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ABSTRACT

FDA-approved drugs with previously unrecognized-aahcer activity could be rapidly
repurposed for this new indication. We compiletibeary of such off-patent drugs to
screen four leukemia cell lines and identified #Hwi-parasitic agent ivermectin that
induced cell death at low micromolar concentratidnsell death and clonogenic growth
assays, low micromolar concentration of ivermedignificantly reduced viability of
leukemia cell lines and patient samples comparettmal peripheral blood stem cells.
In xenograft mouse models of leukemia, ivermecgnordased tumor volume and weight
by up to 72% when compared to control without obsiele toxicity at pharmacologically
achievable dosage. In this study, we further demnates that ivermectin activates
chloride channels in leukemia cells leading to memé hyperpolarization and increased
reactive oxygen species generation. In additibdemonstrated synergistic interaction
when used in combination with Daunorubicin and @fe. Therefore, this study
highlights a potential new therapeutic strategseipurposing ivermectin for the treatment

of AML.
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INTRODUCTION

Acute Myeloid Leukemia

Acute Myeloid Leukemia (AML) is a heterogenous hé&wpaietic disorder that is
characterized by a block in differentiation of nojdl precursor cells resulting in growth
of clonal population of malignant or blast cellshel neoplastic transformation of the
hematopoietic cells often leads to a loss of nornemhatopoietic function due to lack of
mature granulocytes and monocytes as well as dssmiesed blood cell and platelet
production, causing death among leukemia patieittBnweeks to months of its clinical
presentation if left untreated.

Heredity, chemical exposure, radiation and druggehzeen implicated to play a
role in the development of AML. Certain syndromeghwsomatic cell chromosome
aneuploidy such as trisomy 21 as observed in Domdreme, inherited diseases with
defective DNA repair and mutations in the granutecgolony-stimulating factor (G-
CSF) are a few examples of hereditary conditioas lave been associated with AME..
Myeloproliferative syndromes, characterized by fheliferation of 1 or a few cell
lineages such as granulocytic, erythroid, megal@myo or mastocytic, can also evolve
to AML.? Alkylating agents, topoisomerase |l inhibitor aother anticancer drugs can
result in bone marrow failure that evolve into AMhd thus they have been linked to the
pathogenesis of AME:?

Genetic abnormalities in leukemic cells and the afgeatients are closely linked

with the prognosis of AML patients. There are thbeead prognostic categories of AML



based on cytogenetic findings: favorable, interradand adverse. Although the specific
abnormalities that fall under each of these stcattiions is heavily debated amongst the
various research groups, a general consensus .eRisterding to large cytogenetic
studies of AML patients, patients with t(15;17)(¢gf22-21) have an excellent and those
with 1(8;21)(922;922) or inv(16)(p13g22)/t(16;16)@¢1q22) a relatively favorable
prognosi<’ Patients with inv(3)(q21g26)/ t(3;3)(q21;q26), ald a complex karyotype,
defined in some studies as containing at least®@iarothers at least 5 chromosome
aberrations, on the other hand have a poor clinisedomée® Furthermore, AML patients
with del(7g) in the absence of -5/del(5q), t(9;8§2X;23), -Y, +8, +11, +21, 3¢
abnormalities or a normal karyotype are classifiethe intermediate risk categotyhe
aberrant cytogenetics result in fusion proteinsuiticg several transcription factors and
protein kinases that play essential roles in compignaling pathways, which ultimately
leads to leukemia through inhibition of normal noydl differentiation as well as
providing neoplastic cells with a survival advamag '

Adverse cytogenetic abnormalities accumulate armtease with the age of
patients and thus prognosis with standard treatmergens with increasing age. A study
reports that the percentage of favorable cytogemeliopped from 17% in patients aged
younger than 56 years to 4% in those aged older #ayears. On the contrary, the
percentage of patients with unfavorable cytogeseticcreased from 35% in those
younger than 56 years to 51% in patients older fAaryears? Patients with normal
karyotype make up the largest subtype of AML (406%(but these patients do not
respond to treatments equally. The large varighititacquired gene mutations and gene

expression in this population make them respontthécapy differentially. Patients with



mutations in the CCAAT/enhancer-binding proteigene or the nucleophosmin 1 gene
respond to treatments more favorably than patiestts internal tandem duplications of
the FMS-like tyrosine kinase 3 (FLT3), partial tend duplication of the
myeloid/lymphoid or mixed lineage leukemia genesr@xpression of the brain and acute
leukemia gene and overexpression of the ETS-repetag'* 131>

For the past 3 decades, the standard initial plyeoh AML has been induction
chemotherapy with 7 days of continuous intravenimigsion of cytarabine 100-200
mg/nf and 3 days of daunorubicin 45 to 90 mgfffY and 3").° Although there have
been other studies that investigated alternativehis standard treatment by increasing
dosage of cytarabine or substituting other antiaoy®s instead of daunorubicin, none
have consistently shown the significant improvenemtr “7 and 3”8 Patients withde
novo disease may benefit and show complete remissioB0#90% of patients with
modern induction chemotherapy. However, the suceksshieving high remission rate
with initial chemotherapy regiment is hindered doehe relapse seen within 3 years of
diagnosis in majority of the patients. As a resodttween 10 to 25% of patients will have
primary refractory disease indicate by non-respaoseior therapy, early first relapse or
multiple relapse$?°

Relapsed AML is a highly aggressive and resistas¢ase, particularly when
associated with complete response duration oftlems 12 months and rates of second
remission after such a rapid relapse are lower3@%- vs 60%) and remissions are
briefer?* Postremission therapy traditionally involved twdarslard acceptable
modalities, i.e. more chemotherapy (high dose apiae in patients younger than 60

years old) and allogenic bone marrow transplanta@MT). Patients who fall in the



unfavorable risk group, as well as older patiewks, not benefit from the intensive
consolidation chemotherapy regimen as seen by tbeircomplete remission rate of
approximately 20% after reinduction and diseasapsa# shortly after treatment. Since
AML is mainly a disease of the elderly who are oftleemed too frail because of their
unfavorable cytogenetics and co-morbities, thisytatmon may stand to benefit the most
from novel agents that can be less toxic than otilagents. The inadequate cure rates for
adults with AML stresses the need for new reseapgroach to find therapeutic agents

that are less toxic and more effective than curageints.

Novel application of an off-patent drug, Ivermectin, for the
treatment of AML

Antimicrobials with previously unrecognized antikcar activity can be rapidly
repurposed for this new indication given their esige prior pharmacology and
toxicology testing. For example, the broad spewtrntiviral ribavirin was found to
suppress oncogenic transformation by disruptinguhetion and subcellular localization
of the eukaryotic translation initiation factor %> As such ribavirin was recently
evaluated in a phase | dose escalation study iamatwith relapsed or refractory M4/M5
acute myeloid leukemia (AML). In this study of patients treated with ribivarin, there
was 1 complete remission, and 2 partial remissioRisus, ribivarin may be efficacious
for the treatment of AMI?* Likewise, the anti-fungal ketoconazole inhibitse th
production of androgens from the testes and adsemalrats. Given this finding,
ketoconazole was rapidly advanced into clinicalsrifor patients with prostate cancer

where it displayed clinical efficacy in early stegi®>?®



Recently we demonstrated that the anti-parasitioqalnol inhibits the
proteosome and induces cell death in leukemia agdlama cells through copper
dependent and independent mechani$m%hus, our preclinical data suggests that this
antiparasitic could be repurposed for the treatm@ntaematological malignancies.
Therefore, we initiated a phase 1 study to evaltl&edose-limiting toxicity, maximum
tolerated dose, and recommended phase Il dosaagfu@itol in patients with relapsed or
refractory hematologic malignancies (ClinicalTriglsv Identifier: NCT00963495.)

