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Abstract Tumor growth and progression are critically dependent on the establishment
of a vascular support system. This is often accomplished via the expression of pro-
angiogenic growth factors, including members of the vascular endothelial growth
factor (VEGF) family of ligands. VEGF ligands are overexpressed in a wide variety
of solid tumors and therefore have inspired optimism that inhibition of the different
axes of theVEGF pathway—alone or in combination—would represent powerful anti-
angiogenic therapies for most cancer types. When considering treatments that target
VEGF and its receptors, it is difficult to tease out the differential anti-angiogenic and
anti-tumor effects of all combinations experimentally because tumor cells and vascular
endothelial cells are engaged in a dynamic cross-talk that impacts key aspects of
tumorigenesis, independent of angiogenesis. Here we develop a mathematical model
that connects intracellular signaling responsible for both endothelial and tumor cell
proliferation anddeath to population-level cancer growth and angiogenesis.Weuse this
model to investigate the effect of bidirectional communication between endothelial
cells and tumor cells on treatments targeting VEGF and its receptors both in vitro
and in vivo. Our results underscore the fact that in vitro therapeutic outcomes do not
always translate to the in vivo situation. For example, our model predicts that certain
therapeutic combinations result in antagonism in vivo that is not observed in vitro.
Mathematical modeling in this direction can shed light on the mechanisms behind
experimental observations that manipulating VEGF and its receptors is successful in
some cases but disappointing in others.
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1 Introduction

The initiation of angiogenesis is a critical bifurcation point in cancer progression, and
sustained angiogenesis plays a central role in cancer pathology. Themolecular basis of
tumor angiogenesis has been of keen interest in the field of cancer research for decades.
While numerous pro-angiogenic factors that act on endothelial cells and other vascular-
associated cells (e.g., pericytes) have been identified, vascular endothelial growth
factor (VEGF) and its receptors are arguably the most well studied (Ferrara 2002;
Ferrara et al. 2003; McMahon 2007). VEGF has been implicated across a range of
human cancers (Ellis and Hicklin 2008) and is associated with malignancy, metastasis
and poor prognosis in a variety of solid tumors, including breast, prostate, lung, brain,
ovarian and pancreatic (Botelho et al. 2010; Gasparini 2000; Ellis and Hicklin 2008;
Jubb et al. 2004). Preclinical studies have shown that VEGF stimulates survival of
existing vessels, promotes new vessel growth and contributes to vascular abnormalities
such as tortuousness and hyperpermeability. The production of VEGF by tumor cells
is stimulated by a variety of signals, including oncogenes, hypoxia and growth factors
(Hanahan andWeinberg 2011). Although there are multiple variants of both the VEGF
ligand and its receptor, the angiogenic affects of this pathway are primarily initiated
through the interaction of VEGF-A, which binds to two tyrosine kinase receptors,
VEGFR1 and VEGFR2 (Ferrara et al. 2003; Yao et al. 2011). Initially, it was thought
that these receptors were expressed only on endothelial cells; however, recent studies
show that VEGFR1 is also expressed on macrophages, hematopoietic stem cells and
even some tumor cell types (Yao et al. 2011).

Dimerization and activation of VEGFR2 by tumor-secreted VEGF facilitate
autophosphorylation of tyrosine residues in the cytoplasmic portion that either enhance
receptor catalytic activity or provide docking sites for downstream signaling proteins
resulting in mitogenic, chemotactic and pro-survival signals in endothelial cells (Fer-
rara 2002; Ferrara et al. 2003; McMahon 2007; Yao et al. 2011). The fundamental
understanding of the interaction between the vascular endothelium and cancer cells
has long been based on this one-sided concept that endothelial cells are responsive to
migration, proliferation and survival signals (VEGF and other angiogenic stimulators)
originating from tumor cells. One of the most interesting new discoveries associated
with VEGF is that both autocrine and paracrine VEGF signaling occurs in tumor
cells, and that this signaling contributes to key aspects of tumorigenesis, independent
of angiogenesis.While the effect VEGF on angiogenesis is well established, much less
is known about the direct effect of VEGF signaling on tumor cell growth dynamics.
Experimental evidence shows that VEGF can play a major role in the proliferation and
survival of tumor cells (Kaneko et al. 2007). Specifically, VEGF not only enhances
endothelial cell survival by up-regulating Bcl-2 expression through a pathway medi-
ated by VEGFR2, but also mediates tumor cell proliferation and survival via pathways
regulated byVEGFR1 (Kaneko et al. 2007). The proposedmechanismbywhichVEGF
initiates a signaling cascade that results in enhanced expression of Bcl-2, CXCL1 and
CXCL8 in tumor cells is a signaling pathway initiated by VEGFR1. This bidirectional
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Fig. 1 Schematic illustrating the proposed mechanism by which tumor cell expression of VEGF under
hypoxia initiates a paracrine signaling cascade that results in enhanced expression of Bcl-2 in endothelial
cells and promotes their proliferation in a signaling pathway mediated by VEGFR2. VEGF also initiates
autocrine signaling in tumor cells mediated by VEGFR1 that results in Bcl-2 up-regulation and the expres-
sion of the proliferative chemokines CXCL1 and CXCL8. An increase in vascular endothelial cell number
(and hence tumor vascularity) results in a decrease in hypoxia in the tumor microenvironment

communication between endothelial cells and tumor cells is centrally regulated by
VEGF and its downstream targets (see Fig. 1).

The cross-talk between endothelial cells and tumor cells can thus be thought of
as a “two-way street.” Our goal is to develop a mathematical model that will help us
better understand—at a qualitative as well as quantitative level—the role of VEGF-
mediated cross-talk between endothelial and tumor cells on each cell type’s survival
and proliferation. This will help elucidate the implications of VEGF’s biphasic role,
both pro-angiogenic and pro-tumorigenic, in cancer pathogenesis.

To accomplish our aim, we will build experimentally based mathematical models
that describeVEGF-mediated proliferation and survival of endothelial and tumor cells.
Wewill use themodel to show thatVEGF-mediated cross-talk between endothelial and
tumor cells results in significant and quantifiablemodifications in tumor cell phenotype
in vitro and that VEGF fulfills a direct pro-tumorigenic role via autocrine–paracrine
cellular effects. While numerous models of tumor angiogenesis and related treatments
have been proposed, few work across the scales are proposed here, from intracellular
signaling to tissue-level cancer growth (for a review of recent models, see Byrne 2010;
Peirce 2008; Wang et al. 2015). The approach followed here is based on our previous
models (Jain et al. 2008, 2009) that describe tumor angiogenesis, vascular tumor
growth and response to treatment focusing on the following levels: (1) intracellular
level: regulation of signaling pathways that are critical to cell proliferation, apoptosis
and migration; (2) cellular level: cell surface dynamics of receptor–ligand binding
and receptor activation that lead to intracellular signal transduction cascades; and (3)
tissue level: dynamics of signaling chemicals and anti-cancer agents within the tissue,
tumor growth dynamics, and tumor and vascular response to treatment.

Thedependencyof tumor expansionon angiogenesis and the identification ofVEGF
as the predominant angiogenic factor has served to propel investigations aimed at
suppressing VEGF signaling by targeting either the ligand or its receptors. However,
the impact of autocrine and paracrine signaling loops on treatments that interfere
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with VEGF and receptors is still unclear, making the approach described above that
captures these dynamics a potentially important investigative tool. Therefore, our
second objective is to use our modeling framework to make predictions on the efficacy
of therapies that target VEGF, VEGFR1 and VEGFR2. This type of mathematical
study has the potential to yield better strategies for administering therapies that can
be antagonistic for endothelial cells, but are beneficial for tumor cells or vice versa.

The rest of this paper is structured as follows. In Sect. 2, we develop a mathematical
model to study the effect ofVEGFsignalingon endothelial cells and tumors cells grown
either in isolation or in co-cultures, in vitro. Our model is based on studies in Kaneko
et al. (2007) that focus on head and neck squamous cell carcinomas (HNSCC). In
these experiments, human dermal microvascular endothelial cells (HDMECs) stably
transduced with Bcl-2 (HDMEC-Bcl-2) and empty vector controls HDMEC-LXSN
were grown alone or together with the HNSCC cell line, UM-SCC-17B. We use data
provided in Kaneko et al. (2007) to test and train our model, and then we use our
model to make predictions on the outcome of several relevant treatment scenarios.

In Sect. 3, we propose a preliminary vascular tumor growth model that simulates
tumor xenografts grown in mice, to help understand why these highly vascularized
HNSCC tumors have only shown modest results when treated with anti-angiogenic
strategies. The understanding of the dynamic interplay between tumor and endothelial
cells may have important implications in the anti-angiogenic treatment of HNSCC
and perhaps other malignancies that are resistant to current anti-angiogenic therapies.

2 Modeling In Vitro Co-cultures of Endothelial and Tumor Cells

We begin with a mathematical description of the interaction between endothelial and
tumor cells in an in vitro setting, by tracking the temporal evolution of key cellular,
molecular and physical species listed in Table 1.

Table 1 In vitro pre-treatment model variables

Species Name Units

E Endothelial cell number thousands of cells

T Tumor cell number thousands of cells

A Amount of free VEGF fmol

RE1 Number of free VEGFR1 on endothelial cells fmol

RE2 Number of free VEGFR2 on endothelial cells fmol

RT 1 Number of free VEGFR1 on tumor cells fmol

DE1 VEGF–VEGFR1 complexes on endothelial cells fmol

DE2 VEGF–VEGFR2 complexes on endothelial cells fmol

DT 1 VEGF–VEGFR1 complexes on tumor cells fmol

BE Bcl-2 mRNA expression level per endothelial cell dimensionless

BT Bcl-2 mRNA expression level per tumor cell dimensionless
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2.1 Pre-treatment Tumor Cell and Endothelial Cell Growth Model

Our model describes a cell proliferation assay wherein endothelial cells (ECs) are
cultured in the lower chamber and tumor cells (TCs) in the upper chamber of a non-
contact co-culture system. We model the population dynamics of these two cell types
as they grow and secrete VEGF, which mediates and enhances EC and TC prolifer-
ation. VEGF-mediated signaling also regulates intracellular Bcl-2 levels that in turn
impact both EC and TC survival.

Endothelial Cells: Equation (1) describes the rate of change of endothelial cells.
Bound VEGF is vital for EC proliferation, and cells cannot divide without it. Conse-
quently, as in Jain et al. (2008) and Jain et al. (2009) theECproliferation rate is assumed
to be an increasing function of the fraction of activated VEGFR2 per cell (φE ). For
simplicity, this rate is taken to beμEφE , whereμE represents themaximum rate of EC
proliferation. The limited carrying capacity of the culture environment is accounted
for via a logistic term in the EC proliferation rate. Following Jain et al. (2009), since
Bcl-2 is a pro-survival protein, EC death rate is assumed to be a decreasing function
of Bcl-2 mRNA expression.

dE

dt
= μE φE E (1 − ρE E)

︸ ︷︷ ︸

Activated VEGFR2-mediated
proliferation

− δE

βE + B2
E

E

︸ ︷︷ ︸

Bcl-2-mediated
apoptosis

, where φE = 1

Rt
E2

DE2

E
. (1)

Tumor Cells: In contrast to normal cells, one of the hallmarks of cancer is that
cell proliferation can occur in the absence of growth factor stimulation. We therefore
model tumor growth as exponential in the absence of downstream VEGFR1 signals,
with a doubling time of ln 2/μT . Several research groups have found that VEGF
initiates a paracrine signaling cascade that results in enhanced expression of Bcl-2
in tumor cells in a signaling pathway mediated by VEGFR1 (Kaneko et al. 2007).
In tumor cells, up-regulation of the anti-apoptotic protein Bcl-2 not only enhances
cell survival, but also leads to increased production of CXC chemokines (CXCL1
and CXCL8) which, in turn, stimulate increased cellular proliferation (Kaneko et al.
2007). In several cancers, including HNSCC, VEGFR1 signaling induces activation of
the MAPK/ERK and PI3k/Akt pathways, which also enhance proliferation of tumor
cells independently of Bcl-2 (Szabo et al. 2016; Wu et al. 2006; Tong et al. 2008).
Combining these processes, the rate of TC proliferation is taken to be (μT + νTφT )

where φT represents the fraction of activated VEGFR1 per TC. As with ECs, tumor
cell death rate is also assumed to be a decreasing function of Bcl-2 mRNA expression.
We remark that when Bcl-2 concentrations are abundant as reflected by a high level
of mRNA expression, the death rate parameters will be chosen so that tumor cells
are essentially immortal. These assumptions yield the following equation governing
tumor dynamics:
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dT

dt
= (μT + νTφT ) T

︸ ︷︷ ︸

Activated VEGFR1-mediated
proliferation

− δT

βT + B2
T

T

︸ ︷︷ ︸

Bcl-2-mediated
apoptosis

, where φT = 1

Rt
T 1

DT 1

T
. (2)

We note that in the experiments described in Kaneko et al. (2007), tumor cell
cultures are maintained for a period of only 2days, so that space limitations on their
growth may be ignored.

