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This thorough QT (TQT) study evaluated the effect of zanubrutinib on electrocardiogram (ECG) parameters by using con-
centration-QTc (C-QTc) analysis as the primary analysis for this study. Part A of the study determined the safety and toler-
ability of a single supratherapeutic dose of zanubrutinib (480 mg) in healthy volunteers. Part B was a randomized, blinded,
placebo-controlled and positive-controlled, four-way crossover, TQT study of single therapeutic (160 mg) and suprathera-
peutic (480 mg) doses of zanubrutinib, placebo, and open-label moxifloxacin 400 mg. Thirty-two participants received at
least 1 dose of zanubrutinib, and 26 participants completed all 4 periods. Zanubrutinib did not have any effect on heart rate
or cardiac conduction (pulse rate, QRS interval, or T-wave morphology) and was generally well-tolerated. Using C-QTc analy-
sis, the predicted placebo-corrected change-from-baseline QT interval using Fridericia’s formula (A AQTcF) was -3.4 msec
(90% confidence interval: —4.9 to —1.9 msec) at peak concentrations of the 480 mg dose. A QT effect (A AQTcF) exceeding
10 msec could be excluded within the observed concentration range at 160 and 480 mg doses. Assay sensitivity was estab-
lished by moxifloxacin with 90% lower bound exceeding 5 msec. Implementing a C-QTc analysis prospectively in this TQT
study resulted in a substantially smaller sample size to maintain a similar study power as shown in the traditional time-point
analysis. A single 160-mg or 480-mg zanubrutinib dose did not prolong the QTc interval or have any other clinically relevant

effects on ECG parameters.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
The effects of zanubrutinib on QT/QTc interval are un-
known and there are limited published examples using
concentration-QTc (C-QTc) analysis as the primary analy-
sis in a thorough QT (TQT) study.

WHAT QUESTION DID THIS STUDY ADDRESS?

The effect of zanubrutinib on the QT/QTc interval was
investigated in a TQT study in healthy subjects in which
C-QTc analysis was used as the primary analysis.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Zanubrutinib does not increase QT/QTc interval up to
doses of 480 mg and this study increased understanding

Bruton’s tyrosine kinase (BTK), a member of the Tec kinase
family, is a critical component of the B-cell receptor signal-
ing cascade. Activation of BTK in B cells initiates a series
of signaling events that includes recruitment of BTK to the
plasma membrane, autophosphorylation at Tyr223, activa-
tion of phospholipase Cy2, subsequent activation of nuclear
factor kappa-light-chain-enhancer of activated B cells, and
expression of genes involved in proliferation and survival."®

of the cardiovascular safety profile of zanubrutinib, a
BTK inhibitor that has been granted a breakthrough
therapy designation and received accelerated approval
by US Food and Drug Administration (FDA) for the treat-
ment of patients with relapsed or refractory mantle cell
lymphoma.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?

Using a concentration-QTc analysis as the primary
analysis in the dedicated TQT study can substantially re-
duce the sample size compared with the typical by time-
point analysis for the TQT study.

Inhibition of BTK has emerged as a promising strategy
for targeting B-cell malignancies, including mantle cell
lymphoma (MCL), chronic lymphocytic leukemia, small lym-
phocytic lymphoma, follicular lymphoma, Waldenstrom’s
macroglobulinemia, and diffuse large B-cell lymphoma.*
Ibrutinib, the first-in-class US Food and Drug Administration
(FDA)-approved BTK inhibitor, has demonstrated promising
antitumor activities in several B-cell malignancies.
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Zanubrutinib (BGB-3111) is a potent, specific, and irre-
versible BTK inhibitor designed to maximize BTK occupancy
and minimize off-target inhibition. Zanubrutinib has been
granted a breakthrough therapy designation and recently
received accelerated approval by the FDA for the treatment
of adult patients with MCL who have previously received at
least one prior therapy.® Like ibrutinib, zanubrutinib forms an
irreversible covalent bond at Cys481 within the adenosine
triphosphate—binding pocket of BTK. However, zanubrutinib
is more selective than ibrutinib against off-target kinases,
including epidermal growth factor receptor, Janus tyrosine
kinase 3, human epidermal growth factor receptor 2, Tec
protein-tyrosine kinase, and inducible tyrosine kinase.® The
increased selectivity of zanubrutinib for BTK may result in a
lower incidence and severity of off-target toxicities linked to
inhibition of the aforementioned kinases. Emerging clinical
data have shown that zanubrutinib as a single agent and
in combination with other therapies resulted in high rates
of objective response in patients with B-cell malignan-
cies, including Waldenstrém’s macroglobulinemia, MCL,
and chronic lymphocytic leukemia,”® consistent with its
near-complete BTK occupancy and target engagement in
target tissues (median occupancy of 100% in lymph nodes).

