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Supplementary Methods
1. Tumour growth model 
[bookmark: _Hlk172818702]The tumour is assumed to have a spherical shape, with an outer layer of proliferating cells that drive tumour growth and an inner core that is quiescent or necrotic. Indeed, cells in the core of solid tumours have limited blood supply, and thus low oxygen levels (hypoxia) and insufficient delivery of nutrients. The growth model used in the present study is based on the work of Mayneord (1) who reported that the increase in diameter of untreated grafted tumours in rats followed a linear profile,   which could be explained by the observation that only a thin shell surrounding the tumour was in a state of active division. The main assumption of the model is that the thickness of the outer proliferating layer must be smaller than the total tumour radius, which holds in the case of the xenograft models in this study since, by the start of the TGI experiments, the tumours have already grown to a size where they have formed a central core. In all model simulations, the maximum thickness of the outer growing layer was set to 0.25 mm (value derived from (2)), which is much smaller than the initial radius in every preclinical study (~3 mm). Tumour growth models based on similar principle have been used in other modelling work, including preclinical (3–6) as well as clinical (7,8) applications.
[bookmark: _Hlk172817166]The linear growth model in radius was well suited to capture the observed data of untreated tumours for all experiments in this study. A detailed description and comparison of the present model with Simeoni model (9) is provided in Supplementary Methods 2: Tumour growth model justification. 

2. Tumour growth model justification
The growth law model used in this model is based on the work of Mayneord (1), where they observed that only the outer rim of the tumour was viable and proliferating, and that the total tumour radius tended to increase linearly over time. There is a simple linear equation describing the relationship between the two observations:
	
	

	(S2.1)


where  is the total tumour radius and  the growth rate of the tumour,   is the thickness of the outer layer, here a constant, and  is the cell cycle length of the dividing cells in the shell. A derivation of the equation can be found here (4). This model is particularly relevant for in vivo xenograft experiments where, by the time of randomisation, the tumour has a defined structure with non-dividing core and proliferating shell (2). When fitting to the TGI data,  is the single parameter to estimate. As the radius increases linearly, the tumour volume (sphere) increases cubically.
On the other hand, the Simeoni tumour growth model (9), a well-known model for PK/TGI modelling, describes the tumour growth from early phases of development. It assumes a first phase of exponential growth, followed by a linear growth in volume. The model is defined as an ODE:
	
	
	(S2.2)


where  is a parameter fixed by the author to 20, and the two parameters  and  remain to be estimated to fit the TGI data.
Upon investigating the observed radius of untreated tumours (vehicle arms) in the TGI data, it was clear that the general trend showed a linear growth over time (see data examples in Figure S1A; grey lines with markers). For completeness, the Mayneord and Simeoni models were fitted to the vehicle arms of all preclinical experiments in this study (13 data sets). The fitting was done in R using the minpack.lm package. The objective function was to minimise the error between predicted and observed tumour radius for both models to allow for comparison. 
A very important consideration is that animals with large tumours are sacrificed over time. Various methods exist to adjust automatic fitting processes to account for the missing animals at later time points; however, a simple approach was chosen here. The fitting was done only up to the time points where at least 70% of the animals remained (for experiments with only 3 animals per arm, all animals had to remain). The advantage of this approach was that it also allowed for an assessment of each model’s ability to predict tumour growth beyond the last time point of fitting. This was particularly evident in the experiment 'Study-4' in HBCx-9, shown in Figure S1A, which was fitted up to 32 days. The Mayneord model more accurately captured the tumour growth data beyond that time point. Overall, the Mayneord and Simeoni models had similar fitting errors (Figure S1C); however, the Mayneord model exhibited significantly less variability in parameter estimates (lower %RSE; Figure S1B). Consequently, the Mayneord representation of tumour growth was selected because it is simpler, effectively captures the general trend of the noisy data, and reflects the underlying biology of solid tumours (outer rim of dividing cells).
Finally, the model described in this work (designated as 'Virtual Tumour') is based on the same principle as the Mayneord model and approximates tumour growth as linear in radius due to the outer shell expansion (Figure S1A).
3. Cell population PD model
The growth of the tumour outer shell is caused by the proliferation of dividing cells. These cells are assumed to have the same cell cycle length  and the same initial volume at the start of G1 phase. Hence, when a cell divides at mitosis, it produces two daughter cells of equal volume.
The proliferating shell contains multiple cell sub-populations. Each sub-population tracks the evolution of its progeny over generations as the cells synchronously progress through the cell cycle and divide over time. The different sub-populations start the simulations from a different cell cycle phase (G1, S, G2 or M), with their starting position uniformly distributed over the cell cycle, but they all follow the same set of rules defined by the PD model. 
The PD model consists of a set of ordinary differential equations describing progress through the cell cycle  (10–12) and the DDR, described in the next method section. Some operations are phase specific as listed in Table S4. The model tracks the evolution of the number of live cancer cells in the shell over time, cells that may die due to DNA damage. A delayed cell-death course is also implemented, consistent with experimental observations of damage accumulation leading to cell death after several generations (13,14). The cell count is then converted into tumour volume at each time step. Details are provided in Supplementary Methods 4-6.
The PD model was implemented and solved in MATLAB using a finite difference algorithm with 0.1 h time steps. Initial conditions reflect the steady state between DNA-damage generation and repair as well as the absence of drug effects. 

