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Purpose: The Epstein—Barr virus (EBV)-associated cancer nasopharyngeal carcinoma (NPC)
is rare in Europe and North America but is a real public health problem in some regions of the
world, such as southern Asia, North Africa, and for Inuit populations. Due to the anatomy and
location of the nasopharynx, surgery is rarely used to treat primary NPC cancers. Treatment by
radiotherapy, combined or not with chemotherapy, are efficient for primary tumors but often
do not protect against fatal relapses or metastases.

Methods: Search for new therapeutic molecules through high content screening lead to
the identification of Ivermectin (IVM) as a promising drug. IVM is a US Food and Drug
Administration-approved macrocyclic lactone widely used as anthelmintic and insecticidal
agent that has also shown protective effects against cancers.

Results: We show here that [IVM has cytotoxic activity in vitro against NPC cells, in which
it reduces MAPKs pathway activation through the inhibition PAK-1 activity. Moreover, all
macrocyclic lactones tested and a PAK1 inhibitor are cytotoxic in vitro for EBV-positive and
EBV-negative NPC tumor cells. We have also shown that [IVM intraperitoneal repeated injec-
tions, at US Food and Drug Administration-approved doses, have no significant toxicity and
decrease NPC subcutaneous tumors development in nude mice.

Conclusion: Macrocyclic lactones appear as promising molecules against NPC targeting
PAK-1 with no detectable adverse effect.

Keywords: nasopharyngeal carcinoma, ivermectin, macrocyclic lactones, P21-activated
kinase 1, cytotoxicity

Plain language summary

We have shown that Ivermectin (IVM), a widely used antihelminthic and anti-insecticidal
macrocyclic lactone also has a promising antitumor activity against nasopharyngeal car-
cinoma (NPC). This cancer develops in the nasopharyngeal cavity, is tightly linked with
Epstein—Barr Virus (EBV) and presents a remarkable geographic distribution with regions
of markedly elevated incidence, while it is rare in the rest of the world, including Europe
and North America. We found that macrocyclic lactones, including IVM, kill EBV-positive
and EBV-negative NPC cells in vitro through inhibition of a kinase (PAK1) involved in a
wide range of biological activities. We also found that IVM has in vivo anti-NPC activity as
intraperitoneal repeated injections of IVM decrease NPC subcutaneous tumors development
in immunodepressed mice. Therefore, [IVM appears as a promising molecule against NPC,
which is particularly interesting because of the scarcity of available efficient treatments against
advanced NPC tumors.
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Introduction

Nasopharyngeal carcinoma (NPC), also known as cavum
cancer, develops in the upper part of the pharynx. Among
head and neck tumors, NPC is a distinct entity due to its
particular epidemiology and nearly absolute association with
Epstein—Barr virus (EBV).! It occurs in adults and also in
young people, and when advanced, presents a high lethality.
It is a heterogeneous tumor composed of large epithelial
malignant cells and massive lymphocyte infiltration. Environ-
mental, biological, and genetic factors play important roles in
NPC pathogenesis. Several proliferative pathways including
Wnt, PI3-K, MAPKSs, and EGFR are aberrantly activated and
are thought to contribute to tumorigenesis.>

The association between NPC and EBV is very tight, and
the virus could play a causal role.>* Indeed, elevated EBV
antibody titers precede the development of detectable NPC,’
and the virus is clonal in the tumor.>* EBV is an ubiquitous
herpes virus infecting in a latent manner more than 95% of the
adult human world population.® Despite EBV ubiquity, NPC
presents a remarkable geographic distribution with regions of
markedly elevated incidence. The highest incidence occurs
in South China and Southeastern Asia. A moderate incidence
is found in some African and Mediterranean populations,
in Inuits from Greenland and Alaska, and in Malays from
Singapore and Malaysia. In the rest of the world, including
Europe and North America, this pathology is rare, classified
as orphan cancer.

