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Abstract

Chemotherapy for non-small cell lung cancer (NSCLC) typically involves a doublet regimen for a
number of cycles. For any particular patient, a course of treatment is usually chosen from a large
number of combinational protocols with drugs in concomitant or sequential administration. In
spite of newer drugs and protocols, half of patients with early disease will live less than five years
and 95% of those with advanced disease survive for less than one year. Here, we apply
mathematical modeling to simulate tumor response to multiple drug regimens, with the capability
to assess maximum tolerated dose (MTD) as well as metronomic drug administration. We couple
pharmacokinetic-pharmacodynamic intracellular multi-compartment models with a model of
vascularized tumor growth, setting input parameters from /7 vitro data, and using the models to
project potential response /n vivo. This represents an initial step towards the development of a
comprehensive virtual system to evaluate tumor response to combinatorial drug regimens, with the
goal to more efficiently identify optimal course of treatment with patient tumor-specific data. We
evaluate cisplatin and gemcitabine with clinically-relevant dosages, and simulate four treatment
NSCLC scenarios combining MTD and metronomic therapy. This work thus establishes a
framework for systematic evaluation of tumor response to combination chemotherapy. The results
with the chosen parameter set indicate that although a metronomic regimen may provide
advantage over MTD, the combination of these regimens may not necessarily offer improved
response. Future model evaluation of chemotherapy possibilities may help to assess their potential
value to obtain sustained NSCLC regression for particular patients, with the ultimate goal of
optimizing multiple-drug chemotherapy regimens in clinical practice.
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1. Introduction

Non-small cell lung cancer (NSCLC) is a worldwide leading cause of death. About 85% of
patients present with advanced (Stage I11B or IV) disease, thus precluding curative surgery,
while one-third of patients treated at early stages progress to unresectable advanced disease
(Correale et al., 2006). Prognosis overall is poor, with 5-year survival rates being <50% for
early and <5% for advanced disease, respectively (Non-Small Cell Lung Cancer Survival
Rates, 2017). The recommendation for first-line chemotherapy for treating patients with
advanced NSCLC is typically a two-drug (doublet) regimen, with cisplatin and gemcitabine
being an established combination (Azzoli et al., 2009; Azzoli et al., 2011) that has shown
significant reduction in overall mortality (Le Chevalier et al., 2005). Table 1 shows a sample
of 21-day cycle regimens that have been evaluated for advanced disease, with response
assessment after 1-2 cycles and then every 2—4 cycles. Cisplatin-based drug combinations
are also employed as adjuvant chemotherapy for early (stage I1/111) NSCLC following
surgical resection, although the longer-term benefit is still debated (Artal Cortes et al., 2015;
Tibaldi et al., 2009).

The molecular pharmacology of gemcitabine (2”,2;-difluoro 2”-deoxycytidine, dFdC) is
complex. Deoxycytidine kinase intracellularly phosphorylates gemcitabine to gemcitabine
monophosphate (dFACMP), which is converted to the active metabolites gemcitabine
diphosphate (dFdCDP) and triphosphate (dFdCTP) (Heinemann et al., 1988). Cytotoxic
mechanisms include incorporation of dFdCTP into DNA, which terminates chain elongation
(Huang et al., 1991), as well as inhibition of DNA polymerase (Gandhi and Plunkett, 1990).
Drug activity is enhanced by dFdCDP hindering the synthesis of deoxyribonucleotides
competing with dFdCTP as substrates for DNA incorporation (Baker et al., 1991;
Heinemann et al., 1990). The metabolites inhibit cytidine triphosphate synthetase (CTP
synthetase) (Heinemann et al, 1995) and deoxycytidylate deaminase (dACMP deaminase)
(Heinemann et al, 1992) while enhancing gemcitabine phosphorylation by decreasing
inhibition of deoxycytidine kinase (Xu and Plunkett, 1990). Consequently, the active
metabolites self-potentiate their intracellular accumulation for extended availability to
impair DNA synthesis and its repair (Heinemann et al., 1992). The drug is inactivated
mainly by deoxycytidine deaminase (Heinemann et al., 1992), and the resulting deaminated
metabolite (2”,2"-difluorodeoxyuridine, dFdU) in turn may modulate the rate of gemcitabine

J Theor Biol. Author manuscript; available in PMC 2019 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Curtis et al.

Page 3

transport and intracellular phosphorylation via deoxycytidine kinase (Hodge et al., 2011). In
the case of cisplatin (cis-diamminedichloroplatinum(ll), CDDP), its chloride atoms are
displaced by water molecules in the cell cytosol. The hydrolyzed product reacts with
nucleophiles, such as nucleic acid nitrogen donor atoms and protein sulfhydryl groups. The
product binds to the N7 reactive center on purine residues, which induces DNA damage
including 1,2-intrastrand cross-links such as 1,2-intrastrand d(GpG) and 1,2-intrastrand
d(ApG) adducts (Sinek et al., 2009). The high mobility group (HMG)-domain proteins
HMG1 and human mitochondrial transcription factor can then specifically inhibit the DNA
adduct repair by human excision nuclease (Huang et al., 1994).

Traditional chemotherapy targets single cancer cell populations with drug doses and
administration frequencies determined by the maximum tolerated dose (MTD) (as illustrated
by Table 1) to avoid lethal patient toxicity. However, a single-target MTD approach may be
unable to target other components within the tumor system. A lung tumor is a complex
multicellular tissue, and interactions between different cell types and their environment may
become even more complex upon treatment. Components contributing to the tumor growth
and treatment response include cancer and vascular endothelial cells, immune system and
stromal cells, extracellular matrix, and the cellular microenvironment. Interactions within the
tissue occur across a wide range of physical scales, from the molecular (nanometer) to the
tissue (centimeter) scale. These components and their interactions can significantly affect
cancer cell survival and eventually lead to the emergence of drug resistance.

Previous work has shown that a regimen of drugs that under an MTD approach would
typically trigger resistance in lung cancer may actually be therapeutically effective when
administered metronomically (Francia et al., 2012; Pratt et al., 2013). Metronomic
chemotherapy was originally developed to affect vascular endothelial cells through doses
lower than MTD (Klement et al., 2000). The combination of low-dose metronomic
chemotherapies simultaneously targeted to multiple cancer tissue components, such as tumor
cells and vascular endothelial cells, has been shown to deliver treatment with lower systemic
toxicity while avoiding the emergence of drug resistance (Bertolini et al., 2003; Stolting et
al., 2004). In addition to anti-angiogenesis, metronomic chemotherapy for certain drugs has
been shown to stimulate immune-suppressive immunity (Lutsiak et al., 2005), induce cancer
dormancy (Bahl and Bakhshi, 2012), and promote cancer cell senescence (Ewald et al.,
2010).

