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Text S1 Mathematical model

Model structure

In this section, details of the mathematical model are presented. The model describes tumor growth
and the evolution of platinum resistance as the multitype—type discrete—state continuous—time branch-
ing process model. The model structure is illustrated in Figure 1.
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Figure 1: Illustration of the the mathematical model structure. The model includes eight type of cells,
which are defined with a binary string of size three as the model consists of three platinum resistance
mechanisms. The numbers 0(1) mean absence (presence) of a given platinum resistance mechanism
in the cell.

In the model, every cell can undergo one of three processes: i) faithful division where new cell with



the same phenotype emerges, ii) unfaithful division where during division new cell type appear with
rate u per cell division, and iii) death where cell dies and is removed from the system.

We have included three main platinum resistance mechanisms (pre—target, on—target and post—target).
As we consider all possible cell types, the model with three platinum resistance mechanisms contains
eight subclones: 000, 100, 010, 001, 101, 110, 011, 111, where 0(1) indicates the presence (absence)
of a platinum resistance mechanism. The first, the second and the third digit indicates the presence
(absence) of pre-target, on-target, and post-target platinum resistance, respectively. In the absence
of treatment intervention, all cells grow exponentially with the same birth rate b. It means that we
consider the evolution of platinum resistance as neutral. In addition, all cells die with death rate d
leading to net growth rate A = b — d. In the presence of chemotherapy treatment, however, sensitive
cells (000) die with additional rate dehemotherapy Proportionally to birth rate leading to new death rate
d' = d+b-dehemotherapy. Fully resistant cells are not affected by chemotherapy, i.e., dehemotherapy = 0.
Cells with one and two platinum resistance mechanisms have dcpemotherapy decreased by o and ag,
respectively. Thus, in the presence of treatment intervention, partially and fully resistant cells have
selection advantage over sensitive ones.

In addition to the faithful division, where division leads to the occurrence of the second cell with
the same phenotype, a cell can divide where new subclone with an additional resistance mechanism
appears. In the model, we do not take into account cross-resistance, and as a result, during one
division, only one additional platinum resistance mechanism can be acquired. In addition, we also
assume that the acquisition of platinum resistance mechanism is irreversible, leading to transitions
between all eight cell types, as shown in Figure 1. As innate resistance is known as the dominant one,
and acquired resistance has a minor effect, transition rate u is the same with or without chemotherapy
and targeted therapy treatment intervention.

In the model, we also included three types of treatment interventions: debulking surgery, platinum-
based chemotherapy, and targeted treatment. Surgery is modeled as the removal of a fraction of 3 can-
cer cells, and all cell types can be eliminated by the surgery with an equal probability. Chemotherapy
is modeled by increasing the death rate of sensitive and partially resistant cells proportionally to the
division rate. In the model, chemotherapy is administered as a finite time-continuous treatment with
maximum tolerated dose (MTD), which is the current standard-of-care in high-grade serous ovarian
cancer (HGSOC). Targeted treatment is modeled in combination with platinum-based chemotherapy.
The details of inclusion of targeted treatment in the model are presented in the next section.

Modeling targeted treatment

Here, we focus on modulators of platinum resistance, which sensitize platinum-resistant cells to
platinum-based chemotherapy. As in the model we consider three platinum resistance mechanisms; we
included three classes of modulators where each one target different platinum resistance mechanism.
The first class modulates platinum transport by increasing platinum concentration in the cell and thus
targets pre-target platinum resistance. The second class regulates DNA damage response (DDR) by
inhibition of the efficient DNA repair machinery in platinum-resistant cells. Thus, this class of modu-
lators targets on—target platinum resistance. The last class of platinum sensitivity modulators targets
post—target platinum resistance which is responsible for enhancing apoptosis rate.

One the most promising method to overcome platinum resistance is a combination of platinum-based
chemotherapy with drugs targeting given platinum resistance mechanism [6]. In addition, the majority
of the HGSOC patients have subclones that confer resistance to platinum at the time of diagnosis.
These lead to the hypothesis that the best strategy to overcome platinum resistance would be a com-
bination of platinum-based chemotherapy with a targeted therapy that hits the dominant resistance
mechanisms as the first-line treatment.



Trientine

Cooper transporter receptor 1 (CTR1) is a major copper influx transporter that mediates transport
of platinum to the cells. Clinical studies demonstrated that expression of CTRI1 correlates with
intratumor platinum concentration leading to better clinical outcome [10]. Copper-lowering agents,
such as trientine, increase the expression of human CTR1 (hCTR1), which leads to resensitization of
tumor cells to platinum [5].