Following oral administration, zanubrutinib is eliminated
with a mean terminal elimination half-life (t,,) of ~ 2—4 hours.
Median time to peak zanubrutinib plasma concentration
(Tax) 18 2 hours. There is a dose-proportional increase in
maximum concentration (C__ ) and area under the plasma
concentration-time curve (AUC) from time 0 extrapolated to
infinity (AUC,_,,) at doses from 40 mg to 320 mg.? Following
multiple-dose administrations of zanubrutinib at doses from
40 to 320 mg, limited systemic accumulation is observed,
which is consistent with the observed t,,. Zanubrutinib is
primarily metabolized by cytochrome P450 3A (CYP3A) en-
zymes. There are no major active metabolites in circulation.

The preclinical cardiovascular safety profile of zanubru-
tinib has been assessed in in vitro and in vivo studies. In
the in vitro human ether-a-go-go related gene (hERG) ion
channel assay, an inhibitory effect on hERG channels was
noted with half-maximal inhibitory concentration of 9.11 uM.
This represents an ~ 217-fold exposure margin based on
the clinical steady-state unbound C_ . of 0.042 uM at the
recommended phase lll dose of 160 mg twice daily. Based
on the nonclinical studies, the potential risk of QT interval
prolongation in humans by zanubrutinib is considered low.

This thorough QT (TQT) study was conducted in healthy
volunteers to support overall assessment of risk of QT pro-
longation for zanubrutinib based on International Conference
on Harmonisation (ICH) E14 guidelines.'®'" Early knowledge
of QTc risk for zanubrutinib is critical in supporting design
of late-phase studies in patients with B-cell malignancies,
including providing guidance on the eligibility criteria and on
the use of concomitant medications that may prolong the QT/
QTc interval and whether intensive late-stage monitoring is
needed. Unlike traditional TQT studies,'? concentration-QTc
(C-QTc) analysis'® was specified prospectively as the pri-
mary analysis for this TQT study based on recommendations
from the International Consortium for Innovation and Quality
in Pharmaceutical Development-Cardiac Safety Research
Consortium (IQ-CSRC) study,'*'® so a substantially smaller
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sample size could be used to achieve similar power.'® As
described in a white paper on C-QTc analysis,® this type
of analysis is appropriate for evaluation of the QTc effects
of new drugs, unless indirect effects (e.g., autonomic ef-
fects or QTc prolongation) caused by so-called trafficking
is expected.

Zanubrutinib is administered orally at a dose of 160 mg
twice daily in ongoing clinical studies in patients. A single
dose of 480 mg was selected as the supratherapeutic dose
in this TQT study, based on a 2.6-fold increase in zanu-
brutinib C, . when co-administered with a strong CYP3A
inhibitor, itraconazole from a clinical drug-drug interaction
study.'” With 320 mg having been the maximum zanubru-
tinib dose tested in humans prior to this study and clinical
safety data unavailable for the supratherapeutic dose, an ini-
tial assessment of the safety and tolerability of zanubrutinib
480 mg was conducted in healthy volunteers (part A of the
study) prior to the crossover TQT study in part B.

METHODS

This study (NCT03432884) was conducted in accordance
with the ethical principles communicated in the Declaration
of Helsinki, ICH Good Clinical Practice guidelines, and ap-
plicable regulatory requirements and in compliance with
the protocol. All participants provided written informed
consent as defined by the protocol prior to all screening
procedures. The design of part B of this study followed the
general design principles outlined in the ICH E14 guidance
for the clinical evaluation of the QT/QTc interval with nonan-
ti-arrhythmic drugs.!""®

Study participants

Participants were healthy men and women between the
ages of 18 and 55 years, inclusive, with a body mass index
of > 18 to < 33 kg/m?, who provided written informed
consent. Women were required to be of nonchildbear-
ing potential (either surgically sterile or postmenopausal).
Participants had to be in stable health without any evidence
of cardiovascular disease, other significant medical condi-
tions, or clinically significant laboratory test abnormalities.
Key exclusion criteria included subjects who used prescrip-
tion medications, including nonsteroidal anti-inflammatory
drugs or sucralfate and medications known to prolong the
QT/QTc interval or herbal preparations within 14 days or 5
half-lives (whichever was longer) before study drug dosing,
or use of an over-the-counter medication, vitamins, or sup-
plements (including omega-3 fish oils) within 7 days before
study drug dosing.