From a clinical point of view, the NPC tumor localization
often precludes surgery, and for a long time, radiotherapy
has been the treatment of choice. However, in a great propor-
tion of patients, even if this treatment is efficient on primary
tumor, it does not protect against relapses or metastases,
most often resulting in fatality. Indeed, after radiotherapy,
about 50% of patients develop recurrence or metastasis for
which no effective treatment exists nowadays. Metastases
often develop in cervical lymph node, but also in lungs,
bones, liver, or distal lymph nodes. To date, different pro-
tocols of chemotherapy, combined or not with radiotherapy,
are under evaluation, and cisplatin seems promising.’
Innovative immunotherapies are also currently evaluated
targeting EBV through EBV-specific cytotoxic-T lympho-
cytes and therapeutic vaccines.®® However the numerous
therapeutic failures and the scarcity of available efficient
treatments largely justify the search for new therapeutic
molecules.

We have previously found that macrocyclic lactones,
including Ivermectin (IVM, [22, 23-dihydroavermectin
Bla]), kill melanoma cells in vitro and decrease lung

metastatic implantation of murine and human melanoma
cells in immunodepressed mice.!®!' IVM and some other
macrocyclic lactones are well-tolerated agents that are used
to treat millions of people for river blindness and other para-
site infections, including onchocerciasis, strongyloidiasis,
pediculosis, and scabies.!? They induce hyperpolarization
of invertebrate nerve and muscle cells mostly by activating
the invertebrate-specific glutamate-gated chloride channels."
Importantly, macrocyclic lactones including IVM inhibit
distinct pathways in invertebrates and in mammal tumors
cells. It has been shown that IVM displays antitumor,'*!* anti-
microbial, antibacterial, and anti-inflammatory activities,'
and recent dermatological clinical studies of IVM show that
its human tolerability is excellent.!”

We have demonstrated that PAKI is the macrocyclic
lactones’ target involved in their cytotoxicity against
melanoma cells.!*!! PAK-1 (also known as serine/threonine-
protein kinase PAK1 or P21 protein [Cdc42/Rac]-activated
kinase 1) contributes to MAPK pathway activation. In this
pathway, PAK1 phosphorylates CRAF at Ser 338 and MEK 1
at Ser 298. PAKI is a critical effector that links the Rho
GTPases, especially Rac and Cdc42, to cytoskeleton reorga-
nization and nuclear signaling. PAK1 has been implicated in
a wide range of biological activities, including roles in cell
transformation, inflammation, cell motility and morphology,
and tumor growth and tumorigenesis.'*2° We have previously
patented?! and we show here that macrocyclic lactones and a
PAKI1 inhibitor appear as promising therapeutic molecules
for NPC because they are cytotoxic in vitro against EBV-
positive and EBV-negative NPC tumor cells and because
IVM intraperitoneal (IP) injections decrease NPC subcutane-
ous tumor growth in nude mice.

Materials and methods

Mice

Six- to eight-week-old immunodepressed female NMRI-nu/
nu mice (JANVIER Labs, Le Genest-Saint-Isle, France)
were used for in vivo experiments to limit immune response
against NPC cells. All the experiments involving mice were
done using appropriate conditions of husbandry experimen-
tation and care, under the control of the Regional Comity
of Midi-Pyrénées (France). For the guidelines on animal
welfare, we followed the European directive 2010/63/ EU.
For administration of substances and removal of blood,
including routes and volumes, we followed the good prac-
tice guide published in 2001 by Diehl et al.**> The ethics
committee, which approved the research, is CEEA-122,
chaired by Dr Nicolas Cenac.
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NPC cell lines and thymocytes in vitro

culture

The 3 human NPC cell lines HONE-1 (EBV negative),
CNE-1 (EBV negative), and C666-1 (EBV positive) were
provided by Dr P Busson (UMR 8126, Gustave Roussy,
Villejuif, France). These cell lines were maintained in culture
by serial passages in Roswell Park Memorial Institute
1640 (RPMI 1640) medium supplemented with 10%
fetal bovine serum, 1 mM glutamine, and 1% penicillin—
streptomycin—amphotericin B. They were monthly tested to
be mycoplasm-free.

