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SHARMINEH MANSOORI!, KRISTIN BLOM', CLAES ANDERSSON!,
MARTEN FRYKNAS', ROLF LARSSON' and PETER NYGREN?

1Department of Medical Sciences, Akademiska Hospital (Uppsala University Hospital), 751 85 Uppsala, Sweden;

2Department of Immunology, Genetics and Pathology, Uppsala University, 751 85 Uppsala, Sweden

Received September 4, 2024; Accepted September 25, 2025

DOI: 10.3892/0r.2025.9014

Abstract. Mebendazole (Mbz), a well-known anthelminthic
drug, has demonstrated anticancer properties in tumor models
and patients, and is thus under consideration for repositioning
into an anticancer drug. Mbz is directly cytotoxic in cell lines
by various mechanisms and acts indirectly via immunomodu-
lation. In the present study, the anticancer effects of Mbz,
alone and in combination with cytotoxic drugs, were further
characterized using primary cultures of patient tumor cells
ex vivo and the murine colon cancer cell line, CT26, in vitro
and in vivo. Patient-derived tumor cells from acute myeloid
leukemia (AML) and ovarian, colorectal and renal cancer were
exposed to Mbz alone and, for solid tumors and the CT26 cell
line, in combination with irinotecan, cisplatin or gemcitabine
(patient cells only). Cytotoxicity was assessed using the fluoro-
metric microculture cytotoxicity assay. In vivo, the antitumor
effects of Mbz and irinotecan, alone and in combination, were
evaluated in the BALB/c CT26 colon cancer mouse model by
tumor growth measurements and flow cytometric analysis of
tumor immune cell infiltration. In the patient cell samples,
Mbz showed modest single-agent cytotoxicity, with the AML
samples being the most sensitive, and displayed enhanced
effects when combined with cytotoxic drugs, particularly
irinotecan. CT26 cells showed modest dose-independent sensi-
tivity to Mbz, which enhanced the effect of both cisplatin and
irinotecan. In vivo, Mbz and irinotecan both inhibited tumor
growth, but the combination did not significantly outperform
Mbz alone. Flow cytometry of the resected mouse tumors
indicated that Mbz promoted macrophage polarization from
the M2 to M1 phenotype, suggesting that immune modulation
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may contribute to its anticancer effect. Mbz has features
making it a candidate for repositioning into an anticancer
drug and part of its effect may be mediated by macrophage
modulation.

Introduction

Mebendazole (Mbz), a broad-spectrum anthelmintic drug,
is widely used to treat various helminthic infections but has
also shown anticancer activity (1). In preclinical models, Mbz
induces dose-dependent direct cytotoxic effects in adreno-
cortical carcinoma, lung cancer, melanoma, ovarian cancer
and glioblastoma (2-7). Furthermore, arrest of tumor growth
has been observed in cancer xenograft mouse models (2-5,8).
Clinically meaningful activity of Mbz has also been reported
in two case reports of patients with colorectal cancer (CRC)
and adrenocortical carcinoma (9,10). The anticancer proper-
ties of Mbz have been proposed to be due to direct cytotoxic
actions such as tubulin polymerization inhibition (6), protein
kinase inhibition (11), anti-angiogenesis (12) and inhibition of
the Hedgehog pathway (13). More recently, we observed that
Mbz also induces an antitumoral immune response ex vivo
by activation of M1 macrophages through the ERK I/II and
Toll-like receptor-8 dependent pathway (14,15) along with
induction of pro-inflammatory cytokines (16).

The concept of administering a combination of two or more
anticancer drugs has been a cornerstone in cancer therapy.
This approach generally enhances the treatment efficacy
and reduces drug resistance (17,18). Traditionally, anticancer
drug combinations have been identified through empirical
screening for non-overlapping toxicities, whereas contempo-
rary strategies increasingly employ mechanistic rationales for
which drugs to combine (19,20). Preclinical studies frequently
report synergistic interactions when combining drugs, whereas
such interactions hardly apply in the clinic (21). Additive or
sub-additive interactions are more realistic effects to expect
and would still provide clinical benefits (22).

Combinations of Mbz with established anticancer drugs
have been explored in cell line models. For example, in a
melanoma cell line, Mbz increases apoptosis when combined
with trametinib (23). Similarly, synergetic effects have been
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observed when Mbz is combined with temozolomide and
vincristine or with gemcitabine in brain and breast cancer cell
lines, respectively (24,25). We previously found single drug
Mbz administration to be ineffective in patients with advanced
previously treated gastrointestinal cancer (26). However, in
early clinical studies of glioblastoma and CRC, combining
Mbz with chemotherapy was found to be safe and appeared to
provide patient benefit (27-30).