Study design and treatments

Part A was a double-blind, placebo-controlled study to
evaluate the safety, tolerability, and pharmacokinetics
(PK) of a supratherapeutic dose (480 mg) of zanubrutinib.
Eight healthy participants were randomized 3:1 to receive
a single oral dose of 480 mg of zanubrutinib or placebo
under fasted conditions. An initial cohort of four partici-
pants was dosed, and the next cohort of four participants
was dosed after a safety review of the initial cohort.
The safety and tolerability of zanubrutinib 480 mg was



considered acceptable if there were no serious adverse
events (SAEs) or grade 3 or higher adverse events (AEs)
related to zanubrutinib administration. If this criterion was
met, this dose was to be used as the supratherapeutic
dose in part B of the study. The primary end point was the
incidence of treatment-emergent adverse events (TEAES)
reported following administration of zanubrutinib com-
pared with placebo.

Part B was a placebo-controlled and positive-controlled,
four-way crossover TQT study. The primary objective was to
evaluate the effects of single doses of zanubrutinib on heart
rate (HR)-corrected QT interval using Fridericia’s formula
(QTcF) compared with placebo. The secondary objectives
were to assess the effects of single doses of zanubrutinib
160 and 480 mg on echocardiogram (ECG) parameters
(HR, pulse rate (PR), and QRS intervals), PK, and the safety
and tolerability of zanubrutinib. Participants were randomly
assigned to 1 of 12 sequences to receive, under fasted con-
ditions, the following four different treatments orally: a single
dose of 160 mg zanubrutinib (two 80-mg capsules plus four
placebo capsules); six 80-mg zanubrutinib capsules totaling
a single cumulative dose of 480 mg zanubrutinib; placebo
to match zanubrutinib (six placebo capsules); and one 400-
mg moxifloxacin tablet (the positive control). Zanubrutinib
and placebo were administered in a double-blind manner,
and moxifloxacin was administered in an open-label man-
ner. Treatments were separated by a washout period of
7 + 2 days.

The primary ECG end point was placebo-corrected
change-from-baseline QT interval using Fridericia’s for-
mula (AAQTcF), and secondary ECG end points included
change-from-baseline HR, QTcF, PR, and QRS intervals
(AHR, APR, and AQRS), placebo-corrected intervals
(AAHR, AQTcF, AAPR, and AAQRS), the frequency of
treatment-emergent T-wave morphology abnormalities,
and the presence of U-waves. Participants rested in the
supine position for at least 10 minutes prior to the admin-
istration of ECGs.

In both parts of the study, standard assessments (e.g.,
clinical laboratory tests, vital signs, safety ECGs, and phys-
ical examinations) were performed and demographics,
medical history, and details on concomitant medication use
were obtained. AEs and SAEs were assessed and graded
based upon the NCI Common Terminology Criteria for
Adverse Events (CTCAE) version 4.03.

Sample size calculation

A total of 32 subjects were enrolled to ensure that at
least 24 subjects completed all four treatment periods.
The sample size for part B of the study (n = 24) was se-
lected based on experience from the IQ-CSRC study.”
Simulations were used to evaluate the power of small
studies with C-QTc analysis,15 as well as 25 recent TQT
studies performed by the central ECG laboratory (data
on file, eResearchTechnology) using C-QTc analysis. A
sample size of 24 provided > 90% power to exclude the
possibility that zanubrutinib causes a > 10-msec QTc ef-
fect at clinically relevant plasma levels, as shown by the
upper bound of the two-sided 90% confidence interval
(Cl) of the model-predicted QTc effect (AAQTCF) at the
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observed mean C_,.  of zanubrutinib. The sample size
was also approximated using a simple paired t-test for

equivalence.

Electrocardiogram and QTc analyses

In part B, on day 1 in each period, a continuous ECG re-
cording was performed for 25 hours, starting 1 hour prior
to dosing. All ECG data were collected using a Global
Instrumentation (Manlius, NY) M12R ECG continuous 12-
lead digital recorder. ECG intervals were measured blindly
by iCardiac Technologies (Rochester, NY) using a high-pre-
cision QT technique,”® and the ECG database was locked
before any statistical analysis was undertaken. The 12-lead
ECGs were extracted in up to 10 replicates by the cen-
tral ECG laboratory at the following time points: —45, -30,
and -15 minutes prior to dosing, and 0.5, 1, 1.5, 2, 2.5, 3,
3.5, 4, 6, 8, 12, and 24 hours after dosing. ECGs were ex-
tracted from the continuous recording during a window of
5 minutes preceding the nominal time point, immediately
preceding blood sampling for PK determination.

