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QT Interval Shortening With Isavuconazole:
In Vitro and In Vivo Effects on Cardiac

Repolarization

1) Keirns!, A Desai', D Kowalski', C Lademacher’, S Mujais’, B Parker’, MJ Schneidkraut’, R Townsend’,
T Wojtkowskil, T Yamazaki', M Yen? and PR Kowey3’

The effects of isavuconazole (active moiety of isavuconazonium sulfate) on cardiac ion channels in vitro and cardiac
repolarization clinically were assessed in a phase |, randomized, double-blind study in healthy individuals who received isa-
vuconazole (after 2-day loading dose), at therapeutic or supratherapeutic doses daily for 11 days, moxifloxacin (400 mg
q.d.), or placebo. A post-hoc analysis of the phase Ill SECURE trial assessed effects on cardiac safety. L-type Ca>* channels
were most sensitive to inhibition by isavuconazole. The 50% inhibitory concentrations for ion channels were higher than
maximum serum concentrations of nonprotein-bound isavuconazole in vivo. In the phase | study (n = 161), isavuconazole
shortened the QT interval in a dose- and plasma concentration-related manner. There were no serious treatment-emergent
adverse events; palpitations and tachycardia were observed in placebo and supratherapeutic isavuconazole groups; no car-
diac safety signals were detected in the SECURE study (n = 257). Isavuconazole was associated with a shortened cardiac

QT interval.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

[ Although a rare occurrence, studies have shown that various
noncardiac drugs can precipitate abnormalities in the cardiac
waveform such as QT interval prolongation, which is associated
with ventricular arrhythmias including potentially fatal Torsades
de Pointes. Isavuconazole is a recently approved antifungal tria-
zole delivered by the prodrug isavuconazonium sulfate; howev-
er, triazoles can be associated with QT interval prolongation.
WHAT QUESTION DID THIS STUDY ADDRESS?

[ Given the known effects of some triazole antifungal agents
on the QT interval, the potential effects of isavuconazole on
cardiac repolarization were assessed.

Previous studies have shown that various noncardiac drugs can,
in rare instances, precipitate abnormalities in the cardiac wave-
form such as QT interval prolongation, which is associated with
ventricular arrhythmias including potentially fatal Torsades de
Pointes.”* Although congenital forms of long QT syndrome
(LQTS) are caused by mutations in various ion channels, drug-
induced QT interval prolongation is predominantly caused by
inhibition of human cther-a-go-go (hERG; encoded by KCNH2
gene), which underlies the rapid component of the delayed recti-
fier K™ current (Ig,)." Some triazole antifungal agents have been

. . . . —1 .
associated with QT interval prolongation.” ' Other noncardiac

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
M Isavuconazole shortens the cardiac QT interval in a dose-
related manner, with no evidence of an associated cardiac risk.
HOW THIS MIGHT CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE

¥ The QT-shortening observed with isavuconazole is unique
among triazole antifungal agents and was not associated with
any obvious untoward cardiovascular events. Nevertheless, this
effect underlies the contraindication of isavuconazole in
patients with congenital SQTS and suggests a need for caution
when using concomitant medications that also shorten the QT
interval.

drugs have been found to be associated with shortening of the
QT interval, but the clinical implications are not clear.!!
Isavuconazonium sulfate is a novel antifungal prodrug approved
by the US Food and Drug Administration (FDA) for the treat-
ment of adults with invasive aspergillosis (IA) and invasive mucor-
mycosis'> and by the European Medicines Agency (EMA) for the
treatment of adults with IA and with invasive mucormycosis when
amphotericin B is inappropriatc:.13 Following either oral or intrave-
nous (iv.) administration, the water-soluble prodrug is rapidly
hydrolyzed to release its broad-spectrum triazole component, isavu-
conazole! (hereafter, the drug is referred to as isavuconazole), and
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Figure 1 Subject disposition in the phase | clinical study. *Equivalent to the therapeutic dose of isavuconazonium sulfate 372 mg. "Equivalent to supra-

therapeutic dose isavuconazonium sulfate 1,116 mg.

