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ARTICLE INFO ABSTRACT

Keywords: The CUSP9 protocol is a polypharmaceutical strategy aiming at addressing the complexity of glioblastoma by
Glioblastoma multiforme targeting multiple pathways. Although the rationale for this 9-drug cocktail is well-supported by theoretical
CUSP9

and in vitro data, its effectiveness compared to its 511 possible subsets has not been comprehensively evaluated.
Such an analysis could reveal if fewer drugs could achieve similar or better outcomes.

We conducted an exhaustive in vitro evaluation of the CUSP9 protocol using COMBImageDL, our specialized
framework for testing higher-order drug combinations. This study assessed all 511 subsets of the CUSP9v3
protocol, in combination with temozolomide, on two clonal cultures of glioma-initiating cells derived from
patient samples. The drugs were used at fixed, clinically relevant concentrations, and the experiment was
performed in quadruplicate with endpoint cell viability and live-cell imaging readouts. Our results showed
that several lower-order drug combinations produced effects equivalent to the full CUSP9 cocktail, indicating
potential for simplified regimens in personalized therapy. Further validation through in vivo and precision
medicine testing is required.

Notably, a subset of four drugs (auranofin, disulfiram, itraconazole, sertraline) was particularly effective,
reducing cell growth, altering cell morphology, increasing apoptotic-like cells within 4-28 h, and significantly
decreasing cell viability after 68 h compared to untreated cells.

This study underscores the importance and feasibility of comprehensive in vitro evaluations of complex
drug combinations on patient-derived tumor cells, serving as a critical step toward (pre-)clinical development.

Personalized medicine
Deep learning
Live-cell imaging
COMBImageDL

1. Introduction

Glioblastoma multiforme (GBM) is a highly aggressive brain tu-
mor, characterized by its notorious resistance to conventional phar-
macotherapy and a grim prognosis for patients [1]. The disease is
further complicated by the complex inter- and intra-tumor heterogene-
ity, widely recognized as a primary driver of therapy resistance and
disease progression [2—4].

In response to this clinical challenge, the adoption of polypharma-
cological approaches involving multi-drug cocktails, often consisting of
three or more agents, has gained increasing interest and traction. A
prominent example is the CUSP9v3 protocol [4-8]. Comprising nine re-
purposed (non-oncological) drugs — aprepitant (Apr), auranofin (Aur),
captopril (Cap), celecoxib (Cel), disulfiram (Dis), itraconazole (Itr),
minocycline (Min), ritonavir (Rit) and sertraline (Ser). CUSP9v3 is
thoughtfully designed to target known growth and survival pathways
implicated in GBM. The ultimate objective is to synergize with temo-
zolomide (TMZ), the standard-of-care drug, making it more effective [5,
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6]. It is worth noting that the protocol has undergone a phase Ib/Ila
clinical trial (NCT02770378) when used as an adjunct to TMZ, demon-
strating a tolerable safety profile, especially with the necessary dose
adjustment of aprepitant due to interactions with itraconazole [8].

Many studies have highlighted the potential of higher-order drug
combinations and single multi-targeting drugs for treating complex dis-
eases, including cancer [9-12]. Notably, Cao et al. [13] demonstrated
that CUSP9, combined with tumor-treating electrical fields, induces
metabolic reprogramming and synergistic anti-glioblastoma effects in
vitro. Furthermore, our use of fixed concentrations in this in vitro study
aligns with the growing clinical interest in fixed-dose combination
therapies, such as those used to prevent atherosclerotic cardiovascular
disease [14].

Despite the promising theoretical framework that paved the way for
the CUSP9 regimen, its clinical implementation preceded comprehen-
sive in vitro and subsequent in vivo evaluations, which could strengthen
its therapeutic potential. The first in vitro experimental results on the
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combined effect of CUSP9 and TMZ on patient-derived GBM stem cells
were published in 2019 by Skaga et al. [15]. Two years later, when
the clinical trial assessing the safety of CUSP9v3 was near completion,
another study was published, offering additional in vitro insights and
clinical compassionate use experiences with the CUSP9v3 approach [4].
In both cases, the efficacy of TMZ was found to be substantially
enhanced by the CUSP9 cocktail, thereby adding valuable pre-clinical
evidence for this polypharmacotherapeutic approach.