The large number of combinational protocols specifying the targeting of multiple tumor cell
populations and their microenvironment by chemotherapeutic agents in concomitant or
sequential administration may preclude determination of potential clinical options solely
through empirical determination. This assessment would benefit from methods and
principles typically used in systems analysis. In (Traina et al., 2010), a mathematical method
was derived from the Gompertz equation (Gompertz, 1825) to define a drug dosing schedule
in xenograft models based upon maximal efficacy instead of maximal tolerable toxicity. The
method, inspired by Norton-Simon modeling (Norton et al., 1976), was applied to the design
and analysis of preclinical data to forecast the dosing schedule. In (Hadjiandreou and Mitsis,
2014) the effects of drugs on tumor progression in mice were modeled using a Gompertz-
type growth law, and optimal therapeutic patterns were explored. The /in vivo response of
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pancreatic tumors treated with gemcitabine was simulated in (Lee et al., 2013) and of Non-
Hodgkin’s lymphoma treated with doxorubicin in.(Frieboes et al., 2015). The combination
of gemcitabine with non-invasive radio frequency radiation to treat pancreatic cancer has
also been modeled (Ware et al., 2017). MTD and metronomic regimens were compared in
(André et al., 2013) with a theoretical tumor model evaluated in a radially-symmetric
configuration, while chemotherapy protocols obtained with the methods of optimal control
were reviewed in (Ledzewicz and Schattler, 2014). Recently, the usefulness of mathematical
modeling in designing drug regimens was reviewed in (Barbolosi et al., 2016), and modeling
results specific to metronomic chemotherapy were evaluated in (Ledzewicz and Schattler,
2017). Mathematical modeling has also lent support to the concept of designing different
chemotherapeutic schedules for tumors with different growth rates (West and Newton,
2017). In particular, low-dose, high-density metronomic strategies were predicted to
outperform MTD therapy, especially for fast growing tumors. The modeling work to date
highlights the critical need to further elucidate the relative performance of single and multi-
drug regimens, metronomic and MTD strategies, and their combinations. In this study, we
integrate mathematical modeling of vascularized tumor tissue with drug-specific
pharmacokinetic components to evaluate response to multiple drug regimens, providing the
capability to assess MTD as well as metronomic drug administration. Thus, this work
represents an initial step towards the development of a comprehensive virtual system to more
efficiently evaluate patient tumor-specific pharmacokinetics (PK) and pharmacodynamics
(PD).

Previous work by Sinek et al. (Sinek et al., 2009) computationally evaluated intracellular
pharmacokinetics and pharmacodynamics of two common chemotherapeutic drugs, cisplatin
and doxorubicin in a vascularized tumor model incorporating morphological and vascular
structural heterogeneity along with PK determinants simulating P-glycoprotein (Pgp) efflux
and tumor tissue density. This work established a multi-compartment PK-PD model
rigorously calibrated from published experimental data to simulate systemic drug bolus
administration in heterogeneous tumor tissue, showing that the associated intratumoral
nutrient and drug distribution may significantly hinder therapeutic efficacy. Battaglia et al.
(Battaglia Jr. and Parker, 2011) developed a detailed intracellular mathematical model
describing the pharmacokinetics of gemcitabine and linked it to a systemic plasma
gemcitabine PK model. A simplified cell-cycle model was used for pharmacodynamic
effect, with predictions based on PK parameter values calibrated from clinical data. The
kinetic properties of gemcitabine triphosphate were estimated from previously published 7n
vitro data. The detailed intracellular model coupled with the systemic PK model and the
cell-cycle model was simulated to predict gemcitabine triphosphate concentrations in the
plasma and intracellular compartments.

We build upon these PK models to simulate multiple chemotherapy for lung cancer,
coupling PK-PD intracellular multi-compartment models with a vascularized tumor growth
model (Macklin et al., 2009; van de Ven et al., 2012; Wu et al., 2013). Based on dosages
used clinically, we illustrate the system’s capability by simulating four hypothetical
treatment scenarios combining MTD and metronomic approaches as described in Table 2.
The drugs are administered to a representative lesion ~750um in diameter, and the effects are
measured for 15 days post treatment initiation.
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2. Materials and Methods

The vascularized tumor model builds upon (van de Ven et al., 2012; Wu et al., 2013; Wu et
al., 2014) to simulate viable, hypoxic and necrotic tumor tissue in a 2D coordinate system.
Initially, the tumor is small (~25 pm radius) seeded in the middle of a pre-existing grid
representing regularly-spaced blood vessel capillaries. The grid in the vicinity of the
growing tumor is remodeled in time via angiogenesis into a more random distribution of
vessels, which in turn makes the tumor progression heterogeneous. Tissue growth, i.e.,
proliferation as a function of cells cycling, and tissue death, i.e., necrosis as a function of
low oxygen, are described via conservation of mass equations. Diffusion of small molecules,
such as oxygen, cell nutrients, and drug are combined with the conservation of mass
equations to a reaction-diffusion equation. The proliferation and death rate constants are a
function of the availability of oxygen, nutrients, and drug, and their values vary
heterogeneously in time and through the space occupied by the tumor and the surrounding
tissue.

2.1 Tumor Growth

The tumor component denotes the tumor tissue by Q and its boundary by ¥, as described in
(Macklin et al., 2009). In regions Qp of sufficient oxygen and nutrients, the tumor tissue is
proliferating, while in regions Qg in which oxygen and nutrients are sufficient for survival
but not for proliferation, the tissue becomes hypoxic. In regions Qp, where oxygen and
nutrients are insufficient for survival, the tissue turns necrotic. A generalized Darcy’s law
implements the non-dimensionalized tumor growth velocity (Macklin et al., 2009):

V.= —uVP+ y;VE (1)

where the net effects of cell-cell and cell-matrix adhesion are represented by the cell
mobility 4, the oncotic pressure is 7, cell haptotaxis is x £ and ECM density is £.
Definitions for x gand Eare in (Macklin et al., 2009). The tumor growth can be associated
with the rate of volume change by assuming that the cell density in the proliferating region is
constant:

where the non-dimensional net proliferation rate is A, (see below).