Thymuses were harvested from 4-week-old female
C57BL/6 mice, minced, and single-cell suspensions of
thymocytes prepared and cultivated at 5x10°¢ cells/well in
48 wells culture plates in the same medium.

In vitro evaluation of macrocyclic
lactones and PAK inhibitor cytotoxicity
on human NPC cells and on normal

murine thymocytes

HONE-1, CNE-1, and C666-1 NPC cells or normal thymo-
cytes were treated in vitro for 72 hours with 4 macrocyclic
lactones, IVM, Selamectin, Moxidectin, or Abamectin
(purchased from Sigma-Aldrich Co., St Louis, MO, USA),
and 1 PAKI inhibitor, FRAX-597 (purchased from Clini-
Science, Nanterre, France), at doses ranging from 0 to 10
UM. NPC cells were plated in triplicate in 12-wells culture
plates in 2 mL of RPMI 1640 medium supplemented with
10% fetal bovine serum, 1 mM glutamine, and 1% penicillin—
streptomycin—amphotericin B. Different initial cell concen-
trations were used for the 3 NPC cell lines. After 24 hours
of culture to allow NPC cell adhesion, the supernatants were
eliminated and replaced by vehicle medium (RPMI/DMSO
0.25%) alone or with increasing concentrations, from 1 to
10 uM, of macrocyclic lactones or PAK1 inhibitor. Surviv-
ing cells were counted after 72 hours of culture with a BD
Accuri C6 FACS analyzer (BD Biosciences, San Jose, CA,
USA) or with a Cellomics Arrayscan microscope (Thermo
Fisher Scientific, Waltham, MA, USA).

In vivo evaluation of IVM on NPC growth
using murine xenograft models

To evaluate the impact of repeated IP IVM injections on
local subcutaneous NPC tumor growth, NMRI-nu/nu mice
were injected subcutaneously (SC) into the flank with 1x10¢
HONE-1 or 2x10° CNE-1 tumor cells. Two days later and
every following day, mice were IP injected with 0.1 mL of

vehicle (PBS/DMSO 0.25%) or 0.1 mL of vehicle containing
3.25 mg/kg of IVM, a dose approximately corresponding to
what is given as anthelmintic agent. Tumor growth was moni-
tored in mice every 2—4 days by palpation and tumor surfaces
were measured using digital caliper. Tumor-bearing mice were
sacrificed at day 18 after tumor cells implantation. At this time,
all mice were alive, behaved normally, and did not lose weight,
while the tumors did not display ulcerations. Two groups of
mice injected IP with vehicle vs IVM were compared. After
SC injection of 1x10° HONE-1 cells, palpable tumors appeared
around day 6 and grew progressively while after SC injection
of 2x10° CNE-1 cells, substantial tumors were already present
at day 5 and their subsequent growth was slow.

Western blot analyses

HONE-1 and CNE-1 cells were lysed in lysis buffer (20 mM
Tris pH 7.6, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1%
Triton, proteases, and phosphatases inhibitor cocktail), and
protein extracts were prepared by the standard procedure and
then separated by sodium dodecyl sulfate—polyacrylamide
(SDS-PAGE) gel electrophoresis (30 pg protein/lane). Pro-
teins were blotted onto polyvinylidene difluoride (Hybond-P)
membranes (GE Healthcare, Chicago, IL, USA). The filters
were incubated at 4°C overnight with the different primary
antibodies against p-ERK (Cell Signaling, Danvers, MA,
USA, rabbit monoclonal antibody diluted at 1/3,000), ERK1/2
(Santa Cruz Biotechnology, Dallas, TX, USA, rabbit monoclo-
nal antibody, diluted at 1/1,000), p-RAF1 (Merck Millipore,
Billerica, MA, USA, mouse monoclonal antibody, diluted
at 1/1,000), RAF1(R&D Systems, Minneapolis, MN, USA,
mouse monoclonal antibody, diluted at 1/1,000), MEK 1/2
(rabbit monoclonal antibody from Cell Signaling, diluted at
1/1,000), and p-MEK (MEK 1/2 S217/221, rabbit monoclonal
antibody from Cell Signaling, diluted at 1/1,000). Actin was
used as a loading control (Chemicon; Merck Millipore). The
Hybond-P membranes were then incubated with HRP-labeled
secondary antibodies (R&D System and Cell Signaling) for
1 hour at room temperature and then detected with a chemilumi-
nescence detection ECL kit (Thermo Scientific Pierce; Thermo
Fisher Scientific). Immunoblots were revealed and quantified
by chemiluminescence using a ChemiDoc MP system (Bio-Rad
Laboratories Inc., Hercules, CA, USA).

