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Abstract 

In this study, we implemented the feedback system control (FSC.II) technique in order to 

selectively optimize a combination of ten targeted agents in the inhibition of cell viability in a 

renal cell carcinoma cell line (786-O). The FSC.II technique is based on using designed 

experiments to ideally sample the response surface of the cell to generate accurate 2
nd

 order linear 

regression models requiring minimal in vitro data. Drug combinations are tested based on a 

statistical design of experiment approach called orthogonal array composite design (OACD). As 

such, search rounds are performed where a pre-defined set of drug combinations are tested in vitro 

and their results are used to generate 2
nd

 order linear regression models of the system’s response. 

Regression analysis allows for the elimination of compounds, leading to the subsequent search 

containing fewer compounds. Repeating this process allowed for the identification of a highly 

effective 3-drug combination after only 3 rounds of searching. The optimized combination was 

also shown to synergistically inhibition cell migration and apoptosis induction.  
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Introduction 

Clinical experience has provided the insight that, in most cases, the use of a single targeted agent 

for the treatment of cancer will not provide long-term cures. This is largely due to the complexity 

of cancer cell signaling pathways, which are redundant and adaptive
1
, as well as to tumor 

heterogeneity
2
. Furthermore, such treatment often results in the development of drug resistance

3,4
. 

Moreover, it is widely believed amongst experts in the field that the future of cancer therapy will 

be largely dependent on drug mixtures, where the inhibition of parallel pathways with non-cross-

resistant drugs will likely improve efficacy and at the same time reduce the probability of drug 

resistance
5
, similar to what has previously been seen with the use combination chemotherapy in 

the treatment of cancer
6,7

.  There are many challenges faced when optimizing drug combinations 

for clinical application, including: (i) the large search space represented by many drugs 

considered at multiple concentrations; (ii) the limited number of combinations that can be tested, 

both in a pre-clinical setting due to time and resources and in a clinical setting; and (iii) the very 

short time frame available to develop a patient- or genotype-specific optimized treatment for 

clinical application.  New methods are therefore required in order to allow for the rapid screening 

of multi-drug combinations. Using a sufficiently fast screening method, a personalized medicine 

platform could be developed where optimized combinations of drugs are screened for within a 

subset of targeted agents specifically selected for a cancer type or even a particular patient, as 

determined by molecular profiles of tumor biopsies.  

 

Many methods for drug optimization have been investigated, including cell modeling 

techniques
8,9

, systematic based searches
10

, and optimizations based on deterministic
11

 and 

stochastic search algorithms
12,13

. The feedback system control (FSC) technique has previously 

been developed and applied in the optimization of various complex biological systems, including 

the inhibition of viral infection
14

, the maintenance of human embryonic stem cells
15

 and the 

differentiation of mesenchymal stem cells
16

. The first version of FSC, or FSC.I, incorporates a 

stochastic search algorithm with biological experimental tests to optimize a desired cell behavior 

as a function of the drugs applied to the system. After the initial selection of drugs to be included 

in optimization, which is based on knowledge of aberrant signaling pathways in the targeted 

diseased and the aim of inhibit or activate as many of these distinct pathways as possible, the 

optimization is phenotypically driven. As such it only depends on in vitro cell assays to 

quantitatively assess the efficacy of each drug combination. Therefore the optimization process 

does not require in depth mechanistic information to identify optimal drug combinations 
16

.  
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The successful applications of FSC.I in the biological systems mentioned above were generally 

achieved after examining only hundreds of experimental data points out of a million or more 

possibilities. This was typically done in approximately 10-15 rounds of experimental testing. 

When the response surfaces of these biological complex systems were investigated to analyze 

drug contributions and interactions, we found that in most of the cases analyzed the response 

surface of cells to multi-drug combinations was relatively smooth and could quite accurately be 

described using a second order linear regression model
17

. This finding helps to address the three 

challenges described above. A simple second order surface implies that the optimized solution in 

the part of the multi-drug search space being investigated is unique. Additionally, in many of the 

analyzed cases, the landscape near the optimal solution point is relatively ‘flat’ indicating that 

within a fairly large range of the individual drug doses, the efficacy of the optimal drug 

combination is very unlikely to be greatly reduced
18

. These findings might be attributed to the 

redundant and adaptive nature of cell signaling pathways
1
.   

 

In the study presented here, a more direct route to drug optimization, referred to as FSC.II, is 

developed and implemented in the optimization of a multi-drug combination utilizing the simple 

response surface method mentioned above. As compared to FSC.I, FSC.II (i) uses designed 

experiments to significantly reduce the experimental data required for linear regression analysis, 

and (ii) reduced the time frame required for optimization. Drug combinations are tested based on 

a ‘statistical design of experiment approach’ called ‘orthogonal array composite design’ (OACD). 

The design of OACD test matrices is based on the combination of a two-level factorial or 

fractional factorial design and a three-level orthogonal array
19

. In this design, the data from the 2-

level factorial design can be used to estimate linear effects and two-factor interactions, while the 

3-level orthogonal array can estimate linear and quadratic effects
19

.  

  

We performed an optimization to identify an optimal drug combination effective in renal cell 

carcinoma (786-O) viability inhibition. The selection of this cell line was motivated by the fact 

that RCC is generally chemo- and radio-therapy resistant, and its clinical treatment is therefore to 

a large extent dependent on the use of targeted agents
20

. The long-term use of these targeted 

agents frequently leads to side-effects and acquired drug resistance
21

 which may be reduced when 

drugs are administered in combination. As such, the development of optimized combination 

therapy strategies for this indication might well be of great therapeutic value.   

 

The optimization presented here was performed using ten drugs targeting a broad spectrum of 

pathways reported to play a role in inhibiting RCC progression. An in vitro cell viability 
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inhibition assay was used as a quantitative measure of drug combination activity. After only three 

search rounds of testing, we identified an optimal drug combination containing: axitinib, which 

targes VEGFRs, PDGFR and c-kit
22

; erlotinib, which is an EGFR inhibitor
23,24

, and dasatinib, 

which is a BCR/Alb, Src and c-kit inhibitor, but which does not affect EGFR or Her2
25

. This drug 

combination induced the synergistic
26

 inhibition of 786-O viability, while having a reduced effect 

on non-malignant cell types. Additionally, the optimal drug combination allowed for a significant 

reduction in the dose of each compound that would be required to achieve an equivalent level of 

efficacy if applied alone, e.g. in the optimal combination, individual drug doses were reduced by 

8, 18 and 2.8 fold, for axitinib, erlotinib and dasatinib, respectively, as compared to dose of each 

required to inhibit 80% of cell viability. Moreover, many of the compounds tested were unable to 

attain an equivalent level of cell viability inhibition when applied as single agents even at very 

high doses.   