With this background, we considered it relevant to further
characterize the anticancer properties of single agent Mbz and
Mbz in combination with irinotecan, gemcitabine and cispl-
atin in a clinically relevant ex vivo model of primary cultures
of patient tumor cells as well as in vivo with a murine colon
cancer model. These cytotoxic drugs were selected based on
their well-characterized mechanisms of action (31), allowing
for the assessment of whether Mbz exhibits broad-spectrum
synergy or if its interactions are specific to certain drug classes.
Moreover, all three agents are standard-of-care therapies for
several solid tumors (31). The study was designed to address
certain critical gaps in the research on Mbz as a potential
anticancer drug, mainly its cytotoxic activity as a single drug,
its interaction with standard cytotoxic anticancer drugs and its
modes of action. This motivated the use of a somewhat mixed
study design using clinically relevant ex vivo human tumor
models as well as an immune-competent in vivo colon cancer
model.

Materials and methods

Preparation of patient tumor cells for ex vivo assessment
of direct cytotoxicity. Tumor samples were obtained from
adult patients aged =18 years with acute myeloid leukemia
(AML) or colorectal, ovarian or renal cancer at Akademiska
Hospital (Uppsala University Hospital) (Uppsala, Sweden)
by bone marrow or peripheral blood sampling, intraop-
eratively or by diagnostic biopsy in accordance with the
approval from the Regional Ethical Committee in Uppsala
(approval no. 2007/237). The samples were collected
January 2008-December 2014, prepared as detailed below and
then cryopreserved until use in 2022 for experiments in the
present study. Written informed consent for sample collection
and further analysis was provided by patients before sampling.
Inclusion criteria for sampling were: i) Patients aged =18 years;
ii) localized or advanced untreated or previously treated
disease; and iii) the sampling procedure was considered to be
safe and with a prospect that drug sensitivity testing could be of
potential patient benefit. Sex distribution among the included
patients was 70% (n=155) women and 30% (n=67) men.

The cell preparation protocol for solid and leukemic tumors
has been described in detail elsewhere (32). Briefly, for the solid
tumors, the samples were manually minced using sterile scis-
sors and dispersed in collagenase [collagenase type I, 1.5 mg/ml
(Sigma-Aldrich; Merck KGaA) and DNase type I, 100 ug/ml
(Sigma-Aldrich; Merck KGaA) in CO, Independent Medium,
pH 7.35-7.45 (Gibco; Thermo Fisher Scientific, Inc.)] for 4 h
at 37°C. The samples were then purified by density gradient
centrifugation [200 x g, 5 min, at room temperature (RT)]
(Histopaque®-1077; Sigma-Aldrich; Merck KGaA) followed
by the determination of cell viability and count using a Biirker
chamber. The cells were diluted in complete culture medium

[RPMI 1640 (Thermo Fisher Scientific, Inc.) containing
10% fetal calf serum (Sigma-Aldrich; Merck KGaA) and
2% glutamine/penicillin-streptomycin] in a 37°C humidified
atmosphere containing 5% CO, before seeding in plates for
further analysis.

The leukemic cells were isolated by Ficoll-Paque density
gradient centrifugation (400 x g, 30 min, RT) and then counted
using a Biirker chamber after staining for viability in Tiirks
solution (33). The cells were then diluted in complete culture
medium until experimental seeding.

Isolated cells were stained using the May-Griinwald
Giemsa staining method. Cells were placed on slides then
first stained with May-Griinwald solution for 5 min at RT,
washed thoroughly in deionized water and then stained
in Giemsa solution for 10 min at RT, followed by another
wash. Slides were air-dried and evaluated for tumor
representativity, based on cell size, nucleus to cytoplasm
ratio, chromatin staining pattern, presence of nucleoli and
mitoses and cellular adhesion tendency, by a trained cytopa-
thologist. A representative image of May-griinwald Giemsa
stained isolated cells from a colorectal tumor is shown in
Fig. 1. Only samples with =70% tumor cells were included
in the study.

Assessment of direct cellular toxicity in patient tumor
cells. The fluorometric microculture cytotoxicity assay
(FMCA) described in detail previously (34), was used for
the measurement of cell survival. In the FMCA, living cells
with an intact membrane hydrolyze fluorescein diacetate
to fluorescein. By measuring fluorescence, cell survival
is expressed as the survival index % (SI), calculated as:
SI=(FyympteFoiani)/(Feontror-Fplan) X100, where F,, . represents
the fluorescence in wells with the drug, F,,., the fluorescence
in wells with cells and medium and F,,,, the fluorescence
in wells with medium alone. The FMCA is a total cell death
assay, the results of which correspond well with the much
more laborious clonogenic assay (35).

