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Background. To find the best individual chemotherapy for cancer patients, the efficacy of different
chemotherapeutic drugs can be predicted by pretesting tumor samples in vitro via the chemotherapy-
resistance (CTR)-Test®. Although drug combinations are widely used among cancer therapy, so far only
single drugs are tested by this and other tests. However, several first line chemotherapies are combining
two or more chemotherapeutics, leading to the necessity of drug combination testing methods.

Methods. We established a system to measure and predict the efficacy of chemotherapeutic drug
combinations with the help of the Loewe additivity concept in combination with the CTR-test. A
combination is measured by using half of the monotherapy's concentration of both drugs simultaneously.
With this method the efficacy of a combination can also be calculated based on single drug
measurements.

Results. The established system was tested on a data set of ovarian carcinoma samples using the
combination carboplatin and paclitaxel and confirmed by using other tumor species and
chemotherapeutics. Comparing the measured and the calculated values of the combination testings
revealed a high correlation. Additionally, in 70 % of the cases the measured and the calculated values
lead to the same chemotherapeutic resistance category of the tumor.

Conclusion. Our data suggest that the best drug combination consists of the most efficient single drugs
and the worst drug combination of the least efficient single drugs. Our results showed that single
measurements are sufficient to predict combinations in specific cases but there are exceptions in which it
is necessary to measure combinations, which is possible with the presented system.
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Abstract

Background. To find the best individual chemotherapy for cancer patients, the efficacy
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of different chemotherapeutic drugs can be predicted by pretesting tumor samples in
vitro via the chemotherapy-resistance (CTR)-Test®. Although drug combinations are
widely used among cancer therapy, so far only single drugs are tested by this and other
tests. However, several first line chemotherapies are combining two or more
chemotherapeutics, leading to the necessity of drug combination testing methods.
Methods. We established a system to measure and predict the efficacy of
chemotherapeutic drug combinations with the help of the Loewe additivity concept in
combination with the CTR-test. A combination is measured by using half of the
monotherapy's concentration of both drugs simultaneously. With this method the efficacy
of a combination can also be calculated based on single drug measurements.

Results. The established system was tested on a data set of ovarian carcinoma
samples using the combination carboplatin and paclitaxel and confirmed by using other
tumor species and chemotherapeutics. Comparing the measured and the calculated
values of the combination testings revealed a high correlation. Additionally, in 70 % of
the cases the measured and the calculated values lead to the same chemotherapeutic
resistance category of the tumor.

Conclusion. Our data suggest that the best drug combination consists of the most
efficient single drugs and the worst drug combination of the least efficient single drugs.
Our results showed that single measurements are sufficient to predict combinations in
specific cases but there are exceptions in which it is necessary to measure

combinations, which is possible with the presented system.
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Introduction

Progressively more is known about the underlying causes for the formation of a tumor,
which are highly complex and involve in general several mechanisms at the molecular
level. Therefore, tumors are heterogeneous and every individual patient has a specific
response profile to the selected treatment concerning the varying chemosensitivity of
tumor cells (Blom et al., 2016). However, the standard therapy for cancer treatment is
based on an average response of a group of patients with similar tumor types which
leads to a lack of benefit in several cases and to the necessity of a next-line therapy
(Blom et al., 2016). One method to improve the therapeutic outcome is to priory assess
the resistance of tumors from individual patients to chemotherapeutic drugs in order to
provide the most efficient therapy to every single patient (Nygren & Larsson, 2008).
Such therapy selection strategies are considered to have great potential to advance
cancer treatment (Pusztai et al., 2004; Ludwig & Weinstein, 2005; loannidis, 2007;
Trusheim, Berndt & Douglas, 2007). A recent prospective clinical trial showed the benefit
of using an in vitro chemotherapeutic test in ovarian cancer (Rutherford et al., 2013;
Grendys et al., 2014). This relationship can be intuitively explained by the assumption
that if a drug is ineffective in a simple system like an in vitro test using isolated tumor
cells, the probability that is has an effect in a patient is highly unlikely (Nygren et al.,
1994). One option of such an in vitro test is the so-called Chemotherapy Resistance Test
(CTR-Test®) which was the chosen method in this paper. The CTR-Test is identical to a
formerly described extreme drug resistance (EDR) assay (Kern & Weisenthal, 1990).
EDR assays are applied to identify chemotherapeutics which are ineffective rather than
to find chemotherapeutics which are likely to show an effect. Thereby, the treatment of a

patient with a toxic agent that does not result in a therapeutic benefit can be prevented

Peer] reviewing PDF | (2016:10:14157:1:1:NEW 24 Jan 2017)



Peer]

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

(Tattersall & Harnett, 1986; Myers et al., 1987; Beck, 1987). It is known that the
capability to predict drug resistance is presumably >95 % whereas the ability to predict
chemo-sensitivity lies around 60 % (Kim et al., 2009). The CTR-Test shows a >99 %
accuracy in finding ineffective chemotherapeutics that do not produce a clinical response
(Kern & Weisenthal, 1990).

So far only single drugs are tested in this system. However, in the case of ovarian
cancer the standard first-line treatment is a combination therapy of carboplatin together
with paclitaxel (du Bois et al., 2003; Pfisterer et al., 2006; du Bois et al., 2006; Bookman
et al., 2009). In clinical practice, combination therapies are more frequently applied and
in general the benefits of a combination therapy are reduced side effects as well as
reduced drug resistance. The reason for reduced side effects is that lower doses of the
two drugs can be applied which still lead to the same efficacy as a higher dose of the
particular monotherapy but avoids toxicity. Reduced drug resistance is achieved by
diverse mechanisms of action of the two chemotherapeutics (Sparano, 1999; Prisant,
2002; Tallarida, 2006; Kashif et al., 2015).