In the model, trientine is included by increasing simultaneously two parameters oy and as in partially
resistant cells which are also pre-target resistant to platinum, i.e., 100, 110, and 101. The parameter
a1 and as defines how much chemotherapy killing effect is reduced in partially resistant cells in
comparison to sensitive cells. As trientine increases platinum accumulation resulting in enhanced
killing effect of platinum-based chemotherapy in pre—target resistant cells.

Weel inhibitor

An essential mechanism of action of platinum is introducing interstrand crosslinks to DNA, which
need to be recognized and repaired by the DNA repair machinery. One important platinum resistance
mechanism is the upregulation of the DNA damage response to cope with the increased replication
stress induced by platinum. Preclinical and early clinical studies indicate that cell cycle checkpoint
inhibitors, such as Weel inhibitors, sensitize platinum-resistant cells to platinum-based chemotherapy.
The predominant mechanism-of-action of Weel inhibitors is to cause the failure of G2-M checkpoint
due to inappropriate CDK1 /cyclin B complex activation resulting in mitotic catastrophe.

In the model, we included Weel inhibitors by adding a reverse transition from fully-resistant to
partially resistant cells and from partially resistant cells to the sensitive cell. There is a probability
Ureverse PEr cell division that the cell will reverse back from fully resistant cell to partially resistant
cell and from partially resistant cell to sensitive cell (e.g., from x011 to x010). Weel inhibitor has no
single-agent activity in primary platinum-sensitive tumors [12]. Thus, we assume that Weel inhibitor
does not kill platinum-resistant cells, but only sensitize cancer cells to platinum chemotherapy by
reversion transition.

Birinapant

Cancer cells can resist programmed cell death, for example, by overexpression of proteins blocking pro-
apoptotic pathways. Inhibition of apoptosis is a mechanism of platinum resistance, and thus activation
of cancer cell death through apoptosis is an important process to resensitize cells to platinum-based
chemotherapy. Upregulation of the gene inhibitor of apoptosis (IAP) is one mechanism leading ti
apoptosis evasion. Thus, inhibition of AP by an TAP inhibitor, such as birinapant, could sensitize
cancer cells to platinum by activation of cancer cell death.

We included birinapant in the model by adding additional death with the rate d, called apoptotic
cell death. Thus, cells with active post—target platinum resistance have death rate equal to d’ =
d + b dehemotherapy + do during treatment phase. As a result, cancer cells with active post-target
platinum resistance mechanism have a higher death rate than platinum-sensitive ones.

Key assumptions of the model

1. Only patients who are unresectable at the time of diagnosis are considered in the model simu-
lations.

2. Cells are growing exponentially with net growth rate A = b — d.
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Platinum-sensitive cells can acquire one of three platinum resistance mechanism with equal
probability of u per cell division.

During each cell division, sensitive or partially-resistant cells can acquire only one platinum
resistance mechanism, leading to combinatorial network describing transitions between subclones
as shown in Figure 1.

. In the model, only innate platinum resistance is considered.

The platinum-resistant cells grow at the same rate as wild—type cells, i.e., they are neutral in
the absence of treatment.

Cancer is diagnosed when the colony reaches a certain size (M).

Rate of accumulation of platinum resistance in the absence of treatment is the same as during
the treatment, i.e., u is the same in all three phases of simulations.

Two types of treatment modalities (debulking surgery and platinum-based chemotherapy) are
included in standard-of-care simulations.

The effect of chemotherapy is modeled by the drug-induced death rate, dchemotherapy, Which
leads to negative net growth rate: A =5b—d < 0.

Chemotherapy toxicity is not considered in the current model implementation.

Chemotherapy administration is included in the model as a continuous-time maximum tolerated
dose (MTD).

Surgery is modeled by the removal of a fraction of 8 cancer cells. All cell types can be removed
with an equal probability.

Tumor recurrence is observed when the number of cancer cells reaches M;cjqpse after end of
primary treatment.



Computer simulation

We performed Monte Carlo computer simulation using an approximation of an exact stochastic sim-
ulation algorithm developed by Gillespie [7]. We used an approximation algorithm due to its com-
putational efficiency. First, slow events (unfaithful division) are separated from fast events (faithful
division, cell death). The propensities of slow reactions are: a;(x), for ¢ = 1,2...n, where n is the
number of slow events. The propensities of fast reactions are: b;(x) for j = 1,2...m, where m is the
number of fast events. Next, time of the next slow reaction is calculated:

1 1

ln(R—l), (S1)

T= n

> @i(2)

where R; is a random number from a unit-interval uniform distribution. Next, the index of next slow
event is given as the smallest k satisfying:

n

Z ag(z) > Ry - Z a;(x), (S2)
k=1

=1

where Ry is a random number from a unit-interval uniform distribution. The system is then updated
and fast events that occur until time of the first slow event 7. Fast events are updated using tau-
leaping, i.e., for every fast event the number of times each event occurs during the time interval
[t,t + 7) is:

k; = Poisson(a; - 1) ,forj=1,2,...,m (S3)

and the system is updated:

a(t+7) =)+ kv, (S4)

where v; is the state change vector.