4. [bookmark: _Hlk172640902]Tumour volume calculation
[bookmark: _Hlk172642414]The tumour volume is computed incrementally after each simulation time step . As described in the main text method, the tumour is assumed to have a spherical shape comprising a necrotic inner core, where the cells are quiescent, and a proliferating outer shell, where the cancer cells progress through the cell cycle and divide.
The shell volume  grows at time  at rate :
	
	
	(S4.1)


The growth rate of the shell  is equal to the relative change in cellular volume  (see Supplementary Methods 5: Cellular volume calculation):  
	
	
	(S4.2)


As the cancer cells divide, the shell thickens , and the total tumour volume  grows:
	
	
	(S4.3)



The thickness of the shell, however, cannot exceed a maximum thickness , as hypoxia and lack of nutrients lead to cell necrosis. The thickness of the outer proliferating layer is measured as follows:
	
	
	(S4.4)


where  and  are computed from their respective volumes:
	
	
	(S4.5)



· If 
When the shell is growing beyond its maximal thickness, a portion of live cancer cells is transferred from the shell to the core to maintain  and the total tumour volume , leading to an increase in core volume:
	
	
	(S4.6)


The final volume of the proliferating shell is simply the difference between total and core volumes:
	
	
	(S4.7)



· If 
When the shell is at least partially depleted, it is assumed that the core may shrink over time at maximal rate  . The rate of core shrinkage is impacted by the rate of depletion of the shell:
	
	
	(S4.8)


The final core volume and total tumour volume are then updated as follows:
	
	
	(S4.9)



· Initialisation
The total tumour volume  is initialised to the average tumour volume across animals at day 0 for each experimental arm. The shell is assumed to be at maximal thickness .	

5. Cellular volume calculation in the outer tumour shell
A sub-population S of cancer cells (see Supplementary Methods 3: Cell population PD model) has a total cellular volume . In the absence of cell death, this volume would double every  hour, which can be expressed as an exponential growth from t=0 with initial volume :
	
	
	(S5.1)


However, in the current DDR model not all cells will divide as they may die due to DNA damage, and thus Eq. S5.1 cannot be directly applied to compute the population cellular volume. Instead, this volume can be derived from the individual cell volume , which is identical for all cells in sub-population S, and the actual number of cancer cells  that remain in the pool (described in the next section Supplementary Methods 6: Cell number calculation):
	
	
	(S5.2)


The volume  of a single cell in sub-population S increases during the cell cycle from time 0 to time   following the equation S5.3 derived from Eq. S5.1 above:
	
	
	(S5.3)


The total volume of cancer cells in the proliferating shell  (Eq. S5.4) is the sum of the volumes of all the sub-populations (Eq. S5.2):
	
	
	(S5.4)