There are several paper published showing that it is sufficient to test single drugs via the
CTR-Test and use their efficacy data to find effective combination therapies, which lead
to a clinical response (Mehta et al., 2001; Holloway et al., 2002; Loizzi et al., 2003;
d’Amato et al., 2009; Kim et al., 2009; Matsuo et al., 2009). The question arises whether
in general there would be an improvement in cancer therapy when combinations instead
of single drugs are tested or if the testing of single drugs is sufficient for a good clinical
prediction. To our knowledge no effective in vitro test system or test principle for testing
drug combinations exists. Therefore, there is need of an enhanced in vitro diagnostic
test system which enables the clinically relevant investigation of the efficacy of drug

combinations. In this paper we used a new system to test drug combinations in vitro with
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the CTR-Test.

Material and Methods

Tumor Tissue Samples Collection

The tumor specimen were collected as part of the commercially offered CTR-Test or as
part of a clinical trial. All included samples were left over after the commercial or clinical
trial assay was performed. For all samples patient's consent forms exist, which allow
further scientific investigations. In total 273 ovarian carcinoma, 1 malignant melanoma, 1
small cell lung cancer, 1 mamma carcinoma, 4 colon carcinoma and 1 NSCLC biopsies
were collected. After surgery tissue samples were directly stored in medium and sent to
the laboratory (TherapySelect, Heidelberg, Germany) to perform the CTR-Test. The

specimens arrived at TherapySelect within 24 h and were processed on the same day.

CTR-Test

The tissues were processed and the CTR-Test was performed by TherapySelect,
according to a published protocol (Kern & Weisenthal, 1990; d’Amato et al., 2009).
Briefly, fresh tumor material is minced into single cells and small cellular aggregates
(spheroids). Viability and percentage of tumor cells is determined by an external
pathology. Cells are seeded in a culture dish, in which they cannot adhere, and directly
treated with a specific chemotherapeutic drug or a drug combination. After 72 h

incubation tritiated thymidine (H*-Thymidine) is added to the cells. After additional 48 h
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cells are harvested onto glass fiber filters and the isotope uptake into the DNA is
analyzed by scintillation counting. The data obtained are counts per minute (cpm). Cells
cultured without drugs are used as negative control and cells treated with a lethal dose
are the positive control. The chemotherapeutic effect is measured in percent cell growth
inhibition (PCI) using the formula: PCl = (cpm(treated cells)-cpm(positive control))

(cpm(negative control)-cpm(positive control).

Drugs Used For Analysis

All drugs used in this study were selected for therapeutic relevance and were validated
for the CTR-Test before the analysis of the tumor samples for this study. For the
validation, various drug concentrations were tested in the CTR-Test with freshly isolated
tumor samples in order to find a concentration which shows a sufficient distribution of
drug action among the tumor samples. Final applied drug concentrations are presented
in Table 1. For the measurements of drug combinations (two drugs) half of the

concentration of each single drug was used to treat the cells simultaneously.

Statistical Analysis

PCI values were obtained on the response rate of a tumor sample collective to a certain
concentration of a chemotherapeutic drug. Frequency distributions of PCI values were
generated by joining the mid-points of 4- or 5-bin histograms by a smooth curve in
Excel.

The frequency distributions were applied to identify the three resistance categories SR,
MR and ER. Therefore, the mean (u) and the standard deviation (SD) were determined.
Mean values are presented in the corresponding figures, SD values can be found in

Supplemental Table 1. ER is characterized as PCI < p - 1SD, MR as PCl > ER but < u
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and SR as PCI = .

We compared the measured and calculated PCI values of the different combinations by
determining the Pearson correlation coefficient. To assess agreement between
calculated and measured values we showed the difference of calculated and measured

values vs. the average of both values in a Bland-Altman Plot (Supplemental Figure 1).

Human Studies

TherapySelect offers the commercial testing of drug efficacies for viable tumor samples.
For this testing viable tumor specimen is shipped to TherapySelect's laboratory.
Customers (patients) fill out a consents and order form. In this form there is a section in
which the patients can choose whether left over material can be used for research
purposes. For all used samples patient's consent forms exist, which allow further
scientific investigations. For this paper no Ethical approval was requested, since human

tissue was initially removed for commercially performed diagnostic purposes.

Results

New System to Measure and Calculate Efficacy of Drug Combinations and
Determination of the Correlation

The response rate of a collective of tumor samples to a certain concentration of a
chemotherapeutic drug experiences a standard distribution. An ideal testing

concentration of a drug is found if the histogram spans over the full spectrum of percent
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cell growth inhibition (PCI) and the curve's mean overlaps with 50 % inhibition effect.
Figure 1A shows an ideal distribution with the perfect concentration. This concept is
used to find and validate concentrations for single drug therapy testing. The chosen
concentration (Table 1) is in a physiological range, that means close to or below the
maximal serum concentration for the individual drugs.

In case of combination testing the individual concentrations have to be adapted.
Therefore, the concept of Loewe additivity was customized to this question. The
underlying assumption of the additivity model is that two inhibitors operate through
similar mechanisms on a target and dose substitution is the following consequence
(Loewe, 1953; Berenbaum, 1989). Adapting this concept to our issue, in an ideal case
the distribution curves of separately measured drugs, A and B, used at the ideal
concentration reveal two identical response histograms. Therefore, one half of the ideal
concentration of drug A could replace one half of the ideal concentration of drug B or
vice versa. This would lead to a histogram identical to a curve produced by the full
concentration of drug A or B, respectively.