Plasma concentrations and PK analyses

Blood samples for PK analysis of moxifloxacin and za-
nubrutinib in plasma were collected immediately before
dosing on day 1 of each period and at 0.5, 1, 1.5, 2, 2.5,
3, 3.5, 4, 6, 8, 12, and 24 hours after dosing. The deter-
mination of plasma concentrations of zanubrutinib and
moxifloxacin were performed by XenoBiotic Laboratories
(Plainsboro, NJ), using validated liquid chromatography
tandem mass spectrometry methods. The method utilizes
a reverse-phase high performance liquid chromatography
column to elute zanubrutinib with the IS (BGB-4257) and
an liquid chromatography tandem mass spectrometry in-
strument (AB Sciex API-4000) with positive electrospray
ionization multiple reaction monitoring mode to quantify za-
nubrutinib. The lower limit of quantification was 1.00 ng/mL
and 20 ng/mL for the plasma zanubrutinib and moxifloxacin
concentration, respectively. The precision and accuracy of
the analytical methods for zanubrutinib and moxifloxacin
were within the acceptance criteria.

PK analyses were performed based on actual time of
sample collection, using noncompartmental methods with
Phoenix WinNonlin, version 6.3.1 (Certara USA, Princeton,
NJ). All plasma concentrations below the lower limit of quan-
tification were treated as missing, except those measured
prior to the first quantifiable concentration on the day of
dosing or after the last quantifiable concentration, which
was treated as “0.” PK parameters included Cmax, T naxe
AUC, AUC__ ., and t,,. AUC was estimated using the lin-
ear trapezoidal method (linear up log down). If the adjusted
R-squared value (Rsqg_adjusted) was < 0.8, no value of
AUC_ or t,, was reported.

Analyses for 12-lead ECG data and C-QTc analysis

All statistical analyses of ECG data, including the C-QTc
analyses, were performed using SAS version 9.3 (SAS
Institute, Cary, NC). Baseline was the average of the derived
ECG intervals from the three time points prior to dosing on
day 1 for the respective period. Categorical data were sum-
marized by participant and time point.
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The C-QTc analysis was based on time-matched
AAQTcF. The relationship between plasma concentrations
of zanubrutinib and AAQTcF was investigated using a linear
mixed-effects modeling approach, with separate analyses
for zanubrutinib and moxifloxacin. The following three linear
models were considered: a linear model with an intercept
(model 1); a linear model with mean intercept fixed to 0 (with
variability; model 2); and a linear model with no intercept
(model 3). Time-matched concentrations of zanubrutinib
were included in the model as a covariate, with centered
baseline QTcF as an additional covariate and participant as
a random effect for both intercept and slope, when applica-
ble. The model that fit the data best was used for predicting
population average AAQTcF and its corresponding 90%
two-sided Cl at the observed geometric mean C,_ . at each
dose of zanubrutinib.

The plot of the observed median-quantile zanubrutinib
concentrations and the associated mean AAQTcF (90%
Cl), together with the mean (90% CI) predicted AAQTcF
as described by Tornge et al.,?° was used to evaluate the
adequacy of the model fit to the assumption of linearity
and the impact on quantifying the C-QTc relationship. The
delay between peak plasma levels and any potential QTc
effect, also known as hysteresis, was assessed based on
joint graphical displays of the least-squares mean AAQTcF
for each postdose time point and the mean concentrations
of zanubrutinib at the same time points. The scatter plots
of standardized residuals vs. concentration and centered
baseline QTcF by locally estimated scatter plot smoothing
fitting, as described by Cleveland,?" were also produced
with optimal smoothing parameters selected by the Akaike
information criterion.?> Zanubrutinib was to be deemed to
have no clinically relevant QT effect if the upper bound of
the two-sided 90% CI of the predicted effect at the ob-
served geometric mean C_ . concentrations was below
10 msec.

Categorical outlier analysis

The number (percentage) of participants and time
points with increases in absolute QTcF interval values
> 450 msec and < 480 msec, > 480 msec and < 500 msec,
and > 500 msec, and changes from predose baseline of
> 30 and < 60 msec, and > 60 msec were determined.
Additionally, an increase in PR interval from predose
baseline > 25% to > 200 msec, an increase in QRS interval
from predose baseline > 25% to > 120 msec, a decrease
in HR from predose baseline > 25% to < 50 bpm, and an
increase in HR from predose baseline > 25% to > 100 bpm
were determined.