The relative change in  defines the growth rate of the shell as shown in Eq. S4.2. Ultimately, only the relative change is considered and thus the initial volume  can be set to an arbitrary value of 1.
6. Cell number calculation in the outer tumour shell
The model tracks the number of live cancer cells  relative to time 0 in each sub-population S (see Supplementary Methods 3: Cell population PD model), which is the sum of the cells normally proliferating  and the cells destined to delayed cell death :
	
	
	(S6.1)


DNA damage may cause normally proliferating cells to undergo either immediate cell death at rate  (Eq. 6 in main text) or delayed cell death at rate  (Eq. 7 in main text). In the latter case, the cells are transferred to the fated population. Therefore, the remaining number of normally proliferating cells at time  is:
	
	
	(S6.2)


The cells that were transferred to the fated population (generation 0) lose their ability to form a colony as they may only proliferate up to seven divisions (generations 1 to 7), and their progeny ultimately die or become senescent, with increasing likelihood at every generation. At any time, the total number of fated cells in sub-population S is the sum of all generations and the senescent cells:
	
	
	(S6.3)


· Throughout the cell cycle
Until sub-population S reaches mitosis, the number of newly fated cells (generation 0) grows as a proportion of normally proliferating cells are transferred to this pool:
	
	
	(S6.4)


The daughter fated cells in generations 1 to 7 die at a baseline rate , which is increased by DSB damage-induced cell death  (Eq. 6 in main text). The evolution of the number of cells in fated generation  is described by:
	
	
	(S6.5)


where  is a generation-specific scaling factor to capture that each generation is more likely to undergo cell death as the cells accumulate more damage with each division.
The senescent cells stopped dividing but remain viable until they undergo cell death at constant rate :
	
	
	(S6.6)



· At mitosis
The surviving normally proliferating cells replicate:
	
	
	(S6.7)


The surviving cells in fated generation 0 to 7 (Eq. S6.4 and S6.5) can either divide and move up one generation with decreasing probability , or enter a senescent state with increasing probability :
	
	
	(S6.8)

	
	

	(S6.9)



where  since all fated cells in generation 0 will replicate and start their delayed cell death course (generation 1), and  since the cells stop their proliferation as they reached the maximum of possible divisions. 
The pool of cells in fated generation 0 is accordingly reset to zero for the next cell cycle:
	
	
	(S6.10)


· Cells transfer from shell to inner core
As the tumour proliferating layer grows, a portion of cancer cells may be transferred from this layer to the inner core to maintain the maximum thickness of the shell (see Supplementary Methods 4: Tumour volume calculation). The number of cells is adjusted by backtracking from the actual relative change of shell volume, assuming that the proportion of each cell subgroup relative to the total number of cells () is preserved.
Note that in practice this step is not mandatory as only relative changes in population size drive the change in tumour volume.


7. [bookmark: _Ref117251776]Pharmacokinetic models
[bookmark: _Hlk124840749]Compartmental pharmacokinetic (PK) models were used to compute drug plasma concentration over time after oral (PO) administration of the drugs. Parameters for all PK models are given in Supplementary Information. A two-compartment PK model was fitted to gartisertib plasma-concentration measurements taken in H2D Rag2 mice, including one IV profile (Table S1). The PK model was established using Phoenix WinNonlin 6.4 and NLME 1.2, with the FOCE algorithm and a multiplicative/proportional error model. Rucaparib PK was represented by a model with a central compartment and two transit compartments for absorption. The model was fitted to plasma-concentration measurements taken in non-tumour bearing NOD/SCID mice following single PO administration of rucaparib camsylate (Table S2; data source: FDA report NDA 209115; Multi-Discipline Review/Summary, Clinical, Non-Clinical). The PK model was established in R using minpack.lm package and a multiplicative/proportional error model. Talazoparib PK was taken from the literature (15) and was represented by a one-compartment model (Table S3). All PK models were implemented in R to generate the drugs concentration profiles over time.