With this in mind the extent of inhibition in combination (PCl(a+b)) can be calculated by
a mathematical model based on the inhibition effects (PCla or PCIb) of the mono-drugs

(Aor B) (Figure 1A)

PCi(asb) = £l9+ 220

1).

> (™)
The inhibition effects of the two mono-drugs (PCla and PCIb) are divided by two
because half of the concentration of drug A and drug B would be used if they would be
applied in combination. Both values are added and result in the inhibition effect of the

combination (PCl(a+b)).
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In an ideal setting the value of the measured combination effect is equal to the
calculated effect. In an ideal plot of measured versus calculated effect, the correlation
coefficient would be 1 and is linear correlated, which represents the additive effect
(Figure 1B). In this ideal setting a data point either above or below the line would stand
for an antagonistic or a synergistic effect, respectively. In the curve representation of the
patients collective those effects are seen by a shift to the left or to the right of the
histogram in case of antagonism or synergy, respectively (Figure 1A). Synergy can be
defined as a stronger cell growth inhibition effect measured than the calculated
combination effect. Antagonistic would mean a reduced effect in combination (Chou,
2010; Kashif et al., 2014).

To test this theory, 273 ovarian carcinoma samples (99 primary, 140 recurrent and 34
unknown ovarian carcinoma cases) were treated with carboplatin and paclitaxel alone or
in combination. For the combination measurement half of the concentration of each
tested mono-drug (carboplatin/paclitaxel) was applied. Cell growth inhibition effects were
measured with the CTR-Test and histograms were created. Additionally, the cell growth
inhibition effect was calculated for the combination by using the presented formula. The
four different distributions of effect in the tumor sample collective are presented in
Figure 1C. The curve of carboplatin is slightly shifted compared to the histogram of
paclitaxel. However, the calculated curve lies in between the single drug histograms and
the calculated curve is in general more narrow. As mentioned before, the chosen
chemotherapeutic concentration should lead to a mean at a PCI value of 50 % in the
histogram of the collective. However all curves have a mean which spreads around 70
% (Figure 1C). The calculated mean 69.3 % of the combination lays between the mean
of carboplatin and paclitaxel with 67.7 % and 70.9 %, respectively. The measured value

lays above the calculated mean with 73.0 %. To further analyze the accuracy of
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predicting the combination effect, the calculated and measured PCI values are plotted
against each other. (Figure 1D). The combination of carboplatin and paclitaxel leads to

a correlation of 0.84 (Table 2).

Evaluation of Predicting Efficacy by Measured Drug Combinations versus the
Calculated on Basis of Single Drug Measurement

To classify the chemoresistance of tumors to certain drugs, the response histogram of a
patient collective is used to define three resistance categories (Mehta et al.,, 2001,
Holloway et al., 2002; Loizzi et al., 2003; Kim et al., 2009; Matsuo et al., 2009). Extreme
resistance (ER) is marked by PCl < Mean — 1 SD (standard deviation). PCI > ER but <
Mean values are classified as medium resistance (MR). All PClI = Mean values are
called slight resistance (SR) (Figure 2A). Mean values used for determination of
resistance categories are presented in the corresponding figures, the standard
deviations can be found in Supplemental Table 1. Those resistant classifications are
used to predict treatment success by the use of a monotherapy for the individual patient
(Kern & Weisenthal, 1990).

The influence of the single drug resistance in the combination therapy was analyzed.
Therefore, the four histograms of carboplatin, paclitaxel, measured and calculated
values, were used to define the PCI values of the resistance borders. In the comparison
plot of measured versus calculated PCI, lines are drawn at the borders between ER and
MR (red) and between MR and SR (green) for calculated and measured individually. As
an example how the resistance borders were defined, it is shown how the resistance
borders for the measured combination (carboplatin and paclitaxel) were determined. The
Mean value (M) is 73.3 % (see Figure 1) and indicates the border between SR and MR

(green line). The standard deviation (SD) is 14.9 % (see Supplemental Table 1) and
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therefore the border between MR and ER (p- 1 SD) lies at 58.4 % (red line). The three
resulting squares along the diagonal represent overlapping resistance profiles, gained
by the measured and the calculated resistance classification (Figure 2B). In this data
setin 77 % of the cases the resistance classification of the measured resistance is equal
to the calculated resistance (Table 2).

Additionally, each data point was categorized by the underlying resistance classes of the
single drug measurements (Figure 2C). Comparing single drug resistance categories to
the measured combination-categories reveals that if carboplatin and paclitaxel are
identical categorized either as SR or ER, the measured resistance category stays in 95
% or 100 % of the cases SR or ER, respectively. A similar tendency is seen in the case
of medium resistance for carboplatin and paclitaxel. Here 75 % of the measured
samples are categorized as MR. However, for combinations of different single resistance
categories the prediction of the resistance profile for the measured combination is less
accurate. For the far apart combinations ER with SR there is almost no prediction
possible. For combinations closer together like ER with MR and SR with MR a tendency

can be seen (Figure 2C).