Text S2 Standard-of-care simulations

To investigate resistance to platinum-based chemotherapy and suggest novel methods to resensitize
HGSOC patients to standard-of-care treatment, we performed computer simulations of the model.
The simulation consists of three phases: 1) pre-treatment phase in which the tumor grows until
diagnosis, 2) treatment phase that includes platinum-based chemotherapy and debulking surgery, and
3) post—treatment phase where the tumor grows until the first relapse.

The first phase starts with a single platinum-sensitive cell and proceeds with exponential tumor growth
in the absence of treatment interventions. In addition to the growth of the platinum—sensitive cells,
accumulation of platinum resistance mechanisms is also simulated by the appearance and the growth
of partially and fully resistant clones during unfaithful cell division. The phase ends when the total
number of tumor cells reaches M cells. The tumor is then diagnosed, and the treatment phase starts.

Treatment phase starts after the patient is diagnosed with HGSOC, i.e., we assume no delay in treat-
ment initiation. Standard-of-care includes two types of interventions: platinum-based chemotherapy
and debulking surgery. Chemotherapy reduces the net growth rate of sensitive and partially—resistant
cells. As in the model, we do not consider pharmacokinetics and pharmacodynamics of platinum-
based chemotherapy; we simulate platinum-based chemotherapy as a continuous injection. Debulking
surgery is modeled by removing a fraction of tumor cells at a one-time point. Every cell can be
removed during debulking surgery with the same probability. The treatment phase is simulated in
a framework that follows the first-line standard-of-care therapy guidelines for HGSOC. Thus, in our
simulations, the HGSOC patient is treated with three cycles of neoadjuvant chemotherapy (NACT).
Next, a debulking surgery is performed, aiming for optimal cytoreduction, followed by another three
cycles of adjuvant chemotherapy.

The last phase of simulation starts after the treatment phase and ends at the time of the first recur-
rence. In this phase of simulation, the tumor grows without treatment intervention until the total
number of cells reaches M;¢qpse cells.



Text S3 Simulation of virtual HGSOC patients cohort

We performed in silico treatment response analysis using the simulation approach described in Sup-
plementary Text 2. Each virtual HGSOC patient is described with two parameters: tumor burden at
diagnosis M and chemotherapy effect dechemotherapy-

For each virtual HGSOC patient, we sampled tumor burden at diagnosis (M) and chemotherapy effect
(dehemotherapy) from a log-normal distribution. The log-normal distribution was selected because it
describes the best distributions for M and dchemotherapy @mong six tested statistical distributions
(details in Supplementary Text S4). The goal of sampling is to reproduce in silico real-life patient’s
heterogeneity of response to standard-of-care treatment.

Next, we simulated each virtual HGSOC starting from a single platinum-sensitive cell until the first
relapse. The goal of the simulations was to compute the platinum-free interval from virtual HGSOC
patients as well as the proportion of all cancer cells subclones at the time of diagnosis and after
first-line treatment.

In our analysis, we perform simulation of 1,000 HGSOC patients to estimate response to standard-of-
care treatment. The computed PFI estimates from virtual HGSOC patients were applied to perform
Kaplan—Meier analysis. As a result, we created platinum—free interval survival plots. Kaplan—Meier
analysis was carried out in MATLAB using ecdf function with no censoring as all virtual HGSOC
patients relapse after first-line treatment.



Text S4 Parameter calibration

Tumor growth

The average cell cycle duration in an ovarian cancer cell is 36 hours [17], and is defined as the time

between cell divisions in the absence of cell death. This implies that the division rateis: b = % [ﬁ] =

0.667[$]. Late-stage HGSOC tumors double in volume approximately every 2.5 months [1], leading

to net growth rate A = % = 0.0058[%] , where DT is the doubling time. To achieve the observed
A, we set the cell death rate to d = A —b. In our simulations, the parameters b and d are the same for

all cell types and constant in absence of treatment.