2.2 Angiogenesis

The angiogenesis component simulates the model by (McDougall et al., 2006) and is based
on (Macklin et al., 2009; Wu et al., 2013). Coupled with the tumor component, the growing
tumor tissue within the vascularized microenvironment is subject to heterogeneous access to
oxygen, nutrients, and drugs diffusing from the vasculature. The heterogeneity is influenced
by the oncotic pressure and the distance from the nearest vascular source.
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Non-small cell lung tumors can be characterized by heterogeneous vascularization, as shown
previously for specific clinical samples (Schor et al., 1998), with highest microvascular
density at the tumor periphery and lower density towards the core. Accordingly, the vascular
model here (as developed by (Wu et al., 2013)) represents the microvasculature surrounding
the tumor as a grid-like network from which angiogenesis-stimulated vessels sprout and fuse
with each other as they grow towards the tumor (Bartha and Rieger, 2006; Lee et al., 2006;
Welter and Rieger, 2010; Welter et al., 2008; Welter et al., 2009), generating higher vascular
density at the tumor periphery than in the interior. The resulting capillary pattern has been
shown to adequately represent the typical heterogeneous vascularization resulting from
tumor progression (Welter et al., 2009).

The angiogenesis process is driven by tumor angiogenic factors (TAF) released by the
hypoxic tissue regions (Macklin et al., 2009; Wu et al., 2013):

T T T T
0=V (DTVT) - ﬂpmduction(l - T)IQH - Abindinglvessel - AECM uptakeET - ﬂdecayT ©)

The TAF T diffuse through the tissue with coefficient Dy, are produced in the tumor hypoxic

region with arate 22, . bind to the surrounding capillary vessels with a rate 7%, . |
production binding
T

are taken up by the ECM (with density £) with a rate 1, uptake’ and decay with a rate

/Tgmy. The characteristic function for the host tissue is 1q ., and for the vasculature it is

1 esser Which equals 1 at host or vessel locations, respectively, and 0 otherwise.

2.3 Transport of Oxygen and Nutrients

The transport of oxygen and nutrients o through the tissue with a diffusive coefficient D, is

o

simulated upon extravasation from the neo- and pre-existing vasculature with rates A7 = A7

and Ajv = i;re, respectively. Oxygen and nutrients are taken up by host and proliferating

tumor cells with respective rates 2° = 27, and 27 =47 . with rate A7 = gsin the hypoxic
1 tumor

ssue

region, and decay with rate 2° = 27, in the necrotic region. The formulation for the transport

assuming steady-state conditions is as follows (Macklin et al., 2009; van de Ven et al., 2012;
Wu et al., 2013; Wu et al., 2014):

0=V-(D,_Vo)+ 1) (x,1,1 o,h)—2°%(c)c  (4)

vessel’ P>

Here, spatial position of the oxygen and nutrients is X, time is ¢ the interstitial pressure is p;,
and the hematocrit in the vascular network is /. Extravasation is modulated by the
extravascular interstitial pressure pjscaled by the effective pressure g, with kj;as the weight
of convective transport for small molecules (van de Ven et al., 2012):
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; o=\ P
c 4
’lev = )“evlvessel(x’ t)(ﬁ_D - hmin) (1 - kl’ip_e)(l -0 0

Minimum and normal blood hematocrit required for oxygen extravasation are represented by
constants /,,,;, and Hp, respectively, while Igv is the constant transfer rate from pre-existing

and tumor-induced vessels.

The boundary condition for all the diffusion equations is % = 0 (zero Neumann condition),

where Cis the diffusing element.

2.4 Tumor Parameter Values

The tumor model proliferation, necrosis, hypoxic, and oxygen parameters are first tuned so
that the growth rate in avascular conditions matches an experimentally observed rate for
tumor spheroids /n vitro (see below). The vascularized growth is then simulated with these
calibrated parameters. The main tumor model parameters and their associated values are
shown in Table 3. The numerical implementation for the tumor and angiogenesis models is
described in detail in (Wu et al., 2013) and references therein.

2.5 Pharmacokinetic Modeling

The PK models for specific drugs are applied to the above-described tumor growth model
coupled with angiogenesis in order to evaluate the varying kinetics. The PK model for
cisplatin was adapted from Sinek et al. 2009 (Sinek et al., 2009) and the PK model for
gemcitabine was adapted from Battaglia et al. 2010 (Battaglia Jr. and Parker, 2011). The
corresponding equations are as follows.

For cisplatin (CDDP):

k k 6
: 2 12 21 (10
§, =D Vs, —ks, ——s5, +—=35,||+ D@ (6)
1 s 1 1°1 F 'l F Z(Vc

Vv s
. , 3
5= klzl_()%sl = kysy =Ky 5y +k3psy = kyssy (1 - S_) +hypsq—koysy (1)
m

: 53
§3 = ky38, (1 - s_) —ksps3— k353 (8)
m
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Sy = koySy —kypsy  (9)

For gemcitabine (dFdC):

Vi,s k 6
; 2 12%1 1, %21 (10
s, =D Vs, —ks, —————F  + —=5 —+D(l) (10)
1 s 1 1°1 K12+sl F 2( Vc
v, v,
Vlzsl(_ﬁ) Vza(F)SZ
2T Ko Fs, kysy = koySy +k3psy — ——— 5+ kypsy —kyys,  (11)
1277951 Ko (24
2ar 1,6 2
C
) VZa(F)SZ 55
520 = % - k2a3s2a(1 - S—) (12)
m

Ky () +s
2a 106 2

. 53
S3 = Kyu3524 (1 -5 ) = k3ps3 —kys3  (13)
m

Sy = koysy —kypsy  (14)

The drug concentration in each compartment is represented by s, where $; is the
extracellular compartment, s, is the intracellular compartment, s, is an activated
intracellular state (specific to dFdC), s3 is the DNA-bound state, s, is the intracellular
organelle compartment, and s, is the drug-DNA capacity. Rate &j; represents a transfer from
compartment /to j, and &;represents a rate of permanent removal from compartment 7and
the system, while K3, and K>, are scaling values specific to dFdC. V4 is the volume of a
cell, Fis the extracellular fraction of whole tissue, D(?) represents the bolus injection of drug
into the vessels, and D is drug diffusivity. The dFdC uptake is V4, and the activation rate is
V54 Units for the extracellular concentration of drug (uM) are converted to fmoles/cell for
the compartments that use V¢ (Sinek et al., 2009).
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2.6 Pharmacodynamic Modeling