VEGF, VEGFR1 andVEGFR2:Experimental research suggests thatVEGF-Abinds
to and activates its predimerized receptors (Mac Gabhann and Popel 2007). Therefore,
we will only consider predimerized VEGF receptors, which we simply refer to as
VEGFR1 (RE1 and RT 1 on ECs and TCs, respectively) and VEGFR2 (RE2 on ECs
only). We denote the VEGF–VEGFR1 complex as DE1 and DT 1 on ECs and TCs,
respectively. Similarly,VEGF–VEGFR2 complexes that only formonECs are denoted
as DE2. Below is a reaction diagram describing VEGF binding to each of its natural
receptors:

A + RE1
k f
E1�

krE1
DE1

k pE1→ RE1,

A + RE2
k f
E2�

krE2
DE2

k pE2→ RE2,

A + RT 1
k f
T 1�
krT 1

DT 1
k pT 1→ RT 1,

where k f∗ and kr∗ denote the forward and reverse rates of reactions, respectively, and
k p∗ denote the rates of bound receptor internalization and recycling to cell surface.

This reaction diagram is translated into a system of ordinary differential equations
by evoking the law ofmass action, which is represented by the first six terms in Eq. (3).
We also include the natural decay rate of VEGF, λA, as well as the following two
mechanisms of VEGF synthesis. In an in vitro setting, ECs have been shown to secrete
VEGF under Bcl-2-mediated signaling (Kaneko et al. 2007); consequently, a Bcl-2-
dependent production of VEGF by ECs is included. Further, tumor cells experience
normoxic conditions in vitro and we therefore assume that hypoxia-mediated VEGF
production by tumors will not occur in this case; rather, following (Neufeld et al.
1999), we assume a (small) background rate of VEGF secretion by TCs.

dA

dt
= − k f

E1 RE1 A + krE1 DE1 − k f
E2 RE2 A + krE2 DE2

︸ ︷︷ ︸

Reaction with VEGFR1 and VEGFR2 on endothelial cells

− k f
T 1 RT 1 A + kTr1 DT 1

︸ ︷︷ ︸

Reaction with VEGFR1
on tumor cells

− λA A
︸ ︷︷ ︸

Natural
decay

+ μA BE

βA + BE
E

︸ ︷︷ ︸

Bcl-2-mediated production
by endothelial cells

+ νAT
︸︷︷︸

Production by
tumor cells

(3)
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The equations forVEGFR1binding are given below.Note that in addition to binding
and releasing VEGF, the rate of change of each receptor species is also affected by
the creation of new unbound receptors as a result of cell division and the removal of
receptors and complexes due to cell death. This ensures conservation of receptors (see
below).

dRE1

dt
= − k f

E1 RE1 A + krE1 DE1 + k pE1 DE1
︸ ︷︷ ︸

Reaction with VEGF

+ Rt
E1 μE φE E (1 − ρE E)

︸ ︷︷ ︸

Production due to
endothelial cell proliferation

− RE1 Rt
E1

RE1 + DE1

δE E

βE + BE
︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

, (4)

dRT 1

dt
= − k f

T 1 RT 1 A + krT1 DT 1 + k pT 1 DT 1
︸ ︷︷ ︸

Reaction with VEGF

+ Rt
T 1 (μT + νT φT ) T

︸ ︷︷ ︸

Production due to
tumor cell proliferation

− RT 1 Rt
T 1

RT 1 + DT 1

δT T

βT + B2
T

︸ ︷︷ ︸

Loss due to
tumor cell apoptosis

, (5)

dDE1

dt
= k f

E1 RE1 A − krE1 DE1 − k pE1 DE1
︸ ︷︷ ︸

VEGFR1 activation by VEGF
on endothelial cells

− DE1 Rt
E1

RE1 + DE1

δE E

βE + B2
E

︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

, (6)

dDT 1

dt
= k f

T 1 RT 1 A − krT 1 DT 1 − k pE1 DE1
︸ ︷︷ ︸

VEGFR1 activation by VEGF
on tumor cells

− DT 1 Rt
T 1

RT 1 + DT 1

δT T

βT + B2
T

︸ ︷︷ ︸

Loss due to
tumor cell apoptosis

. (7)

The equations for VEGFR2 binding are given below, and they follow analogously
from the equations derived above.

dRE2

dt
= − k f

E2 RE2 A + krE2 DE2 + k pE2 DE2
︸ ︷︷ ︸

Reaction with VEGF

+ Rt
E2 μE φE E (1 − ρE E)

︸ ︷︷ ︸

Production due to
endothelial cell proliferation

− RE2 Rt
E2

RE2 + DE2

δE E

βE + B2
E

︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

, (8)
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dDE2

dt
= k f

E2 RE2 A − krE2 DE2 − k pE2 DE2
︸ ︷︷ ︸

VEGFR2 activation by VEGF
on endothelial cells

− DE2 Rt
E2

RE2 + DE2

δE E

βE + B2
E

︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

. (9)

In the above equations, Rt
Ei , i = 1, 2 and Rt

T 1 represent the VEGFRi and VEGFR1
receptor expression levels on endothelial and tumor cells, respectively. In the absence
of treatment, we see fromEqs. (1), (21) and (24) that Rt

E1E = RE1 + DE1, that is, the
number ofVEGFR1per endothelial cell is conserved. Likewise, Rt

E2E = RE2 + DE2
and Rt

T 1T = RT 1 + DT 1.
Bcl-2 mRNA Bcl-2 mRNA is constitutively expressed within both cell types and

undergoes natural degradation. Activation of its receptors by VEGF leads to additional
Bcl-2 synthesis in each cell type. Combining these processes, we obtain the following
equations for Bcl-2 mRNA expression in ECs and TCs:

dBE

dt
= χE

︸︷︷︸

Constitutive
expression

+ ηE
φω
E

γ ω
E + φω

E
︸ ︷︷ ︸

Activated VEGFR2-
mediated production

− λB BE
︸ ︷︷ ︸

Natural
decay

, (10)

dBT

dt
= χT

︸︷︷︸

Constitutive
expression

+ ηT
φθ
T

γ θ
T + φθ

T
︸ ︷︷ ︸

Activated VEGFR1-
mediated production

− λB BT
︸ ︷︷ ︸

Natural
decay

. (11)

2.2 Parameter Estimation

For cellular growth pre-treatment, a list of parameter values gathered from the litera-
ture is provided in Table 2. The remaining parameter values are estimated from data
in Kaneko et al. (2007), Nor et al. (1999) and Tubergen et al. (2011) with resulting
fits shown in Fig. 2 and estimated values listed in Table 3.

In Nor et al. (1999), cell proliferation assays were carried out to demonstrate the
effect of Bcl-2 over-expression on HDMEC proliferation and survival. Specifically,
control (HDMEC-LXSN) and Bcl-2-over-expressing (HDMEC-Bcl-2) endothelial
cells were cultured in vitro and their numbers recorded periodically for 7days.
HDMEC-Bcl-2 showed enhanced proliferation during the course of the experi-
ments, and their numbers were significantly higher compared to HDMEC-LXSN.
These data were used to estimate parameters relating to EC proliferation and death
(μE , ρE , δE , βE ), with best fits shown in Fig. 2a. Bcl-2 mRNA expression levels in
HDMEC-LXSN andHDMEC-Bcl-2 and corresponding VEGF concentrations in 24-h
supernatant, as reported in Kaneko et al. (2007), were used to estimate the parame-
ters relating to Bcl-2 mRNA production (χE , ηE , γE , ω) and EC production of VEGF
(μA, βA). In particular, HDMEC-Bcl-2 constitutively over-expresses Bcl-2 which is
reflected in a correspondingly high value for χE , the constitutive expression rate for
Bcl-2 mRNA. Best fits to the data are plotted in Fig. 2b, c. We remark that these
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Fig. 2 Fits of pre-treatment, in vitro model parameters to data. a Fits to time courses of ECs from cell
proliferation assays described in Nor et al. (1999) (black/red squares show experimental data). b Fits to
Bcl-2 mRNA expression in ECs as reported in Kaneko et al. (2007). c Fits to VEGF concentration in 24-h
EC culture supernatant as reported in Kaneko et al. (2007). d Fits to time courses of TCs from cell co-
culture assays described in Kaneko et al. (2007) (black/red squares show experimental data). e Fits to Bcl-2
mRNA expression in TCs as reported in Kaneko et al. (2007). f Fits to VEGF concentration in TC culture
supernatant as reported in Tubergen et al. (2011)

data show how Bcl-2 expression levels correlate directly with VEGF secretion by
endothelial cells.

Figure 2d presents the best fit of the model to data in Kaneko et al. (2007)
showing tumor cell (UM-SCC-17B) proliferation when co-cultured with HDMEC-
Bcl-2 or HDMEC-LXSN. Notably, tumor cells co-cultured with HDMEC-Bcl-2
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Table 3 Data-driven parameter estimates for the in vitro, pre-treatment model

Parameter Estimated value Units

μE 2.0392 per day

ρE 0.0279 per thousands of cells

δE 12.8802 per day

βE 33.4130 dimensionless

μT 0.7778 per day

νT 0.7753 per day

δT 0.0770 per day

βT 0.0485 dimensionless

μA 1.3250 fmol VEGF per thousand cells per day

βA 6.7001 dimensionless

νA 0.0258 fmol VEGF per thousand cells per day

χE 33.2710 per day (for HDMEC-LXSN)

34,374 per day (for HDMEC-Bcl-2)

ηE 5933 per day

γE 0.2993 dimensionless

χT 13.4616 per day

ηT 33,422 per day

γT 0.2708 dimensionless

ω 5 dimensionless

θ 12 dimensionless

showed enhanced proliferation, as compared with tumor cells co-cultured with control
endothelial cells. Parameters relating to tumor cell proliferation and death (μT , νT , δT )
were estimated from these data. A value for βT , the sensitivity of tumor cell death
rate to Bcl-2 mRNA expression, was fixed to ensure that the maximum death rate of
tumor cells (δT /βT ) is greater that their minimum proliferation rate (μT ) since in this
situation, Bcl-2 mRNA expression in the cells is negligible and we would expect cell
death as a result.

Figure 2e shows the best fit of the model to baseline Bcl-2 mRNA expression
levels in tumor cells grown in isolation or in co-culture with both types of endothelial
cells, as reported in Kaneko et al. (2007) (Fig. 5a, b). Parameters relating to Bcl-2
mRNA production (χT , ηT , γT , θ ) were estimated from these data. The data show
that tumor cells grown in co-culture with HDMEC-Bcl-2 cells significantly over-
express Bcl-2. These in vitro data are supported by in vivo studies in Kaneko et al.
(2007) and suggest that endothelial cells secrete factors that influence gene expression
levels and proliferation of the tumor cells via a paracrine signaling pathway that is
independent of direct cell–cell contact. Finally,νA , the rate ofVEGFsecretionby tumor
cells, is estimated from data in Tubergen et al. (2011), wherein VEGF concentration
was measured in HNSCC cell culture supernatant, with best fit shown in Fig. 2f.
As expected, in this normoxic, in vitro setting, tumor cells are producing only small
amounts of VEGF.
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As is clear from the discussion on parameter estimation, ourmodel is able to capture
a range of intracellular- and cellular-level data. In the next sections, we use it to predict
the impact of a variety of therapeutic approaches targeting VEGF or its receptors on
both endothelial and tumor cells.

