylates all adapters, with the same interaction kinetics and dephosphorylation rate.
3.4.5Predicting cell response from adapter phosphorylation

The degradation celesponse is identical te@bl phosphorylation; only-€bl
contributes to a degradation cell response. Proliferation and migration cell responses are
determined by a weighed sum of adapter phosphorylation. Weights are calculated by the
contribution each apter provides towards the specific cell response, as determined

experimentall(AppendixA, TableA.3).
3.4.6 Tyrosine site specificity.

Multiple adapters can bind a single receptor if the combined size of the adapters is
smaller than the available spdmtween tyrosine sit€d\ppendixA, TableA.4-A.5). Adapters
bind the receptor in-tlimension (the ydirection). Total adapter sizes are determined by
measuring the maximal space the adapter crystal structure occupies-uirthetipn. The center
of an aapter binds a VEGFR tyrosine site; thus, the amount of space a receptor occupies
between VEGFR tyrosine sites is half the total adapterIsizeasure the average distance
between VEGFR amino acids, and use that distance to determine the space bef@#€Bn VE

tyrosine sites. For example, the distance between individual amino acids in VEGFR1 was
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measured as 0.171 A/amino acid, so the distance between tyrosine st&amgrTyr>>is

15.6 A.
3.4.7Experimental Methods

Experiments were performeingmurineRAW 264.7 macrophages due to their high
VEGFRL1 expression (Append, Fig A.3), making them an ideal cell line to stidgGFR1
signaling.RAW 264.7 macrophages were cultured in Dulbecco's Modified Eagesisuin
(DMEM) supplemented with 10% fetabbine serum (FBS) and 1% penicilgtreptomycin
(PS). Cells were maintained in a humidified incubator &C3@nd 5% CQ@ Murine VEGFA 164
was purchased from BioLegend, and all inhibitors (Wortmannin, U73122, and Imatinib
Mesylate) were purchased fromli8ekchem. ELISA kits were purchased from Assay
Biotechnology. The MTT cell proliferation assay kit was purchased from Thermo Fisher

Scientific.
3.4.8Quantifying protein phosphorylation

RAWSs were seeded into a9&ll plate, stimulated with VEGF or amyhibitors for
specified times, and the phosphorylated and total proteins of interes}, (IB&, and Abl) were

measured using ELISAs. See S| Materials and Methods for details.
3.4.9Cell migration assays

RAWSs were seeded into a-W&ll plate, scratabd with a pipette tip, treated with VEGF
or any inhibitors, and imaged at 0 h and 24 h to characterize migration. See S| Materials and

Methods for details.

3.4.10Cell proliferation assays
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RAWS were seeded into a-9&ll plate, stimulated with VEGF or winhibitors, and
cell proliferation was measured after 24 h using a MTT assay. See S| Materials and Methods for

details.

3.4.11Flow cytometry

RAWSs were labeled witRhycoerythrinPE)conjugated monoclonal antibodies specific
to VEGFR1 or VEGFR2. Fluescence given off by PE was captured in flow cytometry, and
converted to VEGFR level per cell (Appendix Fig A.3). See S| Materials and Methods for

details.
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3.5 Figures

VEGFR1 Kinase Domain

A VEGFR1 Tor169 Turi213 PDB: 3HNG
PLC, GAP || PLC, PI3K Fyn 9.171 A
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PLC,. PI3K Sck Grb2 Cav1l FAK :
I Kinase Kinase 1 | |
Domain Domain | | e
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T}[r1242 T)(r1333
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Fig 3.1: VEGFR-adapter interaction schematics.

Adapters bind specifityrosine (Tyr) sites on (A) VEGFR1 and (B) VEGFR2 (ApperdljxTableA.4).
VEGFR1 and VEGFR2 kinase domain crystal structures were used to measure the distance between
individual VEGFR amino acids. This measurement, along with adapter size measurempeitsl}¥p,
TableA.5), were used to map the adapters and Tyr sites that allow multiple adapters to bind a VEGFR
simultaneously.
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Fig 3.2: The VEGFR1 structure preferentially activates PLC, and PI3K.

(A) Schematics for the VEGFRAdapter interactiomodels: (left) adapters bind a single nonspecific
VEGFRL1 tyrosine site versus (right) adapters binding specific VEGFR1 tyrosine sites. Here adapters are
shown in a generalized form, labeled A and B, P represents a phosphorylated receptor Tyr site, and the
plus symbol indicates an adapter binding the phosphorylated receptor Tyr site. VEGFR1 signaling was
modeled in HUVECs to determine (B) VEGFRuced cell response dynamics, (C) the integrated cell
responses, and (D) cell response phosphorylation amgditlikewise, (E) VEGFRinediated adapter
phosphorylation dynamics in HUVECs are analyzed to quantify (F) integrated adapter responses and (G)
adapter phosphorylation amplitudes.
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