Here we used a chemical screen to identify knowagsirwith previously
unrecognized activity against leukemia. From #useen, we identified the anti-parasitic
agent ivermectin. Ivermectin is a derivative ofeawecin B1 and licensed for the
treatment of strongyloidiasis and onchocerciasisagiic infections and other worm
infestations (e.g., ascariasis, trichuriasis antgkrebiasis) but has not been previously
tested as an anti-cancer agent. As part of thelal@went of this agent as an antiparasitic
agent, ivermectin was extensively evaluated fopktarmacology, safety and toxicity in
humans and animals. For example, thed-@f oral ivermectin in mice, rats and rabbits
ranges from 10 to 50 mg/&y In humans, when used to treat onchocerciasi3-200
ng/kg of ivermectin is administered as a singleetfosThis brief and low-dose treatment
is sufficient to achieve an anti-parasitic effdxit higher doses and treatment beyond one
day have been safely administered for other camwsti For example, in patients with
spinal injury and resultant muscle spasticity, up 1.6mg/kg of ivermectin was
administered subcutaneously at twice weekly fortad?2 weeks. In this study, no
significant adverse effects were reporied.ikewise, to evaluate the safety of oral

ivermectin, healthy volunteers received 30 -120anglays 1, 4 and 7 and then a further



dose in week 3! Even at a dose of 120 (~2mg/kg) no serious adffsets were noted.
Finally, reports of ivermectin overdoses also supploe evaluation of high doses of
ivermectin in humans, as in the majority of theases, no serious adverse events were
reported??

In our current study, we demonstrated that ivermedisplayed preclinical
activity against hematological malignanciasvitro and delayed tumor growih vivo at
concentrations that appears pharmacologically sable. Mechanistically, ivermectin
induced chloride influx, membrane hyperpolarizatiand generated reactive oxygen
species. Furthermore, ivermectin synergized witatanabine and daunorubicin. Thus,
given its prior safety and toxicity testing, iverchie could be rapidly repurposed as a

novel agent for the treatment of leukemia.

Ivermectin-Mechanism of Action in nematodes

Structure of |ver mectin
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lvermectin is a macrocyclic lactone, a natural piidby the soil dwelling
bacteriumStreptomyces avermitilis. Although it has been used to treat infectionssed

by various strains of nematodes for decades, thehamesm by which it exerts its



antihelmintic activity is not clear yet. However,is proposed that ivermectin exerts its
antihelmintic effects by interacting with ligandtegd chloride channels, such as gamma-
aminobutyric acid (GABA), glutamate and glycineaghthloride channels.

Studies have shown that it induces a potent anthethand insecticidal effect by
immobilizing nematodes and blocking the signal $raission from the central command
interneurons to the peripheral motor neurons. Itbedieved that the paralysis of
nematodes results from the inhibition of both eatoity and inhibitory postsynaptic
potentials at the neuromuscular junctions by ivetme By opening the GABA
controlled chloride ion channels on the postsymaptnction, ivermectin reduces the
muscle membrane resistance and induces hyper@ilanz by allowing chloride
influx.3*% GABA is the neurotransmitter substance that mediaransmission of
inhibitory signals from the interneurons to the orateurons in the ventral nerve cord of
parasites. Thus, this disruption of GABA signallmgfween nerve cells and muscle cells
leads to neuromuscular blockade, paralysis anchdgfanost parasite¥. Furthermore, it
has been shown that ivermectin functions like otkeown GABAergic agonists in
nematodes such as muscimol and piperaZittowever, studies with crude membrane
fraction prepared from the nematod&genorhabditis elegans (C. elegans) showed that
several putative neurotransmitters including GABAMtamate and dopamine did not
alter binding of ivermectin, which suggests tharmectin has an unique binding site that
differs from these neurotransmittéfs.

Furthermore, evidence of membrane currents thae wecorded from #hopus
laevis oocytes injected witlC. elegans poly(A)+ RNA showed that ivermectin directly

activated the glutamate-sensitive current, whiclygests that the chloride current



induced by ivermectin may be mediated through tleritebrate specific glutamate gated
chloride channel as welt*® The nematocidal drug ivermectin is believed td Wibrms

by opening a glutamate-gated chloride channel @aryplyeal muscle, causing complete
pumping inhibition leading to starvation and deatlthe parasites. Pivotal work by Cully
et. al. later demonstrated that the electrophygiodd and structural properties of these
chloride channels indicate that they are memberghef ligand gated ion channel
superfamily?® Additional support for this hypothesis was obsdrwden mutants lacking

a functional glutamate gated chloride channel &phébunit in the pharynx afelegans
showed no response to ivermectin treatrffe@equences of alpha and beta subunits of
glutamate gated chloride channels have been clivoedvarious parasitic nematodes of
horses, cattle and other animals, suggestingllleaetparasites are sensitive to ivermectin
treatment due to the presence of these chaffi&lsiterature review on the mechanism
of ivermectin identified chloride channels as kegdulators of ivermectin response and
thus in malignant cells, ivermectin may target dadle channels or other ion channels to
induce a cytotoxic effect. To further our undersiag of chloride channels, a brief
discussion on the types of mammalian chloride cbiBnmand their role in cancer

progression is presented in the next section.

Chloride Channels

Anion channels provide a proteinaceous pore througich negatively charged
ions like iodide, bromide, chloride and other asiaan readily pass through along their
electrochemical gradient. However, chloride is th@st abundant and permeating anion

in organisms and chloride channels can functioplaama and intracellular membranes.



Chloride channels may be classified as to theiallpation (plasma membrane vs
vesicular), single channel conductance or mechaofsmgulation. However, this type of
classification often leads to confusion because slime channel may reside in both
plasma and vesicular membranes or may have ovan@ppechanisms of actions. Thus,
the classification of these chloride channels hesnbdone based on their molecular
structures. Mammalian chloride channels broadly ifgb five classes based on their
regulation: cystic fibrosis transmembrane condumamegulator (CFTR), calcium-
activated chloride channels (CaCCs), voltage gatddride channels (CICs), ligand
gated chloride channels such as GABA and glycinevated and volume regulated
chloride channels. Moreover, there are nine sulstyg@geCICs (CIC1-CIC7, CICKa and
CICKDb) and ligand gated chloride channels are nadgentameric proteins formed by
the assembly of different subunftsEach of these chloride channels are responsible fo
key cellular processes, which are described below.

Chloride channels on plasma membrane have beemghhda play a role in
regulating ionic homeostasis and cell volume, fatihg transepithelial transport and
regulating membrane excitability. Chloride channfdsnd intracellularly have been
implicated in the regulation of organular volumdec&roneutrality and organular
acidification®® Cytosolic chloride has been shown to be involwedhie acidication of
secretory and recyling endosomes of thans-Golgi network?® More specifically,
CFTR, a cyclic AMP activated chloride channel foundhe apical plasma membrane, is
responsible for chloride secretion by epithelidlscen the airways, intestine, pancreas,
testis and other fluid transporting tissues ancbritié absorption in sweat glants.

Mutation of this gene leads to the loss of its fiorc by forming chloride impermeable



channels that reduce secretion of chloride, bigaate and fluid by airway submucosal
glands. As a result, the mutations promote badtenlonization in the viscous, acidic
airway surface liquid leading to lung infectionssa®en in patients with cystic fibrosfg.
Cytoplasmic calcium elevation activates CaCCs dyemr through calcium/calmodulin
kinase Il (CaMKIl)-mediated phosphorylation and thensequences of the CaCC
activation are cell type specific. For example, Ca(acilitate epithelial cell chloride
secretion, modulate neuroexcitation and smooth-fausmtraction by depolarization of
the plasma membrane and prevent polyspermia intestyCIC1 is a voltage-dependent
chloride channel that is activated by membrane ldegation and its expression is
responsible for the large chloride conductancekeietal muscle allowing for membrane
repolarization after each action potenffalCIC2 is a ubiquitously expressed, inwardly
rectifying chloride channel that is activated bypéspolarization, cell swelling and
extracellular acidificatiod> Two members of the CIC family are predominantly
expressed in the kidney, CIC-Ka and CIC-Kb. Th&pression in the renal thin and thick
ascending limb of Henle’s loop and the inner eawrjae a transcellular route for chloride
reabsorption and mutations in these genes have lbdesd with deafness and kidney
failure® Lastly, ligand gated chloride channels, GABA argcigpe gated chloride
channels, are pentameric proteins formed by thenalsly of different subunits. There are
four types ofa (01-4) Subunits and one type @f subunit that make up glycine gated
chloride channels with the usual stoichiometry @f:23. GABA subunits are more
heterogenousiy s B1-3 v1-3,0, €, 7, 6 andpi.3 Thus, it can be observed that a large number
of isoforms of ligand gated chloride channels canfdrmed from the various subunit

types. Ligand gated chloride channels are excyatorembryonic life as they induce
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depolarization and inhibitory in the developed &y system due to the
hyperpolarization it causes upon channel opefiigwide variety of diseases have been
linked to mutations in mammalian chloride channg&lewever, for the purpose of this
study, the recent advancements made in the fielcho€er biology and role of chloride

channels are discussed in the following section.