One of the important questions that remains unresolved is whether
the inclusion of all nine drugs is necessary to achieve maximal ther-
apeutic effect [4]. Addressing this question is a complex endeavor,
as it requires a comprehensive evaluation of the combined effects
of these drugs in both in vitro and in vivo settings to ensure robust
clinical predictability. However, when it comes to large-scale drug
combination screening, conducting extensive in vivo testing becomes
increasingly impractical, unrealistic, and ethically challenging [16].
Therefore, a thorough in vitro assessment of the CUSP9v3 cocktail
presents a promising initial step in gathering preliminary evidence
regarding the potential of achieving an equivalent or even superior
effect using subsets of the nine drugs. Such data could provide valuable
support for the selection of individualized GBM therapies, maximizing
effectiveness and minimizing adverse effects. For instance, the scope
of pre-clinical in vitro sensitivity testing of patient-derived GBM cells,
used to guide the selection of clinical pharmacotherapy regimens could
be expanded to encompass not only the complete CUSP9 cocktail but
also its most potent lower-order combinations [17,18]. This analytical
framework could pave the way for tailored CUSP9 pharmacotherapy,
accommodating the observed heterogeneous drug response patterns
highlighted in previous studies [4,15].

To embark on this uncharted journey, we leveraged COMBIm-
ageDL, an enhanced deep learning (DL) [19] iteration of our previously
introduced framework, COMBImage2 [20]. Our objective was to care-
fully plan, execute, and analyze an exhaustive in vitro experiment
involving the CUSP9v3 protocol. Through the capabilities of COM-
BImageDL, we were able to conduct a comprehensive assessment of
all 511 conceivable subsets of this nine-drug cocktail when used in
conjunction with TMZ. To execute this experiment, we procured two
patient-derived GBM stem-like cell lines of proneural type from the
Human Glioblastoma Cell Culture (HGCC) resource [21]. These cell
lines were subjected to precise, clinically feasible drug concentrations,
with their temporal responses monitored through label-free live-cell
imaging. Subsequently, an endpoint cell viability assay was conducted
after 68 hours of treatment. To ensure robustness and comprehensively
account for experimental variability, the experiment was performed
in quadruplicate, spanning a total of sixteen 384-well plates. Notably,
this type of detailed information, despite its immense value, is often
underutilized due to lack of specialized tools like COMBImageDL.

Our exhaustive in vitro assessment of the CUSP9v3 protocol yielded
several intriguing findings, further illuminating its potential. Partic-
ularly, it reaffirmed the notably enhanced efficacy of the complete
nine-drug cocktail when combined with TMZ, consistent with previous
findings [4,15]. This, in turn, contributes additional in vitro experimen-
tal support to the existing body of evidence. However, the standout
discovery in our study was the emergence of a distinctive set of drug
response patterns involving only three to six drugs as additions to
TMZ. Remarkably, these responses matched, and in certain instances
exceeded, the efficacy of the entire CUSP9v3 cocktail across both
patient derived GBM cell lines employed in our study.

While it is worth noting that the specific lower-order drug combi-
nations displaying such potency varied between the two cell lines, a
common denominator emerged in the form of a five-drug combination;
comprising Aur, Dis, Itr, Ser and TMZ. The effects induced by this
particular combination were striking and included reduced cell growth,
notable changes in cell culture morphology, an increased number of
apoptotic-like cell counts as early as 4-28 h into treatment, and sig-
nificantly decreased cell viability compared to untreated cells after 68
hours.
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In summary, the main motivations and gaps in the literature behind
this work are:

i. CUSP9 and other suggested higher-order drug combinations are
not always subject to systematic in vitro evaluations before being
tested in animal models and/or clinical trials.

ii. For each individual patient, most likely a subset of a broad cock-
tail like CUSP9 will be sufficient, and perhaps even more potent,
with less adverse side effects. However, to which extent this is
true is largely unknown. Systematic experimental procedures are
needed to guide personalized combination therapy selection in
the clinic.

iii. The potential of higher-order combinations as cancer treatment
candidates can easily be motivated by the fact that cancer is
a complex disease, where multiple distorted biochemical pro-
cesses are working synergistically together. However, very few
systematic studies of such combinations have been reported, so
the potential is still largely unexplored.

iv. There is a general lack of experimental-computational frame-
works that enable systematic test tube analyses of higher-order
drug cocktails within and beyond cancer pharmacology.