 

Results  

Search 1 leads to elimination of three compounds from the initial set of ten drugs 

The FSC.II-based optimization was performed in order to rapidly identify optimal drug 

combinations inhibiting the in vitro viability of 786-O renal cell carcinoma (RCC) cells. This was 

achieved through a series of search steps where pre-defined sets of drug combinations were tested 

in vitro, based on a statistical design of experiment approach called orthogonal array composite 

design (OACD) (Fig. 1). The results of the in vitro assays were then fit to a 2
nd

 order stepwise 

linear regression model and the less effective drugs were eliminated based on statistical analysis. 

Using this method, an optimal 3-drug combination could be identified after only three search 

steps. 

 

The optimization was initiated with ten molecularly targeted agents, each affecting major 

pathways believed to be involved in the growth and progression of RCC. The initial set of ten 

compounds included: axitinib, which inhibits the VEGFRs, PDGFR and c-kit
22

; erlotinib, which 

is an EGFR inhibitor
23,24

; RAPTA-C, which is a chromatin inactivator
27-29

; BEZ-235, an inhibitor 

of the  mTOR/PI3K/AKT
30

 pathway; volasertib, an inhibitor of the PLK- polo-like kinase
31

; 

dasatinib, which is a BCR/Alb, Src and c-kit inhibitor, not affecting EGFR or Her2
25

; VX-680, 

an inhibitor of Aurora A, B, C
32

; U-104, which inhibits carbonic anhydrase IX/X 
33,34

; and 

AZD4547, a FGFR1-3 inhibitor
35

. An overview of the compounds and their targets is presented in 

Supplementary Fig. S1. For each of these compounds, broad dose-response curves were built 

measuring their efficacy in the inhibition of 786-O cell viability in vitro (Supplementary Fig. S2). 
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These curves were used to identify three doses of each compound to be used in the optimization. 

An EC50 value of each drug was estimated based on fitting the in vitro data with a linear fit (Table 

1). The highest dose, referred to as dose 2, represented between a half and a third of the EC50 

value of each drug. This dose varied depending on the potency and saturation of the drug efficacy 

(i.e. for axitinib and erlotinib, where a minimal increase in efficacy was seen above 20-30 µM, a 

lower concentration for Dose 2 was selected than half of the estimated EC50 value to avoid adding 

unnecessary drug). Dose 1 represented 40% of the concentration of Dose 2, and Dose 0 signified 

that no drug was added. 

 

 

 
Figure 1. Schematic overview of the FSC.II technique used for in vitro drug optimization.  

The schematic presents the three search steps utilized in drug optimization, starting with the 

first search where the interactions of all 10 drugs were investigated by testing 91 drug 

combinations. The resulting in vitro efficacies of these combinations were analysed in 

relation to the drug combinations applied using 2
nd

 order linear regression analysis. This 

analysis allowed for the elimination of the three least effective compounds (leading to search 

2.1) and the identification of the four most effective compounds (leading to search 2.2). 

Subsequently, in searches 2.1 and 2.2, the 7-drug and 4-drug interactions were investigated 

by testing 50 and 25 drug combinations, respectively. Analysis of the results from search 2.1 

and 2.2 identified a group of four compounds which appeared to show the strongest single 

drug actions, as well as synergistic interactions and minimal antagonistic interactions 

amongst each other. A third search  was therefore performed to test the interaction of these 

four compounds in combination (search 3.1, 25 drug combinations), as well as a final 

validation step, where the interactions of each of the 3-drug sets out of these four compounds 

were tested independently (search 3.2, 13 drug combinations for each of the 4 possible 3-drug 

set). The results of search 3.1 and 3.2 were analysed and compared to identify a group of 3-

drugs which optimally interact with each other.    

 

 

 
Table 1. Provides the concentrations (in µM) of the coded doses (0, 1 and 2) used in drug 

combination optimization for each compound, and the EC50 value of each compound on the cell 

viability inhibition assay in 786-O cell line, estimated based on a linear fit of the data points.  

 

Dose (µM) axitinib erlotinib RAPTA-C BEZ-235 volasertib dasatenib VX-680 U-104 AZD4547 crenolanib 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1 6.4 8.0 300.0 0.4 0.2 0.1 6.0 25.0 5.0 2.0

2 16.0 20.0 750.0 1.0 0.5 0.2 15.0 62.5 12.5 5.0

EC50 76 213 4,300 2.4 1.1 0.3 31 200 38 12
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Thus, search 1 was performed using the ten compounds at the three concentration defined above. 

Ninety-one drug combinations based on a 3-level OACD matrix were tested. The combinations 

tested included a range of varying inputs, from single and 2-drug combinations, to all drugs (see 

matrix design in Supplementary Table S1), and the cellular response ranged from 0-100% cell 

inhibition (Fig. 2A). Most combinations were very effective, due to including multiple drugs at 

relatively high concentrations, as 50 out of 91 combinations inhibited cell growth by 75% or more 

and 77 out of 91 inhibited cell growth by 50% or more. The combination containing all 

compounds at dose 2 resulted in 89% inhibition of cell viability (blue arrow in Fig. 2A). 

 

Subsequently, the 91 data points obtained from search 1 were modeled using a 2
nd

 

order stepwise linear regression model in order to compare the effects of different drugs in 

combination (Fig. 2B). The regression coefficients correspond for each specific compound to its 

impact on overall drug mixture efficacy, i.e. a negative regression value indicates that increasing 

the dose of that drug inhibits cell viability. Regression coefficients describing single drug linear 

effects, 2-drug interaction terms and single drug quadratic effects are provided in this model.    

 

Based on these results volasertib, crenolanib and RAPTA-C were eliminated from further study. 

This was because volasertib showed a minimal and non-significant first-order single drug effect 

(highlighted in orange) and an antagonistic interaction with dasatinib (highlighted in red). 