RESULTS

Participants

In part A, six healthy participants received zanubrutinib
480 mg and two received placebo. All eight participants
were male, completed study treatment, and were in-
cluded in the safety population. Overall mean age was
36.4 years and racial composition was 75.0% black/
African American and 25.0% white. Two participants
reported AEs: one, who received zanubrutinib 480 mg,
reported diarrhea, proteinuria, thrombocytopenia, and
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viral infection, each of mild (grade 1) or moderate severity
(grade 2); and the other, who received placebo, reported
mild increase in blood creatinine. The investigator as-
sessed all AEs as related to study drug. There was no
SAEs or grade 3 or higher AEs related to zanubrutinib
administration. Thus, the safety and tolerability of the
480-mg dose were considered acceptable, and 480 mg
was used as the supratherapeutic dose in part B.

In part B, 32 healthy participants (31 men and 1 woman)
were enrolled and received at least one dose of study treat-
ment and 26 participants completed all treatment periods.
Six participants in part B discontinued prematurely from
the study (i.e., three withdrew consent, and three were
withdrawn due to noncompliance). Overall mean age was
42.9 years, and racial composition was 59.4% black/African
American and 40.6% white.

Pharmacokinetics

A summary of zanubrutinib PK parameters for part A and
part B is presented in Table 1, and the concentration pro-
files of zanubrutinib from part B are presented in Figure 1.
Zanubrutinib was rapidly absorbed, with a median T__  of
1.5-2.8 hours postdose. There was a 1.9-fold increase inC,_
and a 2.5-fold increase in AUC,_,, following a 3-fold increase
in dose of zanubrutinib (from 160 mg to 480 mg in part B).
The mean t,, seemed to be higher with the 480-mg dose
(8.1-11 hours) than with the 160-mg dose (5.3 hours; Table 1).

Moxifloxacin was absorbed rapidly, with a median T of
1 hour postdose. Geometric mean (coefficient of variation)
Cnax Was 1,960 (24.1) ng/mL, and geometric mean (coeffi-
cient of variation) AUC,_, was 20,920 (20.0) hour x ng/mL.
The mean t,, of moxifloxacin was 12 hours.

ECG results

HR changes on zanubrutinib and moxifloxacin closely
followed the diurnal pattern seen with placebo, with very
small differences of mean change from baseline (AHR;
Figure 2a). Mean placebo-corrected change from base-
line (AAHR) for zanubrutinib was smaller than + 5 bpm at
all postdose time points, with values ranging from — 0.4
to — 3.6 bpm for zanubrutinib 160 mg and from 0.7 bpm
to — 2.9 bpm for zanubrutinib 480 mg. There was no par-
ticipant with HR outlier values. At most postdose time
points, patients on zanubrutinib or placebo exhibited
mean decreases in AQTcF interval, with the decreases
somewhat more pronounced in the patients who were on
zanubrutinib. In contrast, moxifloxacin resulted in a mean
increase in AQTcF interval at most postdose time points
(Figure 2b).

A small shortening in AAQTCF was seen at both zanubru-
tinib doses, with mean values ranging between — 1.6 and
— 4.5 msec across all postdose time points without clear cor-
relation to dosage or time of dosing. The upper bound of the
90% CI of AAQTcF did not exceed 1.2 msec at any postdose
time point. No participants had outlier QTcF values (i.e., > 450
and < 480 msec, > 480 and < 500 msec, or > 500 msec).

C-QTc analysis
The relationship between individual observed zanubruti-
nib concentrations and AAQTcF is shown in Figure 3a.
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Table 1 Summary of zanubrutinib PK parameters in healthy TQT study participants

Zanubrutinib dose

Part A Part B
Parameter 480 mg (n = 6) 160 mg (n = 28) 480 mg (n = 30)
Trmax: Median (min, max), hour 2.8(1.0, 3.5) 1.5 (1.0, 6.0) 2.0(0.5, 6.0
Crnax, mean (CV%), ng/mL 353 (33.5) 216 (24.2) 406 (30.7)
AUC,_, mean (CV%), hour x ng/mL 2,570 (36.2) 1,160 (25.1) 2,770 (28.9)
AUC,_,, mean (CV%), hour x ng/mL 2,670 (39.1) 1,230 (23.5) 3,060 (25.9)
t,,,» mean (CV%), hour 11 (50) 5.3 (47) 8.1 (68)
CL/F mean (CV%), L/hour 180 (39.2) 126 (29.0) 140 (38.8)
V,/F mean (CV%), L 2,840 (41.0) 966 (36.7) 1,630 (55.8)

AUC,_, area under the concentration-time curve from time zero to the last quantifiable concentration; AUC,__, area under the concentration-time curve from

time zero extrapolated to infinity; CL/F, apparent systemic clearance; C

max’

maximum observed concentration; CV, coefficient of variation; PK, pharmacoki-

netic; t,,, apparent terminal elimination half-life; T__ , time to maximum observed concentration; TQT, thorough QT; V_/F, apparent volume of distribution

during the terminal elimination phase.
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Figure 1 Mean (SD) zanubrutinib plasma concentrations (ng/mL) vs. time. Blue line, zanubrutinib 160 mg (n = 28); red line, zanubrutinib

480 mg (n = 30).