In the light of these motivations and gaps, the key contributions of
this work could be summarized below:

i. A first experimental-computational framework (COMBImageDL)
of its kind, which enables systematic test tube analysis of higher-
order drug cocktails based on deep learning and tailor made
exploratory data analytics.

ii. A first systematic and comprehensive phenotypic based in vitro
evaluation and comparison of all 511 drug combination subsets
of the 9-drug cocktail CUSP9 for treatment of glioblastoma.
The resulting and publicly available dataset is unique as it was
performed in quadruplicate, spanning a total of sixteen 384-well
plates.

iii. Identification of lower-order drug cocktails having equal or
greater in vitro effects compared to the original 9-drug cocktail,
for example the 4-drug cocktail comprising auranofin, disulfi-
ram, itraconazole and sertraline.

iv. A confirmation that higher-order drug combinations are very
promising for eradicating complex diseases like cancer and that
there is great potential in making them individualized (or at least
tumor type specific) based on systematic test tube analyses.

v. A demonstration that it is feasible and important to perform, an-
alyze, and interpret comprehensive in vitro evaluations of higher-
order drug cocktails on different disease models and patient
derived tumor cells, as a precursor to subsequent (pre-)clinical
assessment.

2. Material and methods

2.1. Cell cultures

The patient derived GBM cell lines U3082 and U3118 [21], were
cultured in neural stem cell media (1:1 mix of DMEM-F12 Gluta-
MAX medium and Neurobasal medium (Life Technologies, GIBCO-
Invitrogen) containing 1% penicillin G/streptomycin sulfate (Sigma-
Aldrich, St. Louis, MO), supplemented with B-27 without vitamin A
(1:50; Invitrogen), N2 supplement (1:100; Invitrogen), 10 ng/mL EGF
and 10 ng/mL FGF-2 (PeproTech, Rocky Hill, NJ). Cells were seeded in
poly-L-ornithine (P4957, Sigma-Aldrich) and laminin (L2020, Sigma-
Aldrich) coated 384-well plates (164688, Thermo Fisher Scientific) at
a density of 1000 cells/well using a BioMek 4000 (Beckman Coulter).
All cells were seeded 24 h prior to treatment with compounds.
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2.2. Chemical compounds

The CUSP9v3 protocol [4] was employed (Table 1). For all drugs
including TMZ, a fixed concentration was determined by an initial dose
response experiment on both GBM cell lines and reported blood-plasma
levels [22-25]. The goal was to choose for each drug a concentration
that induces modest effect in vitro (i.e., higher than 80% cell survival),
while being within levels achievable in vivo.

2.3. Assay for determination of survival index

Cell survival was determined by means of the Fluorometric Cyto-
toxicity Assay (FMCA) [26]. For a particular drug combination concen-
tration vector ¢, consisting of n drugs, the cell survival or otherwise
survival index, denoted here as .S, is determined as:

S o orrscg) = S(e,) = L) = Totank.
fcomrol - fblank

Here f(c,) corresponds to the fluorescence signal from the ex-
perimental well of ¢,, while f},,., and f,,... denote the median
fluorescence signal from the blank and untreated wells, respectively.
Notably, the variable ¢, is a vector that contains the individual con-
centrations of all d compounds of the nth cocktail studied, denoted
Cip» Cops --- » Cgn- FOr drugs causing growth inhibition and/or cell killing
the range of S spans from 0 to 1 indicating minimal and maximal cell
survival respectively, compared to untreated cells. All generated data
can be found at [27-30].

(€Y

Label-free live-cell imaging

Phase-contrast time-lapse images were acquired using the IncuCyte
S3 (Sartorius) located inside the incubator. The microscope had a
10x objective with the ability to capture high quality phase-contrast
microscopy images, 800 x 992 pixels each. 18 frames/images per
experimental well were acquired, one every 44 for 68h starting without
treatment at Oh. All generated data can be found at [27-30].