an inactive moiety. In the phase IIIl SECURE study, isavuconazole
was shown to be noninferior to voriconazole for the primary treat-
ment of A and invasive fungal disease caused by other filamentous
fungi.15 In the phase III VITAL study, isavuconazole also was
found to be effective and well tolerated in patients with invasive
mucormycosis or other rare fungal discases, as well as in patients
with IA and renal impairment."®"” Isavuconazole has been
reported to be both a substrate as well as a moderate inhibitor of
the CYP3A4 isoenzyme.'®"? This is important to consider when
isavuconazole is coadministered with concomitant medications
that may prolong the corrected QT (QTc) interval for other
underlying conditions in patients receiving antifungal treatment.
Given the known effects of some triazole antifungal agents on
the QT interval,> ™1 the potential effects of isavuconazole on car-
diac repolarization were assessed. Iz vitro studies were performed
to assess the effects of isavuconazole on a panel of cardiac ion
channels. A phase I clinical study was performed to assess effects
of repeated administration of isavuconazole at therapeutic and
supratherapeutic doses on electrocardiogram (ECG) parameters.
Finally, data from the phase III SECURE study were reassessed

specifically to evaluate cardiac safety signals.

RESULTS

In vitro studies

To determine whether isavuconazole affects cardiac ion channels,
cell lines expressing individual cardiac Ca®", K", or Na™ chan-
nels were subjected to automated patch clamping in the presence
of isavuconazole at concentrations of 0, 1, 3, 10, or 30 uM. The
L-type Ca®" channels (hCav1.2) were most sensitive to inhibi-
tion by isavuconazole in vitro (Supplementary Table 1). The
hNavl.5 Nat channels also were inhibited, albeit to a lesser
extent, by isavuconazole under tonic or phasic conditions within
the tested drug concentration range. Isavuconazole inhibited the
different K™ channels to variable degrees. The 50% inhibitory
concentration (ICso) values for hERG and hKvLQT1/hminK

channels were within the tested drug concentration range. The
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ICso for the hKv4.3/KChiP22 K" channel was outside the
tested drug concentration range but an estimate could be
extrapolated. The ICs, for the hKIR2.1, hKIR3.1/hKIR3.4,
KIR6.2/SUR2A, and hKv1.5 could not be calculated as there
was no discernable inhibition over the concentration range
tested.

Phase I clinical study

A total of 161 subjects were randomized in this phase I thorough
QT clinical study and 148 subjects completed the study
(Figure 1). Four subjects withdrew (placebo, 7z = 1; isavucona-
zole 200 mg, 7 = 3), one subject was discontinued for noncom-
pliance (isavuconazole 200 mg), one subject was randomized but
did not receive the study drug (isavuconazole 600 mg), and seven
subjects discontinued because of a treatment-emergent adverse
event (TEAE; all from the isavuconazole 600-mg group). The
demographics of the subjects are shown in Table 1.

The ECG analysis set comprised 148 subjects (placebo, 7z = 39;
isavuconazole 200mg, » = 37; isavuconazole 600 mg, 7 = 32;
moxifloxacin, 7z = 40). The 24-h time-matched, baseline-adjusted
drug-placebo difference in the Fridericia-corrected QT interval
(ddQTcF) values for moxifloxacin and both doses of isavucona-
zole are shown in Figure 2. At 2h postdose, the median ty,,
(time to mean maximal plasma concentration (mean C,,,,)) for
moxifloxacin, the mean time-matched difference (90% confi-
dence interval (CI)) between moxifloxacin and placebo, baseline
adjusted, was 11.03 (7.14 to 14.92) ms, and the lower limit of the
90% CI exceeded 5 ms, confirming assay sensitivity. The upper
limit of the 90% CI for the time-matched difference between isa-
vuconazole and placebo, baseline adjusted, did not exceed 10 ms
at any time in either dose group, indicating that isavuconazole
did not prolong the QTcF (Supplementary Table 2). None of
the subjects in either isavuconazole dose group had a QTcF
>450 ms based on the mean of the replicates at each timepoint
and no subject had a >30 ms increase in QTcF (Table 2). In
contrast, two subjects in the 200-mg dose group and five subjects
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Table 1 Demographics of all subjects in the safety analysis set of the phase I clinical study