Statistics

Significance was analyzed with Graph Pad (GraphPad InStat,
GraphPad Software Inc., La Jolla, CA, USA) using impaired
Student’s t-tests. A P-value <0.05 was considered significant.
*P<0.05; **P<0.01, ***P<<0.001, ****P<0.0001.
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Results
Macrocyclic lactones and PAK1 inhibitor are cytotoxic for
EBV-positive and EBV-negative NPC cells.

The capacity of the 4 macrocyclic lactones IVM, Sel-
amectin, Moxidectin, and Abamectin and the PAK 1 inhibitor
FRAX-597 to kill NPC cells was tested using 3 human
NPC cell lines, HONE-1, CNE-1, and C666-1. The cells
were cultivated for 72 hours with several concentrations of
macrocyclic lactones, PAK1 inhibitor, or with vehicle alone
(RPMI/DMSO 0.25%). Surviving cells were counted using
a BD Accuri C6 FACS analyzer (Figure 1) or a Cellomics
Arrayscan microscope (Figure 2). Death of CNE-1 and
HONE-1 cells, induced in vitro by IVM, is also illustrated
in Figure 3. The 3 cell lines are similarly sensitive to the
macrocyclic lactones and to PAK 1 inhibitor (Figures 1 and 2)
independently of their EBV status. The data allowed us to
evaluate between 2 and 7 uM the IC50 of all compounds for
the 3 NPC cell lines. All these data show that macrocyclic
lactones and PAK1 inhibitor are cytotoxic in vitro to NPC
cells independently of EBV presence.

Macrocyclic lactones and PAKI
inhibitor present no toxicity for normal

thymocytes in vitro

Freshly extracted mouse thymocytes were used as normal
control cells because T lymphocytes are very sensitive to anti-
cancer therapy and white blood cells often collapse in patients
receiving chemotherapy. As for NPC cells, thymocytes were
cultivated for 72 hours with increasing concentrations of
macrocyclic lactones, PAK1 inhibitor, or with vehicle alone
(RPMI/DMSO 0.25%). Surviving thymocytes were counted
using a BD Accuri C6 FACS analyzer (Figure 4). The data
show that macrocyclic lactones and PAK1 inhibitor are not
toxic for these control cells up to the dose of 10 uM.

IVM IP injections are not toxic in vivo in

nude mice

To determine whether IVM could be used in preclinical
phases for the treatment of NPC cells, we investigated the
toxicity of this molecule in mice. The molecule was admin-
istered daily by IP injections in nude mice.

Thirteen nude mice were weighed before and after the
repeated daily injections of vehicle (PBS/DMSO 0.25%)
or IVM at 3.25 mg/kg for 18 days. Before injections, the
average weight of mice was 25.8 g. After vehicle injections,
the average weight was 27.7 g, and after [IVM injections the
average weight was 26.7 g. These results show that weight
loss after IVM repeated IP injections compared to vehicle

injections represents <4% and is not significant (Figure 5).
Furthermore, mice behavior was not modified by these IP
injections, and the number of circulating white blood cells
in peripheral blood of mice after these injections showed no
decrease (data not shown). Altogether, these results show that
IVM repeated injections at the US Food and Drug Admin-
istration (FDA)-approved concentration, which we used in
our experiments, are not toxic for mice in vivo.