Programming environment and computing resources

COMBImageDL was developed in MATLAB R2019b (The Math-
Works, Inc., Natick, Massachusetts, United States). It is distributed as
a MATLAB application, as well as a standalone desktop application for
non-MATLAB Windows users [31]. All data analyses in the context of
this work were performed in a single computer with an Intel Core i7-
6700HQ CPU, quad-core 2.6 Hz, 32 GB RAM, GeForce GTX 970M GPU,
MATLAB R2022b and CUDA Toolkit 11.2.

3. Results
3.1. COMBImageDL

The design and analyses of the exhaustive CUSP9 in vitro experiment
were performed by means of COMBImageDL [31,32], a DL improved
version of our recently reported framework, COMBImage2 [20]. It
consists of 6 different modules (COMBO-Pick, COMBO-C, COMBO-
M, COMBO-MF, COMBO-V and COMBO-Mine), which were employed
to design the required 384-well plate layouts (COMBO-Pick), extract
4 different types of drug induced response patterns (described be-
low) and perform data fusion and mining (COMBO-Mine) to discover
prototypical response behaviors and discern higher- from lower- and
single-drug effects. The 4 different types of extracted response patterns
include endpoint quantification of cell viability (COMBO-V) and tem-
poral quantification of cell growth/confluence (COMBO-C), changes in
cell morphology (COMBO-M) and apoptotic-like cell counts (COMBO-
MF). The methodology and functionality of the 6 aforementioned mod-
ules are thoroughly described in our earlier work [20]. Here, we
improved foreground/background segmentation by replacing our previ-
ous segmentation algorithm [20] with a slightly modified, less complex
version of U-Net [32-34]; a deep convolutional neural network for
semantic segmentation.
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Table 1
CUSP9v3 drugs and concentrations. Fixed concentrations selected and used for the
exhaustive in vitro experiment.

Drug Concentration (pM) Abbreviation
aprepitant 3 Apr
auranofin 0.15 Aur
captopril 2 Cap
celecoxib 2 Cel
disulfiram 1.4 Dis
itraconazole 2 Itr
minocycline 6 Min
sertraline 0.9 Ser
ritonavir 12 Rit
temozolomide 30 TMZ

3.1.1. Automated experimental design

The experimental module COMBO-Pick was employed to generate
the plate layouts for the exhaustive CUSP9 in vitro experiment. COMBO-
Pick distributed the exhaustive experiment across two 384-well plates;
one with all single drugs and drug cocktails up to order 4 (260 treated
and 48 untreated wells) and a second one with all drug cocktails from
order 5 to 9 (261 treated and 47 untreated wells). Each plate was
replicated 4 times. The 8 generated plate layouts were used together
with an in-house software, Bridge [17], to produce the corresponding
transfer schemes needed for acoustic liquid dispension performed by an
Echo 550 (Labcyte Inc., Sunnyvale, CA).

3.1.2. Extraction of drug induced response patterns

The computational modules COMBO-V, COMBO-C, COMBO-M and
COMBO-MF were employed to perform endpoint cell viability analyses
(Fig. 1) and temporal quantification of cell culture confluence/growth,
changes in cell culture morphology and apoptotic-like cell counts,
respectively. Integrated intra- and inter-plate quality control (QC) pro-
cedures were employed in order to eliminate outliers that may cause
large variability in the image quality between different time points,
experimental wells and replicate plates.

More specifically, following the automated QC routines introduced
in our previous work [20], the 4 inter-plate replicate results were
merged by calculating the median, in order to reduce experimental vari-
ability. To quantify uncertainty and detect deviations from untreated
control wells, the inter-plate results were calculated and visualized
based on the following resampling based approach.

One untreated well was randomly selected with replacement from
each of the 4 replicate plates and the median value for the corre-
sponding extracted features was calculated. This sampling procedure
was repeated N = 10° times and resulted in a null distribution of
median values (i.e., how large values after calculating the median
could be expected by random chance in untreated wells) assuming only
one untreated experimental well per plate, exactly as for the treated
wells. Finally, the 10th,50th,90th percentiles of the null distribution
per time point were plotted together with the corresponding values
for the treated wells. Statistically significant drug induced effects were
indicated only when lying below the 10th or above the 90th percentile
of the null distribution, respectively (Figs. 1-2).