Isavuconazole

Parameter Placebo (n = 40) 200mg (n =41) 600 mg (n = 39) Moxifloxacin (n = 40)
Age [years], mean = SD 33.4+9.8 33.0+10.6 31.5+9.2 322*+95
Sex, n (%)
Male 22 (55.0) 17 (41.5) 20 (51.3) 22 (55.0)
Female 18 (45.0) 24 (58.5) 19 (48.7) 18 (45.0)

Race, n (%)

White 22 (55.0) 20 (48.8) 29 (74.4) 16 (40.0)
Black or African American 10 (25.0) 17 (41.5) 7(17.9) 14 (35.0)
Asian 4 (10.0) 2(4.9) 2(5.1) 4 (10.0)
American Indian/Alaska Native 2 (5.0) 0 0 1(2.5)
Native Hawaiian/Pacific Islander 1(2.5) 0 0 0
Other 1(2.5)2 2 (4.9P 1(2.6)° 5 (12.5)
Weight [kg], mean (SD) 71.4(13.2) 69.5 (12.1) 70.6 (11.1) 76.8 (13.0)
Body mass index [kg/m?], mean (SD) 24.5(3.0) 24.0(3.2) 24.2 (2.8) 25.3(2.8)

SD, standard deviation.

20ne subject identified as White/Asian. "One subject each identified as White/American Indian/Alaska Native; biracial White/African American. “One subject identified as
White/African American. 9One subject each identified as White/African American/American Indian; White/African American/Asian (Korean); White/Asian (Filipino); White/
Asian; Black/Native Hawaiian/Pacific Islander.

in the 600-mg dose group had QTc¢F <360 ms for at least one The pharmacokinetic (PK) analysis set comprised 109 subjects
timepoint. A decrease from baseline in QTcF of >30 ms for at  (isavuconazole 200 mg, » = 37; isavuconazole 600 mg, 7= 32;
least one timepoint was observed in 13 subjects in the 600-mg  moxifloxacin, 7 = 40). The mean plasma concentration-time pro-
isavuconazole dose group and seven subjects in the 200-mg isavu-  files of 200-mg and 600-mg isavuconazole groups following the
conazole dose group. Day 13 doses are shown in Figure 3a. The mean plasma
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Figure 2 Mean change compared with placebo in baseline-adjusted* QTcF over time on Day 13 in the phase I clinical study. Error bars represent 90%
Cl. QTcF, Fridericia-corrected QT interval; ddQTcF, time-matched, drug—placebo difference in QTcF interval, baseline-adjusted. Zero on x-axis represents
time of Day 13 dose; horizontal dotted line represents threshold for significant prolongation of QTcF interval. *Baseline was defined as time-matched
measurement on Day —1.
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Table 2 Analysis of outliers for QTcF in the phase I clinical study

Isavuconazole

Parameter Placebo (n = 39)% n (%)

Extreme values®

200 mg (n =37)% n (%)

600 mg (n = 32)? n (%) Moxifloxacin (n = 40)? n (%)

<360 msec 1(2.6) 2 (5. 5(15.6) 1(2.5)
<330 msec 0 0 0 0
>450 msec 0 (0] [¢] 5(12.5)
>480 msec 0 0 0 0
Change from baseline®
>30 msec increase 3(7.7) 0 0 4 (10.0)
>60 msec increase 0 0 0 0
>30 msec decrease 1(2.6) 7(18.9) 13 (40.6) 1(2.5)
>60 msec decrease 0 0 0 0

QTcF, Fridericia-corrected QT interval.

®Number of subjects with a nonmissing value. bUsing the average of the replicates at each timepoint. °Baseline defined as average of replicates at each time point from
Day 1; postbaseline defined as average of replicates from Day 13; percentages calculated as the total number of subjects within the change from baseline category divided

by the total number of subjects with a nonmissing value, at each timepoint.

moxifloxacin concentration—time profile is shown in Figure 3b.
The PK parameters for study drugs are shown in Supplementary
Table 3.