Although crenolanib showed a synergistic interaction with axitinib (orange), this was outweighed 

by its significantly antagonistic first-order single drug effect and antagonistic interaction with 

dasatinib (red). RAPTA-C showed no significant effect as a single drug or in any combination 

with the other compounds. Erlotinib, BEZ-235, dasatinib and AZD4547 were identified as the 

most promising compounds (highlighted in green). The modeling results were further verified by 

analyzing the composition of the most effective combinations identified. In the ten most effective 

combinations, the compounds least represented included: RAPTA-C (not present in 5 out of 10 

combinations), volasertib (not in 5 out of 10), and crenolanib (not in 8 out of 10). On the other 

hand, erlotinib, BEZ-235, dasatinib and AZD4547 were the most frequently present compounds 

in the ten most effective combinations, being included in 8 (erlotinib) or in 9 (BEZ-235, dasatinib 

and AZD4 547) of the best 10 combinations.  
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Figure 2. of drug combinations for the inhibition of cell viability, and data analysis of the 

coefficients of the 2
nd

 order linear regression fitted to the experimental data from search 1.  

(A) Performance of ninety-one tested drug combinations in cell viability inhibition assay. 

The arrow indicates the combination which contains all drugs at dose 2. (B) Regression 

coefficients from the 2
nd

 order stepwise linear regression model generated using data 

obtained from search 1. Results allow for the elimination of the least effective compounds. 

The red highlighted bars indicate contributions of volasertib and crenolanib which are not 

inhibitory to cell viability, bars highlighted in orange indicate minimal contributions or cell 

inhibitory contribution that are overpowered by other antagonistic interactions. RAPTA-C 

showed no significant interactions with any of the other compounds. Additionally, the four 

most promising compounds (erlotinib, BEZ-235, dasatinib and AZD4547) are highlighted in 

green. The most significant effects are seen in the first order terms.  Inset: linear fit of 

modelled data showing theoretical quartiles versus standardized residuals (R
2
=0.834). The 

significance is indicated by ‘*’ with **p<0.01 and *p <0.05. 
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Search 2 identifies the four most promising compounds 

After the elimination of the three compounds mentioned above in search 1, the second search was 

run in two parallel steps, the first, search 2.1, analyzing the 7 remaining compounds and the 

second, search 2.2, comprised of only the 4 most promising compounds (Fig. 2B). These two 

approaches were taken in parallel in order to confirm the robustness of our analysis. Design 

matrices contained 50 (search 2.1) and 25 (search 2.2) drug combinations (Supplementary Table 

S2 andS 3), respectively, and again were based on a full range of inputs and output response 

variables.  

 

In search 2.1, the 6 most effective combinations inhibited cell viability by 99% or more, whereas 

30 out of 50 combinations inhibited cell viability by 75% or more (Fig. 3A). Search 2.1 showed 

only minimal single drug contributions from U-104 (indicated in orange) and antagonistic 

interactions with BEZ-235 (indicated in red). VX-680 showed a relatively strong single drug 

effect; however, this drug was less potent than erlotinib and dasatinib and showed no significant 

interactions with other compounds (Fig. 3B). This led to the elimination of U-104 and VX-680 

from subsequent searches. In search 2.2, the most effective combination contained 4 drugs at the 

highest dose (dose 2) and inhibited cell viability by approximately 94%, whereas 3 out of 25 

combinations inhibited cells by 75% or more (Fig. 3C). Analysis of these results through 

regression analysis identified antagonistic interaction between BEZ-235 and erlotinib (in search 

2.1 and 2.2, Fig. 3B and D in red), as well as between BEZ-235 and dasatinib (search 2.2, Fig. 3C 

in red), leading to the elimination of BEZ-235. Synergies between axitinib and erlotinib, erlotinib 

and AZD4547, as well as dasatinib and AZD4547 led to the selection of these 4 compounds for 

the third search step. Search 2.2 indicates potential antagonism between erlotinib and dasatinib 

that would still be present in this 4-drug combination; however it is not significant (indicated in 

orange).  
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Identification of optimal, synergistic 3-drug combinations 

Search 3 was performed in two parallel steps, the first investigating the interactions of the four 

drugs selected in search 2 (axitinib, erlotinib, dasatinib, AZD4547) in combination (search 3.1), as 

well as the second examining the interactions of all 4 of the possible 3-drug sets of these 

compounds (i.e. axitinib, erlotinib, and dasatinib; axitinib, erlotinib, and AZD4547; axitinib, 

dasatinib, AZD4547; erlotinib, dasatinib, and AZD4547, search 3.2). Search 3.1 was performed 

by testing a 25 drug combination design matrix (Supplementary Table S3). The efficacy on cell 

 
Figure 3. (A) Efficacy of drug combinations for the inhibition of cell viability, and (B) analysis 

of the coefficients of the 2
nd

 order linear regression fit to the data from search 2.1 and search 2.2 

(C, D). Performance of the fifty drug combinations tested in the inhibition of 786-O cell 

viability for the set of 7-drug in search 2.1 (A) and the set of 4-drugs investigated in search 2.2 

(C). Regression coefficients from the 2
nd

 order stepwise linear regression model generated based 

on the data obtained from search 2.1 (B) and from search 2.2 (D). The results allow for the 

elimination of the least effective compounds. Red is used to highlight drug contributions that do 

not help to inhibit cell viability, orange bars are used to indicate minimal contributions and 

green highlights synergistic drug interactions. The insets in B and D show the linear fit to the 

modelled data with theoretical quartiles versus standardized residuals and the corresponding R
2
-

values for each model. The significance is indicated by ** representing, p<0.01 and *, p <0.05. 
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viability inhibition of all 25 drug combinations tested in the third search can be found in Fig. 4A 

with the most effective drug combination inhibiting cells by approximately 90% and contained all 

four drugs at dose 2. The data obtained in this search was used to generate a linear regression 

model and corresponding regression coefficients are present in Fig. 4B. 

 

These regression coefficients showed significant single drug linear effects for all compounds 

except AZD4547 (Fig. 4B). A significantly antagonistic effect was observed between axitinib and 

erlotinib (*p < 0.05), however other antagonisms were not significant. Additionally, erlotinib and 

dasatinib showed positive single drug quadratic effects (significant for erlotinib).Overall, 

 
Figure 4: Identification of the optimal drug combination for the inhibition of 786-O cell 

viability. (A) Efficacy of the combinations tested to inhibit cell viability, using the 

concentrations of each drug presented in the legend at the top right. The square icons present 

the specific combinations, where each position in the square and color corresponds to a 

specific drug (i.e. the top square and color purple indicate axitinib and the concentrations (in 

µM) of each compound are represented by the different patterns). The most promising 

combinations, labeled 1-3, represent a mean of at least 3 independent experiments, with 3 

replications each, and error bars represent the SEM. (B) Regression coefficients from the fit 

of the 2
nd

 order stepwise linear regression model based on the data of search 3.1. Insets in B 

show the linear fit of modelled data with theoretical quartiles versus standardized residuals 

and the corresponding R
2
-values for each model. (C) Relative drug dose required to obtain an 

equivalent level of efficacy as seen for combinations 1-3 when drugs are applied in 

combination or individually.  
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AZD4547 appears to make the least significant contributions to the inhibition of cell viability, as 

is reflected by the best three-drug combinations containing axitinib, erlotinib and dasatinib. The 

three most promising combinations identified are labelled as 1, 2, and 3 in Fig. 4A and will be 

subsequently examined in additional cells assays. The optimized drug combinations allowed for a 

significant reduction in the drugs doses required in combination as compare to the individual drug 

doses that are required to obtain the same overall drug efficacy when administered individually 

(graphs of dose reduced for combinations 1-3 Fig. 4C). Combination 1 allowed for reduction of 9, 

20, 3 and 6-fold as compared to theoretical drug doses required for single drugs to achieved 90% 

cell viability inhibition.  