8. Preclinical TGI data
TGI time series were collected from female, athymic nude-Foxn1 nu mice inoculated with TNBC PDXs (Table 2 in Main Text). These studies were performed by XenTech (Evry, France) in accordance with French legislation concerning the protection of laboratory animals and in accordance with a license approved by the French Ministry of Higher Education, Research and Innovation (registration numbers APAFIS#7125-2016012713169445v3, APAFIS#11191v2; APAFIS#19620-2019021311503803v1). Experimental procedures were reported earlier (16). The panel of tumour models included BRCA mutant (HBCx-10, HBCx-17, HBCx-22), BRCA wild-type HRD positive (HBCx-1, HBCx-9, HBCx-15) and HRD negative (HBCx-30, HBCx-33, T311R) PDXs. Age of animals at start of treatment for each experiment, in weeks: 10 (HBCx-15); 11 (HBCx-30, T311R); 12 (HBCx-9 study 4 and PDX panel, HBCx-17); 13 (HBCx-9 studies 1 and 3, HBCx-1, HBCx-10); 14 (HBCx-9 study 2, HBCx-22); 15 (HBCx-33). Mice were treated with either vehicle, PARP inhibitor monotherapy (rucaparib or talazoparib), ATR inhibitor monotherapy (gartisertib), or PARP + ATR inhibitor combination therapies, according to several dosing regimens, as listed in Table 2. For the PDX panel, gartisertib was given twice per week, x4 cycles, at doses of 10 mg/kg (HBCx-10, HBCx-17, HBCx-22, HBCx-1, HBCx-33) or 20 mg/kg (HBCx-9, HBCx-15, HBCx-30, T311R). All drugs were given PO. In all studies, treatment started at Day 1, except for the study in HBCx-1, where dosing started at Day 0. Other deviations included: in study 4, two-day dosing break (Day 9 and 10); study in HBCx-10, gartisertib dose at Day 4 was 10 mg/kg instead of 20 mg/kg; study in T311R, gartisertib dose at Day 22 was 10 mg/kg instead of 20 mg/kg. When dosing twice per day, the drugs were given 8 h apart.


Supplementary Tables

Table S1. PK model parameters for gartisertib 
Model: two-compartment model with absorption.
	Parameter
	Value
	CV%

	Rate of absorption
	ka = 0.46 /h
	0

	Central clearance
	CL = 1.209 L/h/kg
	4.8

	Central volume of distribution 
	Vc = 1.541 L/kg
	22.8

	Intercompartmental clearance
	Q = 0.82 L/h/kg
	12.5

	Peripheral volume of distribution
	Vp = 8.935 L/kg
	29.2

	Bioavailability
	F1 = 38%
	12.5



Table S2. PK model parameters for rucaparib camsylate 
Model: one-compartment model with two transit compartments. Constraints: ka=ktr; Vc/F=1. Apparent PK parameters (bioavailability F not fitted).
	Parameter
	Value
	CV%

	Rate of absorption
	ka = 0.54 /h
	12

	Transfer rate from 2nd transit cmpt to central cmpt
	ktr = 0.54 /h
	-

	Central clearance
	CL/F = 6.6 L/h/kg
	14.5

	Central volume of distribution
	Vc/F = 1 L/kg
	-




Table S3. PK model parameters for talazoparib
Model: one-compartment model with absorption, from Stewart et al 2014 (15). Apparent PK parameters (bioavailability F not fitted).
	Parameter
	Value

	Rate of absorption
	ka = 5 /h

	Central clearance
	CL/F = 0.947 L/h/kg

	Central volume of distribution 
	Vc/F = 4.12 L/kg







Table S4. Phase-specific processes during the cell cycle
	G1
	S
	G2
	M

	Cell DDR

	SSB generation
-
DNA damage repair
Cell death 
	SSB generation
Conversion SSB->DSB
DNA damage repair
Cell death
	SSB generation
-
DNA damage repair
Cell death
	-
-
-
Cell death

	PARPi

	DNA repair inhibition 
	DNA repair inhibition
	DNA repair inhibition
	-

	ATRi

	DSB repair inhibition 
-
	DNA repair inhibition
Checkpoint override
	DSB repair inhibition
Checkpoint override
	- 
Checkpoint override






Table S5. PD model parameters fixed across all simulations
DAU = arbitrary unit of DNA damage.
	Parameter
	Notation in equations
	Value
	Units
	Source / rationale