The relationship between isavuconazole plasma concentrations
and dQTcF showed a negative relationship described by the

equation:

dQTcF = -0.0005 X [isavuconazole concentration] - 7.30 (Figure 4).

The model was fitted using individual concentration and
baseline-adjusted QTc (dQTc) pairs. Based on this relationship,
predicted mean dQTCcF values (90% CI) at the mean C,,,, for
the 200-mg and 600-mg doses were —11.19 (~13.01, —9.37) ms
and —17.68 (—20.54, —14.82) ms, respectively. Goodness of fit
was based on the dQTc model as described previously.*>*! The
residual plots against dQT<cF and time are presented in Supple-
mentary Figure 1.

The safety analysis set comprised 160 subjects (placebo,
7 =40; isavuconazole 200mg, 7 = 41; isavuconazole 600 mg,
n=39; moxifloxacin, 7» = 40). Overall, more TEAEs were
reported for the isavuconazole 600-mg group compared with the
placebo, isavuconazole 200 mg, and moxifloxacin groups (Supple-
mentary Table 4). There were no serious TEAEs, severe TEAEs,
or deaths. Many of the more frequently reported TEAEs (e.g.,
headache, dizziness, and paresthesia) were observed in approxi-
mately equal proportions of the placebo group and the isavucona-
zole 200-mg group. However, more subjects in the isavuconazole
600-mg group than in the isavuconazole 200-mg and placebo
groups experienced headache, hot flush, nausea, dizziness, pares-
thesia, anxiety, dry mouth, disturbance in attention, dysgeusia,
palpitations, and oral hypoesthesia. TEAEs leading to discontinu-
ation occurred in seven subjects in the isavuconazole 600-mg
group. TEAEs in the system organ class “Cardiac disorders” were
only reported in the placebo and isavuconazole 600-mg groups,

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 101 NUMBER 6 | JUNE 2017

and included palpitations (placebo, z =1 (2.5%); isavuconazole
600 mg, 2 =4 (10.3%)) and tachycardia (isavuconazole 600 mg,
n=2 (5.1%)). Concurrent ECGs performed in five of those six
patients were either normal (7 = 3) or abnormal but not clinical-
ly significant (z =2). A summary of ECG abnormalities is pro-
vided in Supplementary Table 5. One subject who experienced
a Cardiac disorder TEAE in the isavuconazole 600-mg group dis-
continued because of palpitations. No important differences were
found for changes from baseline in clinical laboratory values, and
no clinically relevant changes from baseline were found for any
vital signs. At 3h postdose, an increase of 2 beats per minute
(bpm) in the heart rate relative to placebo was seen for the 200-mg
dose and an increase of the same magnitude was seen for moxiflox-
acin. At 3h postdose, a 6 bpm increase in heart rate was seen for
the 600-mg dose. The change in ventricular heart rate is summa-
rized in Supplementary Table 6 and Supplementary Figure 2.
Compared with placebo, PR was shortened by 6 ms at the 200-mg
dose and by 12 ms at the 600-mg dose of isavuconazole. A very
small and nonsignificant shortening of QRS was seen. The statisti-
cal assessments for PR and QRS intervals are provided in Supple-
mentary Table 7. Plots of PR and QRS over the dosing interval
and a statistical analysis at the PK t,,,,, for the two doses of isavuco-
nazole are provided in Supplementary Figure 3.

A scatterplot of QT vs. RR for all the Day —1 ECGs, ie.,
ECGs taken on the day before first dosing of the study drugs,
shows the expected increasing between QT and RR interval, i.e.,
decreasing heart rate (Supplementary Figure 4A). The corre-
sponding scatterplot for QTcF vs. RR lacks this relationship,
demonstrating that the Fridericia correction had appropriately
corrected for heart rate (Supplementary Figure 4B).