Fig. 2 shows temporal changes in cell culture morphology for all
drug combinations up to order four for the patient derived GBM cell
line U3082, after quality control of the four replicate experimental
plates. Reading, comparing and evaluating temporal responses of large-
scale drug combination experiments is indeed challenging. The purpose
of Fig. 2 is not to enable the reader to read off individual temporal
responses (although it is possible when zooming in with any standard
PDF viewer), but rather stressing the importance of using clustering
methods to analyze and visualize the results, which is further described
in the following section.
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Fig. 1. Cell viability results for the GBM cell lines (A) U3082 and (B) U3118 covering all CUSP9 subsets (combined with TMZ) after QC. Each data point corresponds to
a particular drug treated well starting from TMZ alone and going up until all CUSP9 drugs are combined with TMZ. The median survival index (%) across the 4 replicate plates
is shown. The 3 gray data points at the end correspond to the 10th, 50th, 90th percentiles of the null distribution of untreated wells. Deviations from the 10th and 90th percentiles
suggest statistically significant effects. The vertical dotted lines are used to mark the borders between the different drug combination orders that might be difficult to discern

otherwise.

The temporal changes in cell culture morphology illustrated in Fig. 2
are quantified by means of the COMBO-M module of COMBImageDL as:

||hw(ti) - hw(l())“l
| |hw(t0)| |1

where h,(7;) is the feature vector describing the morphology of time
point #; of an experimental well w. Therefore, AM , is a relative measure
of change in cell culture morphology, which gives the value zero at the
first time point 7, and subsequently positive values at later time points if

AM (1)) = (2)

the morphological changes are increasing. This relative measure estab-
lishes a reference value AM,,(t)) = 0 and compensates for differences
in cell seeding that otherwise makes the results difficult to compare
between different experimental wells. By employing Eq. (2) for all
available time points in the interval [#,,7,_;], a temporal curve showing
changes in cell culture morphology is obtained for every experimental
well w. Such a temporal curve together with the corresponding per-
centile curves determined from the untreated control wells are shown
in each and every subplot of Fig. 2.
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Fig. 2. Temporal changes in cell morphology for the GBM cell line U3082. All CUSP9 subsets (combined with TMZ) from order 1 to 4 after QC are shown as an example.
For a particular CUSP9 subset, the median curve across the 4 replicate plates (solid colored trace) is jointly shown with the corresponding median (solid black trace) curve of
TMZ alone and the 10th, 50th, 90th percentiles of the null distribution of untreated wells (stripped black traces). Deviations from the 10th and 90th percentiles suggest statistically
significant effects. Time in hours (starting at 0k without treatment) is shown in the x-axis, while the change in cell morphology (%) with respect to 0k is shown in the y-axis. The
first two letters of the individual drugs combined with TMZ are shown on the title of each subplot.

3.1.3. Temporal data fusion and mining

The computational module COMBO-Mine was used to merge all 4
types of extracted response patterns and perform temporal data mining.
The overarching goal was to explore the large combinatorial response
space in a data-driven way by organizing the observed drug combina-
tion effects into groups with distinct prototypical response behaviors.
This organization is based on top-down hierarchical clustering, using
the K-means algorithm, with K 2 at each level, as thoroughly
described in our earlier work [20,32]. The aim here was to acquire
a hierarchy of prototypical response patterns and associate them with
the unique single drugs and/or drug cocktails causing them. Using
this methodology, we were able to discriminate higher- from lower-
and single-drug effects without any specific assumption about the drug
interactions [32]. Notably, all drugs/drug combinations that belong to
such a unique subset are ranked equally much, as they are part of the
same group.