	Number of cell 
sub-populations
	-
	5
	-
	Minimum value beyond which no significant difference was observed in the results

	Maximum thickness of outer layer with proliferating cells
	
	0.25
	mm
	Plausible value taken from (2)

	Rate of core shrinkage (when outer layer depletes)
	
	0.005
	/h
	To fit the dynamics of tumour regression

	Length of G1 phase
	-
	0.5*
	h
	Proportions in the range of typical rapidly proliferating eukaryotic cell (17)

	Length of S phase
	-
	0.3*
	h
	

	Length of G2 phase
	-
	0.15*
	h
	

	Length of M phase
	-
	0.05*
	h
	

	Rate of endogenous generation of DSB damage
	
	0
	DAU/h
	The main endogenous source of DSBs is fork collapse triggered by SSBs during DNA replication, i.e. SSBs converted into DSBs during S phase (18)

	Baseline rate of transformation of SSB into lethal DSB (S phase)
	
	0.03
	/h
	To fit the TGI data

	Baseline rate of SSB damage repair
	
	0.35
	/h
	To fit the TGI data

	Baseline rate of DSB damage repair
	
	0.1
	/h
	To fit the TGI data, but slower than SSB repair 

	Baseline rate of damage-induced cell death
	
	3
	/DAU/h
	To fit the TGI data

	Rate of damage-induced cell death in G1 phase
	
	0
	/DAU/h
	To reflect that cells are more resistant to DNA damage in G1: more likely to arrest and repair rather than immediately undergo apoptosis

	Rate of damage-induced cell death in S and G2 phases
	
	
	/DAU/h
	To reflect that cells are vulnerable to lethal DNA damage due to the critical processes of DNA replication and preparation for mitosis 

	Rate of damage-induced cell death in M phase
	
	2.5*
	/DAU/h
	To reflect mitotic catastrophe

	Baseline rate of cell transfer towards delayed cell death in response to DNA damage
	
	4
	/DAU/h
	To fit the TGI data, in particular the delay in tumour response

	Baseline rate of cell death of fated cells
	
	0.01
	/h
	To fit the dynamics of tumour regression


Table S6. Model parameters characterising the cancer cell line of the PDX panel.
Table of cell specific DDR parameters for each PDX across the genetic background groups. For a full definition of the parameters see Table 1 in main. DAU = arbitrary unit of DNA damage. (*) HR for DSB repair only.
	
	PDX
	Cell doubling time
	SSB endogenous damage
	DNA damage repair

	
	
	
	
	Pathway PARP
	Pathway ATR/HR(*)

	
	
	
	
	SSB
	DSB
	SSB
	DSB

	
	
	tdoub
	rssb
	def1
	def3
	def2
	def4

	BRCAm
	HBCx-10
	22
	0.0005
	0
	0
	0
	85 %

	
	HBCx-17
	32
	0.0005
	0
	0
	0
	95 %

	
	HBCx-22
	50
	0.0005
	0
	0
	0
	35 %

	BRCAwt HRD+
	HBCx-9
	33
	0.0005
	0
	0
	0
	50 %

	
	HBCx-1
	36
	0.0005
	0
	0
	0
	40 %

	
	HBCx-15
	20
	0.0005
	0
	85 %
	0
	90 %

	HRD-
	HBCx-33
	30
	0.0005
	0
	0
	0
	0

	
	T311R
	36
	0.0002
	0
	0
	0
	0

	
	HBCx-30
	30
	0.0002
	0
	0
	0
	0







Supplementary Figures

Figure S1. Tumour growth models comparison. 
Fitting results for tumour growth models Mayneord and Simeoni. A. Observed tumour radius for untreated mice (grey lines and markers) from various experimental data sets with different PDX tumour models. Model simulations are overlaid with the data for different mathematical models of tumour growth: Mayneord, assuming linear growth of the radius (red), Simeoni, assuming first an exponential growth then linear growth of volume (yellow), and the model used in this paper, designated as “Virtual Tumour” (blue), which is based on the same principle as Mayneord. B. Precision of the fitted parameters across all 13 in-vivo experiments used in this paper (one parameter for Mayneord model, two parameters for Simeoni model). C. SSE = sum of squared errors of the fits.
[image: ]