Phase Ill SECURE Trial
In the SECURE trial, increases of >30 ms and >60 ms in QTcF
postbaseline and at the end of treatment were numerically more
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Figure 3 Mean ( = standard deviation) plasma concentrations of isavuco-
nazole (a) and moxifloxacin (b) following the Day 13 dose in the phase |
clinical study.

frequent in the voriconazole group compared with the isavucona-
zole group (Supplementary Table 8). Similarly, greater numbers
of voriconazole-treated patients than isavuconazole-treated
patients had extreme values of QTcF >450 and >500 ms at
any time postbaseline as well as >450 and >480 ms at the end
of treatment. Conversely, decreases in QTcF of >30 ms and
>60 ms, as well as extreme values of <300 and <360 ms were
numerically more frequent in the isavuconazole group.

Overall, cardiac TEAEs by system organ class in the SECURE
trial were numerically more frequent in the voriconazole arm
compared with the isavuconazole arm (Supplementary Table 9).
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Tachycardia, QT interval prolongation, and cardiac arrest were
all numerically more frequent in the voriconazole arm, whereas
supraventricular tachycardia was numerically more frequent in
the isavuconazole arm. All other cardiac-related TEAEs occurred
in similar proportions in each treatment arm.

Numerically fewer patients in the isavuconazole arm compared
with the voriconazole arm had TEAEs related to Torsades de
Pointes. (Table 3). Syncope and loss of consciousness were
reported in a higher proportion of isavuconazole- than
voriconazole-treated patients. Among the seven patients in the
isavuconazole group who experienced syncope, four were consid-
ered mild and unrelated to study drug, one was mild and consid-
ered possibly related to study drug (patient was receiving
rituximab and diphenhydramine), one was considered moderate
and possibly related to study drug (patient was on last dose of
chemotherapy), and one was considered severe and possibly relat-
ed to study drug (patient received concurrent morphine). Among
the three patients in the isavuconazole group who experienced
loss of consciousness, one was considered moderate and possibly
related to study drug (patient received midazolam and morphine
prior to event) and two were considered severe and unrelated to
study drug. QT prolongation and cardiac arrest were reported in
a lower proportion of isavuconazole than voriconazole-treated
patients. A total of five patients in both the isavuconazole and
voriconazole treatment groups (3.8% and 3.5%, respectively) had
a shift from normal to significantly abnormal ECG assessments
between baseline and end of treatment. Another 3/99 patients in
the isavuconazole group (3.0%) and 5/88 patients in the vorico-
nazole group (5.7%) had abnormal ECG findings at baseline that
became clinically significantly abnormal at the end of treatment.

DISCUSSION
The association of certain triazole antifungal agents with prolon-
gation of the cardiac QT interval®™'® underscores the need to
test cardiac effects of new agents in this class. Depolarizing cur-
rents mediated by hCav1.2 L-type Ca®" channels were the most
sensitive to inhibition by isavuconazole i vitro. The ICs values
for hCavl.2 (6.567 uM), as well as for hNav1.5 Na™ channels
(0.36 UM [tonic] and 14.87 puM (phasic)), hERG, hKv4.3/
KChiP2.2 (35.24 pM), and hKVLQT/hminK (24.02 pM) K*
channels were all markedly higher than the nonprotein-bound
Crnax 0bserved iz vivo at the therapeutic dose of 200 mg, Never-
theless, the dose-related shortening of the QT interval observed
clinically in this study is consistent with the possibility of some
inhibition of L-type Ca®”" channel currents by isavuconazole.

The effect on the late Na™ current was not directly evaluated;
however, isavuconazole, at high iz vitro concentrations (20 pM),
inhibited radioligand binding to the Na™ channel site 2 by 78%
(unpublished observations). While an effect on the late Na™ cur-
rent cannot be excluded, the high concentrations needed to affect
Na™ channel site 2 as well as the absence of an effect on the PR
interval argues against clinically discernible effects of this current
on the human ECG.

