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Abstract. Crizotinib (Xalkori®) and nilotinib ( Tusigna®) are
tyrosine kinase inhibitors approved for the ireatment of non-
small cell lung cancer and chronic myeloid leukemia,
respectively.  Both  have  been shown to rexull in
elecrocardiogram rate-corrected Q-wave T-wave interval
(QTc) prolongation in humans and animals. Liposomes have
been shown to ameliorate drug-induced effects on the cardiac-
delayed reciifier K* current (Igy, KVil.l), coded by the
human ether-a-go-ga-related gene (hKERG). This study was
undertaken 1o determine i liposomes would also decredse the
effect of crizotinib and nilotinib on the I, channel. Crizotinib
and nilotinih were tested in an in vitro I, assay using human
embryonic kidney (HI:K) 293 gelly stably transfected with the
KERG. Dase-responses were determined and the 50%
inhibitory concentrations (ICsqt) were calculated. When the
HEK 203 cells were treated with erizotinib or nilotinih that
were mixed with liposomes, there was a significant decrease
in the I, channel inhibitory effects of these two drugs. When
isolated, rabbir hearts were axposed o crizotini or nilotinib,
there were significant increases in QTc prolongation. Mixing
cither of the drugs with liposomes ameliorated the effects of
the drugs. Rubbits dused intravenously (1V) with crizotinib or
nilotinib showed QTc prolongasion. When liposomes were
injected prior to crizotinib or nilotinib, the liposomes
decreased the effects on the QTc interval. The use of liposorul
encapsulated QT-prolongation agenis, or giving liposomes in
combination with drugs, may decrease their cardiac lahility.
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Crizotinid (Xalkori®) is an anaplastic lymphoma kinase
(ALK) inhibitor approved lor the treatment of non-small ccll
lung cancer in paticnts with ALK-positive tamors. Nilotinib
(Tasigna®) is a BCR-ABL kinase inhibitor approved for
Philadolphia  chromosome-positive chronic  myeloid
leukemia. Both drugs inhibit the ion channel responsible for
the delayed-rectifier K* current in the heart (Igq or
KV11.1), encoded by the human ether-a-go-go-related gene
(hERG). Inbibition of the Ik, chapnel can resull in
prolongation of the electrocardiogram (ECG) Q-wave
T.wave (QT) interval, which can lead 10 life-threatening
polymorphic ventricular tachycardia, or torsades de pojntes
(1). Crizotinib causcs QT proJongation in humans and
animals, whereas nilotinib has only been shown to couse QT
prolongation in humans.

Ik, channel inhibition and cardiac toxicity can be a major
liability for some classes of drugs. Detccetion of I, channel
inhibition or in vivo QT prolongation during preclinical drug
developiment can Joad to the abandopment of development of
promising drug classes. A aumber of QT-prolonging drugs
have been withdrawn during development or after being on
the market; examples include terfenadine, astemizole,
grepafloxacin,  terodilenc, droperidole,  lidoflazine,
levomethadyl, sertindoyle and cisapride (2).

During development, crizotinib was shown to iphibit the I,
channe! with a 50% inhibitory concentration (ICsg) of 1.1 M
(3), indicating the potential for prolongation of the QT
interval. The 1Cg) values were below or similar to the
maximum blood concentrations (Cppyy) seen in humans at
clinically-rclevant doses. Dogs treated intravenously (i.v.) with
crizotinib showed decreased heart rate and contructility,
increascd left ventricular end diastolic prossure, and increused
BCG P-wave R-wave (PR), ECG Q-wave R-wave S-wave
(QRS) and QT intervals (4). These pre-clinical findings
correlate with clinical findings of QT¢ prolongation,
bradycardia and cardiac arrest observed occasionally in
clinical trinls (4, 5). Nilotinib was shown to inhibit the Ik,
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channel with an ICsy of 0.13 UM (6). In contrast to crizotinib,
dogs treated orally up to 600 mg/kg did not show QT¢
prolongation (7). One difference between the crizotinib and
pilotinib studies in dogs was crizotinib was given i.v. and
pilotinib was given orally. As with crizotinib, clinical trials
chowed an association of therapeutic doses of nilotinib with
QTe prolongation (7, 8).