The mean zanubrutinib concentration at the 480 mg dose
was 406 ng/mL (Table 1), whereas the concentra-
tion range observed in this TQT study was as high as
~ 800 ng/mL; this concentration range was included in
the C-QTc modeling (Figure 3a). Given the absence of
a QT effect (AAQTCF), hysteresis was not accounted for
in the modeling. The linear model with an intercept had
the smallest Akaike information criterion value of the
three models tested, and this model was, therefore, cho-
sen as the final model and used for further analysis. The
goodness-of-fit plot (Figure 3b) showed that the mod-
el-predicted AAQTcF values were close to the observed
values across deciles of zanubrutinib plasma concentra-
tions. Based on this, the proposed model was deemed
to provide an acceptable representation of the relation-
ship between AAQTcF and zanubrutinib concentrations.
The estimated population slope of the C-QTc relationship
was — 0.001 msec (90% CI, — 0.0058 to — 0.0035 msec)
per ng/mL with an intercept of — 2.9 msec (90% ClI, — 1.2
to —-4.7 msec). The slope was not statistically significant
from 0. The predicted AAQTcFs at the geometric mean
peak zanubrutinib concentrations after single oral doses

of zanubrutinib 160 mg and 480 mg are — 3.16 msec and
— 3.38 msec, respectively (Table 2).

QTc assay sensitivity: Moxifloxacin

Moxifloxacin treatment resulted in the expected level of
QTc prolongation with mean AAQTcF above 10 msec be-
tween 1 and 4 hours postdose (Figure 2b) and a peak
effect of 12.9 msec (90% ClI, 10.71-15.02 msec) observed
at 2.5 hours postdose. Using the same C-QTc model as
for the primary analysis, the estimated population slope of
the moxifloxacin C-QTc relationship was 0.005 msec per
ng/mL, with a large intercept of 3.1 msec. The predicted
AAQTCF at the geometric mean peak moxifloxacin concen-
tration was 13.2 msec (95% Cl, 10.1-14.3 msec) at the mean
peak moxifloxacin concentration of 1,952 ng/mL (90% ClI,
1,800-2,116 msec). The lower bound of the 90% CI of the
predicted effect at the observed C,_ . (12.1 msec) is clearly
above 5 msec, thereby demonstrating assay sensitivity.

Other ECG parameters
Zanubrutinib did not have an effect on PR or QRS intervals.
Mean AAPR was <5 msec across all time points after dosing
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Figure 2 Effects of zanubrutinib on ECG parameters. (@) Change-from-baseline heart rate (AHR) across time points and (b) mean
change from baseline in QTcF interval over time using Fridericia’s formula (AQTcF). Study participants received zanubrutinib 160 mg
(open squares), zanubrutinib 480 mg (open triangles), moxifloxacin (open diamonds), or placebo (open circles).
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Figure 3 Zanubrutinib C-QTc analysis. (a) Scatter plot of observed zanubrutinib plasma concentrations and mean change from
baseline in QTcF interval over time using Fridericia’s formula (AAQTcF) and (b) mean (90% confidence interval (Cl)) model-predicted
and observed AAQTCcF across deciles of zanubrutinib plasma concentrations. (a) The solid red line with dashed red curves above
and below denotes the model-predicted mean (90% CIl) AAQTcF. The blue squares and red triangles denote the pairs of observed
zanubrutinib plasma concentrations and AAQTcF by participants for the 160-mg and 480-mg doses of zanubrutinib, respectively. (b)
The red dots with vertical bars denote the observed mean (90% Cl) AAQTcF at the median zanubrutinib plasma concentration within
each decile. The solid black line within the gray shaded area denotes the model-predicted mean (90% CIl) AAQTcF. The horizontal red
line with notches shows the range of concentrations divided into deciles for zanubrutinib. The area between each decile represents
the point at which 10% of the data are present; the first notch to second notch denotes the first 10% of the data, the second notch to

third notch denotes the second 10%, and so on.

with zanubrutinib. Mean AAQRS was within + 1.0 msec at all
postdose time points regardless of zanubrutinib dose. No
participants exhibited a > 25% increase in PR from baseline
to a PR > 200 msec or a > 25% increase in QRS from base-
line to a QRS > 120 msec. There were a few observations of
flat T-waves (i.e., two participants each in the moxifloxacin
and placebo groups) and biphasic T-waves (i.e., one partic-
ipant each in the zanubrutinib and placebo groups).