Irrespective of the underlying mechanism, this effect of isavucona-
zole on the QT interval did not appear to be associated with unto-
ward cardiac effects at the therapeutic dose because cardiac-related

VOLUME 101 NUMBER 6 | JUNE 2017 | www.cpt-journal.com
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Figure 4 Scatterplot of individual dQTcF vs. isavuconazole plasma concentration in the phase | clinical study. C,,x, maximum concentration; dQTcF,
time-matched, baseline-adjusted QTcF interval; QTcF, Fridericia-corrected QT interval. Postdose timepoints are shown at 200 mg ((_]) and at 600 mg isavu-
conazole (+). Dashed lines represent predicted dQTcF at the C,ax for 200-mg and 600-mg doses, shown with 90% Cl.

TEAEs that were observed in healthy subjects in the phase I trial
(palpitations and tachycardia) occurred in those who received the
supratherapeutic dose but not the therapeutic dose of isavuconazole.
Although palpitations and tachycardia were observed at the thera-
peutic dose in small proportions of patients in the SECURE trial
(less than 5% for each), an assessment of cardiac-related TEAEs and
Torsades de Pointes-specific TEAEs from the SECURE trial also did
not reveal signals indicative of an increased risk of cardiac events
with isavuconazole treatment due to QT shortening.

Although concerns about the potential cardiac risk associated
with drug-induced shortening of the QT interval have been
expressed,'’ neither the actual risk nor the mechanism of QT
shortening by isavuconazole are clear. Congenital short QT syn-
drome (SQTS) is associated with mutations in ion channels,

including K*, Ca*", and Na¥ channels,** and like congenital
LQTS, marked QT interval shortening is associated with
arrthythmogenic potential and an elevated risk for sudden cardiac
death.?? However, some population-based studies have found no
evidence of increased cardiac risk in rare individuals with congen-
ital short QTc interval. >~

The arrhythmogenic potential of a given drug may be related
to its net effect on several ion channels. Unlike drug-induced QT
interval prolongation, it is not clear whether there is an increased
cardiac risk associated with drug-induced QT shortening. For
example, some antiepileptic drugs have been found to shorten the
QT interval,2°=%® but the associated cardiac risk is obscured both
by the already elevated risk of sudden death in epileptic patients
and by the potential for misdiagnosis of tachyarrhythmia as

Table 3 Treatment-emergent adverse events for Torsades de Pointes standardized MedDRA queries

MedDRA v. 12.1, n (%) preferred term

Isavuconazole (n = 257)

Voriconazole (n = 259)

Patients with > 1 Torsades de Pointes TEAE 15 (5.8) 19(7.3)
Syncope 7(2.7) 2(0.8)
Loss of consciousness 3(1.2) 0
Cardio-respiratory arrest 2(0.8) 2(0.8)
Electrocardiogram QT prolonged 2(0.8) 8(3.1)
Cardiac arrest 1(0.4) 6 (2.3)
Sudden cardiac death 0 1(0.4)
Ventricular tachycardia 0 2(0.8)

MedDRA, medical dictionary for regulatory activities; TEAE, treatment-emergent adverse event.

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 101 NUMBER 6 | JUNE 2017
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seizure activity.'" Finally, there is no consensus for a threshold
beyond which QT shortening confers cardiac risk. Therefore, the
absence of cardiac safety signals in these studies may indicate that
the extent of shortening was not sufficient to elevate cardiac risk
to detectable levels.

Notwithstanding the lack of any obvious cardiac risk associated
with isavuconazole in studies performed to date, it is important
that appropriate precautions be taken. Isavuconazole is contrain-
dicated for patients with familial SQTS"?
should also be taken before prescribing isavuconazole with medi-
cation known to shorten the QT interval.

This analysis has some limitations. The phase I study enrolled

and due consideration

only healthy subjects and risk factors for cardiac abnormalities
5
There-

fore, it is not clear that the lack of cardiac safety signals in the clini-

were among the exclusion criteria in the phase III study.

cal studies can be generalized to a real-world population of patients
who would be candidates for treatment with isavuconazole.

Taken together, these data demonstrate that isavuconazole
shortens the cardiac QT interval in a dose-related manner, with
no evidence of an associated cardiac risk. Nevertheless, the find-
ings indicate a need to be aware of the potential for isavuconazole
to shorten the QT interval, and to consider the potential effects
in patients with congenital SQTS or the use of concomitant
medications with a similar effect.