A study by Doherty ef al. found multiple effects of
crizotinidb and nilotinib on human cardiomyocytes in vifro
(9). ‘Those effects included cardiac cell death, increased
caspase activation, and increased superoxide generation.
Cardiac cell morphology was altered, along with disruption
of normal beat patterns of indlvidual cardiac cells. For
crizotinib, the cardiac ion channels Iy, NaV1.5 and CaV
were inhibited, with ICsos of 1 7, 3.5 and 3.1 pM,
tespectivoly. For nilotinib, ICgqs were 0.7, >3 and >3 pM,
respoctively.

We have reported that Jiposomes mitigate curcumin-induced
inhihition of the Ik, channel (10). The present study was
conducted to charscterize the effects of crizotinib end nilotinib
on the Ig, channel and QT prolongation, and determine if the
addition of liposomes ameliorates these effects.

Materials and Methods

Animals. New Zcoaland White robbits (Elevage Cunicole Jacques
Gagnon, Inc., Cheneville, QC, Canada), 3 to 4 kg, were used in the
present study. All experimeutal protocols were apptoved by, and
condueted in accordance with, the guidelines of the Institutional
Animal Care and Use Commitice of IPS Therupeutique, Inc
(approval numbers 20130814-3, 20130829-1. 20130923-1,
20130924-1,20131115-1 and 20131202-1).

Reagents. Crizotinib and nilotinib (molecular weights 450 and 530,
respectively) were obtained from Reagents Direct (Encinitas, CA,
USA). The positive control for the I, n3say, B-4031 (anbydrous N-
[4-[11 -[2-(6~melhyl-2-pyridinyl)ethyl)~4-piperidlnyl]carbon-
y!)phenyljmethane sulfonamide dihydrochloride), and the positive
control for the ex yivo heatt nssay (cisaprido) were obtained from
Sigmea-Aldrich (Ss. Louls, MO, 1ISA). Rmpty liposomes wese
obtained from Polymun GmbH (Vicnna, Austria). The liposomes
were mado up of a 9.7:1 ratio of 1.2-dimyristoil-sn-glycero-3-
phosphacholine (DMPC) and l.2-dimyriuoyl-sn-glyccro-3-
phospho-mc-(l-glycerol) (DMPG). Por crizotinid of nijotinib plus
liposomes, the crizotinib or nilotinib was mixed with liposomes at
4 91 ratio (on & pg/mi basis) und vortexed for 10 iminutcs at room
temperature. For oxample, for the high doxe of orizotinib plus
liposomes, 56 pM (25 pg/mi) crizotinib was vortexcd with 225
ug/ml liposomes. Cell culturc maintcpance media: minimum
essential medium complemented with 109 feta]l bovine serum
(Wisent Inc, St. Bruno, QC, Canada), 1% minimum essential
medium sodium pyruvate, 1% nonessential amino acids, 1% L-
glutamine, 1% penicillin/ stroptomycin, and 400 pg/ml G-418
(Geneticin) 88 the rclection ngent (all ingredients from
Glbco/Invitrogen, Burlington, ON, Canada). Intemal pipette
solution: 140 mM KCJ, 1.0 mM MgClg, 4.0 mM Mg-ATP, 5.0 mM
EGTA, 10 mM HEPES, und 10 mM sucrose, pH 7.420.05. hERG

4734

extornal solution: 140.0 mM NaCl, 5.0 mM KC}, 1.8 mM CaCl,,
10 mM MgCl;, 100 mM HEPES. and 100 mM dextrose,
pH 7.3£0.05,