Applying New System to other Drug Combinations

The first line standard therapy for treating ovarian carcinoma is a combination therapy of
carboplatin together with paclitaxel. We could show that our new approach to use the
CTR-Test system for testing drug combinations is functional in this scenario. Most of the
measured combination PCI values are in agreement with the calculated ones, basing on
the single measurements. As mentioned above, for the relevant resistance categories
SR and ER almost all measured values coincide with the calculated values and belong

to the correct resistance category. Besides the combination carboplatin and paclitaxel
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also other chemotherapeutics can be applied to treat ovarian carcinoma. Therefore, we
tested carboplatin together with six other chemotherapeutics in the CTR-Test in order to
investigate if the new system is also functional in testing other carboplatin combinations.
The six chemotherapeutics were: Caelyx® (doxorubicin-hydrochloride in a pegylated
liposomal formulation), doxorubicin, docetaxel, etoposide, gemcitabine and topotecan.
Cell growth inhibition was determined by the CTR-Test. Due to tumor material limitations
only a subset of the 273 ovarian tumor samples was tested with the six carboplatin
combinations. 39 ovarian tumor samples were measured for the combination
carboplatin-Caelyx (Figure 3A and E), 29 for carboplatin-doxorubicin (Figure 3B and
F), 30 for carboplatin-docetaxel (Figure 4A and C), 32 for carboplatin-etoposide (Figure
3C and G), 36 for carboplatin-gemcitabine (Figure 4B and D) and 29 for carboplatin-
topotecan (Figure 3D and H). Histograms for the single drugs and in combination were
determined and the combined PCI value was calculated using the formula presented
above. The histograms of the combinations carboplatin-Caelyx, carboplatin-doxorubicin,
carboplatin-etoposide and carboplatin-topotecan show a good distribution of the different
PCI curves for the single drugs, the calculated and the measured values (Figure 3A-D).
However, the histograms for the combinations carboplatin-docetaxel and carboplatin-
gemcitabine exhibit a distribution which is divergent in a great extent from an ideal
distribution (Figure 4A and B).

The measured and calculated PCI values were plotted against each other to investigate
how precise the calculated PCI of the combination was determined. In accordance with
the histograms, the data points for the combinations carboplatin-Caelyx, carboplatin-
doxurubicin, carboplatin-etoposide and carboplatin-topotecan spread around a
regression line and show a similar distribution as the combination carboplatin-paclitaxel

(Figure 3E-H). The data points for the combinations carboplatin-docetaxel and
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carboplatin-gemcitabine show a different pattern (Figure 4C and D). In Table 2 the
correlation coefficients R as well as the accuracy of resistance classification of the
calculated versus the measured values is illustrated.

In order to investigate if our test system is also functional in a carboplatin-independent
system, we tested two other drug combinations, 5-fluorouracil — SN-38 (active form of
the prodrug irinotecan) (Figure 5A and C) and 5-fluorouracil — oxaliplatin (Figure 5B
and D). These two combinations are standard therapies for colon carcinoma. Therefore,
additional to the ovarian carcinomas other tumor types were measured as well. For the
combination 5-fluorouracil — SN-38 32 ovarian carcinoma, 1 melanoma, 1 small cell
bronchial carcinoma, 1, non-small cell lung carcinoma, 1 mamma carcinoma and 4 colon
carcinoma were used. For the combination 5-fluorouracil — oxaliplatin 31 ovarian
carcinoma, 1 melanoma, 1 small cell bronchial carcinoma, 1 non-small cell lung
carcinoma, 1 mamma carcinoma and 2 colon carcinoma were tested. Cell growth
inhibition was determined by the CTR-Test. Due to the fact that from colon carcinoma
samples only a limited number of cells can be isolated and the samples were needed for
regular commercial testing we used only 6 left over colon carcinoma samples for testing
the aforementioned two combinations. We also used ovarian carcinoma samples and
other tumor types, which are left overs of commercial CTR-Tests performed in the lab.
Data analysis was performed like for the carboplatin combinations with regard to
frequency distributions and the correlation between calculated and measured PCI
values (Figure 5). The histograms of both combinations show a distribution of the
different PCI curves of the single drugs, the calculated and the measured values, which
differs from an ideal distribution (Figure 5A and B). The data points for both the
combination 5-fluorouracil — SN-38 and 5-fluorouracil — oxaliplatin show a good

distribution in the SR range. However, the rest of the data points show a divergent
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pattern (Figure 5C and D). Though, the correlation coefficient and the resistance
classification between calculated and measured values (Table 3) exhibit values in a
good range.

To adequately compare calculated and measured PCI values, we generated Bland-
Altman-Plots for the different combinations (Supplemental Figure 1). For the
combinations carboplatin and paclitaxel (Supplemental Figure 1A), carboplatin and
Caelyx (Supplemental Figure 1B), carboplatin and etoposide (Supplemental Figure
1D), carboplatin and topotecan (Supplemental Figure 1E) as well as 5-fluorouracil and
SN-38 (Supplemental Figure 1H) at 3% to 7 % on the average, the calculated values
are higher than the measured values. Furthermore, 95 % of the deviations between
measured and calculated values lie between +27 % and -14 %, except for 5-fluorouracil
and SN-38 where the values lie between +31 % and -26 %.

The combination carboplatin and doxorubicin (Supplemental Figure 1C) shows a very
good agreement between measured and calculated values. At only 0,7 % on the
average, the calculated values are higher than the measured values. 95 % of the
deviations between measured and calculated values lie between +16 % and -15 %.