2.3 In Vitro Therapeutic Interventions

Because of its importance in vascular initiation and remodeling, VEGF has been at the
center stage of anti-angiogenic therapy. Inhibitors of the VEGF signaling axis exhibit
anti-angiogenic properties with consequential anti-tumor effects; hence, these types
of drugs have been eagerly added into clinical protocols for the treatment of several
types of tumors (Moserle et al. 2014). Drugs that target various aspects of the VEGF
signaling pathway typically fall into three general categories: ligand traps; tyrosine
kinase inhibitors; and anti-VEGFR antibodies (Kendrew et al. 2011). Ligand traps,
or VEGF-A ligand sequestering agents, bind directly to VEGF. These agents include
bevacizumab (Avastin) a humanized monoclonal antibody and aflibercept (Zaltrap),
a recombinant fusion protein that has VEGF-binding portions from VEGFR1 and
VEGFR2 fused to a portion of the human IgG1 immunoglobulin (Holash et al. 2002;
Kim et al. 1993). Alternatively, small molecular weight tyrosine kinase inhibitors
(TKI) compete with the ATP binding site of the catalytic domain of several oncogenic
tyrosine kinases. Anti-angiogenic drugs in the class include PTK787, sutent, sorafinib,
Zactima and recentin (Gotink and Verheul 2010;Wood et al. 2000), which inhibit both
VEGFR1 and VEGFR2. The final category consists of antibody or “antibody-like”
molecules that block the interaction of VEGF-A with VEGFR-2 such as IMC1121b
(ramucirumab) and CDP-791. A number of other antibodies against VEGFR1 and
VEGFR2 have been designed and are currently being investigated in multiple clinical
trials across a variety of tumor types (Krupitskaya and Wakelee 2009; Lu et al. 2003).

We now use our mathematical model to investigate the effect of treatments that
fall into these categories. Specifically, the model equations are amended to include
the effects of administering an anti-VEGF antibody, like avastin, an anti-VEGFR1
antibody-like IMC-18F1 and an anti-VEGFR2 antibody, alone and in combination,
on HDMEC-LXSN and HDMEC-Bcl-2 grown in culture. We then study the effects
of these different therapies on tumor cells grown in the presence of these two types of
HDMECs (the full model equations are analogous to those presented in “Appendix”
for the in vivo model, and parameters for these treatment strategies are also presented
there).

2.3.1 The Effect of Therapy on HDMECs In Vitro

Figure 3a shows the in vitro growth dynamics of control endothelial cells (HDMEC-
LXSN) when untreated and when treated with therapies that inhibit VEGF, VEGFR1
and VEGFR2 alone and in combination. The pre-treatment curve (dashed black line)
is the same as shown in Fig. 2a. It is clear from the graph that interfering with VEGF
and VEGFR2 both lead to reduced numbers of endothelial cells. In fact, there is
no significant difference in endothelial cell number over time when treating with a
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Fig. 3 Model predictions of endothelial cell response to anti-VEGF, anti-VEGFR1 and anti-VEGFR2 ther-
apies. a, b Time courses of cell numbers. c Bcl-2 mRNA expression. d VEGF concentration in supernatant

VEGF antibody, a VEGFR2 antibody or a combination of the two treatments alone or
together with a VEGFR1 antibody. However, treating with an anti-VEGFR1 antibody
alone results in a significant increase in these cells because the anti-VEGFR1 therapies
sequester VEGFR1 receptors on endothelial cells, preventing VEGF from binding to
them. Thus, a greater amount of free VEGF is available to bind to, and activate,
VEGFR2 receptors on ECs. Since in our model, VEGFR2 is assumed to mediate
proliferation, survival and autocrine signaling that leads to increasedVEGFproduction
byECs, this results in an increase inECnumbers over time as compared to the untreated
control case. This can potentially have a significant impact on the treatment of tumors
in vivo, since an anti-VEGFR1 antibody may actually act as an angiogenic stimulus
(if there is VEGF available) and thus make the outcome of combination therapy hard
to predict with experimental techniques alone.

We also investigated the impact of therapy on endothelial cells that over-express
Bcl-2 (HDMEC-Bcl-2). Figure 3b shows the temporal changes in HDMEC-Bcl-2
cells, both in the treated and untreated cases as predicted by the model. HDMEC-
Bcl-2 cells are essentially immortal, and we see that these cells exhibit greater growth
when untreated as compared to theHDMEC-LXSN control cells. Our simulations sug-
gest that while treating with inhibitors of VEGF and VEGFR2 both lead to reduced
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cell numbers as before, there are now distinct differences between the two therapeu-
tic approaches. HDMEC-Bcl-2 cells continue to grow under anti-VEGF therapy, but
are better controlled with anti-VEGFR2 antibodies or with a combination of the two
treatments. These simulations also confirm that treatment with an anti-VEGFR1 anti-
body is antagonistic for ECs, and the therapeutic results are always worse with the
addition of this type of treatment. Specifically, anti-VEGFR1 therapy combined with
anti-VEGFR2 therapy is less effective (light blue curve) than anti-VEGFR2 alone
(yellow curve). These results suggest that in an in vivo setting, if ECs adjacent to the
tumor also over-express Bcl-2, then combining therapies has to be done carefully in
order to avoid antagonistic effects and achieve desired responses.

Figure 3c shows the model predictions of Bcl-2 mRNA expression in HDMEC-
LXSN and HDMEC-Bcl-2 cells under treatment. In control cells, only inhibiting
VEGFR1 leads to a remarkable increase in Bcl-2 expression as more VEGF is now
available to bind to VEGFR2. This also plays a role in the increased cell numbers
shown in Fig. 3a. In HDMEC-Bcl-2 cells, we see that Bcl-2 mRNA expression is not
significantly affected by any of the therapeutic interventions. This is not surprising
given that these cells naturally over-express Bcl-2 and are essentially immortal; there-
fore, reducing the levels of bound VEGF does not result in appreciable cell kill, as
shown in Fig. 3b.

Finally, Fig. 3d looks at the amount of freeVEGF in the culture supernatant after one
day. As expected, treating both control and Bcl-2 over-expressing HDMECs with an
anti-VEGFantibody results in a substantial reduction in freeVEGF.Treatments of both
types of ECs with therapies that only block the receptors result in increased amounts
of free VEGF, with HDMEC-Bcl-2 producing more VEGF than the control cells in
each case. Any combination therapy that includes a VEGF antibody results in reduced
VEGF levels as expected. Interestingly, treating both cell types with a combination of
VEGFR1 and VEGFR2 antibodies results in the most striking increase in free VEGF;
however, these high levels of free VEGFmay be taken up by tumor cells and thus have
a counter-productive effect in vivo.

2.3.2 The Effect of Therapy on Tumor Cells Alone and in Co-cultures With
Endothelial Cells

In HNSCC progression, VEGF has been shown to play a biphasic role: pro-angiogenic
and pro-tumorigenic. We now use the model to investigate the impact of anti-VEGF
therapy on tumors cells grown alone and in co-culture with control or Bcl-2-over-
expressing endothelial cells.

In Fig. 4a, we show the model predictions for surviving tumor cell fractions versus
control as a function of mono-therapy administered for 2days in three distinct cases:
TCs alone, TCs + HDMEC-LXSN and TCs + HDMEC-Bcl-2. The first case of tumor
cells growing in isolation is not particularly interesting therapeutically because in this
in vitro, normoxic, setting very little VEGF is produced by tumor cells (see Figs. 2f
or 4f). Therefore, the effect of VEGF on cell proliferation and survival is minimal, so
that the TCs are not sensitive to any of the treatments. When tumor cells are grown
in the presence of HDMEC-LXSN, there is more VEGF in the system and most of
the therapies reduce the surviving fraction, albeit by less than 20%. Anti-VEGFR2
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Fig. 4 Model predictions of tumor and endothelial cell responses to anti-VEGF, anti-VEGFR1 and anti-
VEGFR2 therapies, when tumor cells are cultured alone or in combination with control or Bcl-2-over-
expressing endothelial cells for 48h. a Level of tumor cell growth inhibition. b Level of endothelial cell
growth inhibition. c, d Bcl-2 mRNA expression in tumor cells [experimental data taken from Kaneko et al.
(2007)]. e Bcl-2 mRNA expression in endothelial cells. f VEGF concentration in supernatant
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therapy, however, aggravates the situationbecausenowECsare prevented frombinding
as much VEGF, which leaves more for the tumor cells. Finally, when tumors cells are
co-cultured with HDMEC-Bcl-2, we begin to see a significant impact on the surviving
fraction. The interesting outcome in this case is that the effect of all therapies, except
for anti-VEGFR2, is more pronounced since the very high Bcl-2 levels in ECs result
in high levels of VEGF expression and exaggerated VEGF-mediated signaling.

Figure 4b shows themodel predictions for surviving endothelial cell fractions when
grown in co-culture with tumor cells. The results are similar to those in Fig. 4a.
When tumor cells are co-cultured with HDMEC-LXSN, all therapies except for anti-
VEGFR1 result in comparable surviving fractions of ECs at about 90%. In this case,
anti-VEGFR1 therapy leads to enhanced survival because VEGFR1 on TCs and ECs
is prevented from binding VEGF, which leaves more for VEGFR2 on ECs. When
tumor cells are co-cultured with HDMEC-Bcl-2, increased VEGF production, and
consequent signaling, results in amore pronounced reduction in surviving cell fraction.
These results correlate with those shown in Fig. 4e, where model predictions for Bcl-2
levels in ECs are presented for all possible treatment scenarios. As before, the only
therapy that has an impact on the Bcl-2 levels in control cells is blocking VEGFR1,
and in this case the outcome is higher levels of Bcl-2, which is undesirable. When
compared to Fig. 3b, we see that measurable differences among the other therapies
are still not observed. For HDMEC-Bcl-2 cells, we again see a slight increase in Bcl-2
levels whenVEGFR1 is blocked. Therefore, treatment with an anti-VEGFR1 antibody
is antagonistic in terms of curbing endothelial cell growth in all cases, but is beneficial
for controlling tumor cell growth (see Fig. 4a).

Some measure of model validation is provided in Fig. 4c where model fits to Bcl-
2 expression data in untreated tumor cells, grown either alone or in co-culture, are
presented together with direct comparisons of themodel predictions (no data fitting) to
the treatment data in Kaneko et al. (2007). The results show that the model predictions
of Bcl-2 mRNA levels in tumors after 24-h of treatment correlate very well with the
experimental data, even thoughparameterswere onlyfit to the control data representing
untreated tumors. Bcl-2 mRNA levels in tumor cells are further explored in Fig. 4d
where model predictions for all possible treatment scenarios are presented. None
of the treatments appreciably lower Bcl-2 mRNA levels in the tumor cells grown
alone or with control endothelial cells. However, blocking VEGFR2 on ECs results
in increased bioavailability of VEGF for TCs and a subsequent increase in Bcl-2
mRNA when tumor cells are grown in co-culture with either type of endothelial cell.
As expected, all therapies, except anti-VEGFR2, have the effect of reducing tumor
cell Bcl-2 mRNA expression levels back to their untreated value when tumor cells
are grown in co-culture with HDMEC-Bcl-2. The interesting outcome here is that in
co-culture, anti-VEGFR2 has the most dramatic and least favorable effect on Bcl-2
levels in tumor cells.

Finally, Fig. 4f depicts the amount of free VEGF in the system for each growth
scenario. As expected, treating tumor cells grown in isolation or in co-cultures with an
anti-VEGF antibody administered alone or in combination with other therapies results
in a substantial reduction in free VEGF. Treatments with therapies that only block the
receptors result in increased amounts of free VEGF, with TCs grown in co-culture
with HDMEC-Bcl-2 consistently leaving more free VEGF than the other cases. While
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Fig. 5 Model predictions of tumor and endothelial cell response to anti-VEGF/anti-VEGFR1/anti-
VEGFR2 treatments given alone or in combination, when SCC-17B cells are co-cultured with HDMEC-
LXSN. Time courses of a tumor cell growth inhibition, b fractional occupancy of VEGFR1 on tumor cells,
c endothelial cell growth inhibition and d fractional occupancy of VEGFR2 on endothelial cells

the results in Fig. 4f are fairly intuitive, taken all together model predictions in Fig. 4a,
b, d, e imply that we can expect counterintuitive—and hence difficult to predict—
tumor growth dynamics in vivo, given that anti-VEGFR2 therapies destroy ECs while
boosting TCs, whereas anti-VEGFR1 inhibits TCs while promoting EC growth.

Above, we have discussed a variety of in vitro growth scenarios that were limited
to simulating 2days of treatment following the experimental protocol in Kaneko et al.
(2007). The tumor cells grown in co-culture withHDMEC-LXSN are likely the closest
to the “real” situation in vivo, where ECs can be induced to over-express Bcl-2 in the
presence of VEGF instead of naturally over-expressing it all of the time. In Fig. 5, we
take a closer look at this situation and show longer time predictions for cell numbers
and activated receptor occupancies under the various treatment combinations.