I, assay. Human embryonic kidney (HEK) 293 celle stably-
wransfected with the HbERG wese maintained in cell culture
maintenance media, and used betwben passages 12 and 16, Those
cells from which a gigachm seal could not be obtained or that did
not generate currents with o distinctive teil current were climinated
during the equilibration poriod. The wholo-cell patch-clamp
technique was used. HEK 293 cells plated onto 35-mm petri-
dishes were washed twice with | ml of hERG external solution
followed by the addition of 2 ml of hERQ oxternal solution. The
petri-dish was mounted on the stage of an Inverted phase-contrast
microscope and maintained at constant temperature (35°C + 2°C).
A borosilicate glass microplpeite filled with the internal pipette
solution was positioned above a single ccll using an Eppondorf
PatchMan micromanipulator (Eppendorf Canada, Mississauga,
ON, Canada), The micropipstte was Jowered to the cell until close
contact WAs achieved. The gigaohm-range membrane-pipette seal
wag then created by applying a alight negative pressure
(resisfonces were measured using a 5 mV square pulse). Ceil
capacitance was immediatcly monsurcd L0 cvaluate cell surface
ares, using a converaion factor of | pF/um?. This eoll surface aren
was later used to calculate net curvent density. All currents were
recorded following enalog filtering using a 4-pole Bessel filter
(Frequency Devices, Haverhill, MA, USA) sct at 1 kHz, Through
the computer-controlled amplifier, the cell was depolarized 10 B
maximum value of +40 mV (cultured cells), starting &t -10 mV,
in 10 mV increments, for 1 second. The membrane potential was
then roturned to ~S5 mV for 1 seeond, and finally repolarized to
the resting potential value. This allowed the channels to go from
sctivated to jnactivated mode, and back to activated mode, to
mensure robust tail currents. All K* selective currents passing
through lg, channels were recorded using Axopatch-1D or
Axopatch 200B amplifiers and digitized with Digidata 1322A or
1440A AD-DA interfaces (Axon inglruments Inc, Foster City, CA,
USA; now Molecular Devices Inc). The recording of the coll
curront started 500 ms before cell depolarization to —40 mV and
lasted for 500 ms after the cell had been repolarized to ~80 mV.

Cell trewiment. After bageline recordings were obtained,
jncrcasing concentrations of crizotinib or nilotinib, alone or
mixed with liposomes, wore added in 20 ! aliquots dixectly to
tho experinents! chamber and wera allowed to disperse through &
closed-circuit perfusion system uging a mini-peristaltic pump
(MP-1; Harvard Instruments, Holliston, MA, USA). Exposurc
times for each concentration were limited to 5 minutes. Following
the recording of currents in the presence of the highest
concentrations of test agents, a flow-through perfusion system
was uscd (0 wush out the test agent and obtain post-expasure I,
currents in the same manner 88 previously deseribed. Finally,
three cells were exposed w0 100 aM of the positive control E-
4031. The concentrations of E-4031 were added into the
experimental chamber as was done with crizotinib and nllotinib.
The Ik, currents generated by heterologous cxpresslon systems
such as HBK 293 cells are known to run down over long periods
of recording. Thetefore, parallcl gxperiments wexe ron in the
absence of the test agents and in the presence of the solvent to
correct for the time-dependent decrease in current density, kKnown
a5 current rupdown,
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Iy dattq analysis. The correction for the time-dependent decrouse in
current density invidved averuging the changes in current donuity
axsociated with time and solvents, and multiplying the test agemt
results with the resulting correction factor. All Iy, results reported here
have been covreeted for the cifect of e vehicle and for Lime-
dependent chunges in current density. Ig, current amplitudes ro
cxpregsed as current density [in anoamperes/picofarad (nA/pR)] to
correet for variations in cell kive within the population of cells used
for thig siudy. Currents were analyzed using the Clampit 100 mudule
of the pClamp 10.0 software (Axon Instruments Jnc.). The results
obtaincd in the presence of cuch concentrution were cxpressed as net
current denxity, normulized ugdinst current density measured in
paseline conditions. The amplitude of tho Ty, tail currcnt was
caloulated us the difference botween {he nverage current xecorded
tefors the depolarizing pulse o —40 mY und the moagimum transient
curront recorded at the beginning ol tho repolarizing pulse to ~53 my.