In agreement with our other results, the combinations carboplatin and docetaxel
(Supplemental Figure 1 F) and carboplatin and gemcitabine (Supplemental Figure
1G) exhibit worse values. At 12 % and 11 % on the average, the calculated values are
higher than the measured values. 95 % of the deviations between measured and
calculated values lie between +35 % and — 10 % or +33 % and — 11 %, respectively.

For the combination 5-fluorouracil and oxaliplatin (Supplemental Figure 11), at 3 % on
the average, the calculated values are lower than the measured values. This is in
contrast to the other combinations where the calculated values are mostly higher than

the measured ones. 95 % of the deviations between measured and calculated values lie
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between +48 % and -53 %.

Discussion

We developed a new system which allows to test the clinical relevance of drug
combinations in vitro via the CTR-test and a formula based on an additive model. Our
system uses tumor material from patients instead of cell lines and the drugs are applied
in concentrations that are similar to or lower than the physiological maximal serum
concentrations (Cmax) Which leads to a high comparability to clinical data. Additionally,
this system uses a quite simple mathematical model which is based on the concept of
Loewe additivity (Loewe, 1953; Berenbaum, 1989) Our adapted concept states that one
half of the ideal concentration of drug A could replace one half of the ideal concentration
of drug B or vice versa. The adapted concept is employed to predict the efficacy of a
combination by calculating its PCIl value based on single drug measurements. In an
additive situation one half of the concentration of each drug applied in combination leads
to an equal PCI of the drugs alone at full concentration (Fig. 1 A and B).

To test our system we used a set of 273 ovarian carcinoma samples and measured the
resistance profiles of carboplatin and paclitaxel alone or in combination by the CTR-Test.
The adapted concept was used to calculate both the combination concentration and its
PCI value. The setting of ovarian carcinoma was chosen because it is standardly treated
with carboplatin and paclitaxel in combination. The aim of this test was to verify the
accuracy of calculated PCls of the combination based on the single drug

measurements. Therefore, calculated and measured PCIl values of the combination
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were compared (Figure 1D). Since the data exhibit a correlation coefficient of 0.84
(Table 2) our system shows to be highly functional in predicting the combination PCI
values based on the single drug measurements in the case of carboplatin and paclitaxel.
This high correlation coefficient indicates a close relationship between the conceived
ideal case and the actual activity of the two drugs combined. This is proven by the
similarity between the frequency distributions of the PCI values and the theoretical ideal
distributions (Figure 1C). Consequently, the combination of carboplatin and paclitaxel
functions in an additive way and the corresponding PCI value can be calculated.

An important step for predicting the efficacy of a chemotherapy is the resistance
classification of tested drugs and their combinations based on PCI values. In detail, the
resistance categories are determined individually via the frequency distribution of
carboplatin, paclitaxel and the measured and calculated combination (Figure 2A). Due
to the importance of a correct classification the conformity of the measured and the
calculated based classification was tested. The calculated resistance classification of the
combination carboplatin and paclitaxel is in almost 80 % of the cases in agreement with
the actually measured resistance category (Figure 2B and Table 2). This leads to the
assumption that it is feasible and sufficient to predict the chemoresistance of a tumor to
a drug combination by measuring the single drugs. To test this assumption the
measured resistance category was compared with the underlying single drug resistance
classification. The postulated assumption holds true when the two individual drugs both
belong to the same resistance category in case of SR and ER. However, when the
resistance categories differ or both are MR, the prediction of the resistance category of
the combination is less precise (Figure 2C).

This suggests that if a patient is to be treated with a combination of drugs and the single

drug measurements result in the same resistance categories (SR, ER), the calculated
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resistance category most likely leads to a clinical benefit or to no clinical benefit of the
patient, respectively. If both drugs are rated SR or ER, the patient can be treated with
the corresponding combination or should get another combination, respectively. Taken
together, our data suggest that the best combination is composed of the most efficient
and the worst combination is composed of the least efficient single drugs. For MR cases
it should be explored if there may be a more functional combination. In case of different
resistance categories of the single drugs it makes sense to also test the combination
because there is no precise prediction possible about the efficacy of the combination.
Those conclusions are so far only based on the combination of carboplatin and
paclitaxel. In order to prove our system in a wider range we tested other carboplatin
combinations applied in ovarian cancer treatment (Figure 3). Looking at the correlation
coefficients of the combinations carboplatin and Caelyx, carboplatin and doxorubicin,
carboplatin and etoposide as well as carboplatin and topotecan, confirms the correlation
seen for the carboplatin — paclitaxel combination (Table 2). Furthermore, the frequency
distributions show an almost ideal distribution (Figure 3A - D) and the calculated
resistance classifications are in around 70 % of the cases equal to the measured
classifications (Table 2). Therefore, all previous assumptions could be confirmed by
testing other carboplatin combinations.

Moreover, it was verified if our system is also functional in a carboplatin independent
setting and for other tumor species. Thus, we examined the combinations of 5-
fluorouracil with SN-38 and of 5-fluorouracil with oxaliplatin, which are standard
therapies for colon carcinoma (Figure 5). The data points for the combinations 5-
fluorouracil and SN-38 as well as 5-fluorouracil and oxaliplatin exhibit a good distribution
in the SR area in the plot (Figure 5C and D). However, the remaining values show a

worse distribution. In addition, their frequency distributions are distinct from an ideal
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distribution (Figure 5A and B). Nevertheless, comparing their correlation coefficients
and the accuracy of resistance classification to the diverse carboplatin combinations
reveals that both 5-fluorouracil combinations lie in a similar range (Table 3). The high
correlation coefficients are probably due to the good distribution of values in the SR
area. These results are in agreement with the results of the different carboplatin
combinations and support our previous assumptions.