The employment of COMBO-Mine for the exhaustive in vitro eval-
uation of the CUSP9v3 protocol revealed 2 main groups of response
patterns with 2 subgroups each (Fig. 3). Each (sub)group is visualized
by the corresponding four average response patterns; temporal changes
in cell culture confluence and morphology quantified by COMBO-C
and COMBO-M respectively, temporal induction of apoptotic-like cell
counts (of particular size) quantified by COMBO-MF and endpoint cell
viability determined by COMBO-V. In both cases, a distinct group of
interesting behavioral patterns was observed, including increased cell
culture growth inhibition, changes in cell morphology compared to
untreated cells, increased apoptotic-like cell counts and decreased cell
viability compared to untreated cells. The dynamics and amplitude of
the drug induced responses differ between the two GBM stem-like cell
lines indicating a heterogeneous response pattern, which has already
been reported by previous studies [15] and could be easily attributed

to the inter-tumor heterogeneity of GBM, which might necessitate
personalized adjustment of the CUSP9v3 protocol.

As mentioned earlier, each and every group of prototypical response
patterns is characterized by the smallest set of single drugs and drug
combinations in it (Fig. 4) in order to discern higher- from lower-order
and single-drug effects. This type of analysis revealed that the distinct
group of interesting response patterns described above were consisting
only of 3-6 drugs (as add-on to TMZ). Notably, the observed response
was equivalent or even higher in some cases than the whole 9-drug
combination. Although most of the unique potent lower-order drug
combinations differ among the two GBM cell lines employed (Fig. 4),
the four-order drug combination Aur, Dis, Itr and Ser appears to be their
common denominator. The correspondingly induced responses were
associated with reduced cell growth, increased changes in cell culture
morphology and increased number of apoptotic-like cell counts already
at 4-28 hours of treatment, as well as highly reduced cell viability
compared to untreated cells at 68 hours of treatment (Figs. 5-6).

Notably, Figs. 3 and 4 are related but different. Fig. 3 illustrates
the centroids obtained from employing K-means clustering (with K=2)
at two hierarchical levels, resulting in six color lines, three colors per
cluster. Looking at the first hierarchical level, two clusters are observed
related to two prototypical behaviors, shown in dark orange and dark
green accordingly. These two first level clusters are named as “Level
1 - Orange Cluster” and “Level 1 - Green Cluster” in Fig. 4. At the
second hierarchical level, K-means (with K = 2) is employed using the
clusters/groups from the first level and the corresponding centroids are
visualized in a similar way using different nuances of orange and green
colors to indicate their origin. Fig. 4 shows the results of the exhaustive
subset search employed at both hierarchical clustering levels. In other
words, every group/cluster is characterized by the smallest set of single
drugs and drug combinations in it.
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Fig. 3. Temporal data mining for the GBM cell lines (A) U3082 and (B) U3118. The employment of COMBO-Mine for the exhaustive in vitro evaluation of the CUSP9 protocol
revealed 2 main groups with 2 subgroups each. Each (sub)group is visualized by the corresponding four average response patterns (three live-cell imaging based profiles and one
endpoint cell viability value) and annotated only by the unique set of drugs and/or drug cocktails included in it. Groups of single drugs and drug combinations demonstrating

enhanced in vitro efficacy are represented in green.

To exemplify, let us assume that there are two drugs x and y
at concentrations ¢, and c,, respectively. If the two multi dimen-
sional response patterns f(c,) and f(c,,c,) form together a particular
group/cluster A with an average prototypical response profile denoted
f,, then the exhaustive subset search identifies c, as representative
of f,. In this context, Fig. 3 shows the average prototypical response
profile f,, whereas Fig. 4 shows the name of the representative drug x
(equivalent to c, since there is only one fixed concentration). The color
convention between Figs. 3 and 4 is kept the same to facilitate interpre-
tations. In particular, single drugs and drug combinations belonging to
a higher and lower level are visualized using the color of the higher/top

level in order to be able to trace their origin when interpreting the
corresponding results.