Categorical outlier analysis

No participant had outlier QTcF values (i.e., > 450 and
< 480 msec, > 480 and < 500 msec, or> 500 msec when
not present at baseline) in any treatment group. No par-
ticipant had outlier AQTcF values (i.e., > 30 and < 60 msec
or > 60 msec) in the zanubrutinib or placebo groups. No
participant had outlier PR or QRS values.

Clinical and Translational Science

Safety

In part A, data for all eight enrolled participants were in-
cluded in the safety analysis. Two participants reported five
AEs, including diarrhea, proteinuria, thrombocytopenia,
and viral infection, in 1 participant receiving zanubrutinib
480 mg and mild blood creatinine increased in 1 subject
receiving placebo. All AEs were mild (grade 1) or moderate
severity (grade 2), assessed as related to study drug by the
investigator.

In part B, data for all 32 enrolled participants were in-
cluded in the safety analysis. All TEAEs occurred in < 10%
of participants. The overall percentage of TEAEs for all of
the four treatment periods was 22.2%, 10.0%, 13.3%,
and 7.1% for moxifloxacin 400 mg, zanubrutinib 160 mg,
zanubrutinib 480 mg, and placebo, respectively. Twelve par-
ticipants distributed across all 4 treatments reported 24 AEs,



Table 2 Predicted AAQTCcF interval at geometric mean peak
zanubrutinib concentration (PK/QTc population)

Predicted (90% CI)
AAQTCcF, msec

GeometricmeanC,_

Treatment n (90% ClI), ng/mL

Zanubrutinib 27
160 mg

Zanubrutinib 28
480 mg

215.4 (198.96 t0 233.29)  —3.16 (~4.51 to —1.81)

401.1 (363.37 t0 442.82)  -3.38 (~4.86 to —1.89)

AAQTCcF, placebo-corrected change-from-baseline QT interval corrected
for heart rate with Fridericia’s formula; Cl, confidence interval, Cmax, maxi-
mum observed concentration; PK, pharmacokinetic, QTc, QT interval cor-
rected for heart rate.

including abdominal pain, diarrhea, dry mouth, dyspepsia,
hyperglycemia, hypophosphatemia, polydipsia, back pain,
musculoskeletal pain, myalgia, headache, presyncope,
dysuria, hematuria, proteinuria, neutropenia, fatigue, uri-
nary tract infection, increase in alanine aminotransferase,
increase in aspartate aminotransferase, and dermatitis. All
AEs were mild (grade 1) in intensity except for the urinary
tract infection, which was assessed as moderate (grade 2)
in intensity. All AEs were assessed as related to study drug
by the investigator, with the exception of dermatitis and pre-
syncope, which the investigator deemed unrelated to study
drug.

DISCUSSION

This study demonstrated that single oral doses of zanu-
brutinib at an expected therapeutic dose of 160 mg and a
supratherapeutic dose of 480 mg did not have a clinically
relevant effect on ECG parameters, including QTc intervals
and other parameters. The result of this study is consistent
with a low risk of QTc prolongation with zanubrutinib as-
sessed from the preclinical data and accumulated safety
data in patients with B-cell malignancy.5 It is also consis-
tent with available clinical profiles of other BTK inhibitors, in
which both ibrutinib' and acalabrutinib®® have been shown
not to prolong the QTc interval at therapeutic and suprath-
erapeutic concentrations.

The sample size for part B of the study (n = 24) was se-
lected based on the experience from the 1Q-CSRC study;'
Simulations were used to demonstrate that a sample of 24
participants would have enough study power to exclude
a small QTc effect (10 msec) by using C-QTc analysis."®
With the traditional “by time point” analysis, described in
the ICH E14 document,'® the effect of the drug is tested at
each postdose time point, using the Intersection Union Test
(IUT).>* Because the objective is to exclude a 10 msec ef-
fect at each postdose time point, repeated statistical tests
were performed on data from each time point separately.
Therefore, substantially less data are used in several sepa-
rate tests with IUT as compared with C-QTc analysis, which
analyzes QTc values and concentration data from all subjects
and postdose time points in one statistical test. In addition
to the underlying effect of the drug and the variability of the
data, the power of a study to exclude an effect is largely
determined by the sample size. For the reasons described
above, the C-QTc analysis has much smaller variability of the
estimated QTc effect, which results in more narrow width of

Zanubrutinib Thorough QTc Study
Mu et al.

the 90% Cl, as compared with the by time point analysis with
IUT. Because the objective of the study is to exclude a small
effect (10 msec), the sample size can, therefore, be substan-
tially reduced with C-QTc analysis. TQT studies that required
~ 48 evaluable subjects with the by time point analysis24 can
thereby be performed with 20 to 24 subjects,'® provided
data are analyzed with C-QTc. It was possible to reduce the
sample size of this TQT study by approximately half, thereby
making the ECG evaluation more resource efficient.