In clinical practice drug combinations are often applied and therefore it is necessary to
have an approach for testing drug combinations to provide the best treatment for
individual patients. Regarding our results, produced by investigating different
combinations and tumor types, such an approach could be offered by our presented
system in a clinically relevant setting. In contrast to our system, other methods to test
drug combinations are far away from testing in a clinically relevant way since they use
cell lines instead of tumor samples (Edelman, Quam & Mullins, 2001; Kashif et al., 2015;
Patra et al., 2016). However, our system still has to be validated by clinical data in order
to prove its efficacy for a patient.

The basis of our system is an additivity concept. In case of the different tested
combinations, which function in an additive way, it is sufficient to measure the single
drugs and calculate the PCls of the corresponding combinations as long as the single
drugs both are classified either as SR or ER. Thereby it is possible to find the best or the
worst combination, respectively. When single drugs are both classified as MR or belong
to distinct resistance categories it is reasonable to measure the combination.
Furthermore, if there is a priority for a specific combination as it is the case for colon
carcinoma, which is by default treated either with 5-fluorouracil and SN-38 or 5-
fluorouracil and oxaliplatin, the combination could be tested in the first place.

However, when tested combined drugs do not function in an additive way, this is

Peer] reviewing PDF | (2016:10:14157:1:1:NEW 24 Jan 2017)



Peer]

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

resulting in possible limitations of our system and measurement of single drugs might
not be sufficient. This effect was seen when we tested the combinations carboplatin and
docetaxel as well as carboplatin and gemcitabine. These combinations exhibit frequency
distributions which differ in a great extent from an ideal distribution (Figure 4A and B).
For example, the mean PCI values for gemcitabine and the combination with carboplatin
are very high and the curves are shifted to the right (Figure 4B and E). The data points
in the plot are shifted to the right as well (Figure 4D). A distinct distribution in the plot is
seen for the data points of the combination carboplatin and docetaxel (Figure 4C). In
contrast to all other combinations, a data point from a single patient classified as SR for
both drugs lies in the measured ER range. Additionally, the correlation coefficients and
the accuracy of resistance classification are also worse than for the other tested
combinations (Table 2). These discrepancies could be explained by a non-additive
mode of action of the used combinations. In case of gemcitabine and carboplatin
synergism is reported for cell line systems (Edelman, Quam & Mullins, 2001; de Brito
Galvao et al., 2012; Jin et al., 2013; Tomita et al., 2014). The reason for the false
classification in case of docetaxel could be an antagonistic effect, as shown before
(Budman, Calabro & Kreis, 2002). Thus, calculating PCI values of a combination is not
applicable in a non-additive situation since this might lead to false results. Therefore, if it
is previously known that two drugs do not function in an additive way when applied in
combination, the combination needs to be tested directly. Thereby, via measuring the
combination it might be possible to predict the efficacy of the combination.

Our previous results and conclusions are perfectly supported by Bland-Altman-Plots
(Supplemental Figure 1). For the non-additive combinations carboplatin and
gemcitabine and carboplatin and docetaxel, which showed poor correlation coefficients

and accuracy of resistance classification, the plots revealed also significant differences
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between calculated and measured values. All other combinations that showed good
correlation coefficients and accuracy of resistance classification, performed well in the
plots and showed a good agreement between calculated and measured values. For the
combination carboplatin and docetaxel there is almost no difference between calculated
and measured values. The larger differences of the other additive combinations may be
due to the fact that our system is only functional when the single drugs are both
classified as ER or SR. In case of MR or divergent resistance categories, the
classification is less precise and leads to discrepancies. Therefore, the results of the
Bland-Altman-Plots suggest, that our new system, including the way of analysis, is
functional in predicting the efficacy of additive drug combinations when single drugs are
classified either as SR or ER.

Moreover, our new system could be employed to identify unknown non-additive
combinations by comparing measured and calculated values. A low correlation
coefficient, a low agreement between calculated and measured values as shown in a
Bland-Altman-Plot would indicate a variation from an additive situation. A method to
improve the identification of non-additive combinations would be to use only the
calculated values for determining the resistance borders and not consider the borders
determined by the measured values. In case of synergistic effects the calculated border
would classify more data points as SR than in the measured setting. With the other
borders extreme high PCI values could have been classified as extreme resistance even
though it is quite likely the combination is able to produce an effect. The same is the
case for antagonistic effects, more values would be classified as ER by the use of the
calculated borders. Therefore, antagonistic combinations would not be used for
treatment. These assumptions still have to be validated by clinical data.

Nevertheless a practical approach for measuring and evaluating the efficacy of any drug
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combination — even for unknown drug combinations - could be the following approach.
Since the resistance borders (SR/MR and MR/ER) of the single drugs are known, the
resistance borders of any drug combination can be computed by calculating the means
of the resistance borders of the single drugs, which are part of a certain combination.
That means that for the future only the resistance borders for single drugs need to be
measured and the resistance borders of drug combinations can be calculated. This
would be a tremendous reduction in complexity and effort, since the resistance borders
of any drug combination do not need to be measured any more.