Chloride channels and cancer

Mammalian chloride channels modify cytosolic &dtivity and mediate osmolyte
flux, which are key to various cellular processeshsas cell proliferation, cell cycle and
apoptosis”>? lon channels may affect proliferation by modulgtessential homeostatic
parameters such as intracellular Ca2+, pH, celimel, uptake of substrates, release of
metabolites and playing a significant role at cgttle checkpoints. Chloride channels are
suggested to be involved in the cellular mechani$ras are required to compensate for
the large volume changes that occur during the @Gaisition and around the M phase
as a consequence of the metabolite accumulationth@ cytoplasm or the
depolymerization of the actin cytoskeletSni* For example, mRNA of one of the nine
chloride channel (CIC) family members, CIC5, isregulated in S and G2/M phases and
down-regulated in GO/G1 phase in myeloid c&lIsodulation of chloride permeability
is assumed to be crucial in fibroblast cells ad asglit allowed the reentry of quiescent
cells into proliferating phasés.A glioma-specific chloride current has been shawn
increase significantly in early G1 and M phases insl proposed that the cytoskeletal
rearrangements required during cell division leadhte changes observed in chloride

currents’® These findings suggest that changes in proteim#RNA expression levels of
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the various chloride channels required during cgtle also leads to changes in dynamic
functionality of chloride channels during cell ogcl

However, the balance of chloride channel functinod aonductivity is crucial in
deciding whether the cells will undergo prolifecatior the other extreme, apoptosis. If
the conductance is not within the normal range,etmronmental conditions leading to
excessive activation of Cl channels may promoteptmis>’ It has been suggested that
cell death is associated with chloride influx besmapresence of chloride channel
blockers inhibited the death and chloride infludioed by Antimycin A2 Fas ligand
mediated cell death activates outwardly rectifyaidoride channel (ORCC) in Jurkat T
lymphocytes and inhibition of these chloride chdsry different drugs correlates with a
protective effect against apoptosis in T lymphosyéad peripheral cells as walf°
Most chloride channels allow exit of HGOeading to cytosolic acidification, which in
turn inhibits cell proliferation and leads to cé#lath®* Furthermore, chloride intracellular
channel 1 (CLIC1) was identified as a metastase@ated protein since it was
significantly upregulated in a highly metastatidiigadder cancer cell liné? It has been
shown that CLCA2 (hCLCA2), a Ca(2+)-sensitive clder channel protein, in
conjunction with alpha(6)beta(4) integrin serve ahesion molecules that mediate
colonization of the lungs by human breast cancéis.&eThus, these findings further
strengthen that chloride channels can have duatitms of promoting apoptosis as well
as proliferation, depending on the balance of esgpom level and conductance.

Given the essential roles of chloride channels aintaining basic homeostatic
parameters, it is not striking to find that modungtChloride channel activity can disrupt

cellular homeostasis and impair proliferation and/val. However, the mechanisms and
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downstream effectors of cell death are not fullydenstood. Of note, malignant cells
appear more sensitive to alterations in intracatl@hloride concentration, compared to
untransformed cells. The basis for this therapewti@ow is unclear, but may relate to
increased expression of chloride channels on théaca of malignant cells, or to
increased sensitivity to Chloride channel agorasis antagonist&:®* Malignant cells are
also more sensitive to changes in cell volume, Wwhitay also explain the observed
therapeutic window® Thus, given the recent findings that relate chierchannels with

cancer pathologywe formulated the hypothesis that ivermectin induces cytotoxicity to

malignant cells by activating chloride channels that lead to an increase in intracelular

chloride concentration, plasma membrane hyperpolarization to induce reactive oxygen

speci es, which would then promote cells to undergo cell death.

Thus, my main objectives were to:

1. Test the preclinical activity of ivermectin vitro andin vivo

2. Measure chloride influx upon ivermectin treatmeansensitive and resistant cell
lines

3. Measure plasma membrane potential and investigp@ede of chloride in the
changes seen in membrane potential

4. Measure reactive oxygen species production upainent and investigate the
functional relevance of production of reactive ogygpecies

5. Evaluate the response to ivermectin in sensitiidioes in the presence of other

agents that also induce ROS production upon tregtme
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MATERIALS AND METHODS

Reagents

The compounds in the chemical library were purctidsem Sigma Aldrich (St. Louis,
MO). Annexin V, Propidium lodide (PI), Indo-1 AM,-®ethoxy-N-(3-sulfopropryl)
quinolinium (SPQ), carboxydichlorofluorescein diete (Carboxy BHDCF-DA), bis-
(1,3-dibutylbarbituric acid)trimethine oxonol (DiB%(3) and 5,5',6,6'-tetrachloro-
1,1',3,3'-tetraethyl benzimidazolylcarbocyanineided(JC-1) were all purchased from

(Invitrogen Canada, Burlington, Canada).

Cell lines

Human leukemia (OCI-AML2, HL60, U937, KG1a), prdstaancer cell line (DU145)
and murine (MDAY-D2) leukemia cell line were maiimid in RPMI 1640 medium.
Media was supplemented with 10% fetal calf seru@S}; 100 pg/mL penicillin and 100
units/mL of streptomycin (all from Hyclone, LogddT). TEX cells were maintained in
IMDM, 15% FBS, 2mM L-glutamine, 1%, penicillin-spomycin, 20 ng/mL SCF,
2ng/mL IL-3. All Cells were incubated at %7 in a humidified air atmosphere

supplemented with 5% GO

Primary cells

Primary human acute myeloid leukemia (AML) sampiee isolated from fresh bone
marrow and peripheral blood samples of consentatgepts. Similarly, primary normal

hematopoietic cells were obtained from healthy eatisg volunteers donating
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peripheral blood mononuclear cells (PBSCs) for steell transplantation. The
mononuclear cells were isolated from the samplesFlapll density centrifugation.
Primary cells were cultured at %7 in IMDM supplemented with 10% FCS, 1mM of L-
glutamine and appropriate antibiotics. The coltattand use of human tissue for this

study were approved by the University Health Neknostitutional review board.

Chemical screen for cytotoxic compounds

HL60, KG1la, OCI AML2 and THP1 cells were seeded i86-well polystyrene tissue
culture plates (Corning). After seeding, cells wesated with aliquots of the chemical
library (=100) at increasing concentrations (3t80) with a final DMSO concentration
of 0.05%. Seventy two hours after incubation, gedwth and viability was measured by
the MTS assay. Liquid handling was performed byi@tek FX LaboratorAutomated

Workstation (Beckman Coulter Fullerton, CA).