METHODS

In vitro studies

The in vitro effects of isavuconazole on a panel of human cardiac Ca
K", and Na© channels were assessed by recording transmembrane cur-
rents in cultured cells stably transfected with genes encoding each chan-
nel. The details of cell culture, transfection, and test procedures for each
ion channel are provided in Supplementary Material 1 and Supple-
mentary Table 1.

2+

Phase I clinical study

A phase 1, single-center, randomized, double-blind, placebo- and active-
controlled, parallel-group study evaluated the effect of repeat doses of
isavuconazole on cardiac repolarization in healthy adult subjects
(Clinical Trials.gov identifier, NCT01565720). This study was con-
ducted in accordance with the ethical principles consistent with the Dec-
laration of Helsinki, Good Clinical Practice, International Conference
on Harmonization guidelines, and all applicable laws and regulations. All
subjects provided informed consent.

The study enrolled healthy males and females, aged 18-55 years,
>45 kg, with a body mass index of 18-30 kg/m” inclusive, sitting systolic
blood pressure between 90 and 140 mm Hg inclusive, and diastolic blood
pressure between 50 and 90 mm Hg inclusive. Exclusion criteria included
previous history of clinically significant gastrointestinal, neurological,
renal, hepatic, pulmonary, metabolic, cardiovascular, psychiatric, endo-
crine, or hematological disorders/diseases; cardiac conduction abnormali-
ties based on ECG at screening (Fridericia’s corrected QT interval
(QTcF) >430 ms [male], >450 ms (female), or <360 ms (male or
female)); history of unexplained syncope, cardiac arrest, cardiac arrhyth-
mia, Torsades de Pointes, structural heart disease or family history of
LQTS or SQTS; low levels of K, Ca®", or Mg®™; history of alcohol or
drug abuse; use of tobacco products within 3 months prior to screening;
and known or suspected hypersensitivity to any of the study drugs.

Subjects were randomized to 1 of 4 treatment groups (all treatments
except moxifloxacin were double-blinded), as follows:
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1. Oral isavuconazole 200 mg (in capsules containing isavuconazonium
sulfate 186 mg, each equivalent to isavuconazole 100 mg; hereafter,
only the isavuconazole equivalent is used) 3 times daily (tid.) on

Days 1 and 2, then 200 mg once daily (q.d.) on Days 3-13.
2. Oral isavuconazole (200 mg) t.i.d. on Days 1 and 2, then 600 mg q.d.

on Days 3-13.
3. Oral placebo tid. on Days 1 and 2, then oral placebo q.d. on

Days 3-13.
4. Oral placebo tid. on Days 1 and 2, then oral placebo q.d. on

Days 3-12, followed by oral moxifloxacin 400 mg (an established
hERG channel inhibitor commonly used as a positive control for QT
prolongation®”) on Day 13.

The primary objective of the study was to assess the effect of near
steady-state plasma concentrations of isavuconazole (assessed following
Day 13 dose) on cardiac repolarization. Continuous 12-lead ECGs were
recorded for ~24h on Day —2 (to familiarize the subjects with the
study procedure; not analyzed), Day —1 (baseline), and on Day 13 start-
ing ~1h before the planned dose. The ECG parameters collected and
analyzed included ventricular heart rate, q mtcrval, PR interval, QRS
duration, RR interval, and QTcF (QT/RR'?

Secondary objectives included evaluation of PK as well as safety and
tolerability of isavuconazole in healthy adult subjects. Isavuconazole and
moxifloxacin PK parameters (Cpaotmae 24-h area under the plasma
concentration—time curve (AUC,4), trough plasma concentration
(Crroughs isavuconazole only)) were assessed. Blood samples for determin-
ing plasma isavuconazole concentrations were collected on Days 11 and
12 within 15 min prior to dosing, and on Day 13 at predose and 1, 2, 3,
4, 8, 10, 12, 20, and 24 h postdose. Blood samples for determination of
plasma moxifloxacin concentrations were collected on Day 13 predose
and at 1,2, 3, 4, 8, 10, 12, 20, and 24 h postdose.