 

The findings of search 3.1 were confirmed in search 3.2 where the interaction of each of the three-

drug sets out of these four compounds were tested with a 13 combination design matrix 

(Supplemental Table S4). Regression coefficients from the analysis of each of these data sets are 

provided in Fig. 5. Regression coefficients of the data set from axitinib, erlotinib, and dasatinib 

(Fig. 5A) and erlotinib-dasatinib-AZD4547 (Fig. 5D) trials show significant single drug quadratic 

effects of erlotinib. All the regression models show a significant intercept value, however the 

combinations of axitinib-erlotinib-AZD4547 (B) and axitinib-dasatinib-AZD4547(C) have the 

largest positive intercept value which appears to outweigh other drug contributions. The models 

for axitinib, erlotinib, and dasatinib (A) and erlotinib, dasatinib, and AZD (D) are quite similar, as 

the loss of a single-drug effect of dasatinib in axitinib, erlotinib, and dasatinib (A) is counteracted 

by the slightly larger (and significant) second order contribution of erlotinib in erlotinib, 

dasatinib, and AZD (D).  Based on this analysis, both of these 3-drug sets appear to provide good 

drug interactions for combination. These results are confirmed by the results of search 3.1, where 

the best 3-drug combinations consist of axitinib, erlotinib, and dasatinib (best combination 2-4) 

and erlotinib, dasatinib, and AZD (5
th
 best). 
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Synergistic activity of the best-optimized combinations on cell migration inhibition and 

apoptosis induction 

The best three optimized drug combinations as well as their corresponding single drug therapies 

were tested for cell viability inhibition of immortalized human endothelial cells (ECRF24), adult 

human dermal fibroblasts (HDFa) and human embryonic kidney cells (HEK293) (Fig. 5A). In 

addition to being significantly more potent to the inhibition of 786-O cell viability than all of their 

corresponding monotherapies (**p < 0.001), all three of the optimal combinations showed strong 

synergistic activity (CI < 0.2) in this cell line (Table 2). 

 

For all of the drug combinations, their activity in ECRF24 was approximately equivalent to that 

seen in 786-O cell line (p = 0.99, 0.7, and 0.052 respectively). These combinations showed 

reduced activity towards the other non-malignant cell lines tested. All three combinations 

inhibited 786-O cells significantly more than HDFA cells (**p < 0.001), which were inhibited by 

 
Figure 5. Independent analysis of the interactions between each of the 3-drug combinations of 

search 3.2.  

Each 3-drug set was investigated by testing 13 combinations and performing regression 

analysis. Regression coefficients obtained by modeling the data from each of the three drug 

trials are provided in (A-D):  axitinib-erlotinib-dasatinib (A), axitinib-erlotinib-AZD4547 (B), 

axitinib-dasatinib-AZD4547(C), erlotinib-dasatinib-AZD4547 (D). Insets show linear fit of 

modelled data with the probability plot of the residuals and the corresponding R
2
-values for 

each model. Significance is indicated by ‘*’, with**p<0.01 and *, p <0.05. 
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approximately 40, 35 and 25%, for combinations 1-3 respectively. Although all combinations 1-3 

inhibited HEK293 more, by approximately 70%, the activity of combinations 1 and 2 was still 

significantly stronger in the 786-O cells (**p = 0.0004 and 4e-5; n = 15 and 6, respectively). 

Combination 3 was not significantly stronger in 786-O than in HEK293 (p = 0.06, n = 6).  

 

Cell migration inhibition (Fig. 5B) and apoptosis induction (Fig. 5C) assays were performed in 

the 786-O and ECRF24 cell lines and are presented with the efficacy of the corresponding single 

drugs in each assay. All combinations inhibited both 786-O and ECRF24 migration significantly 

more than all of their corresponding monotherapies (**p < 0.001 in 786-O and *p < 0.05 in 

ECRF24). Additionally, all three combinations inhibited 786-O migration significantly stronger 

than ECRF24 migration (**p<0.002). The optimized combinations 1 - 3 resulted in synergistic 

inhibition of 786-O migration (very strong synergy CI<0.011, Table 2).  

 

Similarly, apoptosis induction was significantly stimulated in both ECRF24 and 786-O cells. All 

four drug combinations more efficiently induced apoptosis than sunitinib (20 µM), used here as a 

positive control. Apoptosis induction in 786-O cells was very pronounced as compared to the 

contribution of single drugs and strongly synergistic (CI < 0.01, Table 2), as well as compared 

with sunitinib. Interestingly, at the dose applied, sunitinib only induced apoptosis in 20% of 786-

O cells. The difference in apoptosis induction between the three combinations was not 

significantly different (p > 0.1). The apoptosis induction by combination 1 in 786-O cells was 

significantly enhanced as compared to single drug effects of erlotinib, dasatinib and AZD4547 (*p 

= 0.005, *p = 0.002 and *p = 0.02, respectively), but not significantly when  compared to axitinib 

(p = 0.08). Similarly, combination 2 was significant as compared to erlotinib and dasatinib (**p = 

0.002 and 0.001), but not as compared to axitinib (p = 0.17). 
 

While the inhibition of proliferation was similar for both 786-O and ECRF24 cell lines, the 

inhibition of mobility and induction of apoptosis was more pronounced in the 786-O cell line. 

These results indicate that even through the drug combination was optimized to inhibit cell 

viability in the 786-O cells  the best optimized combinations also significantly inhibiting 786-O 

cell mobility (and to a lesser extent ECRF24 mobility) and strongly induce apoptosis.  
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An overview of the synergistic potential of the combinations 1-3 in each of the cell processes 

analysed in the 786-O cell line is provided in Table 2. Provided are the combination index (CI) for 

each of these combinations in each process, as well as the efficacy gain (i.e. the theoretical 

increase in efficacy achieved when drugs are applied in combination as compared to the efficacy 

of each drug when administered alone). Here we can see that while the inhibition of proliferation 

 

 
 

Figure 6. Validation of the optimized drug combinations.  