Briefly, 5,000 cells/well (solid tumor samples), or
20,000 cells/well (hematological tumor samples) were seeded
in 384-well Nunc culture plates (cat. no. 164688; Thermo
Fisher Scientific, Inc.) using the pipetting robot, Biomek 4000
(Beckman Coulter, Inc.). Drugs were added immediately after
cell seeding using an ECHO 550 system (Beckman Coulter,
Inc.). The plates were incubated for 72 h in a 37°C humidi-
fied atmosphere containing 5% CO, and then transferred to
an integrated system for automated fluorescence scanning and
data calculation. A successful assay was defined by a fluores-
cence signal in control wells of =5 times the mean blank and
a coefficient of variation of cell survival in control cultures
of <30 and =70% tumor cells before incubation and/or on the
assay day.

Mbz was purchased from Sigma-Aldrich (Merck KGaA)
whereas cisplatin, irinotecan and gemcitabine were either from
commercial clinical preparations or obtained from Selleck
Chemicals or LC Laboratories. Mbz was tested at concentra-
tions of 45, 15, 5, 1.67 and 0.56 uM, cisplatin at 30, 10, 3.3, 1.12
and 0.37 uM, irinotecan at 180, 60, 20, 6.6 and 2.2 uM, and
gemcitabine at 90, 30, 10, 3.34 and 1.12 M. The procedure of
drug dissolution and storage has been described in detail by
Blom et al (32).
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Figure 1. Representative image of May-Griinwald-Giemsa-stained isolated
cells at 10x magnification from a patient with colorectal cancer.

Assessment of direct cellular toxicity in the CT26 cell line.
CT26 murine colon carcinoma cells (ATCC) were diluted in
complete culture medium (RPMI 1640 supplemented with
10% fetal calf serum and 2% glutamine/penicillin-strepto-
mycin) and seeded at 500 cells per well into 384-well Corning
plates (cat. no. 3764; Thermo Fisher Scientific, Inc.). Plates
were incubated for 24 h at 37°C in a humidified atmosphere
containing 5% CO,. Mbz, cisplatin and gemcitabine were
tested at the concentrations detailed above and were dispensed
using an Echo 650 (Backman Coulter, Inc), followed by a 72 h
incubation period in a 37°C humidified atmosphere containing
5% CO,. After incubation, the plates were centrifuged
(200 x g, 5 min, RT) and the supernatant was removed using an
ELx405 plate washer. CellTiter-Glo® 2.0 reagent (25 pl/well;
cat. no. G9243; Promega Corporation) was added using the
Biomek 4000 liquid handling system. Plates were sealed,
wrapped in foil, shaken (600 rpm for 2 min) and incubated
in the dark for 10 min. Luminescence was then measured
using a FLUOstar Omega microplate reader (BMG Labtech
GmbH). The ATP-based viability method was chosen over
the FMCA, as CT26 cells exhibit a pronounced fibroblast-like
phenotype that may interfere with fluorescence-based viability
measurements (36).

Drug interaction analysis ex vivo. The interaction between
Mbz and cisplatin (0.37-30 gM), irinotecan (2.2-180 uM) or
gemcitabine (1.1-90 M) in solid tumor samples was assessed
by comparing the SI for each drug separately and when
combined with Mbz at 5 M, a concentration that induced
modest cytotoxicity alone. The drug concentration ranges used
were previously shown to induce a suitable range of cytotoxic
effects in solid tumor samples.

For the assessment of drug interaction for each drug and
sample SI, area under the curve (AUC) was calculated. AUC;
was defined as the AUCc,,,,/AUCs;,q ratio, where AUC ;b0
denotes the area under the concentration-SI curve for the
drug combined with Mbz and AUCg;,,. denotes the AUC for
the cytotoxic drug alone, as illustrated in Fig. 2. Thus, AUC;
ratios <1 indicate positive interactions (such as sub-additive or
synergistic), whereas ratios >1 indicate negative interactions
(such as antagonistic). The results are illustrated by heatmaps
plotted using the ‘pheatmap’ (version 1.0.12) package in R
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Figure 2. Schematic illustration of the ex vivo SI AUC for drugs alone
and when combined with 5 yM Mbz. Calculation of the AUC ratios
(AUC oo/ AUCg;,1c) Were used for the assessment of drug interactions ex
vivo. SI, survival index; AUC, area under the curve; Mbz, mebendazole.