Specifically, in Fig. 5a, the surviving fraction of tumor cells versus control is plot-
ted for 10days. Clearly the most effective strategies for tumor reduction are those
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that involve blocking the activation of VEGFR1. However, anti-VEGFR2 therapy is
undesirable from the point of view of inhibiting tumor cell growth and actually boosts
cell numbers, as is also observed in Fig. 4a, d. This effect on tumor cell growth can be
explained by looking at fractional occupancies of the VEGFR1 receptors on the tumor
cells (φT ), shown in Fig. 5b. As can be seen, anti-VEGFR2 therapy results in a large,
transient boost in φT , contributing to TC growth as more VEGF is available for tumor
cells since it cannot bind VEGFR2 on ECs. We consider the therapeutic outcomes
for the ECs in Fig. 5c. As expected from Fig. 4b, e, anti-VEGFR1 therapy is antag-
onistic in terms of controlling EC growth and leads to an increase in cell numbers.
Interestingly, anti-VEGF + anti-VEGFR1 is also a sub-optimal therapeutic option in
the long term even though it inhibited EC growth in the short term (see Fig. 4b).
This is because although tumor cell growth is retarded, the cells are still growing at
a (slower) exponential rate and the VEGF expressed by them begins to accumulate
and eventually overwhelms the anti-VEGF antibody. Since VEGFR1 on ECs and TCs
is prevented from binding it, more VEGF is available to activate VEGFR2 on ECs
resulting in increased Bcl-2 mRNA expression, and increased proliferation and sur-
vival. The fractional occupancies of the VEGFR2 receptors on the endothelial cells
(φE ), shown in Fig. 5d, further highlight this.

3 Modeling In Vivo Tumor Xenografts

The in vitro model developed in Sect. 2 is able to capture a range of intracellular-
and cellular-level data and highlights the potential for expecting counterintuitive and
difficult-to-predict dynamics in vivo, when treating vascular tumor growth with ther-
apies targeting VEGF and its receptors. In this section, as a proof of concept, we
develop a preliminary model representing tumor growth in vivo and use it to predict
the effects of treatment on the growth and degree of oxygenation of the tumor. In order
to capture the essential features of an in vivo situation where tumor cells are directly
dependent on vascular support for nutrients, several modifications are made to the
model equations. These are described in further detail below.

3.1 Pre-treatment Vascular Tumor Growth Model

Webegin with amathematical description of the growth of a tumor without therapeutic
intervention. Specifically, ourmodel simulates the growth ofHNSCC tumor xenografts
and is based on the experiments described in Fujita et al. (2007) wherein HNSCC cell
xenografts were established in female BALB/c nu/nu nude mice and tumor volumes
measured weekly for a period of 49days.

Tumor Cells: As in the in vitro case, tumor cells are assumed to proliferate, both
independent of, and in response, to VEGF signaling mediated by VEGFR1, and
undergo apoptosis at a rate that is a decreasing function of Bcl-2 mRNA expression
(BT ). However, now the rate of TC proliferation dependent on VEGFR1 activation is
assumed to be an increasing and saturating function of φT , the fraction of activated
VEGFR1 per unit cell number. Further, a tumor growing in vivo has an irregular blood
supply and its growth is typically nutrient limited. Consequently, the effect of nutrient
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(oxygen) availability on TC proliferation and survival must be taken into account.
For simplicity, we assume that when oxygen pressure (N ) in the tumor falls below a
critical threshold Np, the cells cease to proliferate and enter quiescence, and a further
decline in oxygen pressure below a level Nd results in a doubling of the rate of cell
death. Together, these assumptions give the following equation governing the growth
dynamics of tumor cells in vivo:

dT

dt
=

[

μT + νT
φ

ρ1
T

α
ρ1
T + φ

ρ1
T

]

T H(N − Np)

︸ ︷︷ ︸

Activated VEGFR1- and nutrient-
mediated proliferation

− δT β
ρ2
T [1 + H(Nd − N )]

β
ρ2
T + Bρ2

T

T

︸ ︷︷ ︸

Bcl-2- and
nutrient-mediated

apoptosis

, (12)

where φT = 1

Rt
T 1

DT 1

T
, and H(·) is the Heaviside function.

Microvascular Endothelial Cells, Vascular Fraction and Oxygen: In normal mature
vessels, endothelial cells are physically ensheathed by mural cells (such as pericytes)
and chemically maintained in a quiescent state due to the abundance of angiopoietin-
1 (Ang1) (Ciric et al. 2012). However, in pathological cases (cancer), this quiescent
state is altered by VEGF-mediated signaling which results in the activation of ECs and
the sprouting of new blood vessels. For simplicity, we do not explicitly incorporate
microvessel density in our model. Instead, we keep track of the temporal dynamics of
ECs that are assumed to line intratumoral blood vessels. Microvascular EC prolifera-
tion, and hence rate of new microvessel formation, is assumed to be an increasing and
saturating function of φE , the fraction of activated VEGFR2 per unit cell number. The
rate of endothelial apoptosis that results in microvessel degradation is assumed to be
a decreasing function of intracellular Bcl-2 mRNA expression (BE ). We remark that
since they are assumed to line functional blood vessels within the tumor, EC prolifera-
tion and death are taken to be independent of nutrient availability. These assumptions
result in the following equation governing the dynamics of microvascular ECs:

dE

dt
= μE

φ
ρ3
E

α
ρ3
E + φ

ρ3
E

E

︸ ︷︷ ︸

Activated VEGFR2-
mediated sprouting/

branching

− δE β
ρ4
E

β
ρ4
E + Bρ4

E

E

︸ ︷︷ ︸

Bcl-2-mediated
apoptosis

, where φE = 1

Rt
E2

DE2

E
. (13)

Finally, the oxygen concentration, N , within the tumor is taken to be proportional
to the vascular proportion of the tumor defined as the percentage V = 100E/(E+T ),
that is, N = σNV . An increase in the proportion of ECs compared to the number of
TCs reflects an increase in the level of vascularity and hence increased oxygenation
in the tumor.

Intratumoral VEGF: The equation representing VEGF dynamics is similar to the
in vitro case, with a few modifications. VEGF reacts with VEGFR1 and VEGFR2
on TCs and ECs and is degraded by tissue enzymes such as plasmin and matrix
metalloproteinases (Yen et al. 2011). Further, VEGF is produced by tumor cells under
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conditions of hypoxia (Shweiki et al. 1995), the production being “switched on” when
the oxygen concentration falls below a hypoxic threshold Nh and “switched off” if
N > Nh. Also, any ECs within the tumor are a part of the microvasculature and
therefore do not express VEGF in our model. Combining these assumptions, the rate
of change of intratumoral VEGF may be expressed as follows:

dA

dt
= − k f

E1 RE1 A + krE1 DE1 − k f
E2 RE2 A + krE2 DE2

︸ ︷︷ ︸

Reaction with VEGFR1/VEGFR2 on endothelial cells

− k f
T 1 RT 1 A + krT 1 DT 1

︸ ︷︷ ︸

Reaction with VEGFR1
on tumor cells

− λA A
︸ ︷︷ ︸

Natural
decay

+ νA

1 + e−κA(Nh−N )
T

︸ ︷︷ ︸

Hypoxia- mediated production
by tumor cells

. (14)

VEGFR1, VEGFR2, Bcl-2 mRNA: The equations representing VEGF receptor
dynamics and intracellular Bcl-2 mRNA expression in ECs and TCs remain largely
unchanged from the in vitro case and are not reproduced here; a full set of model
equations can be found in “Appendix.”

3.2 Tumor Xenograft Response to Anti-VEGF Therapies

We now include the action of anti-VEGF therapies in our model of vascular tumor
growth. For brevity, we only describe the model equations for anti-VEGF antibody
administration. The equations for anti-VEGFR1 antibody and anti-VEGFR2 antibody
are similar and are listed in “Appendix.” The experiments described in Fujita et al.
(2007) form the basis for our treatment model. Briefly, HNSCC cell xenografts were
established in female BALB/c nu/nu nude mice and treated with 2 or 4mg/kg avastin
(anti-VEGF antibody) on days 1 and 5 of each week, for 4weeks, starting when the
tumors reached a size of 50–100mm3. The xenografts were then allowed to grow
untreated for a further 3weeks and their volume recorded periodically.

Drug Pharmacokinetics: In the experiments described above, avastin is adminis-
tered as a series of intraperitoneal injections. Once injected, the drug is assumed to
rapidly extravasate into the systemic circulation. Experimental evidence suggests a
biphasic plasma concentration–time curve for avastin (Lin et al. 1999). Consequently,
the following two-compartment model is proposed to govern its pharmacokinetics.
Systemic circulation (together with well-vascularized organs) is taken to be the first
compartment from where the drug may be eliminated or enter, in a reversible process,
a second compartment which consists of tissues and organs with poor vascular perfu-
sion. Combining these effects, the equations governing avastin pharmacokinetics can
be written as follows:

dXVs

dt
= − kV 12 XVs + kV 21 XVp

︸ ︷︷ ︸

Pharmacokinetics

− kVel XV s
︸ ︷︷ ︸

Elimination

+Dosing, (15)
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dXVp

dt
= kV 12 XVs − kV 21 XVp

︸ ︷︷ ︸

Pharmacokinetics

, (16)

where XVs and XVp represent the amounts of drug in the systemic circulation and the
peripheral compartment, respectively. The dosing function in Eq. (15) represents the
periodic administration of avastin and is taken to have the following form:

Dosing(t) =
n

∑

i=1

D0 H(t − ti )H(ti + ta − t), (17)

where D0 is the amount of drug delivered in each dose; ti , the timing of each dose; ta ,
the length of each injection; and n, the total number of doses.

Intratumoral Drug: Tumor vasculature is characterized by its poor functional qual-
ity and is highly disorganized (Siemann 2011). We therefore allow the tumor to reside
in a pharmacokinetic compartment of its own. For simplicity, the rates of transfer of
drug into and out of the tumor are taken to be the same as those for the peripheral
compartment [Eq. (16)]. Further, the tumor is assumed to occupy a negligible volume
compared to the volume of the animal; therefore, the extravasation of drug from the
tumor into the systemic circulation will not affect the amount of drug in the central
compartment. Finally, avastin–VEGF complexes are assumed to undergo the same
degradation as free VEGF in tissue. Combined together, these processes yield the
following equations governing drug (avastin) dynamics in the tumor space:

dXV

dt
= − k f

V Ab XV A + krV Ab CAV
︸ ︷︷ ︸

Reaction with VEGF

+ kV 12 XVs − kV 21 XV
︸ ︷︷ ︸

Pharmacokinetics

, (18)

dCAV

dt
= k f

V Ab XV A − krV Ab CAV
︸ ︷︷ ︸

VEGF–anti-VEGF antibody
complex formation

− λA CAV
︸ ︷︷ ︸

Natural
decay

, (19)

where XV and CAV represent the amounts of free anti-VEGF antibody and VEGF–
anti-VEGF antibody complexes within the tumor.

3.3 Parameter Estimation

The parameter values relating to vascular tumor growth are estimated from data in Car-
reau et al. (2011), Fujita et al. (2007), Kaneko et al. (2007), Lin et al. (1999), Perfahl
et al. (2011) and Yen et al. (2011) as discussed below. Estimated parameter values are
listed in Table 6 in “Appendix.”

Parameters relating to the proliferation and death rates of tumor cells (μT , νT , αT ,

δT , βT ) andmicrovascular endothelial cells (μE , αE , δE , βE )were estimated byfitting
control and treatment time courses of tumor volume as reported in Fujita et al. (2007),
with best fits shown in Fig. 6a. These data have already been described earlier. A few
simplifying assumptionsweremade tomake parameter estimation easier. For instance,
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tumor cells were assumed to be highly sensitive to VEGFR1 signaling, which justifies
assigning a low value to their VEGF-independent proliferation rate, μT . Further, the
exponents ρ1 and ρ3 appearing in the TC and ECVEGF-dependent proliferation rates,
respectively,where chosen to be equal andhigh enough so thatwhen the hypoxia switch
is turned on, cell proliferation is near its maximum value. Likewise, the exponents
ρ2 and ρ4 appearing in TC and EC death rates were assumed to be equal and high
enough so that at low Bcl-2 mRNA expression levels, cell death is maximized. Once
parameters relating to VEGF production by tumor cells are fixed (explained below),
the average fractional occupancies of receptors on TCs and ECs under hypoxia can
be determined. These provided upper bounds for the half-saturation constants αT

and αE appearing in the TC and EC proliferation rates, respectively. Similarly, the
average Bcl-2 mRNA expression in TCs and ECs at the above fractional occupancies
of receptors can be numerically estimated. These provided upper bounds for the half-
saturation constants βT and βE appearing in TC and EC death rates, respectively.
We remark that although treatment data are only available for avastin, it is enough
to fix the parameters relating to cell death as apoptosis signaling is assumed to occur
downstream of VEGF receptor-mediated signaling. Therefore, to simulate treatment
with VEGFR1/VEGFR2 inhibitors, it is enough to know the relevant biochemical
parameters, which have already been estimated as described in Sect. 2.2 (and listed in
Table 2). This highlights an important feature of our approach that includes all of the
relevant biochemistry, and without these details it would be necessary to estimate cell
death parameters for each drug separately.