Jox vive heart prepatation. Two thousand unjts of heparin were
injocted intraperitoneally 20 win prior to cuthunasia, The rabbit wis
cuthanized by cervical dislocation followed hy a rupid cxsangaination.
The hearl was removed quickly and attached to a Langendor(f
porfusion system. A connulti connected fo the system prefilied with
oxygenaed (95% O and 5% €O0,) Tyrode’s solution ut 252"C wos
jnserted into the aortu and sutured to secure the heart to the perfusion
gyslem, The perfusion wits initiated upon connection of the heart to
the Langendorfl appatatus. The Tyrode's golution poerfused the heart in
a retrogradc manner al a pressure of approximutely 80 mmllg and &
flow ratc of upproximately 20 ml/min. The spontaneously beating
heurt dictates the flow ruate; with cach heartbeat, solution Nows into
the coronaries and perfuses the myocardial tissue, providing it with
oxygen and nutrients and avoiding metabolic deticit and ischernia. A
bipotar circuit of three chloride sifver wirc olcetrodes was placed on
the epicurdivm of tho heart, one on the apex, and the ofher on the
atrium, and the third, u ground, just ol the hearl, providing & lead 1
configuration. The BCG signaly were filtered at 500 Hz using un Jso-
DAMRA (World Precision Insteament, Saruxotn, Fl, USA)Y and
digitized at ¥ sampling rate of 2.0 kHz using & Digidatu 1322A
interface (Axon Instruments Inc.). Continuous recording of the RCG
wag initinted § min before the end of the 15-min cquilibration period
and was cuded ot the end of the lust cxperimental step. To meusure
left ventricular pressure (LYP). a monophasic action potential probe
(Marvard Ipstrumonts, Cambricige, MA, USA) was attached to the left
ventricular epicardium using gentle gnetion, wnd o Muid-lilled Tatox
halloon connected to a Prefsure wansducer (World  Precigion
lustruments) was inserted into the left ventricle to measure changes in
intraventricular volume and pressure, Finally, the perfusion system
wis equipped with pressuro wransducers (Nationul Inalvuments,
Austin, TX, USA) located immediately before the perfusion cannula,
to monitor coronury perfusion pressure.

Treatment and analysis. Following baseline BCG recording, the
perfusion system was cwitched (o the reservoir containing the first
concentration of test agent or the vehiclo cyuivalent, The heart wis
exposed to cuch experimental condition for [0 min. This sume
procedure was applicd until the heart was exposed to all the sclected
concenlrations of tost ngent or vehicle equivalent. Following the
recording of the ECG in the presence of the last concentration of
rest agent, (he perfusion system was swilched back to the test agont
free Tyrode's solution fox 2 waghout period of 10 min. For a positive
control, alter the washout period, cisupride wus addod ot ow finnd

concentration of J UM to the hearts treated with liposomes alone.
Curdine electrophysiologicul parametors wore analyzed during the
Just minutex of each condition, The RECG R-wave R-wave (RR), PR.
QRS and QT intervals (in milliseconds) wore measured using cursor
roudings in the Clampfit 10.2.0.14 module of the pClamp 10.2.0.14
soltware (Axon Instrument ne ). AL leust throe conseeutive RR, PR,
QT and QRS intervals were meagured for cach copdition and then
averaged in Microsoft Excel 2007. QT interval was corrected for
heart tate (QTe) using Van de Water formula (11). Changes from
haseline were compiled by subtracting the averaged valuey in the
presence of the test agent from lhe averaged values obtained under
bascline condjtions, This compilation was done with each hearl
considered individually, rather thun i uverige buseline being
computed from all the hearts. A cannula with u closed fluid-filled
catheter connected 1o a pressure transducer was inserted into the left
veatricular through the mitral valve in ordor to meusurc the LVP
generated by the spontancously beating heart,