Safety and tolerability were assessed by TEAEs, vital signs, and labora-
tory findings.

Phase Ill SECURE study

Details of the SECURE study are provided elsewhere.'> Briefly, this was
a randomized, double-blind, noninferiority study comparing the safety
and efficacy of isavuconazole (200 mg t.i.d. for 2 days, then 200 mg q.d.
oral or i.v.) and voriconazole (6 mg/kg i.v. b.i.d.,, on Day 1, then 4 mg/kg
iv. b.id,, then 4 mg/kg oral or i.v.) for treatment of patients with inva-
sive fungal disease caused by Aspergillus spp. or other filamentous fungi.
Men and women (aged >18 years) with possible or probable invasive
mold disease (European Organization for Research and Treatment of
Cancer/Invasive Fungal Infections Cooperative Group and the National
Institute of Allergy and Infectious Diseases Mycoses Study Group
Consensus Group criteria)®® received treatment for up to 84 days. The
safety population included randomized patients who received at least
one dose of study medication. Details of efficacy and safety have been
presented previously."> This analysis evaluated categorical changes from
baseline for extreme values of QTcF (increases or decreases of >30 ms
or >60 ms postbaseline and end of treatment), categorical values of
<300, <330, <360, >450, >480, and >500 ms postbaseline and end
of treatment and TEAE:s related to cardiac function.

Statistical analyses
For the in vitro studies, descriptive statistics were performed using Excel
software (Microsoft, Redmond, WA).

For the phase I study, a sample size of 160 subjects (40 per treatment
arm, targeting 38 of whom completed in each arm) was estimated to
provide 80% power to reject the null hypothesis that the difference
in QTcF between isavuconazole and placebo, baseline adjusted, was
>10 ms, assessed using the upper limit of a one-sided 95% CI. These cal-
culations assumed a maximum treatment effect of 2 ms and a standard
deviation of the difference of 14 ms. Study populations included the
safety analysis set (all randomized subjects who reccived at least one dose
of study medication), the ECG analysis set (subjects who completed a
least one time-matched ECG extraction on Days —1 and 13) and the
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PK analysis set (all subjects in the safety analysis set whose PK data were
adequate for calculation of at least one PK parameter). For ECG analy-
ses, triplicate extractions from each of Days —1 and 13 were averaged at
cach timepoint. To evaluate the effect of isavuconazole on the QTcF
interval at each timepoint, the change from bascline to Day 13 was
assessed using analysis of covariance with treatment as a fixed effect and
baseline QTcF as a covariate. A conclusion of no significant prolonga-
tion of the QTcF interval was reached if the upper bound of the two-
sided 90% CI (equivalent to the 95% CI of a one-sided CI) was <10 ms
at all timepoints. Assay sensitivity was assessed within the same model at
the nominal time closest to the median t,,,, for moxifloxacin on Day 13,
and was confirmed if the lower bound of the two-sided 90% CI for the
difference in least square means between moxifloxacin and placebo treat-
ments, baseline adjusted, exceeded 5 ms, as per regulatory guidamce.’?’1
Summaries of the percentage of subjects with absolute QTcF interval
<360 ms, <330 ms, <300 ms, >450 ms, >480 ms, and >500 ms, as
well as increases/decreases from baseline in QTcF >30 ms and >60 ms,
were conducted to evaluate outliers.

The relationship between isavuconazole plasma concentrations and
dQTcF was explored using a random coefficients linear mixed effects
model. Based on the relationship, the predicted dQTcF and its corre-
sponding 90% CI were computed at the mean C,,,, for each dose. A
scatterplot of the dQTcF vs. isavuconazole plasma concentrations was
produced, including the regression line and equation.

Baseline characteristics, PK data, and TEAEs in the phase I study as
well as the cardiac-related TEAEs in the phase III SECURE study (i..,
system organ classes of “Cardiac disorders” or “Electrocardiogram inves-
tigations”) were assessed using descriptive statistics.

Additional Supporting Information may be found in the online version of
this article.
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