Size of tumors at clinical diagnosis and chemotherapy effect

We modeled the probability of diagnosis previously as a function of tumor size as follows [11]. First,
we estimated tumor burden using metabolic tumor volume (MTV) values extracted from 8F-FDG-
PET/CT images. Next, the MTV values were converted to a number of cells assuming 10° cells in
lem? tumor bulk according to [3]. The number of cells was fitted to normal, exponential, Weibull,
log—normal, logistic, and log-logistic probability distributions. The Bayesian Information Criterion
(BIC) was calculated to measure the goodness of fit (GoF). The best agreement with the data was
obtained for log—normal probability distribution with parameters u = 26.59 and o = 0.47. Converting
u of the log—normal distribution to p of the normal distribution, the total number of cancer cell at
diagnosis equals M = 3.9548 - 10! cells.

Patients in the calibration cohort received a median of three cycles of NACT where each cycle duration
is 21 days. This means Tnyacr = 63 [days] of NACT. Without loss of generality, we can assume
that 7w acr is also the time interval between the acquisition of PET/CT images before and after
NACT. Parameter dchemotherapy Was thus estimated for each patient separately as follows. We set all
parameters except dehemotherapy and M to default values listed in Table 2. Next, for each patient, we
extracted a number of cells before (M) and after (Myacr) chemotherapy. In addition, we know that
time between two PET/CT scans is Ty acr = 3 [weeks]. Thus, we estimated dchemotherapy NumMerically
by with the bisection method to find a minimum of the following objective function:

n
J=Mpnact — MnacT = Zwi(tNACT) — Mpyacr,
i—1

where 2?21 x;(tnyacT) is total number of cancer cells from the model simulations after NACT.

Debulking surgery effect

The optimal debulking surgery is defined as a residual disease of 10 [mm)] or fewer [18]. Tumor with

10 mm diameter corresponds to tumor volume of 10 [cm?®]. HGSOC is diagnosed when the tumor

burden is of order 10! cells. Thus, optimal surgery removes at the minimum fraction of 3 110(—)191 and

corresponds to two cell-log kill fraction of cells removed by surgery.

Rate of resistance accumulation

We utilized clinical data from Kozlowska et al. 2018 to estimate the value of u [11]. Using a cohort of
33 HGSOC patients (training cohort), we performed Kaplan—Meier analysis to create platinum—free
interval survival plot from the patient data.



Next, for a wide range of transition rate (u), the weight of chemotherapy effect on cells with one
platinum resistance mechanism accumulated (o7), and weight of chemotherapy effect on cells with
two platinum resistance mechanisms (as), we performed a grid search. We took 100 values of u
between 1078 — 10~* and 101 values of a; and as between 0 — 1 leading to 1,020,100 parameter
combinations and performed simulations of 1,000 HGSOC patients for each parameter combination.

For each simulated cohort, Kaplan—Meier analysis was performed, and platinum-free interval survival
plot was created. Next, the obtained survival plot from simulations was compared with one from the
training cohort. Mean squared error (MSE) was calculated to measure the deviation between the two
survival estimates. To take into account stochasticity of model simulations, for each value of u, 100
virtual HGSOC patient cohorts were simulated, and the mean value of MSE was calculated as a GoF
estimate. The smallest MSE was obtained for: v = 107°, a; = 0.02 and o = 0.01, and was set as a
nominal value in our simulations.

Targeted treatment parameters

The model includes three targeted treatment drugs: trientine, Weel inhibitor, and birinapant. The
drugs are incorporated in the model of platinum drug resistance in HGSOC by changing corresponding
model parameter value (see Supplementary Text 1), i.e., a1 and s (trientine), uqq. (Weel inhibitor)
and d, (birinapant).

To estimate values of the treatment parameters, first, we estimated total relative drug efficacy using
efficacy values from: in vitro, in vivo and early clinical trials, which were extracted from the literature.
The Table S1 lists relative drug efficacy at three levels of evidence: in vitro (I), in vivo (V) and early
clinical (C'), which were applied to calculate total relative drug efficacy (E) using the following formula:

E=02-14+03-V+4+05-C.

drug in vitro (I) | in vivo (V | early clinical (C) | total (F)
Trientine 50 % [14] 75 % [2] 16 % [4] 41 %
Weel inhibitor | 160 % [8, 16] | 50% [19] 76% [13] 85 %
Birinapant 57% [20] 50% [9] 18% [15] 35%

Table S1: Estimated relative drug efficacy for: trientine, Weel inhibitor, and birinapant.

The values of E were applied to fit treatment parameters for selected drugs as follows. First, for each
drug, ten parameter values (p;) were taken uniformly between [pmin, Pmaz]- Next, for each value of p,
the total relative efficacy was estimated via simulations of virtual HGSOC patients. The value of p is
selected in such a way that E from the model simulations agree with the FE extracted from literature
(see Table S1).