In viva rabbit model. The rabbits were anesthotized with a mixture
of 2.5% isollurane USP (Abbot Luboratorics, Montrea!, Cinadu) in
93% 0O, and 5% CO,. The loft jugular vein wiA cannulated for i.v.
infusion of the test agent, [CG leads were placed on the unima),
and the CCC signulx were filtered at 500 Hz using an 1s0-DAMBA
(Word Procision Instrument) and digitized at u sampling rate ol 2.0
kHz using a Digidata 1322A interface (Axon [pstruments nc.).
Cuntinuous recording of the ECG was initiatcd 5 minutes before
beginning infusion of the first dose of the compound and was
tcrminated at the end of infusion of the last dose. Following buseline
RCG recording, the infusion of the first loading dosc of the
compound way staried. At the cond of the first loading dose, the
infusion was switched to the first maintenance dose. The rabbit was
cxpoged to each dose for 25 minutes (10 minutes of loading dose
folfowed by 15 minutes of muintenance dosc). The sume procedure
was appiied until the rabbil was exponed o all of the selectad toses
of Lest agent or vehiclo equivalent. The liposomes woré injected 3
minttes prior to the start of infugion of each loading dose. The
liposomes were ndministeatod 08 0 fv, botus in the loft car vejn ut
a ratio of 9:1 (pg/m) busis). ECG parameters were anulyzed and
presented in the same manber as for the ex vivo beart experiment.

Statistleal analysis. A pirod one-way (-test was performed to
determine the statistical signiticance of the differences in baseline
values compared to each treatment. An unpaired one-way -lest,
assuming unogual varlunees, wis carried oul 1o compare crizotinth
or nilotinib alone with crizotinib or nilotinib plug liposomes.

Results

In vitro 1y, currenl. Crizotinib, at copcentrations of 11 and
56 WM, caused 57% and 89% inhibition, respectively, of
the I, tail current density at 20 mV (Figure 1A), Paired
Student's t~tosts showed that the difference in normalized
current density measured at baseline and in the presence
of 11 and 56 pM of crizotinib reached the solected
threshold for statistical signilicance (ps0.08). The 1Cgq
was 8.9 pM with crizotinib-alone (Table T). When
crizotinib was mixed with liposomes 8t 4 ratio of 9:1, only
{he highest concentration of 56 pM crizotinib Jed to a
statistically significant inhibition compared to baseline
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Figure 1. Ig, tuil current denslty averages obtained by measuring the Ig, tail peak amplittude ai 20 m¥V o baselina conditions and n the presence of
crizotintb, nilotinth, liposemes alone, crizotinib plus liposomss, or nilotinib plus liposomes. The current densities were averaged, normalized against
baseline current density, and corrected for time and solvont sffects. A: The concentration of liposomes relatlve to crizotinih concentraslons were 4.3,
45 und 225 pgiml for 1.1, 11 and 56 uM crizotinib, respectively. B: Volluge dependency of the Iy 161l current inhlbitlon at the higheat concentration
of crizotinib tested (56 uM). C: The concentration of liposomes relative to nilotinib cancentratlons were 0,045, 045 and 4.5 ugiml for 001, 0.1 and
] uM nilozinib, respectlvely. D: Voltage dependency of the Igy tail current inhibltion af the highest concentration of nilotinib tested (! uM). The values
plotted are the meangstandard error of the mean. for three or four cells. Paired 1-test seatlstics comparing berween baseline and post-drug exposure:
#=0.05. Two-sample t-test statistics comparing between the liposomes-alona, and liposomes-plus-drug, al each of drug concentration: tp£0.05.