(A) The effects of the most promising drug combinations (1 – 3, refer to Figure 4A) and 

their corresponding monotherapies were tested on the viability of the following non-

malignant cell lines: immortalized human endothelial cells (ECRF24), human dermal 

fibroblasts (HDFa), and human embryonic kidney cells (HEK293); (B) the migration of 

ECRF24 and 786-O cells with corresponding monotherapies. (A and B) Values represent the 

mean of at least 2 independent experiments, with 3 replications each, and error bars 

represent the SEM (C) the effects of individual compounds and combinations on ECRF24 

and 786-O cells apoptosis induction. Values represent the mean of at least 2 independent 

experiments and error bars represent the SEM. * indicates significance p-value < 0.05 and 

** indicates significance p-value < 0.01 with student t-test. 

 



Chapter 7 

137 

 

by combinations 1-3 was synergistic in 786-O cells (CI < 0.2 and efficacy gain of 9-17% in 

combination), this synergistic potential was amplified in the migration assay (CI < 0.01 and gain 

of 11-31%) and even more so in the induction of apoptosis (CI < 0.009 and efficacy gain of 49-

55%). Additionally of note, while the best synergy gain in proliferation was seen in combination 

1, followed by combination 2 then 3, this relationship was inversed in the migration assays, 

showing the most synergistic potential by combination 3, while all three combinations were quite 

similar in apoptosis induction.   

 

Cell cycle analysis for individual drugs and combinations (1-3) are presented in Table 3. As 

reflected by the number of subdiploid cells, only a minimal effect on apoptosis was seen for the 

individual drugs, whereas optimized drug combinations 1-3 the majority of cells are undergoing 

apoptosis. Between 58% (combination 3) and 81% (combination 1) of cells were undergoing 

apoptosis.  

 

 

 

 
 
Table 2.  The combination index (CI) and the efficacy gain for combinations (1-3) in 786-O 

cells for the processes of proliferation, migration, and apoptosis induction. The CI indicates 

synergistic combinations if CI<0.8, additivity if CI = 0.8 – 1, and antagonism if CI>1. 

Efficacy gain of each combination in the respective assays, calculated based on the 

difference between efficacy of each combination as compared to the theoretical efficacy of 

each combinations based on fractional effect analysis
7
.   
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Conclusion 

In the study presented here we describe the development and validation of an enhanced version of 

the feedback system control methodology, termed the FSC.II technique.  The FSC.II technique 

tests statistically designed drug combinations in in vitro cell bioassays in order to rapidly generate 

accurate 2
nd

 order stepwise linear regression models requiring minimal experimental data. We 

were able to identify the optimal three-drug combination after testing only 243 combinations, 

including parallel searches, as compared to nearly 60,000 possible combinations represented by 

the 10 drugs at 3 doses. Regression analysis is used to identify the most effective drugs acting in 

combination and to identify highly effective subsets of drugs in a minimal number of steps. This 

systematic search for the best drug combination from a broad array of anti-cancer compounds 

allowed for the first time the identification of an optimal three-drug combination in only 3 search 

 

G0/G1 S G2/M Apoptosis 

DMSO CTRL 73.69 6.01 11.9 0.7 

medium CTRL 68.7 12.8 8.8 1.4 

     axitinib dose 2 31.59 4.79 9.38 22.33 

erlotinib dose 2 50.47 11 9.54 4.61 

dasatinib dose 1 69.49 5.47 12.35 1.39 

dasatinib dose 2 66.87 5.99 13.83 1.48 

AZD4547 dose 2 84.06 2.38 5.11 2.57 

     1 1.26 1.95 0.22 80.94 

2 1.96 3.8 0.62 63.96 

3 3.8 4.43 3.4 58.4 

 
Table 3. Cell cycle analysis for individual drugs and optimized drug 

combinations 1-3 in 786-O cells. 
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steps. This optimization was performed starting with 10 targeted compounds acting on distinct 

malignant pathways. The anti-cancer potential of drug combinations was assessed based on the 

inhibition of cell viability in the cultured human renal cell carcinoma (RCC) cell line 786-O.  

 

RCC was selected as the targeted indication in this study, as it is known to have a highly 

vascularized morphology and its clinical treatment largely relies on the use of targeted agents
20

, 

particularly angiogenesis targeted molecules. Side-effects and acquired drug resistance 
21

 are a 

frequent limitation in the use of targeted agents for cancer therapy.  Due to the frequent use of 

targeted agents for this indication and their limited long-term efficacy, it is of great clinical value 

to develop optimized combination therapy strategies.  In the current optimization, drug 

combination efficacy was assessed based on the inhibition of tumor cells, not endothelial cells. As 

the primary inhibitory action of some of these agents in vivo may in fact be through anti-

angiogenic mechanism and not a direct cytotoxic effect on tumor cells, the effects of drug 

combination on endothelial cells may also be of importance to the overall in vivo efficacy of 

optimized drug combinations. This could be addressed by a multi-objective optimization in which 

the inhibition of tumor cells and endothelial cells are considered together as the optimization goal. 

In this study, however, we see that the optimized combinations 1-3 also elicit a strong anti-

proliferative effect on endothelial cells. It should be emphasized that although the current study 

focuses on new treatment approaches for RCC it is expected that the FSC.II approach can be 

applied to other cancer types. 

  

In search 1, the interaction between all ten drugs was investigated by testing the effects of 91 drug 

combinations on 786-O cell viability inhibition. The analysis of these results allowed for the 

elimination of three compounds, RAPTA-C, volasertib and crenolanib already after the first 

search. This was based on the fact that these drugs contributed minimally or antagonistically to 

the inhibition of cell viability. Search 2 was composed of two parallel steps: search 2.1 

investigated the 7 remaining compounds following search 1 and search 2.2 investigating the 4 

most promising compounds from search 1. Analysis of these results identified VX-680 and U-104 

as least interactive compounds and showed negative interactions between BEZ-235 and erlotinib 

(in search 2.1 and 2.2) and BEZ-235 and dasatinib. This led to search 3.1 where the interactions 

of axitinib, erlotinib, dasatinib and AZD4547 were analyzed, which identified the most potent 

three-drug combinations containing axitinib, erlotinib and dasatinib. Search 3.2 was performed in 

order to additionally confirm this three-drug combination as the most potent. These results 

showed best interaction of three-drug combinations between axitinib, erlotinib and dasatinib (Fig. 