(https://www.r-project.org; version 4.1.2), with rows and
columns ordered by hierarchical clustering (average linkage
and Euclidean distance).

To further detail the interactions between Mbz and
irinotecan or cisplatin, FMCA experiments were performed
using 4 CRC samples and analyzed in SynergyFinder 3.0
(https://synergyfinder.fimm.fi), an online web-application that
enables analysis and visualization of multi-drug combination
screening data (37,38). The application offers interaction
analysis with different models: Loewe additivity (39), Bliss
excess (40), Zero Interaction Potency (ZIP) (41) and Highest
Single Agent (HSA) (42). The interactions are visualized
as two-dimensional heatmaps and then summarized over
a dose-response matrix as an interaction score calculated
for each interaction model. The synergy experiments were
performed in triplicate.

Antitumor activity of Mbz and irinotecan in vivo. The animal
care and in vivo experimental procedures were performed by
Adlego Biomedical AB (Solna, Sweden) according to Good
Laboratory Practice standards and per ethical approval by
the regional animal ethics committee in Stockholm, Sweden
(approval no. 12201-2019). The study started late 2021 and
was finalized, including subsequent analyses in our laboratory,
late 2022.

In total, 54 female BALB/c mice aged 6-7 weeks at arrival
were obtained from Charles River Laboratories, Inc. The
animals were kept 4-5 animals/cage in individually ventilated
cages (type IVC 4). Bedding was provided by BeeKay Scanbur
AB and all of the cages were enriched with happy homes, play
tunnels, sizzle nest and soft paper wool (Scanbur AB). The
mice were kept at 22+3°C with 50+20% humidity. Lighting
was regulated to 12-h light and dark cycles and the animals had
free access to food and water (RM 3; Special Diet Services).
Animals weighed 17.0-18.4 g at arrival and 19.3-21.2 g on
day 20 with no obvious differences between groups.

CT26, a murine colorectal carcinoma cell line derived from
the BALB/c strain, was purchased from ATCC. Irinotecan was
purchased from Fresenius Kabi AG and Mbz was purchased
from Recipharm AB. On Day-11, animals were inoculated with
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Table I. Treatment schedules for the experimental groups.

Compound Administration route Dose (mg/kg) Schedule

Saline 1.v. - Twice weekly

LD Mbz p.o. 20 Five times/week

HD Mbz p-o. 50 Five times/week

Irinotecan i.p. 15 Once weekly

Irinotecan + LD Mbz 1.p./p.o. 15420 Once weekly + five times/week
Irinotecan + HD Mbz i.p./p.o. 15450 Once weekly + five times/week

i.v, intravenous; p.o., per-oral; i.p., intraperitoneal; HD, high dose; LD, low dose; Mbz, mebendazole.

3x10° CT26 cells (diluted in complete RPMI 1640 medium
to a total volume of 100 ul), subcutaneously in the right rear
flank. Tumor volumes, body weights and the animal general
health status were measured 3 times weekly by designated
animal house technicians. In addition, the team conducting the
experiments monitored the animals on each day of treatment
and during the endpoint procedures. Tumor volumes (in mm?)
were measured using a caliper and calculated by the following
formula: Length x width x width x0.44.

On Day-1, when the tumors had reached a mean volume
of 46.5£1.97 mm?, the animals were stratified into 6 experi-
mental groups, with 9 animals per group. Treatment was then
started at day 0, as detailed in Table 1. The dosing schedule
was aimed to be as clinically relevant as possible with Mbz
considered to be a drug continuously administered orally and
irinotecan intermittently intravenously, each at doses giving
effects allowing for analysis of interactions (5,43). Treatment
was to be continued for a maximum of 41 days after which
the animals were euthanized by cervical dislocation. Animals
with tumors >2,000 mm?® and/or tumor-related wounds, were
to be euthanized pre-term in accordance with the ethical
permit governing these experiments. For this reason, most
animals were euthanized around day 20, thus tumor growth
data are presented up until that day. Survival was defined as
time from stratification to pre-term termination or day 41.
Following euthanasia, tumors were extracted and placed in
medium (CO, Independent Medium) with 5% heat-inactivated
fetal calf serum (Sigma-Aldrich; Merck KGaA) and 1.1%
glutamine/penicillin-streptomycin consisting of equal parts
200 mM L-glutamine (Sigma-Aldrich; Merck KGaA) and
penicillin-streptomycin (10,000 U/ml penicillin and 10 mg/ml
streptomycin in 0.9% NaCl; Sigma-Aldrich; Merck KGaA)
and shipped directly to our laboratory for preparation of the
cells for flow cytometric evaluation.