Cell viability assays

Cell growth and viability was assessed by the MBSag (Promega, Madison, WI)
according to the manufacturer’s instructions angm@wiously described® Cell death

was measured by Annexin V-fluroscein isothiocyan@#TC; Biovision Research
Products, Mountain View, CA) staining and flow aytetry according to the
manufacturer’s instructions and as previously dbsdt®

To assess clonogenic growth, primary AML cells @angilocyte colony-stimulating
factor (G-CSF) mobilized PBSCs (6.25%40L) were treated with ivermectin or buffer

control for 24 hours. After treatment, cells werasiwed and equal volumes were plated
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in duplicate in MethoCult GF H4434 medium (StemQedtchnologies, Vancouver, BC)
containing 1% methycellulose in IMDM, 30% FCS, 1%@vime serum albumin, 3 U/mL
of recombinant human erythropoietin, UM of 2-mercaptoethanol, 2 mM of L-
glutamine, 50 ng/mL of recombinant human stem feeflor, 10 ng/mL of GM-CSF, and
10 ng/mL of rh IL-3. Seven days (AML samples) orded/s (normal PBCS) after plating,
the number of colonies containing 20 or more cellas counted as previously
described?® The plating efficiency of AML patients ranged frdr6%-6% where as the

plating efficiency of normal PBSCs were 0.1% fothbBFU-E and CFU-GM.

Assessment of the anticancer activity of lvermectin in mouse
models of leukemia

MDAY-D2 murine leukemia cells, and K562 and OCI-ARIbhuman leukemia cells (2.5
x 10°) were injected subcutaneously into both flanksui-lethally irradiated (3.5 Gy)
NOD/SCID mice (OntarioCancer Institute, Toronto, ON). Four (OCI-AML2)védi
(MDAY-D2), or seven (K562) days after injection, aentumors were palpable, mice
were then treated daily for 10 days (K562) or edatith 8 doses over 10 days (OCI-
AML?2) with ivermectin (3mg/kg) by oral gavage in water or vehicle controk(10 per
group). MDAY-D2 mice were treated similarly but dge escalated from 3mg/kg
(4days) to 5 mg/kg (3 days) and 6 mg/kg (3 dayghagrug was well tolerated. Tumor
volume (tumor length x widthx 0.5236) was measured three times a week using
calipers. Fourteen (MDAY-D2), 15 (OCI-AML2) or 1K%62) days after injection of
cells, mice were sacrificed, tumors excised andstieme and weight of the tumors were
measured. All animal studies were carried out alingr to the regulationsf the

Canadian Council on Animal Care and with the apakof/ithe local ethics review board.
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Intracellular ion measurements

Intracellular chloride concentration was measureihgl a fluorescent indicator for
chloride, SPQ as previously descrifédJpon binding halide ions like chloride, SPQ is
guenched resulting in a decrease in fluorescentieouti a shift in wavelength. After
treating OCI AML2 (5X18) cells and DU145 (4XT) overnight with ivermectin (3-10
uM), cells were incubated for 15 minutes with SP@iB at 37C in a hypotonic
solution (HBSS/H20 1:1) to promote the intracelfulptake of SPQ. After 15 minutes of
incubation with SPQ, cells were diluted 15:1 in HB&nd centrifuged. The supernatant
was removed, cells were resuspended in 200uL shfieBSS and incubated for 15
minutes in 37C to allow recovery from the hypotonic shock. €ellere then stained
with propidium iodide and SPQ fluorescence in then€gative cells was determined
using an LSR-II flow cytometer (Beckton Dickonso8an Jose, CA) (excitation
.351.1nm, emission 485 nm). Results were analyz#d MowJo version 8.8 (TreeStar,
Ashland, OR).

Changes in cytosolic calcium concentration wereadet with the fluorescent dye, Indo-

1 AM (final concentration 6pM) as previously debed.®®

Determination of plasma membrane potential

Plasma membrane potential was measured as preyitesstribed? Briefly, cells treated

with ivermectin or buffer control in RPMI, chlorideplete medium (140 mM sodium
chloride, 5mM potassium chloride, 1 mM magnesiurfase, 1.8 mM calcium acetate,
10 mM glucose, 10 mM HEPES and 0.1% (wt/v) BSA)cbloride free media where

equimolar gluconate salts of sodium and potasselaced the sodium chloride in the
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chloride replete medium. After incubation, cellgerer stained with DIBAG3) (final
concentration 30 nM) and fluorescence determinefiidvy cytometry (BD FACS Canto,
Beckton Dickonson, San Jose, CA) (excitation = AB8 emission = 516 nm) Analysis
was conducted using FACSDiva Software (BD Biosaeshcalibration curves were
prepared using phosphate buffers with varying @as ion concentrations as
previously describe®

Calibration curves

To measure plasma membrane potential, calibrationes were prepared using ten
phosphate buffers, each with varying potassium goncentrations, as described by
Rothbard et al. (2004). Briefly, each buffer contained a differepbtassium
concentration and with potassium isotonically repplg sodium at high concentrations.
Cells plated in RPMI + 10% FCS were washed oncé WBS and then incubated with
the various phosphate buffer solutions. After ar80 incubation at 37°C for 20 minutes,
3 uL of 100 uM bis-(1,3-dibutylbarbituric acid)trethine oxonol (DIBAG(3),
Invitrogen, 30nM final volume) was added. This va#lewed to incubate for 30 min and
then cells were washed with 1 mL of their respectivuffer to remove excess
DIBAC4(3). Cells were then resuspended in 300uL of theosphate buffers and read
on a BD FACS Canto (excitation = 488 nm, emissiorbE¥ nm). Analysis was
conducted using FACSDiva Software (BD Biosciences).

To measure mitochondrial membrane potential, celése treated with ivermectin
similarly as described above and then washed twitile PBS and incubated with gV

of 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl beniazolylcarbocyanine iodide (JC-1,

Invitrogen) for 20 minutes at 37°C. Each sample thas washed twice with 1 mL PBS
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and resuspended in 300 pL PBS prior to being reaal BD FACS Canto. Samples were
excited at 488nm and emission was collected at m2@green) and 595nm (red).
Analysis was conducted using FACSDiva Software (BiDsciences). To obtain the
mitochondrial membrane potential (red/green), elmmssrom the red channel was

divided by emission from the green channel.

Detection of Reactive oxygen species

Intracellular Reactive oxygen species (ROS) weréeaded by staining cells with
Carboxy-BHDCFDA (final concentration 10uM) and flow cytometric analysis as
previously described?! Cells were treated with ivermectin, cytarabine dadnorubicin
overnight and stained with CarboxyPICFDA in PBS buffer at 37°C for 30 minutes and
simultaneously, cells were stained with propidiundide to identify viable cells and
assess their reactive oxygen intermediate levedta Were analyzed with FlowJo version

8.8 (TreeStar, Ashland, OR).

Drug combination studies

The combination index (CI) was used to evaluateriteraction between ivermectin and
cytarabine or daunorubicin. OCI-AML2 cells wereedted with increasing

concentrations of ivermectin, cytarabine and dawiicm. Seventy-two hours after
incubation cell viability was measured by the MTSay. The Calcusyn median effect
model was used to calculate the CI values and atalwhether the combination of

ivermectin with cytarabine or daunorubicin was sgmstic, antagonistic or additive. CI
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values of <1 indicate synergism, Cl =1 indicate imdty and CI>1 indicate

antagonisni?
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cells.

| would like to thank the following individuals faheir help:
* Marko Skrtic for helping me assess the cytotoxiafyivermectin in a panel of
leukemia cell linesn vitro and measuring viability of cells when ivermectin i
combined with other drugs (Figure 1B and Figure BL,
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21



A chemical screen identifies ivermectin with potential anti-
cancer activity

Off-patent and on-patent drugs with previously eognized anti-cancer activity
can be rapidly repurposed for this new indicatiameqg their prior toxicology and
pharmacology testing. To identify such compounds, @@mpiled a small chemical
library (n=100) focused on anti-microbials and rbetec regulators with wide
therapeutic windows and well understood pharmaatkis. We then treated OCI-
AML2, HL60, and KG1la leukemia cell lines with aliofs of this chemical library at five
concentrations (3-5(M). Seventy-two hours after incubation, cell grbveind viability
was measured by the MTS assay. From this screzigemtified ivermectin that reduced
cell viability in all cell lines in the screen within IC50 < 1QM. The results for the
screen of OCI-AML2 cells with compounds added dinal concentration of @M is

shown in Figure 1A.