IVM IP injections decrease NPC SC

tumor growth in nude mice

In order to test the efficacy of IVM against NPC develop-
ment in vivo, the 2 EBV-negative NPC cell lines were used.
C666-1 cell line was discarded to avoid introducing the EBV
in an unadapted animal facility. First, HONE-1 cells were
injected SC in the flank of immunodepressed nude mice at
a dose of 1x10° cells/mouse to produce local SC tumors.
After tumor cell implantation, mice were left untreated for
48 hours, in order to allow HONE-1 cells to implant. Then,
6 mice were daily injected IP with 0.1 mL of vehicle and
5 mice with 3.25 mg/kg of IVM for 15 days. Tumors growth
was measured every 2—3 days, showing that 4 out of 6 mice
injected with vehicle alone (67%) but only 1 out of 5 mice
injected with IVM (20%) developed growing tumors. Some
tumor-bearing mice subsequently rejected their tumor, but
only 1 (out of 5) in the control group (20%) vs 2 (out of 3) in
the IVM-injected group (67%) (Figure 6A and B). Tumors
sizes were reduced in I[VM-injected group as compared to
control group, but the difference was not significant due to the
small number of mice in each group and the heterogeneity of
tumor sizes (P=0.2 for day 14 and P=0.3 for days 16 and 18)
(Figure 6C).

To confirm that IVM IP injections could reduce NPC
tumor development in nude mice, CNE-1 cells were SC
injected in 11 nude mice at a dose of 2x10° cells/mouse to
produce local SC tumors. As in the previous experiment, mice
were left untreated for 48 hours, in order to allow CNE-1
cells to implant and then divided in 2 groups: 4 mice were
subsequently daily injected with vehicle (PBS/DMSO 0.25%)
and 7 mice with IVM at 3.25 mg/kg. In the group of mice
injected with vehicle alone, the tumors initially grew and then
decreased slowly from day 8, suggesting that a spontaneous
NK-induced antitumor immune response progressively
reduced tumor size (Figure 7A). On the contrary, 6 out of
the 7 mice injected with IVM significantly reduced their
tumor and only 1 mouse of this group developed a tumor
(Figure 7B). In both groups, 1 mouse had rejected its tumor
at day 14 (Figure 7A and B). Tumors sizes were reduced in
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Figure 2 Macrocyclic lactones’ cytotoxicity on NPC cells.

Notes: CNE-I, HONE-1, and C666- | cells were seeded at 5x10%/well and treated for 72 hours with different concentrations of IVM, Selamectin, Moxidectin, or Abamectin.
Total surviving cells were quantified using a Cellomics Arrayscan microscope. Each data point represents the average value * SD of duplicate wells. Values for the untreated
control were as follows: CNE-I: 4,202 cells £933, HONE-|: 2,519+304, C666: 453+66. Results show that IVM and the 3 other macrocyclic lactones effectively kill

EBV-negative and EBV-positive NPC cells.

Abbreviations: EBV, Epstein—Barr virus; IVM, ivermectin; NPC, nasopharyngeal carcinoma.

IVM-injected group as compared to control group, and the
difference was significant at least until day 8 (P=0.004 for
days 6 and 7 and P=0.01 for day 8 [Figure 7C]).

Altogether, in vivo results obtained with SC xenografts of
2 human NPC cell lines in nude mice show that IP IVM injec-
tions inhibit local development of NPC tumors. Data obtained
with CNE-1 cells suggest that nude mice spontaneously
develop a NK cell-induced anti-NPC response.

0.6 pM 1.25 pM

CNE-1

HONE-1

Figure 3 Pictures illustrating IVM cytotoxicity on NPC cells.