Parameters relating to tumor oxygenation and tumor cell response to hypoxia were
estimated as follows: Intratumoral oxygen partial pressure typically ranges from 6 to
13mmHg Carreau et al. (2011). Consequently, a value of 10mmHg was chosen for
Nh, the threshold below which the angiogenic switch is activated [see Eq. (14)], while
the tumor cell quiescence threshold, Np, was taken to be 5.5mmHg [see Eq. (12)].
The threshold Nd, at which tumor cells begin to undergo high rates of apoptosis due
to oxygen deprivation, must have a value lower than Np and was taken to be 1mmHg.
Perfahl et al. (2011) have reported that growing tumors typically comprise ∼9.2%
vessel cells. This allowed us to estimate σN , the proportionality constant relating the
vessel fraction, V , to intramural oxygen levels, N , by requiring that when V = 9.2,
N = 10 (=Nh)mmHg.

Although the tumor xenografts described in Fujita et al. (2007) are supplied by
microvessels lined with mouse endothelial cells, for simplicity, these were assumed
to have the same properties, such as VEGFR1/VEGFR2 expression levels, as those of
human endothelial cells. Further, parameters relating to EC Bcl-2 mRNA production
(χE , ηE , γE , ω) were estimated as follows: Bcl-2 mRNA expression levels in ECs
populating HNSCC cancers (reported in Kaneko et al. 2007) were used to estimate
ηE and γE , with the value for ω unchanged from the in vitro case. In the absence of
additional data, a value for the baseline rate of Bcl-2 mRNA expression in ECs, χE ,
was chosen so they express low amounts of mRNA (1 unit) in the absence of any
external input. Parameters relating to TC Bcl-2 mRNA production (χT , ηT , γT , θ )
were estimated as follows: Kaneko et al. (2007) have also estimated the maximum
level of Bcl-2 mRNA expression in HNSCC tumors growing in vivo. This was used to
estimate ηT and γT , with the value for θ unchanged from the in vitro case. As in the
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case of ECs, a value for the baseline rate of Bcl-2 mRNA expression in TCs, χT , was
chosen so they express low levels of mRNA (1 unit) in the absence of any external
input.

As discussed earlier, VEGF is produced by tumor cells in vivo under hypoxia.
In the absence of relevant data, such as time course measurements of intratumoral
VEGF, it is difficult to estimate νA, the maximum rate of VEGF production by tumor
cells, and κA, the sensitivity of tumor cells to hypoxia. Consequently, values for these
parameters were chosen to ensure high receptor occupancies for both cell types when
intratumoral oxygen levels are below the hypoxia threshold. We remark that altering
these parameter values should not significantly affect the predictions of our model as
lower receptor occupancies can be compensated for by lowering the half-saturation
constants in TC and EC proliferation and Bcl-2 mRNA expression rates. A value for
the decay rate, λA, of VEGF in tissue was taken from Yen et al. (2011).

Finally, the pharmacokinetic rate constants kV 12, kV 21 and kVel appearing in
Eqs. (43) and (44) were fit to data in Lin et al. (1999) wherein mice were treated
with 9.3mg/kg anti-VEGF antibody as a single intravenous injection and drug con-
centration in serum recorded periodically for 15days. Best fits to experimental data
are shown in Fig. 9 in “Appendix.” Given the large numbers of parameters that were
estimated from fitting experimental data for our in vivo model, we also conducted
a local and global sensitivity analysis to identify which parameters are most crucial
for predicting tumor volumes and degree of oxygenation. Details of this analysis are
provided in “Appendix.”

3.4 The Effect of Anti-VEGF Therapies on Vascular Tumor Growth

Aseries of numerical simulationswere performed to illustrate the effects of anti-VEGF
therapies on tumor xenograft growth dynamics. In all treatment cases, the schedule
of drug administration was the same as that reported in Fujita et al. (2007), with
fixed doses of drug administered on days 1 and 5 for 4weeks, followed by 3weeks of
untreated growth. Key indicators of tumor development, such as tumor volume, degree
of growth inhibition and degree of tumor oxygenation, were studied in particular. The
results are summarized below.

Figure 6a shows the model fits to time courses of HNSCC xenograft volume when
the tumor is left untreated (control) or is treated with 2 or 4mg/kg of anti-VEGF
antibody (Avastin), and has already been discussed earlier. Figure 6b shows the cor-
responding time courses of intratumoral oxygen partial pressure. Interestingly, when
2mg/kg of avastin is administered, the tumor is predicted to exit hypoxia more rapidly
than in the control or higher dose (4mg/kg) cases. This is because, at the lower dose,
the anti-VEGF therapy is effective at blocking VEGFR1 signaling on tumor cells lead-
ing to reduced proliferation and survival, but is not enough to induce a high degree of
vascular disruption, resulting in a better oxygenated tumor. These simulations suggest
that a therapeutic window could be created by first treating the tumor with vascu-
lar disruption agents to improve blood flow and then administering chemotherapies,
which could have a greater impact on tumor growth inhibition due to better delivery
across the whole tumor.
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Fig. 6 a Model fits to control and treatment time courses of in vivo tumor volume reported in Fujita
et al. (2007) (black/blue/red squares show experimental data). The drug is administered on days 1 and 5
of each week for 4weeks, the treatment period being highlighted with gray shading. b Model predictions
of intratumoral oxygen partial pressure corresponding to the tumor volume time courses in panel a. c
Model predictions of tumor growth inhibition at the end of 49days in response to increasing amounts of
anti-VEGF or anti-VEGFR1 or anti-VEGFR2 antibodies administered as single therapies following the
schedule described in Fujita et al. (2007). d Model predictions of intratumoral oxygen partial pressure
averaged over 49days corresponding to the tumor volume time courses in panel c. Note that the doses of
each drug are normalized by the amount of that drug that induces a 50% tumor growth inhibition at the end
of 49days

Before proceeding with a discussion of the remaining results, we introduce the
following notation for ease of comparison between the various treatment scenarios
simulated. The model was used to predict the amounts of each drug that induce 50%
tumor growth inhibition at the end of 49days, when given as single agents. All drug
doses reported were then scaled by these 50% inhibition amounts.

We now simulate the effects of treating the tumor with increasing doses of anti-
VEGF, anti-VEGFR1 and anti-VEGFR2 antibodies, with tumor volume at the end of
49days (as a fraction of untreated control) shown in Fig. 6c and intratumoral oxygen
levels (averaged over 49days) plotted as a function of drug dose in Fig. 6d. When
anti-VEGF or anti-VEGFR1 antibodies are administered as single agents, the results
are as expected—tumor volumes decrease monotonically, with anti-VEGFR1 being
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more effective at higher doses. This is because we have assumed that the tumor cells
are highly dependent on VEGF signaling for growth and survival. Tumor oxygen
levels only change a little as anti-VEGF antibody dose is increased, indicating that
as the tumor shrinks, the degree of vascularity decreases proportionally. In contrast,
at high doses of anti-VEGFR1 antibody, the degree of tumor oxygenation increases
since the treatment only blocks the action of VEGFR1, and vessel formation and
survival are mediated via VEGFR2 signaling in ECs. When anti-VEGFR2 therapy
is administered, the results are counterintuitive. At low doses, this treatment actually
results in larger tumors as compared to the control, even though there is significant
vascular disruption as evidenced by a sharp fall in intratumoral oxygen levels. This
is because targeting VEGFR2 has the dual effect of inducing vessel degradation and
making more VEGF available to bind and activate VEGFR1 on tumor cells. The
situation is further exacerbated since the resulting hypoxia stimulates tumor cells to
ramp up the production of VEGF. The therapy is only effective when oxygen levels fall
to the quiescent threshold Np for tumor cells, and their proliferation is consequently
inhibited. From a clinical view point, these results are undesirable because, not only
does the tumor increase in size, it is more hypoxic and therefore probably resistant
to alternative therapeutic interventions. The high doses of anti-VEGFR2 required to
inhibit tumor growth might be unfeasible due to potential side effects.

We next investigate the potential of combining the drugs in pairs or giving them
all simultaneously, with doses of each drug fixed at their 50% inhibition levels. The
predicted time courses of tumor volume and oxygen partial pressure are plotted in
Fig. 7a, b, respectively. In terms of inhibiting tumor growth, combining anti-VEGF and
anti-VEGFR1 antibodies is themost effective and results in themost well-vascularized
tumor. In all cases where anti-VEGFR2 antibody is given, the resulting tumors are
more hypoxic. This results in VEGF expression by tumor cells and accelerated growth
at the end of the treatment period, even though during treatment these tumors have the
slowest growth rate.

Figure 7c, d further underscores these results. The bar graphs in Fig. 7c show the
degree of tumor growth inhibition at the end of the treatment period versus control and
the subsequent change in tumor volume from day 28 to day 49 (period off treatment).
The bar graphs in Fig. 7d show corresponding changes in tumor oxygen levels. As indi-
cated above, combining anti-VEGF and anti-VEGFR1 antibodies is the most effective
strategy, resulting in a high level of tumor growth inhibition post-therapy and, cru-
cially, continued growth inhibition even after therapy cessation. This is partly because
it is the only combination that results in increased oxygenation of the tumor during
both on and off treatment periods. Since the tumor is well supplied with blood vessels,
VEGF production is switched off and tumor cells cease proliferation. We remark that
if the dependence of tumor cells on VEGFR1 signaling was reduced, tumor growth,
rather than growth cessation, might occur in the periods off treatment; however, target-
ing VEGF and VEGFR1 simultaneously would still be expected to induce maximum
growth control. On the other hand, combining anti-VEGFR2 antibody with the other
antibodies appears to have an antagonistic effect. Even though tumor growth is most
inhibited at the end of treatment in these cases, the resulting tumors are hypoxic and
experience accelerated growth in the periods off therapy.
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Fig. 7 Tumor growth response to anti-VEGF/anti-VEGFR1/anti-VEGFR2 treatments given alone or in
combination. a Time courses of tumor volume. b Time courses of oxygen partial pressure. c The degree of
tumor growth inhibition at the end of the treatment period, and change in tumor volume over the following
period off treatment for each possible combination. d The change in tumor oxygenation at the end of the
treatment period and at the end of the following period off treatment for each possible combination. The
treatment period is highlighted with gray shading

To further quantify any synergy or antagonism between the various treatments, an
additional set of simulations are conducted, and the results are shown in Fig. 8a–
c. These are phase diagrams showing the amounts of antibodies, when given as a
combination of two drugs, that need to be co-administered in order to achieve a 50%
growth inhibition of tumor xenografts at the end of 49days. The actions of anti-VEGF
and anti-VEGFR1 antibodies appear to be additive (Fig. 8a). However, as indicated
in Fig. 7, targeting VEGFR2 is highly antagonistic in combination with either of the
other antibodies. Model simulations predict that while anti-VEGF and anti-VEGFR2
antibodies show themost antagonism at low doses of anti-VEGFR2 antibody (Fig. 8b),
this trend is reversed when it is combined with anti-VEGFR1 antibody (Fig. 8c).

Finally, we include a simulation of the case when the tumor cells are less dependent
onVEGFR1-signaling for survival (Fig. 8d). Specifically, themaximum death rate and
the fractional occupancy of VEGFR1 at which Bcl-2mRNAexpression is half its max-
imum value are reduced by about two-thirds and the effect of treating the tumor with
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Fig. 8 Phase diagrams showing the amounts of: a anti-VEGF and anti-VEGFR1 antibodies. bAnti-VEGF
and anti-VEGFR2 antibodies. c Anti-VEGFR1 and anti-VEGFR2 antibodies required to achieve 50%
growth inhibition of the tumor after 49days. For comparison, a curve showing combinations if the drugs
were purely additive in action (red dashes) is plotted in each case. d Comparison of tumor response to
treatment with increasing doses of anti-VEGF antibody when the tumor cells are assumed to be highly
dependent on VEGFR1 signaling (blue curve) versus when they are relatively independent of VEGFR1
signaling (red curve), for survival

increasing doses of anti-VEGF antibody is recorded. As the drug dose is increased,
tumor volumes go down; however, increasing the dosage beyond a certain level has the
counterproductive effect of boosting tumor growth. This is because inhibiting VEGF
induces endothelial cell death and vessel degradation, and the resulting hypoxia, com-
bined with tumor insensitivity to VEGFR1 signaling, results in reduced tumor growth
inhibition. These results, which highlight the importance of tumor cell phenotype
(sensitivity to VEGFR1 signaling) on therapeutic outcome, might explain the failure
of some anti-VEGF strategies at the clinical level.