Ivermectin is cytotoxic to malignant cell lines and primary
patient samples

Having identified ivermectin in our chemical scregmve tested the effects of
ivermectin on cell growth and viability in a pangfl leukemia, cell lines. Cells were
treated with increasing concentrations of ivernreetnd 72 hours after incubation, cell
growth and viability was assessed by the MTS as$agrmectin decreased the viability
of the of the tested leukemia cell lines with anS00of approximately @M (Figure 1B).
The loss of viability was detected at 24 hoursrdfieatment in a time dependent manner

and cell death was confirmed by Annexin V and Rinstg (data not shown).
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Given the cytotoxicity of ivermectin towards leunkia cell lines, we compared
its cytotoxicity to normal hematopoietic cells.irRary normal hematopoietic cells, acute
myeloid leukemia patient samples and a leukemiklio, U937, were treated for 48
hours with increasing concentrations of ivermectidter incubation, cell viability was
measured by Annein V staining. lvermectin did matuce cell death in the peripheral
blood stem cells from normal donors at concentnatiop to 2QM. In contrast, it
remained cytotoxic to leukemia cell line and pdtiesmmples at low micromolar
concentrations in these assays (Fig 1C). Ivermegfis also evaluated in clonogenic
growth assays in primary AML and normal hematopoieells. Ivermectin (6uM)
reduced clonogenic growth by 40% in 3/6 primary AML samples (Figure 1D). In
contrast, it was less toxic to normal hematopoegtdls with < 15% reduction in
clonogenic growth in 3/3 samples of normal hemaipn mononuclear cells treated

with the same concentration of ivermectin. (FigLiy.
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Figure 1: Screen of off-patent drugs identifies antiparasitic agent
ivermectin that reduces viability of malignant cells in vitro.
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Figure 1: (A) A high throughput screen with a small chemicaldily (n=100) focused on
anti-microbials and metabolic regulators with witleerapeutic windows and well
understood pharmacokinetics identified ivermectragotential anti-cancer agent. OCI-
AML2 cells were incubated with aliquots of this afieal library at five concentrations
(3-50 uM) and viability was measured using MTS gsdter 72 hours as described in the
Methods and Materials section. Data represent ¢neeptage of viable OCI AML2 cells
(y axis) and the compounds (6uM) sorted in increapiotency (x axis).

(B) Leukemia cell lines were treated with increasimanaentrations of ivermectin.

Seventy two hours after incubation, cell growth arability was measured by the MTS
assay. Data represent the mean IC50 and 95% Cl3rimidependent experiments.
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(C) Primary normal hematopoietic cells (n=3), leukemp&ient samples (n=3) and a
leukemia cell line, U937, were treated with inciegsoncentrations of ivermectin for 48
hours. After incubation, cell viability was measdby Annexin V and PI staining. Data
represent the mean percent viable cells and SBdohn of the values is also shown.

(D) Primary AML cell samples (n = 6) and normal sarmap{e=3) were plated in a
methylcellulose colony forming assay with ivermec{6uM). Colonies were counted
seven days (AML samples) or 14 days (normal PBSte) alating and normalized to
cultures treated with buffer alone. Data repregbet mean percent colony formation
compared to control and their SD values are alsstihted.
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Ivermectin delays tumor growth in mouse models of leukemia

Given the effects of ivermectin as a potential -feukemic agent, we evaluated
ivermectin in mouse models of leukemia. Leukemidgs q@IDAY-D2, OCI-AML2 and
K562) were injected subcutaneously into the flafnkN®@D/SCID mice. Four (OCI-
AML2), five (MDAY-D2), or seven (K562) days aftenjection, once tumors were
palpable, mice were then treated daily for 10 d&#62) or treated with 8 doses over 10
days (OCI-AML2) with ivermectin (81g/kg) by oral gavage in water or vehicle control
(n = 10 per group). MDAY-D2 mice (n = 10 per growpre treated similarly but dosage
escalated from 3mg/kg (4 days) to 5 mg/kg (3 daysl) 6 mg/kg (3 days) as the drug was
well tolerated. Tumor volume and weight was meagwver time. Compared to buffer
control, oral ivermectin significantly (p<0.05) deased tumor weight and volume in all
3 models (Figure 2A-E) by up to 70% without anysgr@rgan toxicity. Of note, a dose
of 3mg/kg in mice translates to a dose of 0.24 mgikhumans based on scaling of body
weight and surface area and appears readily adiiebased on prior studid%® Thus,
the activity in the xenograft studies indicatest tlaa therapeutic window may be

achievable.
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Figure 2: Ivermectin delays tumor growth and reduces tumor
weight in leukemia mouse xenografts
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Figure 2. Sublethally irradiated NOD/SCID mice were injectedbcutaneously with
K562 cells (n = 20; 10 per group),B), OCI-AML2 human leukemia cells (n = 20; 10
per groupXC,D) or MDAY-D2 murine leukemia cells (n = 20; 10 peogp) (E,F). After
implantation, mice were treated with ivermectinlgéor 10 days (K562) or treated with
8 doses over 10 days (OCI-AML2) with ivermectim{8/kg) by oral gavage in water or
vehicle control. MDAY-D2 mice were treated similarbut dosage escalated from
3mg/kg (4days) to 5 mg/kg (3 days) and 6 mg/kgd$sil as the drug was well tolerated.
Fourteen (MDAY-D2), 15 (OCI-AML2) or 17 (K562) daysdter injection of cells, mice
were sacrificed, tumors excised and the volumevegidght of the tumors were measured.
The tumor weight and the mean volum&EM are shown. Differences in tumor volume
and weight were analyzed by an unpaired t-test:pz0.0001; **p<0.001; *p<0.05.
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Ivermectin induces intracellular chloride flux and
hyperpolarization of the plasma membrane

As an antiparasitic agent, ivermectin activateoitiéé channels in nematodes,
causing an influx of chloride ions into the celf¢le nematode& Thus, we investigated
whether ivermectin caused a similar influx of cider ions into OCI-AML2 cells
leukemia cells, where ivermectin induced cell deatiier 24 hours of treatment, and
DU145 cells, that were more resistant to ivermeutotuced cell death (Fig 3A). OCI
AML2 and DU145 cells were treated with 10 uM iventie for 4 hours and levels of
intracellular chloride were measured by staininlisogith the fluorescent dye SPQ that
is quenched upon binding chloride. In OCI-AML 2lgeivermectin at concentrations
that induced cell death but at times that precedddieath, decreased SPQ fluorescence,
consistent with an increase in levels of intradafliichloride (Figure 3B). In contrast,
chloride influx was not observed in DU145 cellstth&re resistant to 10 uM ivermectin
(Figure 3C).

In nematodes, increases in intracellular chlorifieravermectin treatment cause
membrane hyperpolarization. Therefore, we evaludted effects of ivermectin on
plasma and mitochondrial membrane polarizationeikémia cells. OCI-AML2 cells
were treated with increasing concentrations of mastin. At increasing times after
incubation, plasma membrane potential was measwexdaining cells with DiBAC4(3)
and flow cytometry. Treatment with ivermectin iméd membrane hyperpolarization in
a dose-dependent manner (Fig 3D) and as earlytas Jahour of treatment (Fig 3E),

consistent with the influx of intracellular chloedind the effects observed in nematodes.
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In contrast to the effects on the plasma membr&eatment with up to 6 uM of
ivermectin for 24 hours did not alter mitochondnambrane potential (data not shown).
To determine whether the plasma membrane hyperpali@mn observed after
ivermectin treatment was related to increased wdoron flux, we measured plasma
membrane polarization after treating cells withrmectin in buffers with and without
chloride. OCI AML2 cells were treated for 5 howwh ivermectin (6 uM) in a chloride
replete buffer or a chloride deplete buffer whdre $odium and potassium chloride ions
were replaced with equimolar gluconate salts oftsndand potassium. When added to
cells in the choride replete buffer, ivermectin undd plasma membrane
hyperpolarization similar to cells treated in RPMédium. However, when added to
cells in chloride deplete buffer, ivermectin cauggdsma membrane depolarization
(Figure 3F). Thus, the effects of ivermectin oagpha membrane polarization appear to

be related to increased chloride flux.
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Figure 3. (A) OCI AML2 leukemia and DU145 prostate cancer celse treated with
increasing concentrations of ivermectin. Afterfurs of incubation, cell viability was
measured by Annexin V and PI staining. Data reprethe mean percent viable cells
along with their SD B) OCI AML2 and C) DU145 cells were treated with 1M
ivermectin and levels of intracellular chloride weneasured by staining cells with the
fluorescent dye SPQ that is quenched upon bindinhgride. Representative histograms
are shown.