Flow cytometry. Immune cell infiltration in the mouse tumors
was assessed by flow cytometry. Mouse tumor tissues were
prepared by mechanical disintegration and collagenase diges-
tion as aforementioned. Cells were then enriched for CD45*
expression using an AutoMACS Pro (Miltenyi Biotec GmbH).

Prior to flow cytometry analysis, the cells were washed and
diluted with PBS (Thermo Fisher Scientific, Inc.) and human
serum albumin (Sigma-Aldrich; Merck KGaA) (PBS-HSA)
0.1% for 5 min at 4°C. Gating antibodies were added to the cells
according to the following: i) Macrophage panel: Lymphocyte

antigen 6 complex, locus G FITC (cat. no. 127605; Biolegend,
Inc.), CD45 Pacific Orange (cat. no. MCD4530; Thermo Fisher
Scientific, Inc.), CD163 PE (cat. no. 156704; Biolegend, Inc.),
CD38 Pacific blue (cat. no. 102720; Biolegend, Inc.), F4/80
PE/Cy7 (cat. no. 123114; Biolegend, Inc.) and CD11b Violet
711 (cat. no. 101241; Biolegend, Inc.); and ii) T cell panel: CDS§
FITC/CD4 PE/CD3 PC7 (cat. no. 558391; BD Biosciences)
and CD45 Pacific Orange. All antibodies were diluted in
PBS-HSA 0.1%. The cell and antibody mixture was incubated
for 20 min in the dark, washed with cold 1% PBS-HSA and
centrifuged at 400 x g for 5 min at 4°C. Finally, flow cytom-
etry was performed using a Navios flow cytometer (Beckman
Coulter, Inc.) and data were analyzed using Navios software
v1.2 (Beckman Coulter, Inc.).

Statistical analysis. Statistical analysis was performed using
GraphPad Prism™ 6 (Dotmatics). Between group differences
were first analyzed by one-way ANOVA and if statistically
significant, comparisons between groups were made using
Dunnett's post hoc test. P<0.05 was considered to indicate a
statistically significant difference. The data are presented as
mean + SD throughout.

Results

Mbz shows modest cytotoxicity in patient tumor cells ex vivo.
In total, 222 patient samples fulfilled the FMCA quality
criteria including AML (n=24) and ovarian (n=78), colorectal
(n=71) and renal (n=49) cancer samples. The single-drug effect
of Mbz was modest across all tumor types, with AML showing
the highest sensitivity, followed by ovarian, colorectal and
renal cancer (Fig. 3). Statistical analysis confirmed a signifi-
cant difference between AML and CRC at the two highest
concentrations (P<0.001). Moreover, a significant difference
was observed between AML and renal cell carcinoma at all
tested concentrations except the lowest (P<0.001 for the two
highest concentrations and P<0.05 for the remaining concen-
trations). Mbz had a modest effect at 5 yM (mean S1% 72,
76, 83 and 88 in AML, ovarian, colorectal and renal cancer,
respectively) and this concentration was selected for the
combination experiments.

Mbz enhances the effect of cytotoxic drugs in patient tumor
cells. Drug interactions notably differed between samples and
tumor types (Fig. 4). In all of the samples (n=82), regardless
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Figure 3. SI of ex vivo patient tumor cells exposed to the indicated Mbz
concentrations for 72 h in (A) acute myeloid leukemia (n=24), (B) ovarian
cancer (n=78), (C) colorectal cancer (n=71) and (D) renal cell cancer (n=49).
Data are presented as mean = SD. "P<0.05, ““P<0.001 compared with acute
myeloid leukemia. SI, survival index; Mbz, mebendazole.

of diagnosis, a positive interaction following the addition of
Mbz was observed in 68% of the samples (50/74) for cisplatin,
77% (58/75) for gemcitabine and in 88% (72/82) for irinotecan.
The corresponding numbers for renal cancer were 73% (14/19),
79% (15/19) and 85% (18/21), for ovarian cancer 64% (25/39),
68% (28/41) and 90% (38/42) and for CRC 84% (16/19), 69%
(12/16) and 93% (14/15). Notably, some drug-sample combina-
tions were not tested in all experiments (indicated in grey in
Fig. 4), which explains why the sum of subgroup analyses does
not equal the total number of samples.