5A), i.e. no antagonistic drug interactions, reduced stimulatory second order effects of erlotinib 
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and a reduced intercept value as compared to erlotinib, dasatinib and AZD4547, the second most 

potent three-drug combination (Fig. 5D). These results confirming the results of search 3.1 where 

the three best three-drug combinations contained axitinib, erlotinib and dasatinib, and the fourth 

best contained erlotinib, dasatinib and AZD4547.  

 

A major advantage of FSC.II is that it allows for the rapid analysis of many different multi-drug 

combinations. This technique thus allows for a vast increase in the speed and reduction in the 

complexity of drug mixture optimization as compared to the first generation of FSC technique 

(FSC.I). The FSC.I implements a stochastic search algorithm, testing a small number of drug 

combinations in each round of tests and optimizes these drug combinations iteratively 
18,37

. 

Although FSC.I has been successfully applied in various biological systems, it still faces some 

unavoidable limitations: (i) even though it reduced experimental effort by 99% or more, the total 

number of required experiments is still quite high (i.e. for a problem with about 50,000 possible 

drug combinations, FSC.I usually needs to test 400~500 candidates), (ii) FSC.I optimizes drug 

combinations iteratively, therefore if one round of experimentation takes a relatively long time, 

the accumulative amount of time to apply FSC.I can still be relatively long. FSC.II aims to 

identify the optimal drug combinations with less than 3 rounds of experiments.  

 

In order to understand the mechanisms underlying the synergistic interactions of the drugs in vitro 

we monitored a mechanism of cell death in the best-optimized mixtures. We observed that the 

best-optimized drug combinations significantly inhibited 786-O cell mobility and to an even 

greater extent induced cell apoptosis. 

 

We implemented mathematical and statistical tools, i.e. a design of experimental approach, in 

order to develop accurate descriptive models of cell viability in response to the drug combinations 

applied. These models included individual drug and drug-drug interaction terms. Drug-drug 

interaction terms may significantly influence the overall cellular response to a drug combination 

and helped guiding the search to identify an optimal three-drug combination. Subsequent testing 

of these optimal combinations in in vitro assays for other cell processes, i.e. cell mobility and 

induction of apoptosis, revealed synergistic activity in both processes. More in depth 

optimizations could be performed using parallel screenings for multiple processes leading to 

simultaneous characterization of possible cell death inducing mechanisms. 

 

Evidence suggests that drug combinations will become increasingly important to improve the 

therapeutic effects of drugs and minimize drug toxicity and resistance. While the FSC.I technique 
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has shown great promise as a powerful approach for designing low dose drug combinations, some 

shortcomings of the technique limit its potential for translational medicine. This study presents 

FSC.II as a major improvement over FSC.I which may significantly enhance the therapeutic 

effects of existing anti-cancer therapies and help to transform cancer chemotherapy. FSC.II may 

thus become a clinically applicable approach for the design of drug combinations for cancer 

treatment. Moreover, it offers a unique approach to personalized medicine.  
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Materials 

Drug acquisition  

Axitinib and erlotinib were purchased from LC laboratories (Woburn, MA, USA), Sutent
®
 

(sunitinib) from Pfizer Inc. (New York, NY, USA) and BEZ-235 from Chemdea LLC 

(Ridgewood, USA). RAPTA-C was synthesized and purified as described previously
38

. 

Volasertib, VX-680, U-104, AZD4547 and crenolanib were purchased from Selleck Chemicals 

(Houston Texas, USA). Dasatinib was purchased from donated by the lab of Prof. Dyson (EPFL). 

Compounds were dissolved in DMSO and stored at -20  ͦC for short term use or at -80  ͦC  for 

storage up to six months with the exception of BEZ-235 which was dissolved in DMSO and 

stored at +4  ͦC and RAPTA-C which was freshly dissolved in DMSO directly before use. The 

maximum DMSO concentration for any combination was controlled and DMSO controls were 

included to verify it showed little to no activity in cell assays.  

 

Cell culture and maintenance  

786-O (renal cell adenocarcinoma) cells were maintained in DMEM supplemented with 1% of 

antibiotics (Life Technologies, Carlsbad, California, USA) and 10% heat-inactivated bovine calf 

serum (Sigma-Aldrich, St. Louis, USA). Immortalized human vascular endothelial cells 

(ECRF24) were maintained in medium containing 50% DMEM and 50% RPMI-1640 cell culture 

medium supplemented with GlutaMAX™ (Gibco, Carlsbad, USA) supplemented as described 

above and were always cultured on 0.2% gelatin coated surfaces. Human embryonic kidney 

(HEK293) were maintained in RPMI-1640 and adult human dermal fibroblast (HDFa) were 
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maintained in DMEM, both supplemented as mentioned above. Human peripheral blood 

mononuclear cells (PBMC) were freshly isolated as previously described
39

.  

 

Cell viability, migration, and apoptosis assay 

Cell viability and migration assays were performed as previously described
40

. Cells were seeded 

in a 96-well culture plate at a density of 10 x 10
3
 cells/well and allowed to attach overnight. 

Subsequently medium was removed and single drugs or drug premixed drug combinations were 

administered. Cells were incubated with drugs for 72 h. Drug mixtures were prepared by 

premixed in culture medium at the doses specified in Table 1. The cell viability assay was 

quantified based on luminescence using the CellTiter-Glo luminescent cell viability assay 

(Promega, Madison, WI, USA).  

 

For the 786-O and ECRF24 migration assays, cells were seeded in 96-well cell culture plates at a 

density of 30 x 10
3
 cells/well (gelatin coated for ECRF24 cells).  Cells were left overnight to form 

a confluent monolayer and at 24 h after seeding a scratch would was made in the cell monolayer 

using a sterile scratch tool (Peira Scientific Instruments, Beerse, Belgium). Drugs were premixed 

and administered as done for the proliferation assays. Images were automatically captured on a 

Leica DMI3000 microscope (Leica, Rijswijk, Netherlands) at 5x magnification with Universal 

Grab 6.3 software (DCILabs, Keerbergen, Belgium). Scratch sizes were assessed at t = 0 h and t = 

7 h using Scratch Assay 6.2 (DCILabs), and analyzed as a percent closure of the initial scratch 

wound and presented as a percentage of the control well closure.  