OCI-AML2 cells were treated with increasing concatbns of ivermectin for 24 hours
(D) or 6 uM of ivermectin for increasing times of incubati¢B). After treatment,
plasma membrane potential was measured by stagahg with DIBAC4(3) and flow
cytometry. Data represent the mean fold changdaisma membrane potential compared
to control treated cells and SD is also illustrat&kepresentative experiments performed
in triplicate are shown. Differences in fold chamgfemembrane potential compared to
control were analyzed by an unpaired t-test: *0@001; *p<0.05(F) OCI AML2
cells were treated withu®/1 ivermectin in chloride replete and chloride freedia for 5
hours. After incubation, plasma membrane hyperpaton was measured as above.
Data represent the mean plasma membrane potentialtieir SD. Representative
experiments performed in triplicate are shown. fdd@nces in membrane potential
compared to control were analyzed by an unpaitedtt-*** p<0.0001; *p<0.05.
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Ivermectin increases intracellular calcium but is not functionally
important in leukemia cells

Plasma membrane hyperpolarization can lead touralanflux '*. Therefore, we
tested the effects of ivermectin on calcium infiaxleukemia cells. OCI-AML2 cells
were treated with ivermectin and the concentratibimtracellular calcium was measured
by staining cells with the ratiometric dye, IndAAM. As a positive control, cells were
treated with digoxin which is known to increaseacellular calciund>® Similar to the
effects of digoxin, ivermectin increased intrackdfucalcium (Figure 4A, B). However,
the increase in intracellular calcium did not appaéficient to explain the cytotoxicity
of ivermectin, because chelation of intra and esialar calcium with BAPTA-AM and

EDTA, respectively, did not inhibit ivermectin-incled cell death (data not shown).
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Figure 4: Ivermectin induces a calcium influx in OCI AML?2 cells.
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Figure 4. (A) OCI-AML 2 cells were treated with ivermectin (6 puMAfter 5 hours of

treatment, cytosolic calcium concentration was ctetk by staining with the fluorescent

dye, Indo-1 AM and flow cytometry. As a control foytosolic calcium influx, OCI-

AML2 cells were treated with digoxin (25 nM) for Bours (B).
histograms are shown.
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Ivermectin increases intracellular reactive oxygen species

Manganese chloride, cobalt chloride and mercuriorade can lead to generation
of reactive oxygen species (ROS)’® Therefore, we tested whether ivermectin increased
ROS production in leukemia cells due to the obskwrtdoride influx. OCI-AML2 cells
were treated with ivermectin at increasing con@ians and times of incubation. After
treatment, levels of intracellular ROS were meadurg staining cells with Carboxy-
H,DCFDA and flow cytometry. Treatment with ivermecintreased ROS production at
times and concentrations that coincided with plasmanbrane hyperpolarization (Figure
5A, B).

To determine whether the increased ROS productias functionally important for
ivermectin-induced cell death, cells were treatath wermectin along with the free
radical scavenger N-acetyl-L-Cysteine (NAC). NARragated ivermectin-induced cell
death, consistent with a mechanism of cell dedttia@ to ROS production and keeping

with its effects on plasma membrane hyperpolazaénd chloride influx (Figure 5C).
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Figure 5: Ivermectin induces generation of reactive oxygen
species.
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Figure 5. OCI-AML 2 leukemia cells were treated with increas concentrations of
ivermectin for over nightA) or 6 uM of ivermectin for increasing times of ithation
(B). After incubation, intracellular Reactive oxygéROS) species were detected by
staining cells with Carboxy-H2DCFDA (final conceation 10 pM) and flow cytometric
analysis. Data represent the mean fold changehaidSD in ROS production compared
to control. Representative experiments performedplicate are shown.

(C) OCI AML2 cells were treated with ivermectin (3 pMhe ROS scavenger, N-acetyl-
L-Cystein (NAC) (5 uM) or the combination of NAC tliivermectin. After 48 hours of
treatment, cell growth and viability were measubgdhe MTS assay. The mean percent
viable cells from a representative experiment peréa in triplicate are shown and their
SD is also illustrated.
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Ivermectin synergizes with cytarabine and daunorubicin

Cytarabine and daunorubicin are used in the tredtwfeAML and increase ROS
production through mechanisms related to DNA dani&igure 6A, B)¥*®* Therefore,
we evaluated the combination of ivermectin withacgbine and daunorubicin. OCI
AML2 cells were treated with increasing concentmasi of ivermectin alone and in
combination with cytarabine and daunorubicin. etwth and viability was measured
72 hours after incubation using the MTS assay. aDegre analyzed by the Calcusyn
median effect model where the combination index) (@dlicates synergism (CI<0.9),
additively (Cl=0.9-1.1) or antagonism (CI>1.1). Tkhembination of ivermectin and
cytarabine demonstrated strong synergism with Glesat the ER, EDsg and EDs of
0.51, 0.58 and 0.65, respectively. Likewise the lom@tion of ivermectin and
daunorubicin was also synergistic with Cl valueshat EDQs, EDsg and EDs of 0.48,
0.51 and 0.54, respectively. We also evaluatedctimbination of ivermectin with the
antihelmintic albendazole as this agent synergieéth ivermectin for treatment of
nematode&®® In contrast to the synergy observed with cytaratand daunorubicin,
albendazole antagonized the anti-leukemic effe€tvarmectin with CI values at the

ED,s, EDsp and EDQs of 1.59, 1.09 and 0.89, respectively.
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Figure 6: Ivermectin synergizes with cytarabine and
daunorubicin to induce cell death in leukemia cells.
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Figure 6. OCI-AML2 cells were treated with increasing contations of daunorubicin
(A) and cytarabingB) for overnight. After treatment, ROS productionswaeasured by
staining cells Carboxy-#DCFDA (final concentration 10 uM) and flow cytometr
analysis. Data represent the mean fold change i6 R@duction compared to control
and their SD is also shown. Representative exgerisnperformed in triplicate are
shown.

The effects of different concentrations of ivertmean combination with cytarabine and
daunorubicin on the viability of OCI-AML2 cells weemeasured by MTS assay after 72
hours of incubation. Data were analyzed with Calousoftware as described in
Materials and Methods. Combination index (CIl) vergtractional effect (Fa) plot
showing the effect of the combination of ivermectvith daunorubicin(C) and
ivermectin with cytarabin€D). Cl < 1 indicates synergism. Representative ismjraims
of experiments performed in triplicate are shown.
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DISCUSSION

To identify known drugs with previously unrecogrdzanti-leukemia activity, we
compiled and screened a library of off-patent amdpatent drugs for compounds
cytotoxic to leukemia cells. From this screen wlentified the anti-parasitic agent,
ivermectin, which induced cell death in leukemiall denes at low micromolar
concentrations and delayed tumor growth in mouseeatsaof leukemia at doses as low as
3mg/kg.

As part of its development as an anti-parasitie, gharmacology and toxicology
of ivermectin has been studied extensively in husramd animals. For example, healthy
male volunteers received a 14mg capsule of raditiked ivermectin. The mean Tmax
was 6 hours with a half-life of 11.8 hours. Ivenotie is metabolized in the liver,
ivermectin and/or its metabolites are excreted atmexclusively in the feces over an
estimated 12 days, with < 1% of the administerededexcreted in the uriré.In
onchocerciasis patients following a single oraledo§ 150 pg/kg, the maximum plasma
concentration was 52.0 ng/ml, achieved in 5.2 huoutts an area under the curve over 48
hours of 2852 ng.h/ml (3 pMY.