To investigate the observed interactions between Mbz and
irinotecan or cisplatin in more detail, a new set of FMCA
experiments with 4 CRC samples were performed using the
SynergyFinder application with four models for drug interac-
tions. According to the application, interaction scores in the
-10 to +10 range suggests additive interactions, >+10 syner-
gistic and <-10 antagonistic interactions (36). The interaction
scores for each patient and each interaction model are shown
in Fig. 5. Overall, the interaction scores for the Mbz/irinotecan
combination were higher across most interaction models
compared with the Mbz/cisplatin combination, suggesting
the Mbz/irinotecan combination to be the most favorable.
Therefore, this combination was selected for the in vivo study.
The majority of synergy scores for both combinations fell
within the range of -10 to +10, indicating additive effects.
However, the Mbz/irinotecan combinations occasionally
exceeded +10 in certain models and samples, suggesting
potential synergistic interactions.

Using Mann-Whitney test, a statistically significantly
higher overall mean score was observed for the Mbz/irinotecan
combination compared with the Mbz/cisplatin combination
[mean synergy score for Mbz/irinotecan, 2.63 (Bliss excess,
2.11; HSA, 3.48; Loewe additivity, 2.63; ZIP, 2.32) vs. mean
synergy score for Mbz/cisplatin, -2.69 (Bliss excess, -4.11;
HSA, -1.16; Loewe additivity, -2.12; ZIP, -3.37); P<0.0001;
Fig. 5].
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The low synergy scores for the Mbz/cisplatin combination
in sample 1 likely reflect the intrinsic drug sensitivity and
resistance of that particular tumor sample. Individual tumor
samples exhibit substantial heterogeneity in drug response,
which underscores the value of using a patient-derived cell
model to reflect drug activity in the clinic.

Cytotoxic effects in the CT26 murine colon cancer cell line
in vitro. As a basis for the assessment of drug interactions
in vivo, a corresponding set of experiments with in vitro CT26
cells were conducted using Mbz alone and in combination
with cisplatin or irinotecan. Mbz alone showed a modest
and an almost concentration independent activity (Fig. S1A),
whereas both cisplatin and irinotecan induced a dose-depen-
dent cytotoxicity (Fig. SIA and B). Furthermore, Mbz at 5 yM
enhanced the cytotoxic effect of cisplatin and irinotecan in
an additive/sub-additive pattern without notable differences
between these drugs (Fig. SIA-C).

Mbz inhibits tumor growth in the CT26 murine colon cancer
model. Animal body weight and health status assessments
showed that drug administration was not associated with a
decrease in overall animal health status. Tumor growth was
rapid and some animals (1-3 animals in each group) developed
tumor-related wounds and were thus euthanized prior to the
final study day. Tumor-related wound development was evenly
distributed throughout groups and likely not correlated to drug
administration. The maximum measured tumor diameter and
volume were 17.6 mm and 2,877 mm?, respectively.

The mean tumor volumes for the control and experimental
groups are shown in Fig. 6, divided into a and b for clarity. The
values are presented up until day 13 for the control group as
after this day most animals in this group had been euthanized
pre-term, in accordance with the study protocol due to tumor
growth, whereas most animals in the experimental groups were
continued to day 20. At day 13, the control group had a mean
tumor volume of 651 mm? compared with 488 mm? in the low
dose Mbz group and 353 mm? in the high dose Mbz group.
The mean tumor volume at day 13 in animals treated with
irinotecan was 523 mm?® and when irinotecan was combined
with low or high dose Mbz, the volumes were 402 mm?® and
472 mm?, respectively. Differences between the groups were
not statically significant. At day 20, the mean tumor volume in
the irinotecan group was 1,533 mm?, the low dose Mbz group
was 1,133 mm?® and the high dose Mbz group was 517 mm®.
The tumor volume for irinotecan combined with low dose
Mbz at day 20 was 737 mm?® and 699 mm?® for high dose
Mbz. Compared with irinotecan alone, the differences were
not statistically significant. At day 20, the difference between
all groups was statistically significant according to one-way
ANOVA (P=0.048), but only the difference between the mean
tumor volumes in the irinotecan and high dose Mbz groups
was statistically significant following post hoc test (P=0.04).