 

Apoptosis assays were performed as previously described
41

. 786-O and ECRF24 cells were 

seeded in a 24-well plate (40 x 10
3
 cells/well) and left overnight to attach. At 24 h after seeding 

medium was remove and new medium or drugs were added. Cells were allowed to grow in the 

presence of drugs for an additional 72 h. After 72 h cells were harvested by trypsinization and 

incubated with propidium iodide (PI) (20 µg/ml) in buffer containing 2.5 µM citric acid, 45 µM 

Na2HPO4 and 0.1% Triton-X100, (pH 7.4, 20 min, 37˚C). Analysis was performed with a 

FACSCalibur (BD Biosciences) in the FL2 channel and apoptotic cells were defined as having 

subG1 DNA staining.  

 

Data analysis and modeling 

Drug combinations are tested based on a statistical design of experiment approach called 

orthogonal array composite design (OACD). The design contained both a two-level factorial or 

fractional factorial design and a three-level orthogonal array
32

 (tables showing design are 
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provided in supplement). Regression analysis was performed in R based on a stepwise linear 

regression model with the following form:  

 

𝑦 = 𝛽0 +∑ 𝛽𝑖𝑥𝑖
𝑘
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖

2𝑘
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑘
𝑗=𝑖+1 + 𝜀𝑘

𝑖=1      

 

where β0, βi, βii and βij  are the intercept, linear, quadratic and bilinear (or interaction) terms, 

respectively; γ is the response variable (i.e. cell viability as percent of control); xi   and xj are 

independent variables (i.e. drug combinations at designated doses); ε is an error term with a mean 

equal to zero
42

. Second-order linear regression models were generated using the data obtained 

from each search round. Data was modeled using coded concentration values and data was not 

transformed.  

 

Statistical analysis 

Unless otherwise stated, values are given as mean values ± standard deviation. Data are 

represented as averages of independent experiments. Statistical analysis was performed using a 

two-sided student’s t-test *p < 0.05, and **p < 0.01 were considered statistically significant. Drug 

combination synergy was quantitatively analyzed using the CompuSYN software
43

. The 

‘combination index’ (CI) value calculated for each drug combinations indicated synergistic 

interactions (CI < 0.8), additive effects (CI = 0.8 – 1) or anatagonism (CI > 1). Additionally, 

synergy was asses based on an efficacy gain calculated for each. This was determined based on 

the difference between efficacy of each combination as compared to the theoretical efficacy of 

each combinations based on fractional effect analysis
7
.  
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Supplementary Figures 

 

 

 

 

 

 

  

Supplementary Figure S1: Scheme of ten drugs covering a broad targeting spectrum in 
a cell: axitinib (VEGFR’s, PDGFR and c-KIT 1); erlotinib (EGFR inhibitor 2,3, that binds to 
transforming growth factor alpha (TGF-α)); RAPTA-C (chromatin inactivation 4-6); BEZ-
235 (inhibitor of both of the main protein complexes of mTOR (mechanistic target of 
rapamycin), mTORC1 and mTORC2 8); volasertib (inhibitor of PLK- polo-like kinase, 
which is found in the nuclei of dividing cells, and controls multiple stages of cell cycle 
and division 9); dasatinib (inhibitor of BCR/ABL and Src, binding both active and inactive 
forms of ABL kinase10); VX-680 (inhibitor of Aurora A, B, C, which play a role in mitosis 
and meiosis during proliferation (max between G2 to M phase) 15; U-104 (inhibitor of 
carbonic anhydrase IX/X inhibitor II. CAIX expression is regulated by VHL protein, and 
VHL mutation loss is associated with ccRCC, so CAIX expression is related to ccRCC 16,17); 
AZD4547 (TKI targeting FGFR 1-3 and also showing a weak activity against FGFR4 20).  
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Supplementary Figure S2. Dose-response curves for each of the ten 
compounds on the inhibition of cell viability in the 768-O cell line. Points 
represent the average of at least two independent experiments, each 
performed in triplicate, error bars represent the standard error of mean (SEM). 
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Supplementary Table S1: Ninety-one drug combinations based on a 3-level OACD matrix used 

in search 1. 

Combinations Drug 1 Drug 2 Drug 3 Drug 4 Drug 5 Drug 6 Drug 7 Drug 8 Drug 9 Drug 10 

1 2 2 2 2 2 2 2 2 2 2 

2 2 2 2 2 2 0 2 0 0 0 

3 2 2 2 2 0 2 0 2 2 0 

4 2 2 2 2 0 0 0 0 0 2 

5 2 2 2 0 2 2 0 2 0 2 

6 2 2 2 0 2 0 0 0 2 0 

7 2 2 2 0 0 2 2 2 0 0 

8 2 2 2 0 0 0 2 0 2 2 

9 2 2 0 2 2 2 0 0 2 2 

10 2 2 0 2 2 0 0 2 0 0 

11 2 2 0 2 0 2 2 0 2 0 

12 2 2 0 2 0 0 2 2 0 2 

13 2 2 0 0 2 2 2 0 0 2 

14 2 2 0 0 2 0 2 2 2 0 

15 2 2 0 0 0 2 0 0 0 0 

16 2 2 0 0 0 0 0 2 2 2 

17 2 0 2 2 2 2 0 0 2 0 

18 2 0 2 2 2 0 0 2 0 2 

19 2 0 2 2 0 2 2 0 2 2 

20 2 0 2 2 0 0 2 2 0 0 

21 2 0 2 0 2 2 2 0 0 0 

22 2 0 2 0 2 0 2 2 2 2 

23 2 0 2 0 0 2 0 0 0 2 

24 2 0 2 0 0 0 0 2 2 0 

25 2 0 0 2 2 2 2 2 2 0 

26 2 0 0 2 2 0 2 0 0 2 

27 2 0 0 2 0 2 0 2 2 2 

28 2 0 0 2 0 0 0 0 0 0 

29 2 0 0 0 2 2 0 2 0 0 

30 2 0 0 0 2 0 0 0 2 2 

31 2 0 0 0 0 2 2 2 0 2 

32 2 0 0 0 0 0 2 0 2 0 

33 0 2 2 2 2 2 0 0 0 0 

34 0 2 2 2 2 0 0 2 2 2 

35 0 2 2 2 0 2 2 0 0 2 

36 0 2 2 2 0 0 2 2 2 0 

37 0 2 2 0 2 2 2 0 2 0 

38 0 2 2 0 2 0 2 2 0 2 

39 0 2 2 0 0 2 0 0 2 2 

40 0 2 2 0 0 0 0 2 0 0 

41 0 2 0 2 2 2 2 2 0 0 

42 0 2 0 2 2 0 2 0 2 2 

43 0 2 0 2 0 2 0 2 0 2 

44 0 2 0 2 0 0 0 0 2 0 
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45 0 2 0 0 2 2 0 2 2 0 