4 Discussion

In order to improve patient outcomes for aggressive cancers, an increasing amount of
research is now being aimed at understanding the molecular biology of tumor growth,
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angiogenesis and invasion in an attempt to selectively target pathways involved in
tumor progression. Improved understanding ofmolecular mechanisms associatedwith
tumor angiogenesis and the bidirectional cellular cross-talk between tumor cells and
vascular endothelial cells is leading to targeted manipulation of intracellular signaling
pathways mediated by VEGF and its receptors. These ligand- and receptor-targeted
therapies can, in theory, be administered alone or in combination to achieve maximal
anti-tumor effect. Although the significance of VEGF as a conceptual target for cancer
treatment is unquestionable, we still do not fully understand how anti-VEGF therapies
work in vivo. For example, we know that decreasing VEGF availability to endothe-
lial cells should result in reduced vasculature and tumor burden. However, for certain
tumor phenotypes, it is plausible that too much vascular disruption could actually
result inmoreVEGFbeing produced by, and beingmade available to, cancer cells, ulti-
mately leading to increased tumor growth as predicted by the numerical simulations in
Fig. 6.

Before novel drugs targeted against VEGF and its receptors become uniformly
successful as singlemodality anticancer therapies or are optimized in conjunctionwith
existing chemotherapies, key questions must be answered including: What causes the
observed anti-tumor effects andwhich tumor phenotypes are likely to show the greatest
benefit from treatments that disrupt the vasculature? In order to gain insight into
these important issues, we developed an adaptable, multilevel modeling framework
describing VEGF-mediated cross-talk between tumor cells and vascular endothelial
cells both in vitro and in vivo. The model describes the intracellular-, cellular-, and
tissue-level response of tumors to combination treatments involving VEGF and its
natural receptors. We used the model to rigorously investigate the differential anti-
angiogenic and anti-tumor impacts on tumor reduction.

In vitro results for tumor cells co-culturedwith control endothelial cells—the closest
to the in vivo situation—suggest that themost promising strategies for tumor reduction
are those that involve blocking the activation of VEGFR1. Blocking VEGFR2 alone
boosted tumor cell numbers because endothelial cell uptake of VEGF was reduced,
allowing more of it to be available for binding and activating VEGFR1 on tumor cells.
Blocking VEGFR2 in combination with any of the other antibodies had a synergistic
effect and inhibited tumor cell growth. Upon developing a version of the model that
simulated vascular tumor growth and treatment, we found that in vitro results do not
always translate to the in vivo situation. For instance, although targeting VEGFR1
remained the best option therapeutically, combination therapies that include an anti-
VEGFR2 antibody were antagonistic and resulted in accelerated tumor growth at the
end of treatment cycles due to induction of hypoxia. This antagonismwas not present in
vitro and highlights the limitations of interpreting in vitro results in a clinical setting.
The most effective strategy was the co-inhibition of VEGF and VEGFR1, which
induced the maximum level of tumor growth control, coupled with high vascularity
within the tumors. This result suggests that such a treatment may be followed up with
chemotherapies, which could bemore effective due to better drug delivery. Conversely,
targetingVEGFR2 in all cases resulted in hypoxic tumors that may be resistant to other
forms of chemotherapy. Finally, all of these resultsmust be interpretedwhile keeping in
mind that the tumor cells were assumed to be highly dependent on VEGFR1 signaling
for survival. We also included simulations which demonstrated that targeting VEGF
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may be a counterproductive strategy if this assumption is relaxed, which may partially
explain the varying levels of success that anti-VEGF therapies have had in clinical
settings.

The in vivo model is presented here as a proof of concept for the overall modeling
strategy. Our future work will focus on relaxing many of the simplifying assumptions
associated with the current model. For instance, a more biologically realistic ordi-
nary differential equation (ODE) version of the model would be achieved by deriving
ODEs for microvascular fraction and oxygen supply to the tumor. This will allow
us to simulate drug delivery to the tumor more accurately. We will also explicitly
track amounts of Bcl-2 protein (and other members of the Bcl family) rather than
approximating its effect on cell death via relative mRNA expression level. We also
plan to extend the essential features of this model into a spatiotemporal framework
that will be able to mechanistically describe angiogenesis-dependent vascular tumor
growth with the level of detail required to accurately predict the therapeutic poten-
tial of molecular targets that can affect multiple cell types. The spatial model will
allow us to include blood flow, which is critical for blood vessel remodeling and
nutrient transfer during tumor progression. We will also be able to capture tumor
morphology (e.g., avascular regions) and its effect on oxygenation and drug delivery.
This type of model can be used to quantify the influence of the spatially evolving
tumor vasculature on treatment outcomes. Although the conclusions and compar-
isons presented here are based solely on the simplified in vivo model, our future
modeling efforts described above will have the potential to make additional thera-
peutically relevant predictions and further distinguish in vitro versus in vivo tumor
response.

Continued modeling efforts in this direction have the potential to shed light on the
experimentally observed phenomenon that anti-angiogenic therapy aimed at VEGFR2
initially improves both the structure and function of tumor vessels; however, continued
or aggressive regimes result in a vascular supply that is inadequate to support delivery
of additional therapeutic agents (Goel et al. 2012; Lin and Sessa 2004). Also, avastin,
an agonist for VEGFwith no effect onVEGFR2,made the headlines with both positive
and negative clinical progress (Honey 2009). It was approved by the FDA for use as
a treatment for glioblastoma that has recurred after standard therapies several years
ago, even though, around the same time, a clinical trial assessing the ability of avastin
to reduce the risk of tumor recurrence in individuals with early-stage colon cancer
failed to reach its endpoint (Honey 2009). Considering cancers more broadly, it is
clear that anti-angiogenic therapy prolongs survival on the order of months in some
settings while failing to induce any survival benefit at all in others (Loges et al. 2010;
Moserle et al. 2014). We expect to be able to use our modified model to further the
understanding of why manipulating VEGF is successful for some tumor types but
disappointing in others and to suggest which cancer cell phenotypes will experience
the greatest benefit from therapies targeted against VEGF.

123



1000 H. Jain, T. Jackson

Appendix

Table 4 Complete model variables

Species Name Units

T Number of tumor cells (TCs) millions of cells

E Number of microvascular endothelial cells lining intratumoral
blood vessels (ECs)

millions of cells

V Percentage of tumor comprising ECs dimensionless

N Nutrient (oxygen) concentration mm Hg

A Free VEGF in tumor pmol

RE1 Free VEGFR1 on ECs pmol

RE2 Free VEGFR2 on ECs pmol

RT 1 Free VEGFR1 on TCs pmol

DE1 VEGF–VEGFR1 complexes on ECs pmol

DE2 VEGF–VEGFR2 complexes on ECs pmol

DT 1 VEGF–VEGFR1 complexes on TCs pmol

BE Bcl-2 mRNA expression level per EC dimensionless

BT Bcl-2 mRNA expression level per TC dimensionless

XV Free anti-VEGF antibody in tumor pmol

CAV VEGF–anti-VEGF antibody complexes in tumor pmol

XVs Anti-VEGF antibody in systemic circulation pmol

XV p Anti-VEGF antibody in peripheral compartment pmol

XR1 Free anti-VEGFR1 antibody in tumor pmol

CE1R1 VEGFR1–anti-VEGFR1 antibody complexes on ECs pmol

CT 1R1 VEGFR1–anti-VEGFR1 antibody complexes on TCs pmol

XR1s Free anti-VEGFR1 antibody in systemic circulation pmol

XR1p Free anti-VEGFR1 antibody in peripheral compartment pmol

XR2 Free anti-VEGFR2 antibody in tumor pmol

CE2R2 VEGFR2–anti-VEGFR2 antibody complexes on ECs pmol

XR2s Free anti-VEGFR2 antibody in systemic circulation pmol

XR2p Free anti-VEGFR2 antibody in peripheral compartment pmol

In Vitro Treatment Equations

The complete set of model equations used for simulating in vitro, pre-treatment tumor
growth is described in the main text. For the targeted therapies we are considering, the
tumor cell, endothelial cell and Bcl-2 equations do not change. Below we describe the
modifications to the model that arise due to treatment.
VEGF-Binding Equations: The equations below describe VEGF binding, and they
are identical to those presented in the main text, except for the addition of the last
two terms in Eqs. (20)–(23), which represent the binding dynamics of anti-VEGF,
VEGFR1 or VEGFR2 antibodies.
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dA

dt
= − k f

E1 RE1 A + krE1 DE1 − k f
E2 RE2 A + krE2 DE2

︸ ︷︷ ︸

Reaction with VEGFR1/VEGFR2 on endothelial cells

− k f
T 1 RT 1 A + krT 1 DT 1

︸ ︷︷ ︸

Reaction with VEGFR1
on tumor cells

− λA A
︸ ︷︷ ︸

Natural
decay

+ μA BE

βA + BE
E

︸ ︷︷ ︸

Bcl-2-mediated
production by
endothelial cells

+ νA T
︸︷︷︸

Production by
tumor cells

− k f
V Ab XV A + krV Ab CAV

︸ ︷︷ ︸

Reaction with anti-VEGF
antibody

, (20)

dRE1

dt
= − k f

E1 RE1 A + krE1 DE1 + k pE1 DE1
︸ ︷︷ ︸

Reaction with VEGF

+ Rt
E1 μE φE E (1 − ρE E)

︸ ︷︷ ︸

Production due to
endothelial cell proliferation

− RE1 R
t
E1

RE1 + DE1 + CE1R1

δE E

βE + B2
E

︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

− k f
R1Ab XR1 RE1 + krR1Ab CE1R1

︸ ︷︷ ︸

Reaction with anti-VEGFR1 antibody

, (21)

dRE2

dt
= − k f

E2 RE2 A + krE2 DE2 + k pE2 DE2
︸ ︷︷ ︸

Reaction with VEGF

+ Rt
E2 μE φE E (1 − ρE E)

︸ ︷︷ ︸

Production due to
endothelial cell proliferation

− RE2 R
t
E2

RE2 + DE2 + CE2R2

δE E

βE + B2
E

︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

− k f
R2Ab XR2 RE2 + krR2Ab CE2R2

︸ ︷︷ ︸

Reaction with anti-VEGFR2 antibody

, (22)

dRT 1
dt

= − k f
T 1 RT 1 A + krT 1 DT 1 + k pT 1 DT 1

︸ ︷︷ ︸

Reaction with VEGF

+ Rt
T 1 (μT + νT φT ) T

︸ ︷︷ ︸

Production due to
tumor cell proliferation

− RT 1 R
t
T 1

RT 1 + DT 1 + CT 1R1

δT T

βT + B2
T

︸ ︷︷ ︸

Loss due to
tumor cell apoptosis

− k f
R1Ab XR1 RT 1 + krR1Ab CT 1R1

︸ ︷︷ ︸

Reaction with anti-VEGFR1 antibody

, (23)

dDE1

dt
= k f

E1 RE1 A − krE1 DE1 − k pE1 DE1
︸ ︷︷ ︸

VEGFR1 activation by VEGF
on endothelial cells

− DE1 R
t
E1

RE1 + DE1 + CE1R1

δE E

βE + B2
E

︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

,

(24)

dDE2

dt
= k f

E2 RE2 A − krE2 DE2 − k pE2 DE2
︸ ︷︷ ︸

VEGFR2 activation by VEGF
on endothelial cells

− DE2 R
t
E2

RE2 + DE2 + CE2R2

δE E

βE + B2
E

︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

,

(25)

dDT 1

dt
= k f

T 1 RT 1 A − krT 1 DT 1 − k pE1 DE1
︸ ︷︷ ︸

VEGFR1 activation by VEGF
on tumor cells

− DT 1 R
t
T 1

RT 1 + DT 1 + CT 1R1

δT T

βT + B2
T

︸ ︷︷ ︸

Loss due to
tumor cell apoptosis

, (26)
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VEGF, VEGFR1, VEGFR2 Therapy Equations: The binding dynamics for an anti-
VEGFantibody (XV ), an anti-VEGFR1antibody (XR1) and an anti-VEGFR2antibody
(XR2) are described below:

dXV

dt
= − k f

V Ab XV A + krV Ab CAV
︸ ︷︷ ︸

Reaction with VEGF

, (27)

dCAV

dt
= k f

V Ab XV A − krV Ab CAV
︸ ︷︷ ︸

VEGF–anti-VEGF antibody
complex formation

, (28)

dXR1

dt
= − k f

R1Ab XR1 RE1 + krR1Ab CE1R1
︸ ︷︷ ︸

Reaction with VEGFR1 on endothelial cells

− k f
R1Ab XR1 RT 1 + krR1Ab CT 1R1

︸ ︷︷ ︸

Reaction with VEGFR1 on tumor cells

,

(29)

dCE1R1

dt
= k f

R1Ab XR1 RE1 − krR1Ab CE1R1
︸ ︷︷ ︸

VEGFR1–anti-VEGFR1 antibody
complex formation on endothelial cells

− CE1R1 Rt
E1

RE1 + DE1 + CE1R1

δE E

βE + B2
E

︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

,

(30)

dCT 1R1

dt
= k f

R1Ab XR1 RT 1 − krR1Ab CT 1R1
︸ ︷︷ ︸

VEGFR1–anti-VEGFR1 antibody
complex formation on tumor cells

− CT 1R1 Rt
T 1

RT 1 + DT 1 + CT 1R1

δT T

βT + B2
T

︸ ︷︷ ︸

Loss due to
tumor cell apoptosis

,

(31)
dXR2

dt
= − k f

R2Ab XR2 RE2 + krR2Ab CE2R2
︸ ︷︷ ︸

Reaction with VEGFR2 on endothelial cells

, (32)

dCE2R2

dt
= k f

R2Ab XR2 RE2 − krR2Ab CE2R2
︸ ︷︷ ︸

VEGFR2–anti-VEGFR2 antibody
complex formation on endothelial cells

− CE2R2 Rt
E2

RE2 + DE2 + CE2R2

δE E

βE + B2
E

︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

.