In general, one can conclude that our system might be able on the one hand to measure
single drugs and calculate the efficacy of their combination in an additive situation if the
single drugs are both categorized as SR or ER. Thereby, the best and worst combination
can be found. These data are backed up with clinical data in which the best single drugs
were used for therapy in clinical trial settings (Orr, Orr & Kern, 1999; Mehta et al., 2001;
Holloway et al., 2002; Loizzi et al., 2003; d’Amato et al., 2009; Kim et al., 2009; Matsuo
et al., 2009). On the other hand, it could be employed to measure drug combinations if
necessary, for example in case of other resistance categories or if a specific combination
is preferred. If feasible, the single drugs should be measured in addition to the
combination when it is planned to treat a patient with a certain combination therapy.
Thereby, it is possible to detect which of the single drugs is not functional in case of a
non-responding combination. Therefore, this system could be applied in order to detect
chemotherapy resistances of single patients and help to provide the best therapy option
for the individual patient. Despite the usefulness of single drug efficacy measurements,
in the future this system has to be further validated by clinical data to prove that it can
further improve clinical benefit.

Additionally, the use of this test could be extended to predict treatment outcomes of
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treatment plans with more than two drugs involved. Therefore, the used monotherapy's
concentration of the single drugs measured in combination, could be divided by the
number of used drugs in this multi-component treatment. The extension of this model
would help to close the gap between clinic and diagnostic even further.

However, it cannot be guaranteed that a patient responds to a chemotherapy when he is
sensitive to a specific chemotherapeutic or combination since this test system is used to
detect resistances rather then to identify presumably effective chemotherapeutics. If a
therapy is effective could for example be influenced by the mode of application of the
chemotherapeutics. When drugs are not effective in vitro, the patient will not respond to
the therapy, independent on the application mode. If a drug is effective in vitro but is not
applied effectively enough, the application mode could affect the efficacy of the therapy.
Moreover, an in vitro system is not able to mimic all resistance mechanisms in the body,
like the detoxification capability of a patient for example. Thus, to further improve the
individualized treatment of cancer patients one could combine our test system to detect
resistances against chemotherapeutics with pharmacological and/or toxicological
investigations.

Last but not least, this method is not limited to chemotherapeutic drugs, but can be used
for any anti-cancer drug combinations — including new targeted drugs - which act directly

on the tumor cells.
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Figure 1(on next page)

New system for testing drug combinations in vitro with the CTR-Test.

(A) Ideal distribution of percent cell growth inhibition (PCI) values from a tumor patient
collective using the ideal concentration of a drug (black curve, mean at 50 % PCI). Two
individually measured drugs A and B at ideal concentrations show identical ideal distribution
curves (black curve). One half of the ideal concentration of drug A can be replaced by one
half of the ideal concentration of drug B or vice versa when the drugs are applied in
combination. This results in a curve identical to single curves of A or B (black curve, additive
effect). A curve shift to the left would be due to an antagonistic effect, a shift to the right
would be due to a synergistic effect when two drugs are combined (grey dashed curves). (B)
In an ideal situation the measured PCl values are equal to the calculated PCI values (formula
see text) of a drug combination. The ideal PCl values plotted against each other result in a
correlation coefficient of 1 (additive effect). Data points above or below the line show an
antagonistic or synergistic effect, respectively. (C) 273 ovarian carcinoma samples (99
primary, 140 recurrent and 34 unknown ovarian carcinoma cases) were treated with
carboplatin and paclitaxel alone or in combination. PCl values of the single drugs were
determined with the CTR-test. The PCI values of the combination were measured with the
CTR-test as well as calculated via the presented formula. For measuring the combination,
half of the concentration of each drug was used. The frequency distributions of PCl values of
the different settings were plotted (black dashed curve: carboplatin alone, grey dashed
curve: paclitaxel alone, grey curve: measured PCI of combination, black curve: calculated PCI
of combination). The mean PCI value of all curves spreads around 70 %. (D) The measured
and calculated PCI values of the combination were plotted against each other resulting in a

correlation coefficient of 0.84 (Table 1).
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Figure 2

Evaluation of predicting efficacy of the new system for chemoresistance classification.

(A) The distribution of PCI values of a tumor patient collective for a certain drug applied at a
specific concentration is used to classify three chemoresistance categories. ER (extreme
resistance) is characterized as PCl < u (mean) - 1 SD (standard deviation) (dashed red line).
PCI > ER but < u (dashed green line) is classified as MR (medium resistance), PCl = u is
classified as SR (slight resistance). (B and C) Data set contains 273 ovarian carcinoma
samples (B) The resistance categories of this data set for carboplatin alone, paclitaxel alone,
measured and calculated combination were defined by the system described in (A) and the
classification borders for measured and calculated are marked by a green (u) and red line (u
- 1 SD). The underlying curves are presented in Figure 1 C. These measured and calculated
PCl values of the combination carboplatin and paclitaxel are plotted against each other.
Individual data points are color-coded depending on the chemoresistance category of the
patient for the two single drugs. (C) Single drug resistance categories are compared to the

measured categories of the combination carboplatin and paclitaxel.
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Figure 3(on next page)

New system is used to test other drug combinations.

(A - D) 39 ovarian carcinoma samples were treated with carboplatin and Caelyx (A), 29 with
carboplatin and doxorubicin (B), 32 with carboplatin and etoposide (C) and 29 with
carboplatin and topotecan (D) alone or in combination. PCI of the single drugs and the
different combinations was measured with the CTR-Test. In addition, the PCl of the
combinations was calculated with the presented formula (1). The frequency distributions of
PCl values of the different settings were plotted (black dashed curves: carboplatin alone,
grey dashed curves: diverse drugs alone, grey curves: measured PCl of combinations, black
curves: calculated PCl of combinations). The mean PCl values for all curves can be seenin .
(E - H) These distribution curves of PCl values for the different drugs alone, measured and
calculated combinations with carboplatin were used to define resistance categories via the
system described in Figure 2A. The classification borders for measured and calculated are
marked by a green (u) and red line (4 - 1 SD). The measured and calculated PCI values of the
combinations carboplatin and one of the other four drugs are plotted against each other.
Individual data points are color-coded depending on the chemoresistance category of the

patient for the two single drugs. (I) Table representing the mean PCI values for all curves.
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Figure 4 (on next page)

New system is used to test other drug combinations (exceptions).