2.5 uM

The kinase PAKI as a target of IVM

involved in NPC cells killing

It was previously shown that [IVM inhibits the kinase PAK1 in
tumor cells, leading to reduced tumor growth of ovarian, NF2
human cancer cells,' colorectal cancers'® and melanoma.'?
PAKI phosphorylates Rafl on Ser338 and MEK1 on Ser 298,
which contribute to MAPK pathway activation and tumor
growth. To test whether these molecules are involved in the

10 uM

Notes: HONE-I and CNE-I cells were treated with different concentrations of ivermectin (0.6; 1.25; 2.5; 5 and 10 pM) for 72 h and then analyzed using a Cellomics
Arrayscan microscope (10x objective). These pictures illustrate IVM cytotoxicity on HONE-1 and CNE-1 cells.

Abbreviations: [IVM, ivermectin; NPC, nasopharyngeal carcinoma.
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Figure 4 Macrocyclic lactones and PAKI inhibitor are not cytotoxic on normal
thymocytes.

Notes: Freshly extracted mouse thymocytes were cultivated for 72 hours with
different concentrations of 4 macrocyclic lactones IVM, selamectin, moxidectin, and
abamectin, or of the PAKI inhibitor FRAX-597. Surviving cells were counted using
a BD Accuri Cé FACS analyzer. Results show that macrocyclic lactones and PAKI
inhibitor are not toxic for normal thymocytes at least up to a dose of 10 uM.
Abbreviation: IVM, ivermectin.

IVM-induced NPC cells death, we tested the effect of VM on
MEK1/2, ERK1/2 and RAF1 phosphorylation in these tumor
cells. HONE-1 and CNE-1 cells treated for 72 hours with
0.3 and 3 uM IVM were lysed and their extracts analyzed by
Western blot experiments. As shown in Figure 8, significant
inhibitions of MAPK pathway and RAF1 activation were
detected. These inhibitions were limited at 0.3 uM of IVM

NMRI-nu mice weight

o 301 A
s

S| eater e ~Th+

©

S

o °

c

= 20

[}]
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(o]

£ 104

2
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=

L]
Before injections

L]
Vehicle IVM
Figure 5 IP IVM injections are not toxic for nude mice.
Notes: VM at 3.25 mg/kg or vehicle (PBS/DMSO 0.25%) were administered daily
by IP injections to 13 nude mice for 18 days. Mice were weighed before and after
injections showing that IVM does not induce any significant weight loss.
Abbreviations: IP, intraperitoneal; IVM, ivermectin.

but drastic at 3 uM (Figure 8A—D). These results strongly
suggest that [VM-induced inactivation of PAK1 results in
marked RAF1, ERK1/2, and MEK decreased phosphorylation
and is involved in NPC cells death. Moreover the capacity
of another highly selective PAK1 inhibitor, FRAX-597, to
similarly kill these NPC cells (Figure 1) confirmed the impact
of PAK inhibition in IVM-induced NPC cells death.

Discussion

IVM is a well-tolerated and clinically approved compound
(European Medicine Agency- and FDA-approved) used
to treat parasite infections. IVM’s and other macrocyclic
lactones’ action against parasites have been ascribed to
their inhibition of parasite-specific glutamate-gated chloride
channels. Importantly, macrocyclic lactones including [IVM
inhibit pathways that are different in invertebrates and in
mammal tumor cells. Here, we show that IVM and 3 other
macrocyclic lactones, used at low doses (3.25 mg/kg) corre-
sponding to the doses used in humans and domestic mammals
to treat helminthic infections, are efficient to kill NPC cells
in vitro, regardless of their EBV status. This [VM-induced
cytotoxic activity against NPC cells being independent of the
presence of EBV in tumor cells, this drug could probably be
associated with other anti-NPC therapies or immunotherapies
targeting EBV antigens as nearly all these tumors contain the
viral genome. The use of this combinatorial treatment simul-
taneously targeting different pathways or antigens, associated
to NPC, could drastically reduce the appearance of resistant
cancer cells, because it is unlikely that cells should acquire
at the same time resistance to both treatments.