The limitations of the supratherapeutic dose (480 mg) in
this TQT study are acknowledged. It has been shown that
oral clearance of CYP3A substrates displays considerable
interindividual variability due to environmental, dietary,
pathologic, and genetic modulation of enzyme activity at
both hepatic and intestinal sites.?® Zanubrutinib is a sensi-
tive CYP3A substrate, and moderate to high PK variability
(between subject and between study) has been observed
in clinical studies. The mean C_ . of zanubrutinib 160 mg in
patients with B-cell malignancy was 346 ng/mL°® compared
with 216 and 406 ng/mL at 160 and 480 mg, respectively,
in this study. As such, the highest clinically relevant plasma
concentrations observed in this TQT study may not substan-
tially exceed drug concentrations seen in patients and the
potential increase by intrinsic or extrinsic factors, such as
drug-drug interactions. In addition, following the completion
of this TQT study, zanubrutinib has received accelerated
approval by the FDA for zanubrutinib 320 mg once daily in
addition to 160 mg twice daily dose for patients with R/R
MCL.® With mean C,__, at 320 mg ~ 2 times higher than that
of 160 mg, the 480 mg dose cannot be considered a supra-
therapeutic dose for 320-mg once-daily dose.

Despite challenges around selecting the appropriate su-
pratherapeutic dose, the use of C-QTc analysis in the study
rather than the traditional time point analysis enabled the
assessment of QTc changes over a wide range of concen-
trations. Additionally, the totality of evidence for assessment
of the risk of QT prolongation based on review of nonclinical
data, categorical analyses of outliers in this TQT study, and
AEs in targeted patient population® signals low risk for poten-
tial proarrhythmic effects of zanubrutinib. Of note, the C-QTc
analysis has been shown to be useful in predicting effects
in specific populations or conditions (e.g., drug interactions)
not directly evaluated in the TQT study.?® Although the mean
C.nax @t 480 mg was 406 ng/mL, a wide range of exposure
up to ~ 800 ng/mL was observed in this TQT study. Based
on the C-QTc analysis for zanubrutinib, an effect on the QTc
interval exceeding 10 msec can be excluded within this ob-
served plasma concentration range. In addition, given that
the slope of C-QTc relationship is not significant from 0 with
trend for a negative slope (the estimated mean slope was
—0.001 msec (90% Cl, —0.0058 to 0.0035 msec) per ng/mL),
it seems very unlikely that zanubrutinib will cause concerning
QTc prolongation at clinically relevant plasma concentrations
and even in patients on a strong CYP3A inhibitor where peak
concentrations around 1,000 mg/mL could be expected.

A shortening of QTc with a mean of 3 msec relative to pre-
dose and the placebo group was observed in participants
receiving zanubrutinib treatment at both the 160-mg and
480-mg doses, even though a small shortening of QTc was
also observed in the placebo group. Although the clinical
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implication of a small decrease in QTc (i.e., < 20 msec) is
either null or poorly understood,?’ it is recognized that if a
drug causes a truly large QTc shortening (e.g., by an average
of 50-60 msec), its safety may need to be seriously con-
sidered, as cardiac electrophysiology may be dramatically
affected.?” A shortening QTc has been observed for another
BTK inhibitor, ibrutinib.’ It has been shown that ibrutinib
can cause a concentration-dependent mild shortening of
QTc and mild PR prolongation, although these effects have
not been considered clinically meaningful. In this study,
there was not a clear concentration-dependent effect of za-
nubrutinib on QTc shortening. QTc shortening has been seen
frequently in placebo controls in TQT studies, most likely be-
cause of autonomic conditioning due to the stress of the
restricted environment of clinical units.?”

In conclusion, in this TQT study, single doses of zanubru-
tinib 160 and 480 mg did not prolong the QTc interval to any
clinically relevant extent. There was no effect on HR or car-
diac conduction (PR, QRS intervals, or T-wave morphology),
and no participant had outlier values (QTcF > 450 msec or
AQTcF > 30 msec) for absolute QTcF or AQTcF with zanu-
brutinib treatment. The plasma C-QTc analysis showed no
relationship between zanubrutinib exposure and AAQTcF
The predicted mean AAQTCF at mean zanubrutinib C
was < 10 msec for both 160 and 480 mg doses. It can
be concluded that zanubrutinib at the therapeutic dose of
160 mg twice daily or 320 mg once daily is unlikely to have a
clinically relevant effect on cardiac repolarization in patients.
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