(59%). The ICs, was 44 M. Liposomcs-plus-ctizotinib at  current density between crizotinib at 11 and 56 pM, and
11 WM did not have any effacts on the Iy, tail curreat liposomca-plus-crizotinib. there was a significant
density. Liposomes-plus—crizotinib at 56 pM did have 2 inbibition of the effects of crizotinib whea mixed with
significant effect on the Ig, tail current density when  liposomes. The liposomes alone did not bave any effects
compared to baseline. However, when comparing the — on the Ik, tail curtent density (Figure 1A).
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Nilotinib, at concentrations of 0.1 and 1 puM, caused
statistically significant inhibition of the g, il current
density at 20 mV when compared to baseline of 54% and
74%, respectively (Figure 1C). The ICs was 0.08 uM with
nilotinib alone (Table 1), When nilotinib was vortexed Tor
10 min at room temperature with liposomes at a ratio of 9:1,
there were no cffcets of nilotinib on the Ig, channel, even at
the highest concontrations of 1 uM. The 1Cgy wus > 1 pM.
When comparing the current density between nilotinib, and
liposomes plus nilotinib, there was a significant inhibition of
the effects of 0.1 and 1 pM ailotinib when mixed with
liposomes. "The liposomes alone did not have any effects on
the Iy, tail current density (Figure [C).

The current—voltage relationships of the rectifying inward
current showed that the inhibitions observed on the tail
current were not voltage-dependent for both crizotinib and
nilotinib (Figure 1B and 10D, respectively).

The positive control, [B-403!, produced statistically
significant decreases in current density at a concentration of
100 aM. B-4031 was tested twice, with 67% and 79%
inhibition observed (data not shown),

ix vive rabbit heart QTe intervaly. Crizotinib, at
concentrations of 11 and 56 uM, caused a dose-depondent
prolongation of the QTc interval (Figure 2A). Mixing
crizotinib with liposomes at a ratio of 9:1 resulted in o
significant inhibition of the crizotinib-induced QTc¢
prolongation. Nilotinib, at concentrations of 14 and 28 uM,
also caused a dose dependent prolongation of the QTe
interval (Figure 2B). Ag with crizotinib, mixing nilotinib
with liposomes, rcsulted in a significant inhibition of the
tilotinib-induced QTe prolongation. The cixapride positive
conlrol showed the cxpected prolongation of the QTe
interval,

‘I'he cffocts of crizotinib and nilotinib on BECGs were
agsociated with effects on LVP (Table II). When hearls were
exposed to crizotinib or nilotinib alone, there was a decrease
in LVP. When liposomes were mixed with crizotinib or
anilotinib, the cffects on LVP were reversed.

QTe fntervaly after in vive dosing of rabbits. Rabbits given
crizotinib at 1, 2 and 3 mg/kg by {.v. infusions over 10 min,
followed by a maintenance dosc for 15 min, showed a dosc-
dependent prolongution of the QTo interval (Pigure 3A).
Injecting liposomes 5 min prior to treatment with crizotinib
resulted in a significant inhibition of the crizotinib-induced
Qre prolongation. Rubbits given nilotinib at 2, 4 and §.5
mg/kg by i.v. infusions over |0 min, followed by a
maintcnance dose for 15 min, showed a dose-dependent
prolongation of the QTe¢ interval (Figure 3B), Ax with
crizotinib, injccting liposomes 5 min prior Lo treatment with
pilotinib, resulted in a significant inhibition of the nilotinib-
induced QTe prolongation.

Table 1. Concensrations that caused 50% Inhibltion of the 1y, current
density in HEK 293 cells stably transfected with the human ethersa-go-
go-relared gene caleuated from the date presented in Flgure 1,

Treatment Drug

Crizotinib Nilotinib

>4.5 pg/mit
0.08 1M
>1 uM

>225 pg/mld
89 uM
44 uM

225wkl 4.5 pg/inl were the highest concentrations of liposomes-alons
tested in the assay, for crizotinib and nilotinib, respectively.

Liposames alone
Drug alono
Drug plus liposomea

Discussion

‘These data demonstrate thal liposomes protect against the
inhibitory effcct of these kinase-inhibitor drugs on the Iy,
channel using stably hERG-transfected HEK 293 cells, and
ameliorate cardiac QTc prolongation resulting from both ex
vive and in vivo exposure, These results suggest that mixing
these drugs with liposomes may prevent interactions of these
inhibitory drugs with tho Ig, channel aflowing more normal
gating kinetics to occur, and thus reducing the degree and
incidence of QT protongation that may oceur in the clinic.