Following (Wu et al., 2014), it is assumed that the net tumor proliferation rate A, is
proportional to the local level of oxygen and nutrients present. This rate is modulated by the
rate of drug-induced death, A pppfor CDDP and A e, for dFAC, which may be
administered together (Azzoli et al., 2009; Azzoli et al., 2011). The values for these
parameters were determined by simulating an avascular tumor spheroid exposed to
concentrations of each respective drug (see Results), and as previously reported (Curtis et
al., 2016). Only drug that reaches the DNA-bound compartment (S3, cppp & $3,drac) 1S
assumed to exert a cytotoxic effect. Accordingly, the PD model is as follows:

0 outside Q

1 1

Auo|1 = [Aeppp Z 83, copp + 4darac z 83 arac| = Aa| MLp
A= t=t, =y (15)

0 inQ,,

—Ay inQ,

In order to simulate the cell-cycle dependent effects of CDDP and dFdC, the drugs are
assumed to only affect proliferating cells. The term A,,is the mitosis rate, A 4 is the
apoptosis rate, and A, is the rate of volume loss in the necrotic regions assuming that
cellular debris is constantly degraded and the resulting fluid is removed. In the equation, we
include the effect of accumulated DNA-bound drug by summing the local drug
concentrations during the time Zythat the drug is exerting its effect. When this effect is less
than or equal to 1, the net proliferation is reduced, and when it exceeds 1, cell death is
introduced and contributes to tumor regression. The time step of the summation is the time
step of the simulation. For simplicity, it is assumed that there is no interaction between the
two drug effects. The time of effect Zyis assumed to be 24 hours, matching typical cell-cycle
duration. Finally, to incorporate the potential anti-angiogenic effect of the chemotherapy
regimens, the angiogenesis process is halted during the simulated treatment phase.

2.7 Coupling of the Models

The drug is injected into the tumor system at the lower left corner of the vascular grid and
flows towards the upper right (see Results). The PK and PD model equations are solved at
all time at each spatial grid point corresponding to the tumor tissue, with the net
proliferation rate A, in Equation 15 driving the tumor velocity in Equation 2. As the tumor
boundary updates during growth, the drug distribution is updated to eliminate drug no longer
contained within viable tumor regions. If the tissue turns necrotic, all intracellular and DNA-
bound drugs in these regions are eliminated. Current system implementation presents
limitations in terms of numerical calculations when the tumor size approaches that of the
spatial boundary, and thus for all cases the simulations were run through day 15 post
treatment initiation.
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2.8 Sensitivity Analysis

3. Results

The parameter values for the vascularized tumor model were first set consistent with the
previous modeling work (as indicated by the references listed in Table 3) to enable
simulation of a vascularized tumor lesion with realistic growth and vascularization patterns
(Curtis et al., 2016; Macklin et al., 2009; McDougall et al., 2006; van de Ven et al., 2012;
Wau et al., 2013). A parametric sensitivity analysis was then performed to evaluate which
pharmacokinetic parameters contribute to output variability in this vascularized system.
Each pharmacokinetic parameter was varied by 10-fold of its unperturbed value while
holding the other parameters constant (parameters representing cell volume, interstitial
fraction, drug diffusivity, and drug-DNA capacity were not varied). The resulting change in
the net tumor proliferation rate, A, was measured as a percent change from its value based
on unperturbed parameters. Using Case 1 for this analysis (MTD for both CDDP and dFdC),
the pharmacokinetic equations were solved iteratively at the end of infusion for each drug,
i.e., CDDP at 120 min and dFdC at 30 min.

3.1 Initial Tumor Growth

The simulated tumor begins as an avascular nodule within the capillary grid. As the tumor
expands, three identifiable tissue regions are developed within: proliferating tissue in well-
vascularized areas; necrotic tissue located away from vasculature; hypoxic tissue located
between the necrotic and viable regions based on distance from the oxygen-releasing
vasculature. Figure 1 shows a simulated tumor lesion right before treatment at day 18 after
inception. Pre-existing vessels are in a regular grid with vessels located every 250 um along
each dimension, establishing normoxic conditions to the surrounding tissue, as previously
simulated (Curtis et al., 2016; van de Ven et al., 2012; Wu et al., 2013; Wu et al., 2014).
Irregular vessels sprout from the pre-existing vasculature in response to angiogenic stimuli
released by the hypoxic regions. The tumor pressure and oxygen profiles corresponding to
this stage of growth are also shown in Figure 1.

3.2 Pharmacokinetic Model Calibration

The values for the parameters of the PK models of CDDP and dFdC are taken from the
pioneering work by Sinek et al. 2009 (Sinek et al., 2009) and Battaglia et al. 2010 (Battaglia
Jr. and Parker, 2011), respectively, which calculated a comprehensive set of values grounded
in experimental measurements with these drugs. The parameters with their corresponding
values as used in this study are described in Tables 4 and 5.

3.3 Pharmacodynamic Model Calibration

To calibrate the parameters of the PD model, we first grow a simulated /in vitro avascular
tumor to ~500 pm diameter with no vessels penetrating the tumor and with higher oxygen
and nutrient diffusivity in the surrounding environment to mimic cell culture conditions in
which spheroids are grown surrounded with plentiful medium, as in a liquid overlay
suspension. The simulated spheroid develops a proliferating region of thickness ~200 um
enclosing a hypoxic region ~50 um and a necrotic core about ~200 um in diameter, matching
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typical experimental observations with these 3D cell cultures (e.g., as in our previous work ).
The rates of drug-induced death A opppfor CDDP and Az, for dFAC are tuned so that the
respective drug concentration applied to the simulated spheroid reduces its size to match
experimental measurements with each one of these drugs. This allows approximating the
drug strength when modeling treatment administered systemically to vascularized tumors
simulating /n vivo conditions (Curtis et al., 2016).

We exposed the simulated avascular tumor to an inhibitory concentration of CDDP (26.6+/
-3.0 uM) previously measured experimentally to achieve a 50% tumor reduction (the
“1C50") over 48 h for A549 lung adenocarcinoma spheroids (Curtis et al., 2016), obtaining a
value of 2.7E5 for Acpppe. For dFdC, it was previously experimentally observed that a
concentration of 0.6+/- 0.2 ug/mL (2.28 uM) achieved the IC50 over 72 h for A549 cells in
monolayer culture (Chougule et al., 2011). It has been further observed that the IC50 for
A549 cells could be as much as 34x higher for spheroids exposed to dFdC over 72 h than in
monolayer (Godugu et al., 2013), which we translate as 77.5 uM representing an upper
bound value of drug concentration. The corresponding Az, value for simulated 72 h
avascular tumor exposure was 1.6E4.