(33)

In Vivo Treatment Equations

The model equations used for simulating tumor cells, endothelial cells and drug phar-
macokinetics for anti-VEGF therapy in vivo are described in detail in the main text.
Below we present the remaining model equations associated with treatment for the in
vivo situation.
Intratumoral VEGF: Intratumoral VEGF (A) is governed by Eq. (34). The first eight
terms of the equation, representing binding, decay and production, are described in
detail in the main text. The last terms in the VEGF equation represent the response to
therapies that target the VEGF.
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dA

dt
= − k f

E1 RE1 A + krE1 DE1 − k f
E2 RE2 A + krE2 DE2

︸ ︷︷ ︸

Reaction with VEGFR1/VEGFR2 on endothelial cells

− k f
T 1 RT 1 A + krT 1 DT 1

︸ ︷︷ ︸

Reaction with VEGFR1
on tumor cells

− λA A
︸ ︷︷ ︸

Natural
decay

+ νA

1 + e−κA(Nh−N )
T

︸ ︷︷ ︸

Hypoxia-mediated production
by tumor cells

− k f
V Ab XV A + krV Ab CAV

︸ ︷︷ ︸

Reaction with anti-VEGF
antibody

. (34)

VEGFR1 and VEGFR2: The equations representing VEGF receptor dynamics on ECs
and TCs remain also largely unchanged from the in vitro case described in the main
text. The only addition is the therapeutic binding ofVEGFR1 andVEGFR2 antibodies,
where appropriate. The first three terms in each of the equations below represent the
response to VEGF of each variable (Ri for i = 1, 2 ≡ free VEGFR1/VEGFR2
receptors on ECs and/or TCs, and Di for i = 1, 2 ≡ VEGF–VEGFRi complexes on
ECs and TCs). Note that in addition to binding and releasing VEGF, the rate of change
of each receptor species is also affected by the creation of new unbound receptors
as a result of cell division and the removal of receptors and complexes due to cell
death. This ensures conservation of receptors and is described by the fourth term in
the Di equations and the fourth and fifth terms in the Ri equations. The last terms
in each of the Ri equations represent the response to therapies that target the VEGF
receptors.

dRE1

dt
= − k f

E1 RE1 A + krE1 DE1 + k pE1 DE1
︸ ︷︷ ︸

Reaction with VEGF

+ Rt
E1 μE

φ
ρ3
E

α
ρ3
E + φ

ρ3
E

E

︸ ︷︷ ︸

Production due to
endothelial cell proliferation

− RE1 Rt
E1

RE1 + DE1 + CE1R1

δE β
ρ4
E E

β
ρ4
E + Bρ4

E
︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

− k f
R1Ab XR1 RE1 + krR1Ab CE1R1

︸ ︷︷ ︸

Reaction with anti-VEGFR1 antibody

,

(35)

dRE2

dt
= − k f

E2 RE2 A + krE2 DE2 + k pE2 DE2
︸ ︷︷ ︸

Reaction with VEGF

+ Rt
E2 μE

φ
ρ3
E

α
ρ3
E + φ

ρ3
E

E

︸ ︷︷ ︸

Production due to
endothelial cell proliferation

− RE2 Rt
E2

RE2 + DE2 + CE2R2

δE β
ρ4
E E

β
ρ4
E + Bρ4

E
︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

− k f
R2Ab XR2 RE2 + krR2Ab CE2R2

︸ ︷︷ ︸

Reaction with anti-VEGFR2 antibody

,

(36)
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dRT 1

dt
= − k f

T 1 RT 1 A + krT 1 DT1 + k pT1 DT 1
︸ ︷︷ ︸

Reaction with VEGF

+ Rt
T 1

[

μT + νT
φ

ρ1
T

α
ρ1
T + φ

ρ1
T

]

T H(N − Np)

︸ ︷︷ ︸

Production due to
tumor cell proliferation

− RT 1 Rt
T 1

RT 1 + DT 1 + CT 1R1

δT β
ρ2
T [1 + H(Nd − N )] T

β
ρ2
T + Bρ2

T
︸ ︷︷ ︸

Loss due to
tumor cell apoptosis

− k f
R1Ab XR1 RT 1 + krR1Ab CT 1R1

︸ ︷︷ ︸

Reaction with anti-VEGFR1 antibody

, (37)

dDE1

dt
= k f

E1 RE1 A − krE1 DE1 − k pE1 DE1
︸ ︷︷ ︸

VEGFR1 activation by VEGF
on endothelial cells

− DE1 Rt
E1

RE1 + DE1 + CE1R1

δE β
ρ4
E E

β
ρ4
E + Bρ4

E
︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

,

(38)

dDE2

dt
= k f

E2 RE2 A − krE2 DE2 − k pE2 DE2
︸ ︷︷ ︸

VEGFR2 activation by VEGF
on endothelial cells

− DE2 Rt
E2

RE2 + DE2 + CE2R2

δE β
ρ4
E E

β
ρ4
E + Bρ4

E
︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

,

(39)
dDT 1

dt
= k f

T 1 RT 1 A − krT 1 DT1 − k pE1 DE1
︸ ︷︷ ︸

VEGFR1 activation by VEGF
on tumor cells

− DT 1 Rt
T 1

RT 1 + DT 1 + CT1R1

δT β
ρ2
T [1 + H(Nd − N )] T

β
ρ2
T + Bρ2

T
︸ ︷︷ ︸

Loss due to
tumor cell apoptosis

.

(40)

Intracellular Bcl-2

Bcl-2 mRNA is constitutively expressed within both cell types and undergoes natural
degradation. Activation of its receptors by VEGF leads to additional Bcl-2 synthesis
in each cell type. Combining these processes, we obtain the following equations for
Bcl-2 mRNA expression in ECs and TCs, as described in the main text:

dBE

dt
= χE

︸︷︷︸

Constitutive
expression

+ ηE
φω
E

γ ω
E + φω

E
︸ ︷︷ ︸

Activated VEGFR2-
mediated production

− λB BE
︸ ︷︷ ︸

Natural
decay

, (41)
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dBT

dt
= χT

︸︷︷︸

Constitutive
expression

+ ηT
φθ
T

γ θ
T + φθ

T
︸ ︷︷ ︸

Activated VEGFR1-
mediated production

− λB BT
︸ ︷︷ ︸

Natural
decay

. (42)

Molecular-Level Variables Associated with Treatment

Below, we present the model equations for the effects of an anti-VEGF antibody, like
avastin, an anti-VEGFR1 antibody-like IMC-18F1, and an anti-VEGFR2 antibody.

Drug Pharmacokinetics: Experimental evidence suggests a biphasic plasma
concentration–time curve for avastin Lin et al. (1999). Consequently, a two-
compartment model is proposed to govern the pharmacokinetics of all of the drugs we
consider. Systemic circulation (together with well-vascularized organs) is taken to be
the first compartment from where the drug may be eliminated or enter, in a reversible
process, a second compartmentwhich consists of tissues and organswith poor vascular
perfusion. Combining these effects, the equations governing drug pharmacokinetics
can be written as follows:

dXis

dt
= − ki12 Xis + ki21 Xip

︸ ︷︷ ︸

Pharmacokinetics

− kiel Xis
︸ ︷︷ ︸

Elimination

+Dosing, (43)

dXip

dt
= ki12 Xis − ki21 Xip

︸ ︷︷ ︸

Pharmacokinetics

, (44)

where Xis and Xip (i = V, R1, R2 for anti-VEGF, anti-VEGFR1, and anti-VEGFR2
therapy) represent the amount of drug in systemic circulation and the peripheral
compartment, respectively. The dosing function in Eq. (43) represents the periodic
administration of avastin and is taken to have the following form:

Dosing(t) =
n

∑

i=1

D0 H(t − ti )H(ti + ta − t), (45)

where D0 is the amount of drug delivered in each dose; ti , the timing of each dose; ta ,
the length of each injection; and n, the total number of doses.

Intratumoral Drug Dynamics: The tumor is assumed to reside in a pharmacoki-
netic compartment of its own. For simplicity, the rates of transfer of drug into and
out of the tumor are taken to be the same as those for the peripheral compartment
[Eq. (44)]. Further, the tumor is assumed to occupy a negligible volume compared
to the volume of the animal; therefore, the extravasation of drug from the tumor into
systemic circulation will not affect the amount of drug in the central compartment.
Finally, avastin–VEGF complexes are assumed to undergo the same degradation as
free VEGF in tissue. Combined together, these processes yield the following equations
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governing drug dynamics in the tumor space. Recall, Xi (i = V, R1, R2 for the anti-
VEGF, anti-VEGFR1 and anti-VEGFR2 therapy) represent free forms of each drug
and C j ( j = AV, E1R1, T 1R1, E2R2) represent the VEGFR1–anti-VEGFR1 anti-
body complexes on ECs/TCs and the VEGFR2–anti-VEGFR2 antibody complexes
on ECs.

dXV

dt
= − k f

V Ab XV A + krV Ab CAV
︸ ︷︷ ︸

Reaction with VEGF

+ kV 12 XVs − kV 21 XV
︸ ︷︷ ︸

Pharmacokinetics

, (46)

dCAV

dt
= k f

V Ab XV A − krV Ab CAV
︸ ︷︷ ︸

VEGF–anti-VEGF antibody
complex formation

− λA CAV
︸ ︷︷ ︸

Natural
decay

, (47)

dXR1

dt
= − k f

R1Ab XR1 RE1 + krR1Ab CE1R1
︸ ︷︷ ︸

Reaction with VEGFR1 on endothelial cells

− k f
R1Ab XR1 RT 1 + krR1Ab CT 1R1

︸ ︷︷ ︸

Reaction with VEGFR1 on tumor cells

+ kV 12 XR1s − kV 21 XR1
︸ ︷︷ ︸

Pharmacokinetics

, (48)

dCE1R1

dt
= k f

R1Ab XR1 RE1 − krR1Ab CE1R1
︸ ︷︷ ︸

VEGFR1–anti-VEGFR1 antibody
complex formation on endothelial cells

− CE1R1 Rt
E1

RE1 + DE1 + CE1R1

δE β
ρ4
E E

β
ρ4
E + Bρ4

E
︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

,

(49)
dCT1R1

dt
= k f

R1Ab XR1 RT 1 − krR1Ab CT 1R1
︸ ︷︷ ︸

VEGFR1–anti-VEGFR1 antibody
complex formation on tumor cells

− CT 1R1 Rt
T 1

RT 1 + DT1 + CT 1R1

δT β
ρ2
T [1 + H(Nd − N )] T

β
ρ2
T + Bρ2

T
︸ ︷︷ ︸

Loss due to
tumor cell apoptosis

,

(50)
dXR2

dt
= − k f

R2Ab XR2 RE2 + krR2Ab CE2R2
︸ ︷︷ ︸

Reaction with VEGFR2 on endothelial cells

+ kV 12 XR2s − kV 21 XR2
︸ ︷︷ ︸

Pharmacokinetics

, (51)

dCE2R2

dt
= k f

R2Ab XR2 RE2 − krR2Ab CE2R2
︸ ︷︷ ︸

VEGFR2–anti-VEGFR2 antibody
complex formation on endothelial cells

− CE2R2 Rt
E2

RE2 + DE2 + CE2R2

δE β
ρ4
E E

β
ρ4
E + Bρ4

E
︸ ︷︷ ︸

Loss due to
endothelial cell apoptosis

.