As previously shown for melanomas and colorectal
cancers,'*!11¢ inhibition of PAK1 activity is involved in the
macrocyclic lactones-induced anti-NPC cells cytotoxicity.
This inhibition reduces the MAPKs protumor pathway,
which is involved and important for the development of these
cancers.'*? A natural occurring plant product, Nobiletin, has
also been tested for potential anti-NPC effect. It is a citrus
polymethoxyflavonoid inhibiting NPC cell line migration/
invasion through inhibition of MMP-2 expression. Unlike
IVM, Nobiletin does not inhibit in vitro proliferation of NPC
cells. But, interestingly the anti-NPC effects of Nobiletin like
IVM involve inhibition of ERK 1/2 phosphorylation, and both
molecules suppressed NPC tumor development in xenograft
models in vivo.?® These similarities between Nobiletin and
IVM highlight the importance of the inhibition of ERK1/2
in the antitumor activity of macrocyclic lactones.

Combinatorial therapies are not restricted to the
combination of signaling pathways inhibitors. It is likely that

Drug Design, Development and Therapy 2018:12

submit your manuscript

2811

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Gallardo et al Dove

A Vehicle B IVM C

25 1 25 15 -
£ 20 201 TT
£ 104
8 15+ 15+
8
‘t
3101 101
1Y 5-
[e]
g 54 51
=

0- 0 - 0 -

0 4 7 9 11 14 16 18 0 4 7 9 11 14 16 18 0 4 7 9 11 14 16 18

Days post HONE-1 implantation

- Veh1 -m Veh2 -a Veh3 -2 VM1 & IVM2 -&IVM3

& Vehicle - IVM
¥ Veh4 4 Veh5 -©- Veh6 VM4 -4 IVM5 ehicle

Figure 6 IP IVM injections reduce local HONE-| tumor growth in nude mice.

Notes: HONE-I cells were injected SC (1x10¢mouse) in |1 nude mice. Forty-eight hours later, mice were separated in two groups of 6 and 5 mice and daily IP injected
for 17 days with either (A) 0.1 mL of vehicle alone (PBS/DMSO 0.25%) or (B) 3.25 mg/kg of IVM. Tumors surfaces were measured using digital caliper every 2-3 days and
mice were sacrificed at day 18. (C) Tumors surfaces in the control group of mice, injected with vehicle alone, were compared to tumors surfaces in the [VM-injected group

of mice. Tumor sizes are different but due to the small number of mice and the heterogeneity of tumor sizes these differences are not significant (p = 0.2 for day 14 and
p = 0.3 for days 16 and 18).

Abbreviations: VM, ivermectin; IP, intraperitoneal; SC, subcutaneously; Veh, vehicle.

the combination between IVM and anti-EBV therapies gives Conclusion

additive or synergic effect. Also, promising combinatorial thera-  In vivo repeated IP injections of IVM at a FDA-approved dose

pies for NPC could include oncolytic viruses, such as oncolytic  are effective to reduce subcutaneous NPC tumors development

viruses derived from Herpes virus or Adenovirus.*** Studying  with no discernable side effects on the injected nude mice. In

the combination of IVM with oncolytic virus can be a tremen-  the HONE-1 model, 20% of I[VM-injected mice vs 67% of
dous asset in the control of NPC growth and metastasis in vivo.  the control mice developed growing tumors. Results obtained
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Figure 7 IP IVM injections reduce local CNE-1 tumors growth in nude mice.

Notes: CNE-| cells were injected SC (2x10¢mouse) in | | NMRI nude mice. Forty-eight hours later, mice were separated in 2 groups of 4 and 7 mice and daily IP injected
for 15 days. The group of 7 mice (A) was injected with 3.25 mg/kg of IVM and the group of 4 mice (B) with 0.1 mL of vehicle alone (PBS/DMSO 0.25%). Tumors surfaces
were measured using a digital caliper. Tumors evolution is presented as tumor surface variations compared to tumors surfaces at day 5, taken as 100%. Mice were sacrificed
at day 18. (C) Evolution of tumors surfaces in the control group of mice, as compared to tumors surfaces evolution in the IVM-injected group of mice. Tumor sizes were
significantly different until day 8; *P=0.01 for day 8 and **P=0.004 for days 6 and 7.