Other tyrosine kinase inhibitors have also been shown to
have clleets on the QTc interval, including lapatinib, sunitinib
and vandetanib (12). The most studied in viero is lupatinib
{13). Lapatinib was shown (o prolong action potentiul duration
of isolated rabbit Purkinje fibers at 5 uM. This wag associated
with an inhihitory cffect on the g, chunnel with an 1Cg, of
0.8 uM, and a slight effect on the I, amplitude ut 5 pM. No
clfeets were observed on the Iy, Ig( or i, channels.

In the clinic, crizotinid is given at doses as high as
300 mp/day (250 mg bid), which is about 4.2 mg/kg or
156 mg/m? bid. From the Food and Drug Administration’s
review of the new drug application for erizotinib, steady state
Cinax in patients with cancer given 500 mg bid averaged 650
ng/ml, or 1.5 pM (4). Mossé et al. reported steady statc Cmax
in children with cancer to be 630 ng/ml. (1.4 uM) after dosing
280 mg/m2 bid (14). This is woll within the range of effects
on the Lv. Ig, channel with an ICy, of 8.9 pM reported in the
present study. und 1.1 uM reported during the development of
crizolinib (3). Nilotinib is dosed as high as 600 mg/day
(300 mg bid), which is about 5 mg/kg or 188 mg/in? bid.
Patients with cancor given 400 mg bid had steudy stute C,yp,.
of 1,754 ag/ml, or 3.3 pM (15). Patients given 400 mg bid had
steady state C,,,, of 2161 ng/inl, or 4.1 pM (16). The present
study showed an ICqy in the Ty, ussay of 0,08 uM, aml
0.13 uM was reported during the development of nilotinib (6).

It has hcen reported that liposomes mitigate inhibitory
cffeets of curcamin on the Ty, channe! (10). Curcumin-alone
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Flgure 2. Eloctrocardiogram rata-correctad Q-wave T-wave interval (QT¢) prolongation of isolated rabbit hearts afier ireatment with crizotinib,
nilotinib, liposomes alone, crizotinib plus liposomes, or allotinid plus liposomes. Hearts were exposed saquentially 1o the different concentrations
of test agents for 10 minutes, and ECC recordings taken during the last 1 minute. Concentration of liposomes were 45 and 225 ugiml for 11 and
56 kM crizotintb, respectively (A) and 68 and 135 pgiml for 14 and 28 uM nilotinih, respectively (B). The values plotied are the meanzstandurd error
of the mean, for QT¢ prolongation above busoling, for three hedris. Palred t-test statistics comparing betwaen baseline und post-drug exposure,
using the actual interval data: *p£0.05. Two-sample v-test statistics comparing QTc prolongation between the liposomes alone, and liposomes plus
drug, at each drug concentration. The p-values for the two-sample 1-test statistics are presented on the graph, tp<0.05. ND: The hearts in the
crizotinib and liposomes + crizotinib groups were not ireated with cisapride, WO: Washout.

QTc

0 1

.50 -

Table IL. Effects of crizorinib and nilotinib, alone and with liposomes on left ventricular pressure (LVP) In éx vivo rabbit hearss. Values are the mean
(SEM), of three hearts per group.