For example, if we look at the bottom chart of Fig. 4 and focus on
the left upper part that corresponds to the results for the green cluster,
we can see that in “Level 2 - Darker Green Cluster”, there is only one
drug combination, namely (Aur, Dis, Ser, Rit) that actually has the color
of level 2. All the rest are shown in even darker green, which is the color
of level 1. This means that all these combinations originate from the
cluster of the first level and they are not unique to the second level. This
shows that the only unique combination in this case is (Aur, Dis, Ser,
Rit), which has the color of the second level. Taken together, this means
that this new combination and the others identified already at level 1,
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Fig. 4. Exhaustive subset search of all 511 CUSP9v3 subsets for the GBM cell lines U3082 (top) and U3118 (bottom). The colors used match the colors used in Fig. 3
to facilitate understanding. Every hierarchical level has a distinct color. However, single drugs and drug combinations belonging to a higher and lower level are visualized using
the color of the top level in the hierarchy to trace their origin when interpreting the corresponding results. Single drugs and drug combinations demonstrating enhanced in vitro

efficacy are represented in green.

all induce approximately the same four response patterns (confluence,
morphology, apoptosis-like, cell viability). In Fig. 3 these patterns are
represented by the four level-2 cluster prototypes that have the darker
green color among the prototypes corresponding to level 2.

4. Discussion

This study reports the first exhaustive in vitro evaluation of the
CUSP9v3 protocol [4-8], which has already completed a phase Ib/Ila
clinical trial (NCT02770378) as add-on treatment to standard-of-care
temozolomide (TMZ), exhibiting a favorable safety profile for the nine
evaluable patients included [8].

Here, all 511 plausible subsets were studied for the first time in-
vitro using quantitative label-free live-cell imaging jointly coupled with
single endpoint cell viability analyses. Thanks to our automated and
standardized plate design module, we were able to replicate the whole
experiment 4 independent times through a layout of eight 384-well
plates rapidly, efficiently and without involving any manual step. These
independent inter-plate measurements allowed us to benefit not only
from (non-parametric) resampling based QC, but also to quantify uncer-
tainty in the obtained results by taking into account the associated tech-
nical and biological variability. This built-in quantification of uncer-
tainty is very valuable as it helps avoiding potential misinterpretations
due to technical and biological variability.
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Fig. 5. Morphological changes over time for the GBM cell line U3082. Two time points (20 and 68 hours) of the recorded in vitro growing cell populations are shown under
treatment with Aur, Dis, Itr and Ser as add-on to TMZ (upper row), as well as when no treatment is added (lower row).

To discern higher- from lower- and single-drug effects among all 511
tested subsets, we employed our tailor made and previously introduced
data driven methodology [20,32]. We identified hierarchies of proto-
typical response patterns (in terms of cell culture growth, changes in
cell culture morphology, apoptotic-like cell counts and cell viability),
as well as all single drugs and/or drug combinations primarily associ-
ated with these prototypical behaviors (Fig. 3). This analysis revealed
several lower-order CUSP9v3 subsets that had an equivalent or even
higher in vitro effect than the whole 9-drug cocktail when used as add-
on to TMZ (Fig. 4). The finding above is interesting as it demonstrates
that the CUSP9 regimen could be potentially replaced by smaller drug
subsets, especially after being further studied in vivo. Moreover, the
majority of lower-order drug combinations found to induce enhanced
in vitro effects were different for the two GBM stem-like cell lines
employed (Fig. 4), indicating the importance for setting up systematic
procedures to guide personalized combination therapy selection in the
clinic.

These conclusions would have been impossible without an exhaus-
tive in vitro evaluation, like the one performed here. Although we have
only used two proneural GBM cell lines from the HGCC resource [21],
our findings illustrate the feasibility and importance of such com-
prehensive evaluations of higher-order drug cocktails, including and
beyond CUSP9. In complex and heterogeneous diseases, like GBM,
personalized rather than one-size-fits-all pharmacotherapies seems to
be the only successful way forward, especially when they consist of
multiple drugs [35]. In this sense, the CUSP9 cocktail constitutes a very
promising therapeutic route but its potential to be further optimized
at an individualized level has not been investigated yet. Notably, the
purpose of this study was not restricted solely to identify CUSP9 subsets
with retained anti-tumoral potency, but rather demonstrate the general

feasibility of performing, analyzing and interpreting exhaustive in vitro
experiments by means of COMBImageDL.