Figure S2. Model simulation: in the DDR model, three effects due to ATR inhibition contribute to the synergistic combination with the PARP inhibitor rucaparib. 
Simulation of a combination regimen rucaparib + gartisertib from study 1 in HBCx-9 tumour model (Figure 1B), in comparison with rucaparib monotherapy. Treatment starts at Day 1, last dosing at Day 35 (dotted line). Rucaparib is given twice (bid) a day x35 days at 100 mg/kg. Gartisertib is given once a day (qd) x35 days at 3 mg/kg. Combination simulations were run with either all ATR inhibitor drug effects or turning off one of the effects as specified.
[image: ]



Figure S3. Model simulation overlaid with the TGI of each animal in experimental study 2 in HBCx-9 tumour model, and parameter local sensitivity.  
Coloured lines: animals’ data. Black lines: model simulation. Solid lines: default model simulations (parameters from Table 1 in main; cell doubling time  = 31h, HR deficiency parameter =20%). Dotted and dashed lines: local sensitivity analysis, varying either (A) cell doubling time  = 24h (dotted line) and = 45h (dashed line) or (B) HR deficiency parameter = 0% (dotted line), = 60% (dot-dashed line) and = 80% (dashed line).
[image: ]


Figure S4. Fourth data set for the calibration of drug parameters. Model simulations overlaid with the TGI measured for various regimens in experimental study 4 in HBCx-9 tumour model.  
Treatment starts at Day 1, last dosing at Day 56 for talazoparib monotherapy (dot-dash line, panel A) and at Day 42 for all other regimens (dotted line). Solid line: simulation. Markers and error bars: data, mean tumour volume +/- SEM. Data for each arm are shown when at least 6 out of 9 mice are still in the experiment. In all PARPi treated arms talazoparib is given twice a day at 0.15 mg/kg. In all ATRi treated arms gartisertib is given once, twice or three times a week (1, 2, 3 qwk) x6 weeks at 20 mg/kg; for the arms with schedules 2 qwk and 3 qwk, dose was reduced to 10 mg/kg from Day 13. Protocol deviation also involved a two-days dosing break (Day 9 and 10).

[image: ]

Figure S5. Simulated dose-exposure-response of rucaparib and talazoparib in monotherapy and in combination with gartisertib in HBCx-9.
Model simulation of a range of doses, administered daily bid for 28 days, of rucaparib and talazoparib, in monotherapy and in combination with gartisertib daily qd 3 mg/kg. Simulations were conducted using the four parameter sets calibrated from the four studies in HBCx-9 (figures 2-4 and S4; specific parameters in Table 1 in main). The variables shown in each panel were measured on the last day of treatment (day 28), and then averaged (mean for tumour diameter, AUC for the other variables). Tumour diameter (panel B) and PD effects (panels C-G) were normalised to their respective values without treatment. The largest doses utilised in the PARPi monotherapy experiments are highlighted in panel A: 0.15 mg/kg bid and 100 mg/kg bid for talazoparib and rucaparib respectively.
[image: ]




Figure S6. PDX panel (continued). Model simulations overlaid with the TGI data for the other studies in the TNBC PDX panel with different genetic backgrounds. 
Simulation (lines), data (black dots; n=3 animals per arm at start of treatment). The four arms in each study are split in columns. Each row is a different PDX tumour model with specific genetic background. Treatments. Gartisertib was given twice per week, PO, x4 cycles, at doses of 10 mg/kg (HBCx-10, HBCx-17, HBCx-22, HBCx-1, HBCx-33) or 20 mg/kg (HBCx-9, HBCx-15, HBCx-30, T311R). Talazoparib was given daily at 0.3 mg/kg qd x28. Treatment starts at Day 1, last dosing at Day 28.
[image: ]



Figure S7. Preclinical PK model fitting for gartisertib. 
Oral dose except for the top left profile which is IV dose. D1 = day 1, D22 = day 22. Marker = data. Lines = model and CI.
[image: ]
Figure S8. Preclinical PK model fitting for rucaparib. 
Dots = data. Lines = model.
[image: ]
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