Changs in LYP from bascline (mmwHg)

Concentration of drug (kM) Lipozomes-alone Drug-alone Liposomes-plus-drug
Crizotinib 11 1.28 (2.10) -1.34 (6.19) -1.03 (0.62)
56 0.67 (1.87) -8.22 (6.23) -1.15(037)
Nilotinib 14 ~0.98 (1.56) ~-0.45 (1.51) ~0.32 (0.93)
28 0 A7 201) ~9.80 (0.19) ~3.30 (0.34)

inhibited the Ig, channel with an 1Csg of 4.9 uM, with the  and the present study js the composition of the liposomes that
highest concentration tested (11.4 pM) resulting in 80%  were used. The liposomes used in the tartar emetic study were
inhibition. When mixed with the same type of liposomes and at composed of L-a-distearoyl-phosphatidylcholine, cholesterol
the same ratio as in the present study, the highest dose of  and polyethylene  glycol 2000 distearoylphosphatidyl-
curcumin tested (1.4 pM) only achieved 45% inhibition. ethyanolamine. Another difference is the present study showed
Curcumin that was encapsulated in the liposomes, and not just  that simply mixing the drugs with the liposomes, or injecting
mixed, also abrogated curcumin-induced I, inhibition, by 25% them prior to treatment with QT-prolonging drugs, and not
at 11.4 yM. In the presont study, when the positive contro} E- encapsulating them, resulted in the inhibitory effects.
4031 was tested alone, the 1Cs) was 56 nM; when E-4031 was One clinical trial in healthy volunteers has shown that
mixed with liposomes, the ICso increased to 210 oM. encapsulation with liposomes abolished QT-prolongation
Tartar emetic s a trivalent antimonial drug that causes QT cffects. When bupivacaine, which increases QT interval in
interval elongation in rats and humans. When tartar emetic  humans and lsboratory animals, was encapsulated in liposomes
was encapsulated in liposomes, the QT effects were abolished  (Exparel®), it did not cause QT prolongation at doses as high
(17). One important ditferonce betwoen the tartar emetic study 88 750 mg given subcutaneously (18). As with the tartar emetic
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Figare 3. Qe prolongation in rabbits teated with crizgotinth, niloninib, erlzotinib Plus lposomes, or nilotinih plys liposomes, Animals were given
an v, loading dose over a 10-min period, followed by ¢ maintenance dose over @ 15-min period. Liposomes were dosed i.v. 5 min before the loading
dose of the drugs. The lodding and maintenance (((l.\'(.’.\‘./é)l‘ crlzutinib were 1,2 and 3 metkg, and 04, 08 and 1.2 glky, "(f.\',)({('l[‘v({l)' (A, and for
nllptinib were 2, 4 and 5.5 myfke, and 0.14,0.28 and 0.39 mylkg. respectively (B). Phe doses of lipasomes were 9-fald higher than the doses of drug,
on a mglkg bavis. The values plotted are the meanzstandard error of the mean. for QTc prolongation ahove basellne Jor three rabbits per group,
Pualred i-text statistics comparing between baveline and post-drug exposure, tsing the actual interval data: * 050,05, wa-sample -tese seatistics
comparing Qe prolongation hetween the liposomes alone, and liposomes plus drig. at each drug caoncentrarlon, The pevalues fior the neo-somple

f-test srepfxries are precemied on the graph, tp=0.05,

study, here the drug was encapsulated and the components of
the liposome were different from (hose of the present study:
cholesterol, 1, 2-dipalmitoyl-sn-glycero-3 phospho-rac-(1-
glycerol), wicaprylin, and 1, 2-dicrucoylphosphatidylcholine.

The in vitro assay assessing the effects of drugs on the Ty,
(hERG) current is extensively used 1o help prediet potential
effects of a drug on QTe interval in the clinic (19). This is a
usetul assay, but sometime results in false-positives. The
present study demonstrates an example where this in vitro
assuy ways very predictive of in vive QTc¢ prolongation in
both unimals and humans,

Based upon the data in the present stady, and the daly with
curcumin (10), it does not appear to he necessary to
encapsulate a drug in DMPC/DMPG liposome to mitigate Ty,
suppression by crizotinib and nilotinib, and possibly other
QTc-prolonging agents. A simple mixing of the compound
with the fiposomes may be sufficient. For orally- administered
QT-prolonging agents, concurrent subcutaneous administration
of an extended-release formulation of liposomes may suffice,
This will need to be tested with QT-prolonging drugs in the in
vivo animal model of QT¢ prolongation,
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