3.4 Simulation of Chemotherapy

Four treatment regimens as specified in Table 6 were simulated with the combined model.
Case 1 represents a conventional combinational therapy of CDDP 75 mg/m? on day 1 and
dFdC 1250 mg/m? on days 1 and 8 (Lee et al., 2004; Network, 2013; Scagliotti et al., 2008;
Vergnenegre et al., 2009) (first case in Table 1). Case 2 is standard dFdC with metronomic
CDDP therapy (30 mg/m? on days 1, 8, and 14) (Correale et al., 2006). Case 3 is standard
CDDP with metronomic dFdC therapy (250 mg/m? daily) (Francia et al., 2012). Finally,
case 4 is metronomic dosing of both CDDP and dFdC. Table 6 summarizes the treatment
regimens.

Figures 2, 3, 4, and 5 provide a qualitative assessment of the tumor and the associated CDDP
and dFdC drug concentrations in the extracellular, intracellular, and DNA-bound
compartments immediately after the start of treatment and after 7 days for cases 1 and 4. As
expected, the extracellular drug peaks in the vicinity of the blood vasculature, while the
intracellular and DNA-bound values are highest for the tissue surrounding the vasculature.
The dFdC extracellular concentration is comparable between the two cases on days 1 and 8
due to the second weekly dosing with this drug. On the other hand, while the extracellular
CDDP has completely washed out for case 1 by day 8 since there is no weekly bolus, case 4
reflects the next CDDP bolus of the lower-dose metronomic regimen. Cases 2 and 3 reveal
the same observations as cases 1 and 4 for the respective drug dosages (not shown).

Figure 6 shows the average concentration of drug in each pharmacokinetic compartment
over the course of 7 hours following treatment for cases 1 and 4, reflecting the four possible
drug dosage combinations specified in Table 6. As expected for CDDP due to its
pharmacokinetics, the extracellular concentrations consistently exceed the intracellular
levels by at least one order of magnitude, which in turn exceed the DNA-bound drug by
about one-half order of magnitude. The dFdC case, in contrast, displays higher DNA-bound
than intracellular concentration starting 0.5 h post treatment initiation. This is due to longer
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term high dFdC availability for DNA binding through its rapid intracellular conversion to the
active metabolites dFdCDP and dFdCTP by deoxycytidine kinase (Mini et al., 2006). The
DNA-bound concentration also becomes higher than the intracellularly-activated value by
2.5 h after treatment. The peak average concentrations in each compartment after treatment
initiation are summarized for each case in Table 7.

3.5 Evaluation of Tumor Response

The simulated outcome for the four treatment regimens is shown in Figure 7. Over the
course of 15 days, cases 3 and 4 are more effective at reducing the tumor as a fraction of the
initial size than cases 1 and 2. The higher dFdC standard dosing on days 1 and 8 for cases 1
and 2 leads to a transient reduction in tumor burden, while the overall tumor growth resumes
minimally affected by the CDDP standard or metronomic dosing. In contrast, the dFdC
metronomic dosing for cases 3 and 4 leads to a sustained reduction in tumor burden, and
with minimal contribution by either the CDDP standard or metronomic dosing. The
difference between the MTD and metronomic regimens with dFdC highlights the trade-off
between dosage and dose frequency, with the more frequent lower dosage being more
effective.

To further compare the effect of the various regimens, we examined their effects on the
tumor size as a fraction of a simulated untreated control (Figure 8). Although cases 1 and 2
have similar effects due to the standard dFdC dosing driving the overall response, achieving
27.8% and 29.0% reductions in tumor radius by day 16, respectively, the metronomic CDDP
dosing of case 2 seems to confer a slight advantage compared to case 1. Cases 3 and 4 with
metronomic dFdC are much more effective, however, attaining 64.7% and 64.1% reductions
in tumor radius by day 16. Interestingly, case 4 with metronomic CDDP seems to be on a
slightly less effective trajectory than case 3 with the standard dosing.

3.6 Sensitivity Analysis

A sensitivity analysis was performed to evaluate how variation in the PK parameters would
affect the tumor net proliferation rate A, (Equation 15), which drives the overall tumor
growth (Equation 2). Tables 8 and 9 show that for both drugs this rate is sensitive to the
parameter controlling the rate of binding to DNA (kx30r k43 respectively), reflecting the
dependency of this rate on the DNA-bound state sz (Equations 8 and 13). However, the
sensitivity due to CDDP is minimized, as the overall tumor response for the cases evaluated
here is driven mainly by dFdC. Additionally for dFdC, the rate A is also sensitive to the
activation rate parameter V., which determines the activated drug intracellular state s,
(Equation 12).

4. Discussion

This study implemented pharmacokinetic (PK) and pharmacodynamics (PD) intracellular
models coupled with an established model of vascularized tumor growth (Macklin et al.,
2009; van de Ven et al., 2012; Wu et al., 2013) to simulate the response of non-small cell
lung cancer (NSCLC) lesions to multiple drug regimens. The focus of this work has been to
integrate the modeling systems and to evaluate them with a biologically-relevant set of
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parameters, as a first step towards clinical utility. The actions of gemcitabine and cisplatin
were simulated, assessing two widely used drugs to treat NSCLC in four different dosages
combining maximum-tolerated dose (MTD) and metronomic regimens. The PK parameters
were set from previous work modeling cisplatin (Sinek et al., 2009) and gemcitabine
(Battaglia Jr. and Parker, 2011) treatments. The PD parameter values were calibrated to /n
vitro data reported in the literature for cisplatin (Curtis et al., 2016) and gemcitabine
(Chougule et al., 2011; Godugu et al., 2013). The computational results obtained, although
not particularly enlightening with the given set of parameter values, indicate that the
coupling of the models has potential as an /n sifico framework to systematically assess solid
tumor response to combination therapy.