Abbreviations: IP, intraperitoneal; IVM, ivermectin; SC, subcutaneously.
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Figure 8 In NPC cells, IVM treatment reduces MAPK pathway activation and RAF| phosphorylation.

Notes: (A) CNE-| cells were treated for 72 hours with IVM at 0.3 (10.3) and 3 1M (i3) or with vehicle alone (NT) and then lysed for analysis of ERK |/2-P, ERK /2 total, and RAF|-P
expression by Western blot. (B) Quantifications of phosphorylated RAFI and ERK /2 protein expression in CNE-1 cells were done as 3 independent experiments. [IVM treatment
at 3 uM (i3) induced significant decrease of ERK-P expression *P<0.01. (C) HONE-| cells were treated for 72 hours with IVM at 0.3 (10.3) and 3 UM (i3) or with vehicle alone
(NT), then lysed for analysis of ERK1/2-P, ERK1/2 total, RAFI-P, RAFI total, MEK-P, and MEK total expression by Western blot. (D) Quantifications of phosphorylated ERK1/2,
RAFI, and MEK protein expression as compared to expression of corresponding total proteins expression. Actin was used as a loading control. The quantifications were done on
2—4 independent experiments and calculated using the following formulas: (ERK /2P/actin)/(ERK /2 total/actin); (MEK-P/actin)/(MEK total/actin); (RAF-P/actin)/(RAF total/actin).

IVM treatment at 0.3 (i0.3) and at 3 UM (i3) induced significant decrease of ERK-P, RAFI-P, and MEK-P expression *P<0.05; **P<0.01, ***P<0.001, ***P<0.0001.

Abbreviations: IVM, ivermectin; NPC, nasopharyngeal carcinoma.

with xenografted CNE1 cells show that [VM injections reduce
tumor sizes in 87% of mice, while tumor slowing down was
observed in only 25% of control mice. In the CNE-1 model,
IVM antitumor efficiency is maximum at the beginning of
the tumor growth likely because the mice started to control or
reduce their CNE-1 tumors 8 days after tumor implantation,
even in the absence of IVM. These results are most probably
due to an NK-induced immune response, which is highly
efficient to reject human tumor cells. Even if our results
strongly suggest that [IVM, like other macrocyclic lactones
and PAK1 inhibitors, could be an interesting anti-NPC drug,
preclinical experiments have to be confirmed in a recently
described more relevant orthotopic model of metastatic NPC.*
This model is based on the injection of human NPC cells in
the nasopharyngeal cavity of deeply immunodeficient Scid/
Beige mice, which do not develop any immune antitumor
response. Interestingly, this murine model remarkably mimics
the human disease with locally invasive tumor and occurrence

of spontaneous metastases. By using this model, one could
more reliably test the antimetastatic effect of [VM on NPC. We
expect that IVM could have an antimetastatic effect because
we previously described its antimetastatic effect in murine and
human melanoma models.!*!! Moreover, with this preclinical
model it will be possible to describe IVM anti-NPC activities
directly at the primary site of tumor growth and confirm that
IVM can reach the cavum. Indeed, IVM suffers from poor
bioavailability due to its low aqueous solubility. It is poorly
absorbed or metabolized because 80% of the administered
IVM is eliminated as the initial compound. For antiparasite
treatments, [IVM is typically given as solid tablets in 1 or 2
oral doses. We intend to test different formulations solubi-
lizing the IVM, to allow orthotopic injections in mice and,
subsequently, nebulization into the human nasopharyngeal
cavity. Altogether, our results pave the way for new therapies
of NPC and are particularly interesting because of the scarcity
of available efficient treatments against advanced NPC.
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