(A and B) 30 ovarian carcinoma samples were treated with carboplatin and docetaxel (A),
36 with carboplatin and gemcitabine (B) alone or in combination. PCI of the single drugs and
the two combinations was measured with the CTR-Test. Additionally, the PCI of the
combinations was calculated with the presented formula. The frequency distributions of PCI
values of the different settings were plotted (black dashed curves: carboplatin alone, grey
dashed curves: docetaxel or gemcitabine alone, grey curves: measured PCl of combinations,
black curves: calculated PCI of combinations). The mean PCI values for all curves can be seen
in E. (C and D) The distribution curves of PCI values for the two drugs alone, measured and
calculated combinations with carboplatin, were used to define resistance categories via the
system described in Figure 2A. The classification borders for measured and calculated are
marked by a green (u) and red line (4 - 1 SD). The measured and calculated PCl values of the
combinations carboplatin and one of the two other drugs are plotted against each other.
Individual data points are color-coded depending on the chemoresistance category of the

patient for the single drugs. (E) Table representing the mean PCI values for all curves.
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Figure 5(on next page)

New system is used to test other carboplatin-independent drug combinations.

(A and B) 32 ovarian carcinoma, 1 melanoma, 1 small cell bronchial carcinoma, 1, non-small
cell lung carcinoma, 1 mamma carcinoma and 4 colon carcinoma were treated with 5-
fluorouracil and SN-38 (A); 31 ovarian carcinoma, 1 melanoma, 1 small cell bronchial
carcinoma, 1 non-small cell lung carcinoma, 1 mamma carcinoma and 2 colon carcinoma
were treated with 5-fluorouracil and oxaliplatin (B) alone or in combination. PCI of the single
drugs and the two combinations was measured with the CTR-Test and the PCI of the two
combinations was also calculated with the presented formula. The frequency distributions of
PCl values of the different settings were plotted (black dashed curves: 5-fluorouracil alone,
grey dashed curves: SN-38 or oxaliplatin alone, grey curves: measured PCl of combinations,
black curves: calculated PCI of combinations). The mean PCI values for all curves can be seen
in E. (C and D) The distribution curves of PCl values for the two drugs alone, measured and
calculated combinations with 5-fluorouracil, were used to define resistance categories via the
system described in Figure 2A. The classification borders for measured and calculated are
marked by a green (u) and red line (1 - 1 SD). The measured and calculated PCl values of the
combinations 5-fluorouracil and one of the two other drugs are plotted against each other.
Individual data points are color-coded depending on the chemoresistance category of the

patient for the single drugs. (E) Table representing the mean PCl values for all curves.
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Table 1(on next page)

Used chemotherapeutics and their concentration.
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Name
5-Fluorouracil
Carboplatin

Caelyx®
(Doxorubicin - liposomal)

Docetaxel
Doxorubicin

Etoposide

Gemcitabine
Oxaliplatin

Paclitaxel
Topotecan
SN-38

Chemical class/mechanism of action

Thymidylate synthase inhibitor/antimetabolites

Platinum-based antineoplastic agent/ DNA
interaction and interference with DNA repair

Intercalating DNA/anthracycline antitumor
antibiotic

Interference in cell division

Intercalating DNA/anthracycline antitumor
antibiotic

Topoisomerase inhibitor
Nucleoside analog

Platinum-based antineoplastic agent/ DNA
interaction and interference with DNA repair

Interference in cell division
Topoisomerase inhibitor

Antineoplastic drug/ inhibition of topoisomerase 1
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Used Monotherapy
Concentration [ug/ml]

3.0

3.81

3.62
1.94
0.1

3.62
0.014

2.1
0.1
0.012

Used combination
concentration [ug/ml]

1.5

1.905

1.81
0.97
0.05

1.81
0.007

0.5

1.05
0.05
0.006
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Table 2(on next page)

Correlation coefficient (R) and resistance classification (calculated equal to measured
values) of carboplatin combinations.
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Correlation
coefficient (R)

Resistance
classification:
calculated =
measured

Data set size (n)

Carboplatin
& Paclitaxel

0.84

77.0 %

273

PeerJ

Carboplatin Carboplatin Carboplatin Carboplatin
& Caelyx® & Doxorubicin & Etoposide & Topotecan

0.84 0.85 0.83 0.82
72.5 % 71.0 % 68.8 % 74.2 %
39 29 32 29
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Carboplatin
& Docetaxel

0.68

64.3 %

28

Carboplatin
& Gemcitabine

0.34

48.7 %

39



PeerJ Manuscript to be reviewed

Table 3(on next page)

Correlation coefficient (R) and resistance classification (calculated equal to measured
values) of 5-fluorouracil combinations.
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Correlation coefficient (R)

Resistance classification:
calculated = measured

Data set size (n)

5-Fluorouracil
& SN-38

0.86

65.7 %

35
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5-Fluoroura
& Oxaliplatin

0.92
70.3 %

37