Likewise, the toxicology of ivermectin in humansdaanimals is well described
and suggests the doses of the drug required f@an@rtumor effect can be achieved in
humans. For example, the kfof oral ivermectin is approximately 28-30 mg/kg in
mice, 80 mg/kg in dogs and above 24 mg/kg in mosk&Y Humans, being treated for
onchocerciasis typically receive a single low do$e€l00-200 pg/kg of ivermectin is
administered as a single dose, but higher dosebriger durations have been used to

treat other conditions. When used to treat oncluasis, hypotension, fever, adenitis,
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arthralgia, tachycardia and pruritis were all répdrafter a single dose of ivermectin
treatmenf® However, these adverse effects are related tpatient's immune response
(Mazzotti reaction) to dead microfilariae and nokitity from the ivermectin. The
severity of the Mazzotti reaction is directly redtto the initial intensity of infection.
Thus, the doses of ivermectin used to treat Onchiasts are much lower than the
anticipated anti-tumor concentrations and may ypaxiplain why anti-cancer effects of
ivermectin have not been previously observed. H®wedoses of ivermectin much
higher than those required to treat Onchocercizei® been administered to humans as
part of the evaluation of this agent for other gadions such as muscle spasticity and are
within the range of doses we anticipate are reduive an anti-tumor effec Of note, in
patients without onchocerciasis, Mazzotti reactiorege not observed and ivermectin
was well tolerated. For example, in patients vaginal injury and resultant muscle
spasticity, up to 1.6mg/kg of ivermectin was adstetied subcutaneously at twice
weekly for up to 12 week8. Finally, reports of ivermectin overdoses also supghe
potential wide therapeutic window with this drugor example, a 43 year old female in
the UK with a paranoid delusional disorder self-adstered 6g of veterinary Ivermectin
30 to 50 times over the course of one year, aloitlg firosemide and steroids. She was
admitted to a London hospital for a full evaluati@xcept for a Cushingoid appearance
and hypokalemia, no other abnormalities were ndtédultiple other ingestion events
have also been reported, particularly in pediaubjects who accidentally consumed of
veterinary ivermectin kept in the household for thmily dog. In the majority of these,

no serious adverse events were repoftéd.
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Our studies suggest that ivermectin-induced cedltides related to its known
function as an activator of chloride channels. afisanti-parasitic, ivermectin activates
glutamate-gated chloride channels unique to inbeates. However, at higher
concentrations ivermectin can also activates maiamahloride channefé. Mammalian
chloride channels broadly fall into five classesdzhon their regulation: cystic fibrosis
transmembrane conductance regulator (CFTR), whghadtivated by cyclic AMP
dependent phosphorylation; calcium activated ctiochannels (CaCCs); voltage gated
chloride channels (CICs); ligand gated chloridencieds (GABA {aminobutyric acid)
and glycine activated); and volume regulated ctrchannels. Members of voltage
gated chloride channels contain nine subtypes, CAG-CIC-7, and CIC-Ka and CIC-Kb
and ligand gated chloride channels act in hetermmemplexes dependent upon cell
type, with multiple permutations and combinatiorfsttte subunit§® Currently, it is
unclear which mammalian chloride channels are battyated by ivermectin, but this
issue is being actively addressed.

Cells require ion channel function to maintain bdgmeostatic parameters, such
as intracellular Ca2+, pH and cell volume, andllovauptake of substrates and release
of metabolic product¥’ Strikingly, both inhibition and activation of childe channel
activity can disrupt cellular homeostasis and impaoliferation and survival. However,
the mechanisms and downstream effectors of cethdea not fully understood. Of note,
malignant cells appear more sensitive to alteratian intracellular Chloride
concentration, compared to untransformed cells. bdses for this therapeutic window is
unclear, but may relate to increased expressio@hdbride channels on the surface of

malignant cells, or to increased sensitivity to d&igde channel agonists and
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antagonist§?® Malignant cells are also more sensitive to chamgeell volume, which
may also explain the observed therapeutic wingfow.

Our in vitro studies with peripheral blood stem cells, patieamgles and
leukemia cell line demonstrated a wide therapewirdow between the cytotoxicity of
ivermectin for primary AML and normal hematopoietills. On the contrary, the narrow
difference observed between patient samples andnalohematopoietic cells in
clonogenic assays raises concerns regarding thentmdt therapeutic window of
ivermectin. However, it is important to note tmasults of colony formation assays do
not always predict clinical toxicity. For exampleytarabine and m-AMSA are
chemotherapeutic agents routinely used in thenreatt of AML, but show little or no
selectivity for malignant cells over normal cells ¢olony formation assay&®’ In
addition, we demonstrated that oral ivermectin yedlatumor growth in three mouse
models of leukemia without untoward toxicity, supgpw a therapeutic window. Finally,
toxicology studies with ivermectin in animals andntans did not report hematologic
toxicity. Nonetheless, the small differential séingly between primary AML and normal
hematopoietic cells raises concerns about the patérematologic toxicity and its safety
will have to be carefully evaluated in phase liclah trials.

A functional chloride channel and chloride conduct is required for beta-
amyloid protein to induce generation of neurotoXROS in microglia cell§®
Furthermore, addition of cobalt chloride, mangangseride and mercuric chloride to
brain cells increase ROS production as W&lP:*® Therefore, we examined the effects
of ivermectin on ROS production in leukemia cellsdademonstrated that cytotoxic

concentrations of ivermectin increased levels of SRO ROS generation appeared
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functionally important for ivermectin-induced death pre-treatment with the antioxidant
N-acetyl-L-cysteine (NAC) inhibited ivermectin-indedt cell death. Ivermectin-mediated
ROS production may also explain why malignant catis more sensitive to ivermectin
compared to normal cells as malignant cells hagbdribasal levels of ROS and are less
tolerant ROS-inducing agents compared to norm#s.tel?

Cyatarabine and daunorubicin, which are used enttbatment of AML induce
induce ROS generation, but through a mechanisnediro DNA damage and thus a
mechanism distinct from ivermectin. Therefore, evaluated the combination of these
drugs with ivermectin and demonstrated synergy Wwitkh of these drugs. Therefore,
ivermectin might be used in combination with theggnts to enhance the efficacy of
standard therapy for AML.

In summary, we have shown that ivermectin can lael digr this new indication
as a novel anti-cancer drug as it induces a cytotetkect in malignant cells via chloride
influx, membrane hyperpolarization and increasegls of intracellular reactive oxygen
species. Given its prior safety record in humart @ammals coupled with its pre-clinical
efficacy in hematological malignancies, a phaselidical trial has been designed to
evaluate the tolerance and biological activity cdlavermectin in patients with relapsed

or refractory hematological malignancies.
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Future Directions

To further our goal of recycling the FDA approveditgarasitic agent,
ivermectin, as a novel chemotherapeutic agent ub@dinowledge from oun vitro and
in vivo studies, we can carry out a clinical trial to istigate its potency in treating
patients with relapsed hematological malignandtesthermore, to elucidate more on the
mechanism, we can perform a global gene expressi@y analysis and a functional
lentiviral screen to identify genes that conferriaectin resistance. These various
approaches that can be explored in the future aserthed below to investigate the
potency of ivermectin in patients and understasdnitechanism of action in greater

details.

Clinical Trial

Given the known toxicity and pharmacological datailable on ivermectin along
with our pre-clinical data to show its anti-leukenpotential, we proposed a Phase |
clinical trial to the Research Ethics Board of Pess Margaret Hospital and Health
Canada. The primary objectives of the clinicallteee two fold: first, to evaluate the
dose-limiting toxicity, maximum tolerated dose aretommended phase Il dose of
ivermectin in patients with relapsed or refractdrigmatological malignancies and
secondly to partially characterize the pharmacdigeef ivermectin in plasma following
single and multiple oral dosing for 7 days at iasiag dose levels in patients with

relapsed or refractory hematological malignancyadidition, the observed steady-state
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concentrations, dose linearity and changes in trempacokinetic parameters between
single versus multiple dosing can also be reported.