Notably, a specific five-drug combination, comprising Aur, Dis,
Itr, Ser, and TMZ, has demonstrated increased anti-tumoral efficacy
across both utilized patient-derived GBM cell lines (Fig. 4). While the
validation of this finding across a broader spectrum of GBM tumors and
more complex models is imperative, it is equally crucial to explore the
primary molecular pathways implicated in GBM and speculate on how
they might be perturbed in vitro by the synergistic potential of these
five drugs. Their combined impact on fundamental cellular processes
such as survival, apoptosis, oxidative stress, and DNA damage appears
pivotal. Specifically, Aur and Dis may intensify oxidative stress, poten-
tially amplifying TMZ-induced DNA damage. Additionally, disruption
of cell survival pathways, including the NF-kB pathway, known to
be modulated by both Aur and Dis, could diminish survival signals
in GBM cells, potentially enhancing the effects of TMZ. Dis-induced
proteasome inhibition might disturb protein homeostasis, rendering
GBM cells more susceptible to other treatments. Itr-induced Hedgehog
pathway inhibition could influence GBM cell proliferation and stem
cell-like properties. Although the in vitro effect of Ser, a serotonin
uptake inhibitor, is more challenging to explain, it could be attributed
to off-target effects, potentially involving the modulation of cellular
stress responses or interactions with other neurotransmitter-related
pathways.

The growing demand and increasing interest in higher-order drug
regimens in clinical oncology, exemplified by regimens like CUSP9 [4-
8], MEMMAT [36], and ABC7 [37], underscore the current momentum
in molecular and systems biomedicine. The combination of a robust
theoretical foundation and an advanced experimental-computational
framework, as presented in this study, holds great potential for further
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Fig. 6. Morphological changes over time for the GBM cell line U3118. Two time points (20 and 68 hours) of the recorded in vitro growing cell populations are shown under
treatment with Aur, Dis, Itr and Ser as add-on to TMZ (upper row), as well as when no treatment is added (lower row).

integration into clinical pharmacology practices. We anticipate that
COMBImageDL will serve as a valuable tool, complementing traditional
approaches that rely on cytotoxic endpoints and single drug sensitivity
testing [17,18], by incorporating quantitative live-cell imaging and the
assessment of higher-order drug combinations.

5. Limitations

Further investigation along this trajectory is essential to determine
the extent to which the observed drug combination response patterns
in this study are applicable to a wider spectrum of GBM tumors.
Additionally, it is crucial to understand how these findings translate
into more complex in vivo studies downstream. We acknowledge the ex-
istence of more intricate aspects that require exploration. The effects of
drugs need to be studied within the tumor microenvironment, encom-
passing elements such as angiogenesis, stromal interactions, immune
cell infiltration, and the role of drug metabolites exclusive to in vivo
conditions. Despite these complexities, we emphasize the pivotal role
of a comprehensive in vitro evaluation as an indispensable precursor,
a step that should consistently be undertaken in the early stages of
pre-clinical assessments, even within repurposing strategies.

6. Conclusions

A subset of four CUSP9 drugs (auranofin, disulfiram, itraconazole,
sertraline) was found to be potent in both in vitro models studied, show-
ing reduced cell growth, notable changes in cell culture morphology,
an increased number of apoptotic-like cell counts as early as 4-28 h
into treatment, and significantly decreased cell viability compared to
untreated cells after 68 h.

As a specific practical recommendation, we suggest that in vitro
sensitivity testing of GBM patient cells should encompass the entire
CUSP9 cocktail, along with some of the identified lower-order sub-
sets that adhere to clinical standards and pharmacological practices.
For instance, findings from a corresponding phase Ib/Ila clinical trial
(NCT02770378) indicated that ritonavir, captopril, itraconazole and
temozolomide were the drugs most frequently requiring dose modifica-
tion or pausing due to adverse events. Therefore, a strategic approach
would involve selecting drug combinations from the identified list
that minimize the use of these four drugs for further exploration and
testing in more complex systems. Notably, such an example is the
five-drug combination discovered in this study and discussed in more
detail above; comprising auranofin, disulfiram, itraconazole, sertraline
and temozolomide. Such an experimental set up coupled with more
complex models would offer initial insights into whether a patient
should undergo treatment with all 9 drugs, particularly in situations
where exhaustive evaluations may not be practical.
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