Even though cisplatin had an order of magnitude larger drug effect than gemcitabine in the
simulations (Table 3), the overall tumor response was mainly driven by gemcitabine (Figure
8). This is likely due to the ~15x higher dosing of gemcitabine for MTD chemotherapy
(Table 6) as well as the drug’s faster kinetics enabling accumulation into the DNA
compartment in higher concentrations (Figure 6). The model results suggest that this higher
effect may not be realistic. For instance, the cisplatin PK model incorporated simplifying
assumptions from previous experiments to derive the parameters (Sinek et al., 2009), and an
underestimation of their values could lead to inadequate drug accumulation and thus a
diminished effect. A sensitivity analysis shows that variation in the drug-DNA binding rate
of each drug, as well as the activation rate for gemcitabine, could have a nontrivial effect on
the tumor net proliferation rate. Further, the PD values were based on /n7 vitro 1C50 data
(Table 3), which do not necessarily correspond to clinical dosages constrained by MTD
toxicity (Table 1). An alternative choice of PD parameter values would be expected to
modulate the modeled response differently, as specified in Equation 15, and would reflect
variation in experimental measurements specific to cell line and culture conditions, and,
ultimately, variation in patient tumor-specific parameters. For example, the 1C50 for A549
cells in monolayer exposed to gemcitabine has been reported in a wide range of values,
including 9 nM after 24 hr exposure (Pauwels et al., 2006), 10.4 nM after 72 hr exposure (Li
et al., 2013), and 500 nM at 72 hr after 1 hr exposure (Giovannetti et al., 2005), spanning
216 to 750 nM.hr in area-under-the-curve (AUC) values.

Although cytotoxicity data obtained from /n vitro monolayer culture has been reported for
various lung cancer cell types, information about effects in 3D cell culture (tumor spheroids)
is scarce. This is in spite of the fact that cytotoxicity is profoundly affected when cells are in
a 3D environment in which cell-cell contact and diffusion gradients are promoted, more
closely resembling /in vivotumor conditions. Typically, IC50 values are increased when
comparing 3D cell culture to /n vitro monolayer drug exposure (Curtis et al., 2016; Frieboes
et al., 2009), as cells in 3D can better resist drug action via enhancement of intrinsic survival
mechanisms, cell quiescence due to hypoxia in the spheroid interior, and lower exposure to
drug diffusing into the spheroid. Future work will need to explore different IC50 values for
cisplatin and gemcitabine, as well as for other drugs, to simulate the combination of their
effects on the response of NSCLC tumors.

Cisplatin toxic effects include dose-dependent myelosuppression, nephrotoxicity,
ototoxicity, and polyneuropathy (PLATINOL, 2010). A metronomic regimen administering a
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cumulative 90 mg/m? over a 21-day cycle vs. 75 mg/m? with MTD may lead to exacerbation
of these effects and to possibly negating the anti-neoplastic benefit of metronomic over
MTD regimens. Although gemcitabine is well tolerated, the main dose-limiting
consideration in MTD regimens is myelosuppression (Eli Lilly, 2017). An additional
potentially severe side effect is pulmonary toxicity, which may lead to respiratory failure
weeks (Eli Lilly, 2017) or even months after administration (Sherrod et al., 2011).
Nevertheless, a long standing observation is that dyspnea js usually transient and in many
cases disease related (Nelson and Tarasoff, 1995). The toxicity of gemcitabine would be a
concern with metronomic regimens offering daily or weekly drug exposure, although pre-
clinical studies seem to indicate no increased toxicity due to metronomic administration
when compared to MTD (Francia et al., 2012; Tran Cao et al., 2010). Thus, Case 3 in this
study may provide the most benefit to treat the cancer without unduly increasing toxic
effects, while Case 2 may represent the worst option when considering both toxicity and
therapeutic effect.

The workflow envisioned for clinical application is that data from /7 vitro cytotoxicity
assays using patient biopsy samples coupled with specific drug information and particular
tumor lesion characteristics (size, extent of vascularization) would be used to calibrate
model parameters and simulate potential response /17 vivo. Key parameters are outlined in
Table 10, with the drug-specific parameters considered to be mostly patient-independent,
while /n vitro drug-induced death rate and cell proliferation rate, and tumor size and extent
of angiogenesis would be critical patient-specific inputs.

NSCLC chemotherapy for advanced disease usually involves a doublet regimen, with
cisplatin being one of the drugs. Cisplatin might be substituted with carboplatin, which has
been shown to have fewer side effects. Although no survival difference has been shown
between the two drugs, cisplatin-based regimens have been associated with slightly higher
response rates (Ardizzoni et al., 2007; Hotta et al., 2004; Jiang et al., 2007). Instead of
gemcitabine, a taxane anti-microtubule agent such as docetaxel, paclitaxel (or its albumin-
bound version, nab-paclitaxel) may be combined with cisplatin. Another option for advanced
disease has been the camptothecan analog irinotecan, a topoisomerase inhibitor (Yang et al.,
2015). For early disease, adjuvant chemotherapy following surgical resection is also
typically cisplatin-based (Arriagada et al., 2010) in combination with gemcitabine,
vinorelbing, vinblastine, etoposide, docetaxel, or pemetrexed (Society). Finally, some
patients might receive an anti-angiogenic drug such as bevacizumab along with a doublet
regimen targeting cancerous cells.

In addition to such various combinations of drugs and their possible dosages, further
modeling work will need to explore variations in periods and cycles of treatment.
Chemotherapy cycles at MTD generally last three to four weeks, allowing the body to
recover between drug administrations, while metronomic administration at lower dosages
may be daily or weekly. Treatment cycles are repeated for several times to aim for disease
remission, usually four to six cycles for advanced disease. Some patients may be given
chemotherapy after completing these cycles as “maintenance therapy” to prevent recurrence
(Coate and Shepherd, 2011). If all this drug administration fails to cure the patient, second-
line therapies with a single drug such as pemetrexed or docetaxel, or with a targeted therapy
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(e.g., erlotinib) or with immunotherapy (e.g., pembrolizumab) may be attempted (Society).
Further model evaluation of these as well as other therapy possibilities, in conjunction with
model parameters informed with patient tumor-specific information, may help to assess their
potential value to achieve sustained lesion regression. Lastly, the inclusion of additional
measurable biological details, such as tumor invasiveness, intrinsic drug resistance, and
immune system interactions, may further enhance the modeling, with the ultimate goal to
optimize NSCLC multiple-drug chemotherapy regimens.
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Highlights

Establishes a framework for evaluation of tumor response to combination
chemotherapy

Couples PK-PD multi-compartment models with a model of vascularized
tumor growth

Simulates tumor response to multiple drug regimens for non-small cell lung
cancer

Combination of MTD and metronomic drug regimens may not offer improved
response

J Theor Biol. Author manuscript; available in PMC 2019 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Curtis et al.