The secondary objectives of this clinical trial &meexamine the role of chloride
channels by observing the pharmacodynamic effdateeamectin on these channels and
relate to the steady-state plasma concentrationseomectin following multiple oral
dosing of ivermectin after seven days. We would #le to determine the response rate
of ivermectin in patients with relapsed or refragtbematological malignancies.

The clinical trial with ivermectin will be a prosgteve, single arm, open label
study and phase | dose escalation will occur wihrmectin. The starting dose will be
100Qug/kg/day as a single dose daily for seven dayssandn dose levels will be studied
to reach the final escalated dose to be a§0@/day for seven days. Since ivermectin is
a hydrophobic compound, its bioavailability is ieased 2.5 fold following a high fat
meal. Thus, ivermectin will be administered daihalty with food for a total of 7 doses
(1 cycle) and response to ivermectin will be detead on day 21. Dose escalation
decisions will be made after the assigned patiesttsin a dose level have all completed
1 cycle and adverse events occurring after thé diysle of administration of ivermectin

will also be considered in dose escalating decssion

Gene expression array analysis

DNA array technology offers an alternative toolttAbows studying thousands of
genes simultaneously. We can take advantage of Buoian genome chip arrays to

identify genes that are differentially expresseel, upregulated or downregulated, due to
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ivermectin treatment. Consequently, gene expresai@y analysis may help to provide
key information about genes that are targeted tiyrec indirectly by ivermectin.

In this experiment, cells can be cultured and &@atith ivermectin at varying
concentrations and time points along with untreatellis (controls). Treating cells at
various time points would permit the observatiorgehes that are affected immediately
versus over a long duration. Moreover, treatingifierent concentrations of ivermectin
such as LD25, LD50, LD90 would allow us to examihe genes that are directly
affected. Presumably at high concentration (i.e9Q]) we would see many more genes
differentially expressed when compared to the tneat at LD25. Thus, when analyzing
the data, we would need to find the subset of géim@isare common to both of these
treatments.

It is possible that we will identify many genes ttlaae either upregulated or
downregulated due to ivermectin treatment. Thuswiheneed to find an appropriate
measure of cut-off (i.e. two fold or four fold) tdentify genes that are differentially
expressed. Alternatively, we can apply statisticathods to identify genes that are
significantly overexpressed or underexpressed wtmmpared to control (untreated)
cells. Once those genes are identified, we can tseral routes. We can use
bioinformatics tools and curated literature sea@hdentify pathways that are being
affected by those genes. We can look at specifimricle channels or other ligand gated
channels to investigate if their expression levalange due to ivermectin treatment.
Since we know that ivermectin induces ROS genarati@ can also look for genes that
are involved in the ROS pathways such as STAT lemadliate their expression patterns

after ivermectin treatment. Once hits are iderdifieom the array data, we would then
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need to validate them by following up on certainggethat are of interest by RT-PCR or
Western blot to ensure that the changes observetRNA levels translates to protein
level as well.

Gene expression array analysis can help us obsisevglobal expression pattern
changes due to ivermectin treatment and identifyegehat are being affected. This is
particularly relevant to clinical settings becabsefinding genes that are upregulated or
downregulated upon ivermectin treatment, we cantiffenovel biomarkers that can be

useful for the clinical trial.

Lentiviral shRNA screen to identify genes in the Ivermectin
response pathway

Although it is evident that ivermectin acts by ieasing the intracellular Chloride
concentration, it is not clear as to which chanh#hrgets or the genes involved in the
mechanism that leads to ivermectin sensitivity. Shio elucidate and identify genes
responsible for ivermectin response, a genome-scaégening study may be helpful. The
discovery of RNA interference (RNAI) in model orgems such as. elegans andD.
melanogaster has led to the identification and understandinghahy complex biological
processes® ° In mammals, chemically synthesized RNAs (siRNAah éunction in a
similar manner as RNAI to suppress gene expresanohthus have become important
tools for biological studies. However, due to resise of many mammalian cells to
transfection methods needed to introduce siRNAsgetls, for the purpose of this study,
| would like to use an alternative approach usimgrshairpin RNAs (ShRNAS).

We can achieve highly effective and stable genepr&gsion in a variety of

mammalian cells by transducing mammalian cells wittuses carrying expression
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cassettes that encode shRNAs to generate gendicsgé@NAS. The virus is integrated
into the genome, thus it is a stable knock dowtheftarget gene. We can perform an
arrayed screen, in which each shRNA is tested imdividual well and high-content
automated imaging of cells in individual wells da& performed to identify genes that
confer resistance to ivermectin when suppressethgUtie RNAiI Consortium (TRC)
lentiviral library, researchers have identified gerrequired for mitotic progression in
human cancer celfS. The TRC library contains constructs targeting 2@,6uman and
mouse genes, with ~5 distinct shRNA constructs peregthat allows the functional
validation of putative hits. Thus, | can use theCI'Rbrary in an arrayed screen to
identify genes that lead to ivermectin resistandgenv knocked down and may be
essential in ivermectin response mechanism.

In order to carry out such an arrayed screen, llavbrst need to know if the cell
lines sensitive to ivermectin can actually be itdelcby the virus and to do this, we can
use virus that contain hairpins that target noressl genes (GFP, RFP, Luciferase).
The next step would be to optimize infection coiodis, such as transduction in 96 well
plates for optimal growth conditions, viral dosagetomycin selection concentration and
assay times prior to screening. Cells can be seieds sets of plates, i.e. A and B, on
the first day and then optimal amount of lentiviparticles encoding shRNA against
different genes can be added to appropriate welledubate for three days to allow for
selection of cells that have been successfullysttaced. Once transduction takes place,
plate A can be kept as the control without addivbivermectin and a sublethal dose of

ivermectin can be added for plates in set B. Aftmubating in these conditions for
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several days, the number of viable cells can beragbed using an automated cell
cytotoxicity assay.

In this experimental design, the control plates fewould be used to evaluate
transduction efficiency and to exclude target gethes are lethal during knockdown in
the absence of chemotherapy. The plates in setllBogvigiven both lentiviral ShRNA,
puromycin and a dose of ivermectin that is subldtrathe cell line and a positive result
would be cells that survive ivermectin treatmeng doi knockdown of an essential gene
responsible for ivermectin response. shRNA targgetkes that are associated with cells
surviving in plate A and B will be identified asitéi’ and selected for further study.
Since each of the genes is represented by thriaeetdifferent ShRNA lentiviral particle
constructs targeting different sites in each gemdy those genes that are identified as
functional drug resistance genes by two or moreNghRargeting the same gene would
be called putative “hits”. A pitfall in such screers that the viral vector integration can
cause disruption of essential genes and lead $e fats. Thus, once hits are identified,
we would need to carry out secondary screens itmdas manner with shRNAs that
showed resistance to ivermectin when transducedcells. Lastly, we will validate that
the targeted genes indeed have been knocked dowRTBRCR and Western blot

analysis.
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Conclusion

In summary, we have shown that ivermectin can perpgosed as a novel anti-
cancer drug as it induces a cytotoxic effect inigmant cells via chloride influx,
membrane hyperpolarization and increasing levelsintfacellular reactive oxygen
species. Given its prior safety record in humart ammals coupled with its pre-clinical
efficacy in hematological malignancies, we are liopthat the phase 1 clinical trial
designed to evaluate the tolerance and biologic@Vitey of oral ivermectin in patients
with relapsed or refractory hematological malignaesavill lead to identifying ivermectin
as an anti-cancer agent. Furthermore, targetingridel channels for the treatment of
AML is a novel approach. Thus, findings from thiady and future work with the anti-
parasitic agent can shed light on the many unarsivguestions of biological roles
chloride channels play in clinical manifestationnedlignancies. lvermectin may provide

a less toxic and less expensive alternative treatotion for patients with AML.
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