46 0 2 0 0 2 0 0 0 0 2 

47 0 2 0 0 0 2 2 2 2 2 

48 0 2 0 0 0 0 2 0 0 0 

49 0 0 2 2 2 2 2 2 0 2 

50 0 0 2 2 2 0 2 0 2 0 

51 0 0 2 2 0 2 0 2 0 0 

52 0 0 2 2 0 0 0 0 2 2 

53 0 0 2 0 2 2 0 2 2 2 

54 0 0 2 0 2 0 0 0 0 0 

55 0 0 2 0 0 2 2 2 2 0 

56 0 0 2 0 0 0 2 0 0 2 

57 0 0 0 2 2 2 0 0 0 2 

58 0 0 0 2 2 0 0 2 2 0 

59 0 0 0 2 0 2 2 0 0 0 

60 0 0 0 2 0 0 2 2 2 2 

61 0 0 0 0 2 2 2 0 2 2 

62 0 0 0 0 2 0 2 2 0 0 

63 0 0 0 0 0 2 0 0 2 0 

64 0 0 0 0 0 0 0 2 0 0 

65 0 0 0 0 0 0 0 0 0 0 

66 0 2 2 0 1 1 0 1 2 0 

67 0 1 1 0 2 2 0 2 1 0 

68 2 1 1 1 0 1 1 0 2 0 

69 2 0 0 1 1 2 1 1 1 0 

70 2 2 2 1 2 0 1 2 0 0 

71 1 2 2 2 0 2 2 0 1 0 

72 1 1 1 2 1 0 2 1 0 0 

73 1 0 0 2 2 1 2 2 2 0 

74 1 1 0 0 0 1 1 1 1 1 

75 1 0 2 0 1 2 1 2 0 1 

76 1 2 1 0 2 0 1 0 2 1 

77 0 2 1 1 0 2 2 1 0 1 

78 0 1 0 1 1 0 2 2 2 1 

79 0 0 2 1 2 1 2 0 1 1 

80 2 0 2 2 0 0 0 1 2 1 

81 2 2 1 2 1 1 0 2 1 1 

82 2 1 0 2 2 2 0 0 0 1 

83 2 2 0 0 0 2 2 2 2 2 

84 2 1 2 0 1 0 2 0 1 2 

85 2 0 1 0 2 1 2 1 0 2 

86 1 0 1 1 0 0 0 2 1 2 

87 1 2 0 1 1 1 0 0 0 2 

88 1 1 2 1 2 2 0 1 2 2 

89 0 1 2 2 0 1 1 2 0 2 

90 0 0 1 2 1 2 1 0 2 2 

91 0 2 0 2 2 0 1 1 1 2 
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Supplementary Table S2: Design matrices contained 50 (search 2.1) and 25 (search 2.2) drug 

combinations. 

Combination Drug 1 Drug 2 Drug 3 Drug 4 Drug 5 Drug 6 Drug 7 

1 2 2 2 2 2 2 2 

2 2 2 2 2 0 2 0 

3 2 2 2 0 2 0 2 

4 2 2 2 0 0 0 0 

5 2 2 0 2 2 0 2 

6 2 2 0 2 0 0 0 

7 2 2 0 0 2 2 2 

8 2 2 0 0 0 2 0 

9 2 0 2 2 2 0 0 

10 2 0 2 2 0 0 2 

11 2 0 2 0 2 2 0 

12 2 0 2 0 0 2 2 

13 2 0 0 2 2 2 0 

14 2 0 0 2 0 2 2 

15 2 0 0 0 2 0 0 

16 2 0 0 0 0 0 2 

17 0 2 2 2 2 0 0 

18 0 2 2 2 0 0 2 

19 0 2 2 0 2 2 0 

20 0 2 2 0 0 2 2 

21 0 2 0 2 2 2 0 

22 0 2 0 2 0 2 2 

23 0 2 0 0 2 0 0 

24 0 2 0 0 0 0 2 

25 0 0 2 2 2 2 2 

26 0 0 2 2 0 2 0 

27 0 0 2 0 2 0 2 

28 0 0 2 0 0 0 0 

29 0 0 0 2 2 0 2 

30 0 0 0 2 0 0 0 

31 0 0 0 0 2 2 2 

32 0 0 0 0 0 2 0 

33 0 0 0 0 0 0 0 

34 0 1 1 1 1 1 1 

35 0 2 2 2 2 2 2 

36 1 0 1 0 1 2 2 

37 1 1 2 1 2 0 0 

38 1 2 0 2 0 1 1 

39 2 0 2 1 0 2 1 

40 2 1 0 2 1 0 2 

41 2 2 1 0 2 1 0 
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42 0 0 1 2 2 0 1 

43 0 1 2 0 0 1 2 

44 0 2 0 1 1 2 0 

45 1 0 0 1 2 1 2 

46 1 1 1 2 0 2 0 

47 1 2 2 0 1 0 1 

48 2 0 2 2 1 1 0 

49 2 1 0 0 2 2 1 

50 2 2 1 1 0 0 2 

 
 

Supplementary Table S3: Search 3.1 was performed by testing 25 drug combination design 

matrix  

Combinations Drug 1 Drug 2 Drug 3 Drug 4 

1 2 2 2 2 

2 2 2 2 0 

3 2 2 0 2 

4 2 2 0 0 

5 2 0 2 2 

6 2 0 2 0 

7 2 0 0 2 

8 2 0 0 0 

9 0 2 2 2 

10 0 2 2 0 

11 0 2 0 2 

12 0 2 0 0 

13 0 0 2 2 

14 0 0 2 0 

15 0 0 0 2 

16 0 0 0 0 

17 0 0 0 0 

18 0 1 1 2 

19 0 2 2 1 

20 1 0 1 1 

21 1 1 2 0 

22 1 2 0 2 

23 2 0 2 2 

24 2 1 0 1 

25 2 2 1 0 
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Supplementary Table S4: The 3-drug sets in combination were tested with a 13 combination 

design matrix in search 3.2. 

Combinations Drug 1 Drug 2 Drug 3 

1 2 2 2 

2 2 0 0 

3 0 2 0 

4 0 0 2 

5 0 0 0 

6 0 1 1 

7 0 2 2 

8 1 0 1 

9 1 1 2 

10 1 2 0 

11 2 0 2 

12 2 1 0 

13 2 2 1 

 

 

 

 