Page 22

A  Tumor Lesion B Pressure

1.00

NN
KT "r
had IS
P
o
|4
i <N
'S
E, 4
P
—_—
1

Figure 1.
Simulated NSCLC tumor prior to treatment. (A) Lesion (center) is shown with surrounding

capillaries (brown lines). Red: Viable (proliferating) tissue; blue: hypoxic (quiescent) tissue;
brown: necrotic (dead) tissue. Existing capillary grid is denoted by regularly spaced lines,
with vessels induced by angiogenesis, irregularly growing towards the tumor, attracted by
angiogenic stimuli diffusing from the hypoxic regions. Host tissue (not shown) surrounds the
lesion. (B) Pressure profile (non-dimensional values) corresponding to the growing tumor
lesion, with highest values (red) in the proliferating ring and lowest values (blue) in the host.
(C) Oxygen concentration profile (maximum value normalized by the concentration in
vasculature) is determined by diffusion from the vasculature into the hypoxic and necrotic
tumor regions. Bar, 250 um. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

J Theor Biol. Author manuscript; available in PMC 2019 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Curtis et al.

Case 1 at +0 days

Tumor Lesion

b —
:*‘ T4

i

A ad

\
- B

o
5

CDDP Concentration

dFdC Concentration

Figure 2.

Page 23

Pressure 2.13 Oxygenation 1.00
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Case 1 (standard CDDP and dFdC) on day 1 of treatment immediately after drug injection.
The drug concentrations are shown for the extracellular (uM), intracellular (fMoles/cell), and
DNA-bound (fMoles/cell) compartments as defined at this timepoint by the corresponding

pharmacokinetic equations.
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Case 1 at +7 days
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Figure 3.
Case 1 (standard CDDP and dFdC) after 7 days post treatment initiation. The drug

concentrations are shown for the extracellular (uM), intracellular (fMoles/cell), and DNA-
bound (fMoles/cell) compartments as defined at this timepoint by the corresponding
pharmacokinetic equations. While the proliferation region has shrunk compared to day 1, the
overall tumor is larger. The dFdC extracellular concentration reflects the second dose at this
timepoint.
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Case 4 (metronomic CDDP and dFdC) on day 1 of treatment immediately after drug
injection. The drug concentrations are shown for the extracellular (uM), intracellular
(fMoles/cell), and DNA-bound (fMoles/cell) compartments as defined at this timepoint by
the corresponding pharmacokinetic equations.
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Case 4 at +7 days
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Figure 5.
Case 4 (metronomic CDDP and dFdC) after 7 days post treatment initiation. The drug

concentrations are shown for the extracellular (uM), intracellular (fMoles/cell), and DNA-
bound (fMoles/cell) compartments as defined at this timepoint by the corresponding
pharmacokinetic equations. While the proliferation region is comparable to day 1, the
overall tumor is smaller. The dFdC extracellular concentration reflects the second dose at
this timepoint.
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Figure 6.

Average concentrations of CDDP (left column) and dFdC (right column) over 7 hours
following treatment initiation for Cases 1 (top row) and 4 (bottom row). Values are shown
for the extracellular (uM), intracellular (fMoles/cell), DNA-Bound (fMoles/cell), and
intracellularly-activated (IC-Activated, specific to dFdC) (fMoles/cell) compartments. Note
that Cases 2 and 3 combine these same concentrations, as specified in Table 6.
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Time evolution of the tumor radius as a fraction of initial size for each treatment scenario.
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Figure 8.
Tumor radius as a fraction of untreated control for Cases 1 through 4.

J Theor Biol. Author manuscript; available in PMC 2019 July 07.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Curtis et al.

Sample 21-day course drug combination regimens for treating patients with advanced (Stage 111B/IV) non-

small cell lung cancer (NSCLC).

Table 1

Cisplatin

Gemcitabine

Reference

75 mg/m? (day 1)

1250 mg/m? (days 1 and 8)

(Lee et al., 2004; Network, 2013; Scagliotti et al., 2008; \ergnenegre et al., 2009)

80 mg/m? (day 1) | 1250 mg/m? (days 1 and 8) | (Brodowicz et al., 2006; Perol et al., 2012)
100 mg/m? (day 1) | 1250 mg/m?2 (days 1 and 8) | (Cardenal et al., 1999)
75 mg/m? (day 8) | 1250 mg/m? (days 1 and 8) | (Akcali et al., 2008)
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Treatment scenarios simulated in this study with a system that integrates PK-PD intracellular multi-

Table 2

compartment models with a vascularized tumor growth model.

Scenario | Chemotherapy Description
Case 1 MTD for both cisplatin and gemcitabine
Case 2 Metronomic cisplatin and gemcitabine at MTD
Case 3 Cisplatin at MTD and metronomic gemcitabine
Case 4 Metronomic for both cisplatin and gemcitabine
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Table 3
Main tumor model parameters and their associated values. All other tumor-related parameters are as in (Wu et
al., 2013).
Parameter Value Reference
Tumor proliferation rate 1 day! (Curtis et al., 2016)
Tumor necrosis threshold 0.5700 (van de Ven et al., 2012)
Tumor hypoxic threshold 0.5750 (van de Ven et al., 2012)
Oxygen diffusivity 1@ (Wu et al., 2013)
Oxygen transfer rate from vasculature 5 (a) (Wu et al., 2013)
Oxygen uptake rate by proliferating tumor cells 15 (@ (Wu et al., 2013)
Oxygen uptake rate by hypoxic tumor cells 13 @ (Wu et al., 2013)
Oxygen uptake rate by tumor microenvironment 012 @ (Wu et al., 2013)
Oxygen decay rate 0.35 (@ (Wu et al., 2013)
CDDP drug effect 2.7E5 Calibrated to data in (Curtis et al., 2016)
CDDP decay rate 0.5hr half-life (Leighl, 2012)
CDDRP /n vitro 1C50 (48 hrs.) for A549 cells 26.6 uM (Curtis et al., 2016)
(spheroid)
CDDP diffusivity 05 @ (Sinek et al., 2009)
dFdC drug effect 1.6E4 Calibrated to data in (Chougule et al., 2011) and
(Godugu et al., 2013)
dFdC decay rate 1.0hr half-life (average) for | (Eli Lilly, 2017)

short (<70 min) infusion

dFdC /n vitro1C50 (72 hrs.) for A549 cells 77.5uM (Chougule et al., 2011) and (Godugu et al., 2013)
(spheroid)
dFdC diffusivity 05 (@ o)

(a),

Value is rescaled by the square of the simulation system characteristic length (1 cm) and divided by the system characteristic time (1 sec)

multiplied by the oxygen diffusivity (Nugent and Jain, 1984) (1 x 1075 cm? s_l). CDDP: cisplatin; dFdC: gemcitabine.