Estimation of E from the model simulation requires further comment. We assume that the total
relative drug efficacy could be measured by the tumor burden (the total number of cancer cells) after
the first-line treatment, and estimated with the following formula:

‘E<)

E=2

)

e

9



where X; is a sum of all cancer cells from the model simulations after first-line treatment (i.e., SOC
alone), and X is the sum of all cancer cells from the model simulations after first-line treatment (i.e.,
SOC and targeted therapy). Thus, the expected tumor burden after the treatment with SOC and
targeted therapy equals:

X =B X,

and the goal of targeted treatment parameter calibration is to find the parameter value where E from
model simulation equals the one estimated and listed in Table S1 (E).

For a given drug, the following procedure was performed to estimate tumor burden after primary
treatment as a function of p. For each of ten values of p, a cohort of 1,000 HGSOC virtual patients
was simulated. As the model stochastic and thus, it is computationally intensive to simulate a large
cohort of HGSOC virtual patients, we performed bootstrapping to estimate the value of p for each
drug together with confidence intervals. Thus, from a cohort of 1,000 HGSOC virtual patients, 1,000
patients were sampled with replacement, and average tumor burden after primary treatment (X ;) was
extracted. The procedure of sampling and extracting X ; is performed for all ten values of p, and plot
of X ; as a function of p was created. Next, linear regression for performed to estimate coefficients of
a linear function. As the last step, the value of p for a given drug was estimated using the formula:

N Xi— o

Di = 3
Qg

where a1 and a» are coefficients of linear function.

The procedure from creation of bootstrap sample to estimation of p using above equation was per-
formed 1,000 times. The value of p for a given drug is then calculated as a mean value over 1,000
estimates and 95% confidence interval around estimated pgrg was calculated. The pseudocode de-
scribing the method to estimate targeted treatment parameters is presented in Algorithm 1 and the
Table S2 presents estimated targeted treatment parameters together with confidence intervals.

Algorithm 1 Estimation of targeted treatment parameters

1: procedure FIT TARGETED TREATMENT PARAMETER
2 Calculate: X; = E. Xj

3 Set: Pmin 5 Pmax and Npatients

4 Simulate HGSOC virtual patient cohort for each p;:
5: for p; = linspace(Pmin, Pmaz, 20) do

6 SimulateVirtualPatientsCohort(p;)

7
8
9

end for
Set: N < 1000
: Estimate: p
10: for i=1to N do
11: for p; = linspace(Pmin,Pmaz, 20) do
12: Sample 1,000 HGSOC virtual patients with replacement simulated for p = p;
13: Calculate: X; = ETumorBu;‘gjziiirTreatmentj
14: end for
15: Plot X; as a function of p
16: Perform linear regression to estimate oy and a of: X; = aq - Pj + a»
17: Calculate: p; = XZQ;QO“
18:
19: end for
20: Calculate: pgyg = Zj\f ¢ and confidence intervals

21: end procedure

10



Drug Parameter name | Parameter value Confidence intervals

trientine Qaq, Qo a1 = 0.148, a5 = 0.138 | a3 = 0.136 — 0.161, ap = 0.126 — 0.151
weel inhibitor | wgqr, 0.069 0.065-0-075

birinapant dg 0.069 0.06-0-079

Table S2: Parameter values of targeted treatment parameters.
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Supplementary figure 1

Strategies to revert Pt resistance

1. Modulation of platinum transport

OTMG.EM,T =

'I'dclemnﬂem:t,r *

2. Modulation of DNA damage response

DDR

3. Modulation of apoptosis

Q—w

Figure S1: Schematic shows inclusion of targeted therapy into the model of innate plat-
inum resistance. Three types of drugs which target a given platinum resistance mechanism are
included in the model: trientine, Weel inhibitor and birinapant.
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Supplementary figure 2

Trientine

log, ,(Tumor burden after primary treatment)
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Birinapant
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Figure S2: Calibration of targeted treatment parameters The figures show tumor burden after
primary treatment as a function of p. The horizontal line shows the expected tumor burden after
primary treatment and the black line show the model fit. The gray area represents confidence intervals
and the boxplots the estimated tumor burden after primary treatment for a given value of p.
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Supplementary figure 3

Tumor composition after
primary treatment
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Figure S3: Result from virtual clinical trial simulations of two and three drugs combina-
tions. The waffle plots illustrate tumor composition after primary treatment. Blue, yellow, orange
and red color represent sensitive, cells with one platinum resistance mechanism active, cells with two
platinum resistance mechanisms active and fully resistant cells.
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