Kaplan Meier survival curves are presented in Fig. 7. Drug
exposed animals showed a longer survival compared with
the control animals. Control animals had a median survival
time of 13 days, compared with 20-29 days for those drugs
exposed. In agreement with the effect on tumor volumes, a
dose-dependent effect of Mbz alone was indicated, with a
median survival time of 20 days in animals treated with low
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Figure 4. Heatmap of the ex vivo relative sensitivity of individual samples of patient tumor cells to 5 M mebendazole in combination with cisplatin, gemcitabine
or irinotecan, for each diagnosis indicated. Values <1 indicate subadditivity (synergy) and values >1 indicate antagonism.
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Figure 5. Distribution of the interaction scores calculated by SynergyFinder in 4 samples of colorectal cancer for Mbz combined with irinotecan or cisplatin,
and for each of the four interaction models indicated. Scores in the -10 to +10 range suggest additive interaction, >10 synergistic and <-10 antagonistic interac-
tion. "P<0.05. Mbz, mebendazole; Bliss, Bliss excess; HSA, Highest Single Agent; Loewe, Loewe additivity; ZIP, Zero Interaction Potency.

dose Mbz compared with 29 days for high dose Mbz. Animals
treated with irinotecan combined with low or high dose Mbz
had median survival times of 27 days.

Mbz modulates tumor immune cell infiltration in vivo. Based
on our previous ex vivo findings of an immunomodulatory
effect of Mbz switching macrophages from the M2 to M1
type (14,16), tumor tissue from the animals was retrieved
and analyzed by flow cytometry to detect the presence of
various subsets of immune cells. CD45* cells were sorted for
CD4*/CD8* T cells, and macrophages were then classified
further as type M1 (CD38*/CD80%) or type M2 (CD206").
Figs. S2-S7 illustrate the gating strategies used to identify
macrophages and T cells, for each group separately.

Overall, Mbz slightly increased the infiltration of macro-
phages and CD4* T cells (Fig. 8A and B). Mbz tended to
dose-dependently increase the levels of M1 macrophages
and decrease M2 macrophages (Fig. 8D-F). Thus, the mean
M1/M2 ratio for low and high dose Mbz were 0.26 (range,
0.15-1.09) and 1.35 (range, 0.12-5.22), respectively, compared
with 0.25 (range, 0.08-0.78) for the control group.

Mbz in combination with irinotecan increased the M1/M?2
ratio, but not beyond the effect of Mbz alone. Irinotecan alone

seemingly increased the macrophage infiltration but otherwise
did not notably alter the immune cell infiltration. The tumor
immune cell data exhibited substantial variability and no
statistically significant differences were observed between
groups, except for CD8* T cells. A significant increase in CD8*
T cells was observed in the high dose Mbz + irinotecan group
compared with the control, low dose Mbz + irinotecan, low
dose Mbz and irinotecan alone groups (P=0.01; Fig. 8C).

Discussion

Ex vivo drug sensitivity testing of primary cultures of tumor
cells from patients using FMCA has previously shown a
good correlation with clinical outcomes in several tumor
types (44-47). Using this model in the present study, it was
demonstrated that Mbz alone had a modest direct cytotoxic
activity, in agreement with the general chemotherapeutic drug
sensitivity known from our previous ex vivo characterization
and from the clinic (2,3,48,49). This finding is in contrast
to that observed in various cell line models, in which Mbz
alone exhibits strong cytotoxic activity (2-7). However, cell
lines have several limitations as tumor models and generally
do not adequately reproduce drug sensitivity in the clinic
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(50,51), in contrast to primary cultures of tumor cells from
patients (50). Nevertheless, it should be acknowledged that
single-cell culture models, including patient-derived cells,
lack the complex interactions with immune cells and extracel-
lular matrix components that are present in the in vivo tumor
microenvironment.

Several mechanisms for a direct tumor cell Mbz cytotox-
icity have been reported (52) such as tubulin polymerization
inhibition (6), protein kinase inhibition (11), anti-angiogen-
esis (12) and inhibition of the Hedgehog pathway (13), and are
considered notable for an anticancer drug. Together with the
very advantageous safety profile of Mbz, these observations
have fueled an interest in trying single drug Mbz for cancer
treatment in patients. Mbz has been reported to induce tumor
remission in case reports of patients with neuroendocrine

and colon cancer (9,10). Furthermore, in early clinical trials
with patients with brain tumors, Mbz at higher dose (up to
200 mg/kg/day) seemingly stops tumor progression (28).
Such observations are in line with the observed Mbz-induced
tumor growth inhibition in different mouse models (2,5) and
are corroborated by the dose-dependent inhibition of tumor
growth observed in the in vivo CT26 colon cancer model in
the present study.