®),

ssumed as a first approximation due to molecular weight and hydrophilicity to be comparable to CDDP.
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Pharmacokinetic parameters for CDDP (from (Sinek et al., 2009) and associated references).

Parameter | Description Value
Ve Cell volume (fL cell™) 520

F Interstitial Fraction 0.48
Ds Drug diffusivity (um? min~1) 30E3
k Plasma elimination rate (min™Y) | 2.77E-2
kip Drug uptake (min~1) 0.054
ko1 Drug efflux (min™2) 1.56E-3
ka3 Drug-DNA binding (mint) 3.82E-4
k3 Drug-DNA release (min~1) 0

k3 Drug-DNA repair (min~t) 0.015
o Lysosomal sequestration (min~) | 0

ki Lysosomal release (min~1) 0

Sm Drug-DNA capacity (fmole) oo
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Pharmacokinetic parameters for dFdC (from (Battaglia Jr. and Parker, 2011) and associated references).

Parameter | Description Value
Ve Cell volume (fL cell?) (@) 520
F Interstitial Fraction (4 0.48
Ds Drug diffusivity (um2 min-1) (&) 30E3
ki Plasma elimination rate (min™1) 1.16E-2
Vi Drug uptake (UM min~1) 55.7
Kip Half-maximum transport conc. (uM) | 5.2
K1 Drug efflux (min~2) 0
k Inactivation rate (min=t) 1.7
Vaa Activation rate (UM min~1) 7.7
Koa Half maximum activation conc. (uM) | 2.5
ko Drug-DNA binding (min1) 5.7E-3
k3 Drug-DNA release (min~1) 0
k3 Drug-DNA repair (min~t) 0
N Lysosomal sequestration (min=1) 0
Ka Lysosomal release (min1) 0
Sm Drug-DNA capacity (fmole) [e9)

@
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Page 35

Specification of the four simulated chemotherapy regimens for a typical adult combining CDDP and dFdC

following established clinical protocols for a 21-day treatment cycle.

Day 1 Days 2-7 Day 8 Days 9-13 Day 14 Days 15-21
(mg/m?) | CDDP | dFdC dFdC CDDP | dFdC dFdC CDDP | dFdC dFdC
Case 1 75 1250 1250
Case 2 30 1250 30 1250 30
Case 3 75 250 250 250 250 250 250
Case 4 30 250 250 30 250 250 30 250 250
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Table 7

Peak average drug concentration in each compartment for each regimen after treatment initiation. All CDDP
concentrations peaked at 1.8 hr post injection, while for dFdC, the peaks were at 0.5 hr for the extracellular
and intracellular compartments, and at 1.3 hr and 2.7 hr for the intracellularly-activated (IC-Activated) and

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

DNA-Bound compartments, respectively.

Peak Average Drug Concentration
CDDP dFdC
Extracellular Intracellular DNA-Bound Extracellular Intracellular IC-Activated DNA-Bound
(UM) (fMoles/cell)  (fMoles/cell) M) (fMoles/cell)  (fMoles/cell)  (fMoles/cell)
Case 1 7.44 1.84x1074 2.08x1076 429 1.34x1074 2.43x1078 1.28x1073
Case 2 2.97 0.73x107* 0.83x107% 429 1.34x1074 2.43x1078 1.28x1073
Case 3 7.44 1.84x107* 2.08x1076 84 0.32x107* 0.77x1073 0.41x1073
Case 4 2.97 0.73x107* 0.83x1076 84 0.32x107* 0.77x1073 0.41x1073

J Theor Biol. Author manuscript; available in PMC 2019 July 07.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Curtis et al.

Sensitivity of the tumor net proliferation rate 1, on the CDDP pharmacokinetic parameters.

Table 8

Parameter | Description A, perturbed /A, unperturbed
Parameter x 10 | Parameter / 10
K Plasma elimination rate (min~1) 0.93 1.02
K12 Drug uptake (min~1) 1.04 0.92
ko1 Drug efflux (min~1) 0.98 1.00
K3 Drug-DNA binding (min™1) 1.87 0.90
3 Drug-DNA release (min~1) *) *)
k3 Drug-DNA repair (min~1) 0.91 1.06
ko Lysosomal sequestration (min1) *) *)
) Lysosomal release (mint) *) *)

(*) Parameter unperturbed value was 0 (Table 4).
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Sensitivity of the tumor net proliferation rate A1, on the dFdC pharmacokinetic parameters.

Table 9

Parameter | Description A, perturbed /A, unperturbed
Parameter x 10 | Parameter / 10
K Plasma elimination rate (min~1) 1.00 1.00
V12 Drug uptake (UM min~1) 1.01 0.44
Kz Half-maximum transport conc. (uM) 0.97 1.01
ko, Drug efflux (min~2) *) *)
k Inactivation rate (min~t) 0.58 1.08
Vaa Activation rate (UM min~1) 5.86 0.14
Koa Half maximum activation conc. (M) 0.57 1.10
ks Drug-DNA binding (min1) 6.25 0.14
ks Drug-DNA release (min™1) *) *)
ks Drug-DNA repair (min~1) *) *)
koa Lysosomal sequestration (min~1) *) *)
ki Lysosomal release (min~1) *) *)

(*) Parameter unperturbed value was 0 (Table 5).
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Table 10

Key parameters to be measured to assess potential /7 vivo response of multiple-drug combination
chemotherapy using proposed modeling system.
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Tumor (patient-specific)

Parameter Description
Ds Drug diffusivity
ki Plasma elimination rate
V12 Drug uptake
Ko Half-maximum transport conc.
o Drug efflux
ko Inactivation rate
Vo, Activation rate
Drug PK (drug-specific)

Koz Half maximum activation conc.
ko Drug-DNA binding
k3o Drug-DNA release
k3 Drug-DNA repair
Koy Lysosomal sequestration
Ky Lysosomal release
Sm Drug-DNA capacity

Drug PD (patient-specific) | A Drug-induced death rate (e.g., Acppp), based on in vitro 1C50
Am Cell proliferation rate (/in vitro measurement, or from histology as in

(Frieboes et al., 2013; Frieboes et al., 2015))

Hypoxic and necrotic thresholds

(from histology, e.g., as in (Frieboes et al., 2013; Frieboes et al., 2015))

Size

(from imaging)

Vascularity/Angiogenesis

Extent of vascularization (from imaging, or from histology as in (Frieboes et

al., 2013; Frieboes et al., 2015))
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