(52)

Receptor Conservation

In the above equations, Rt
Ei , i = 1, 2 and Rt

T 1 represent the VEGFRi and VEGFR1
receptor expression levels on endothelial and tumor cells, respectively. From equations
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Table 5 Binding rates for VEGF, VEGFR1 and VEGFR2 antibodies

Parameter Value Units Source

k f
V Ab 2.9794/VolC fmol−1 day−1 Mac Gabhann and Popel (2007),

Papadopoulos et al. (2012)

krV Ab 86.4 per day Mac Gabhann and Popel (2007)

k f
R1Ab 3.2/VolC fmol−1 day−1 Mac Gabhann and Popel (2007),

Wu et al. (2006)

krR1Ab 86.4 per day Mac Gabhann and Popel (2007)

k f
R2Ab 3.4560VolC fmol−1 day−1 Mac Gabhann and Popel (2007),

Spratlin et al. (2010)

krR2Ab 86.4 per day Mac Gabhann and Popel (2007)

VolC 0.5 ml Kaneko et al. (2007)

(13), (35), (38) and (49), it follows that Rt
E1E = RE1 + DE1 + CE1R1, that is, the

number of VEGFR1 per endothelial cell is conserved. Likewise, Rt
E2E = RE2 +

DE2 + CE2R2 and Rt
T 1T = RT 1 + DT1 + CT 1R1.

Parameters

A list of parameter values estimated from the literature for the in vitro and in vivo
treatment models is provided in Table 5. We remark that the rates of forward reac-
tion are typically expressed in units of “per time, per concentration.” However, in our
model, all chemical species are expressed in terms of total quantity (fmol in the in
vitro case and pmol in the in vivo case). Therefore, to preserve dimensional accuracy,
the rates of forward reaction listed in Table 4 (and Table 1 of the main text) have
been scaled by the volume of the experiment being simulated. For instance, the rate of
forward reaction between avastin and VEGF has been determined experimentally to
be 2.9794 (fmol/ml)−1 day−1 (or (pmol/µl)−1 day−1). Consequently, k f

V Ab is taken to
be 2.9794/VolC fmol−1 day−1 when simulating in vitro experiments and 2.9794/VolT
pmol−1 day−1 in the in vivo case. Here, VolC is the volume of the cell culture exper-
iments in ml and VolT , the volume of the tumor in μl. Note that VolT = (volume
of 1 million ECs)×E + (volume of 1 million TCs)×T and the volume of 1 EC is
2.2×10−6 μl King et al. (2004) and that of 1 TC is 1×10−6 μl Monte (2009).
A list of parameter values for the in vivo model is provided in Table 6.
The best fit of the in vivo treatment model to avastin pharmacokinetic data reported
in Lin et al. (1999) is shown in Fig. 9.

Parameter Sensitivity

A local sensitivity analysis is carried out by varying the parameters associated with the
vascular growth and response to treatment of in vivo tumor xenografts. These include:
the VEGF-dependent rate of tumor cell proliferation, νT ; the sensitivity of tumor cell

123



1008 H. Jain, T. Jackson

Table 6 Parameter estimates
for the in vivo model

Parameter Estimated value Units

μT , μE 0.0100, 0.1436 per day

νT 0.1667 per day

αT , αE 0.6617, 0.4174 dimensionless

ρ1 10 dimensionless

Np 5.5 mmHg

δT , δE 0.0360, 0.0100 per day

βT , βE 36.3416, 12.3685 dimensionless

ρ2 4 dimensionless

ρ3 10 dimensionless

ρ4 4 dimensionless

λA 16.6355 per day

νA 500 pmol per million cells

κA 2 dimensionless

Nh 10 mmHg

χE 6.6542 per day

ηE 1063 per day

γE 0.3341 dimensionless

ω 5 dimensionless

χT 6.6542 per day

ηT 1939 per day

γT 0.6484 dimensionless

θ 12 dimensionless

kV 12 10.1605 per day

kV 21 7.3999 per day

kVel 0.3654 per day

σN 1.0870 mmHg

Fig. 9 Model fit to avastin
pharmacokinetic data reported
in Lin et al. (1999)
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proliferation to VEGFR1 receptor occupancy, αT ; the Bcl-2-modulated rate of tumor
cell death, δT ; the sensitivity of tumor cell death to Bcl-2 expression, βT ; the VEGF-
dependent rate of endothelial cell proliferation, μE ; the sensitivity of endothelial
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cell proliferation to VEGFR2 receptor occupancy, αE ; the Bcl-2-modulated rate of
endothelial cell death, δE ; the sensitivity of endothelial cell death to Bcl-2 expression,
βE ; the VEGF expression rate of tumor cells, νA; and the sensitivity of tumor cells
to hypoxia, κA [see equations (12)–(14) in the main text]. The two cases—control
(no treatment) and treatment—are considered separately. In each case, the residual
between simulated and experimental data (tumor volume time course) is computed
as each parameter is varied from its baseline estimate, and the resulting residual is
plotted as a function of the percent change in the value of parameter being varied.
Given that vascular tumor growth is driven by hypoxia in our model, we also test the
sensitivity of tumor oxygenation to the various parameters by plotting the maximum
partial pressure of oxygen as a function of the percent change in the value of parameter
being varied.
Local Sensitivity Analysis–Control

Figure 10a, c, e reveal that the model predictions of tumor xenograft size are sen-
sitive to endothelial and tumor cell growth parameters, tumor cell death parameters,
as well as tumor cell VEGF expression and sensitivity to hypoxia, with low values of
αT and high values of νA and νT resulting in the most change. Since these simulations
are without treatment, tumor xenograft size is predictably insensitive to parameters
relating to endothelial cell death and tumor cell death. Figure 10b, d, f reveal that
tumor oxygenation is most sensitive to high values of μE and αT and low values of
αE , νT and νA. Once again, cell death has little impact on tumor oxygenation.

Local Sensitivity Analysis–Treatment
Figure 11a, c, e reveal that the model predictions of tumor xenograft size under

avastin therapy are sensitive to endothelial and tumor cell growth parameters, as well
as tumor cell VEGF expression and sensitivity to hypoxia, with low values of αT and
high values of νA and νT resulting in the most change. VEGF expression level per
tumor cell (νA) now emerges as the most influential parameter. Interestingly, although
the simulations are sensitive to tumor cell death parameters, cellular proliferation
rates are still more influential in comparison, indicating that the inhibition of cell
proliferation—as opposed to inducing cell death—might be what drives the observed
changes in xenograft volume in response to treatment with avastin. Figure 11b, d, f
reveal that tumor oxygenation is sensitive to high values of μE , αT , δT and βT and
low values of αE , νT and νA. In contrast to the earlier case, the tumor cell death rate
δT emerges as the most influential parameter since increased tumor cell death could
have the overall effect of increasing tumor oxygen levels.

Global Sensitivity Analysis
Although the above analysis provides some information on which parameters are

more influential in our model, this analysis is local, with each parameter varied indi-
vidually, keeping all others fixed. This approach suffers from the limitation that only a
small fraction of parameter space is explored and does not take into account the simul-
taneous variation, and thus possible interactions, of model parameters. We therefore
also conduct a global sensitivity analysis on the same set of parameters using the ele-
mentary effects method developed byMorris (1991) and implemented inMATLAB by
Pianosi et al. (2015). An elementary effect is computed as follows. Consider a model
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Fig. 10 Local sensitivity analysis for parameters relating to tumor xenograft growth in the absence of
treatment. a, c, e The residual or Euclidean norm between simulated and experimental data (tumor volume
time course, see Fig. 6a inmain text) is plotted on the y-axis, and percentage variation of the parameters from
their baseline values is plotted on the x-axis. b, d, f The predicted maximum partial pressure in the tumor
over the time course of the simulation is plotted on the y-axis, and percentage variation of the parameters
from their baseline values is plotted on the x-axis

with n independent input parameters xi , i = 1, . . . , n with each parameter uncertainty
interval divided into p equal intervals resulting in an n-dimensional p-level hyper-
space. For any given set of parameter values, the elementary effect of the i th input
factor on the output y is defined as:

EEi = [y(x1, x2, . . . xi + �, xi+1 . . . , xn) − y(x1, x2, . . . , xn)]/�, (53)
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Fig. 11 Local sensitivity analysis for parameters relating to tumor xenograft growth under treatment with
avastin. a, c, e The residual or Euclidean norm between simulated and experimental data (tumor volume
time course, see Fig. 6a inmain text) is plotted on the y-axis, and percentage variation of the parameters from
their baseline values is plotted on the x-axis. b, d, f The predicted maximum partial pressure in the tumor
over the time course of the simulation is plotted on the y-axis, and percentage variation of the parameters
from their baseline values is plotted on the x-axis

where � = p/(2(p− 1)). The distribution of elementary effects associated with xi is
then obtained by randomly sampling r different sets of parameters from the prescribed
hyperspace. Thus, the Morris method depends not only on p, but also on the sampling
number r . The sensitivity measures proposed by Morris are μi and σi—the mean
and the standard deviation, respectively, of the distribution of elementary effects for
each xi . The mean μi assesses the overall influence of one parameter on the output
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Fig. 12 Global sensitivity analysis for parameters relating to tumor xenograft growth in the absence of
treatment. a Phase plane showing the mean versus standard deviation of elementary effects (EEs). b Bar
graphs showing the corresponding global sensitivity indices for the various parameters when the output
function is taken to be the residual or Euclidean norm between simulated and experimental data (tumor
volume time course, see Fig. 6a in main text). c Phase plane showing the mean versus standard deviation of
elementary effects (EEs). d Bar graphs showing the corresponding global sensitivity indices for the various
parameters when the output function is taken to be the maximum partial pressure in the tumor over the time
course of the simulation

while the standard deviation σi assesses the parameter’s higher-order effects, such as
interactions with other parameters or nonlinear effects on the output. For instance, a
low value of σi indicates that the effect of xi is almost independent of the values taken
by the other factors. Elementary effects are typically represented graphically in the
(μi , σi ) plane, and the most influential parameters appear on the upper right corner.

An alternative and more quantitative measure to determine a parameter xi ’s sensi-
tivity is its global index (Ciric et al. 2012), defined as:

GIi =
√

(μi )2 + (σi )2. (54)

Figure 12a, b reveal that in the control case, the output y—defined as the resid-
ual between simulated and experimental data (tumor volume time course)—is most
sensitive to αT (tumor cell proliferation rate sensitivity to activated VEGFR1) and
μE (activated VEGFR2-mediated endothelial cell proliferation rate), followed by νT
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Fig. 13 Global sensitivity analysis for parameters relating to tumor xenograft growth under treatment with
avastin. a Phase plane showing the mean versus standard deviation of elementary effects (EEs). b Bar
graphs showing the corresponding global sensitivity indices for the various parameters when the output
function is taken to be the residual or Euclidean norm between simulated and experimental data (tumor
volume time course, see Fig. 6a in main text). c Phase plane showing the mean versus standard deviation of
elementary effects (EEs). d Bar graphs showing the corresponding global sensitivity indices for the various
parameters when the output function is taken to be the maximum partial pressure in the tumor over the time
course of the simulation

(activated VEGFR1-mediated tumor cell proliferation rate), νA (tumor cell VEGF
expression level) and αE (endothelial cell proliferation rate sensitivity to activated
VEGFR2). However, as shown in Fig. 12c, d, when the output is chosen as the max-
imum level of tumor oxygenation, the most influential parameters emerge as αT and
νA, followed by δT (tumor cell death rate), αE and μE . We remark that δT has a high
global sensitivity index even though locally the model is insensitive to it.

In the treatment case, Fig. 13a, b reveal that when the output is taken as the residual
between simulated and experimental data, the most influential parameters remain αT ,
μE and νT followed by νA and αE . However, as shown in Fig. 13c, d, when the output
is chosen as the maximum level of tumor oxygenation, the most influential parameters
emerge as αT , δT and αE , followed by νA, μE , νT and δE .
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