However, the aforementioned findings contrast with our
phase II clinical trial of last line, individualized, single drug
Mbz in patients with advanced gastrointestinal cancer (26).
In the trial, no objective tumor response to single-agent Mbz
was observed, and a subset of patients showed unusually
rapid disease progression, suggestive of hyperprogression,
a phenomenon reported in patients treated with immune
checkpoint inhibitors (53). Although it cannot be concluded
that Mbz directly induced hyperprogression, one possible
explanation is that Mbz modulates the immune system in a
complex, context-dependent manner. While Mbz can promote
pro-inflammatory responses in controlled ex vivo settings
(16), the tumor microenvironment in patients, particularly in
heavily pre-treated and immunosuppressed individuals, may
respond differently.

The concept of combining several drugs remains a corner-
stone of cancer therapy. This approach generally improves
the benefit-risk balance compared with single drug treat-
ment (17,18). Traditionally, anticancer drug combinations were
established empirically, focusing on identifying regimens with
non-overlapping toxicities. More recently, however, combina-
tion strategies are increasingly guided by mechanistic rationale
based on tumor biology (19,20). Preclinical studies frequently
report synergistic interactions when combining drugs whereas
such interactions hardly apply in the clinic (21). Instead,
additive or sub-additive interactions are more common and
can still yield clinically meaningful benefits (22). Given the
benefits of drug combinations and the negative results from
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our aforementioned single-drug Mbz clinical trial, it is notable
that a recent randomized study reported improved outcomes in
advanced CRC when Mbz was combined with standard chemo-
therapy (FOLFOX) compared with chemotherapy alone (27).
This finding prompted the investigation of the effect of Mbz
combined with mechanistically different standard cytotoxic
drugs in the present study. In patient tumor and CT26 cells,
positive interactions in the sub-additive to additive range were
observed, with the strongest effect noted for Mbz combined
with irinotecan in patient cells. This finding suggests that
the Mbz/irinotecan combination may be suitable for clinical
testing, particularly in tumor types where irinotecan is part of
the standard treatment, such as CRC.

In the present study, the observed positive interaction
between Mbz and irinotecan was partly corroborated in the
CT26 colon cancer mouse model. Low dose Mbz combined
with irinotecan was more active than each drug individu-
ally, although this result was not statistically significant. By
contrast, high dose Mbz combined with irinotecan tended to
be less active than Mbz alone. The reason for this seemingly
dose-dependent interaction difference is unclear. However, it
could be speculated that the stronger tumor growth inhibi-
tion from high dose Mbz compared with low dose Mbz was
reduced by irinotecan-induced counteracting changes in the
tumor macrophage infiltration.

From a clinical point of view, the observations of the
present study make the selection of candidate Mbz combina-
tions for clinical testing complicated. If the anticancer effect
of Mbz in vivo is mainly due to changes in tumor immune
cell infiltration, screening of drugs suitable for combination
with Mbz using cell lines or patient-derived primary culture
models will not produce data applicable in vivo. Other
models that also reflect drug effects on immune cells would
be necessary to select drugs appropriate for combination with
Mbz. Notably, Mbz has been successfully combined with
FOLFOX in treating CRC (27), but has also been combined
with bevazicumab, irinotecan, temozolomide or lomustine
in early clinical trials of patients with brain tumors (28-30).
The antitumor activity in these trials was seemingly very
modest and the trial design did not allow for any conclusions
on whether these combinations were justified from a mecha-
nistic point of view. In this context, combination of Mbz with
other immunomodulatory drugs is conceptually interesting.
Indeed, preliminary results in our laboratory from in vivo
experiments of the CT26 model treated with an immune
checkpoint inhibiting antibody indicate a positive interaction
with Mbz. Another important avenue in repurposing Mbz for
use in cancer therapy is the development of drug carriers or
prodrugs to overcome the pharmacokinetic issues associated
with Mbz (54).
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One strength of the present study is the use of primary
cultures of patient tumor cells, a model known to better reflect
clinical outcomes than tumor cell lines (55). While the findings
of the present study provide valuable insights into the anti-
cancer properties of Mbz, the limitations of the study should
be acknowledged. The ex vivo, in vivo and in vitro models
utilized do not recapitulate the complexity of cancer, neces-
sitating further validation in preclinical and clinical models.

In conclusion, the present study highlights the multifaceted
anticancer properties of Mbz. Thus, findings from this and other
published studies suggest that a key mechanism of the anticancer
effect of Mbz may be immune modulation in addition to direct
cytotoxicity. It would be of interest to explore whether phar-
macological agents known to promote M1 to M2 macrophage
polarization might antagonize the effects of Mbz. Such studies
could provide valuable insights into the immunomodulatory role
of Mbz and inform on combination strategies. However, selection
of the best drugs to combine with Mbz for efficacy optimization
requires careful consideration based on further research.
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