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Abstract

Purpose The fully human monoclonal antibody
nivolumab binds to the programmed death-1 (PD-1) recep-
tor, blocking interactions between PD-1 and its ligands on
tumor cells and preventing T cell exhaustion in patients
with cancer. The potential for corrected QT interval (QTc)
prolongation was assessed in a subset of patients enrolled
in a phase 2 dose-ranging study of nivolumab.

Methods Triplicate 12-lead electrocardiograms (ECGs)
obtained predose and post-dose were assessed by an inde-
pendent ECG core laboratory. QTc derived from Frideri-
cia’s formula (QTcF) was evaluated by central tendency,
categorical, and concentration—response analyses.

Results No patients had QTcF intervals or changes from
baseline in QTcF (AQTcF) exceeding prespecified thresh-
olds indicating borderline or prolonged QTcF (>480 ms)
or AQTcF (>60 ms). Among 146 patients randomized
to nivolumab 0.3, 2.0, or 10.0 mg/kg every 3 weeks, the
maximum increases in mean (£SD) AQTCcF at any time
point were 4.9 (£13.4), 1.2 (£10.1), and 2.0 (£8.9) ms,
respectively. There was no relationship between AQTcF
and nivolumab serum concentration and no association
between predicted maximum AQTcF and mean maximum
nivolumab concentration in any dosage group.
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Conclusion Results of these intensive ECG analyses indi-
cate that nivolumab has no clinically meaningful effect on
QTec interval when administered at doses up to 10.0 mg/kg.
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Introduction

One mechanism by which tumors evade immune surveil-
lance is by exploiting inhibitory pathways that regulate
immune responses. A more complete understanding of
these processes has led to the development of immune
checkpoint inhibitors that maintain or restore antitumor
immune responses [1, 2].

Nivolumab is a recombinant, fully human monoclo-
nal antibody that binds to the programmed death-1 (PD-
1) receptor [2]. Blockade of PD-1 on activated T cells by
nivolumab prevents interactions between PD-1 and PD-1
ligand 1 or 2 on tumors, thereby preventing T cell exhaus-
tion [1]. Nivolumab has been studied in patients with mela-
noma [3-6], non-small cell lung cancer (NSCLC) [7], renal
cell carcinoma (RCC) [8, 9], and in patients with relapsed
or refractory Hodgkin lymphoma [10]. It is approved for
the treatment of patients with unresectable or metastatic
melanoma and disease progression following treatment
with ipilimumab, patients with squamous NSCLC with
progression on or after platinum-based chemotherapy,
and patients with advanced RCC. Nivolumab in combina-
tion with the CTLA-4 checkpoint inhibitor, ipilimumab,
is approved for the treatment of unresectable or metastatic
melanoma [11].

To facilitate early identification of potential drug-related
proarrhythmia, it is recommended that a thorough QT/
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corrected QT interval (QTc) study be conducted for all
drugs in development, including anticancer and biologic
agents [12—14].

Delayed cardiac repolarization (QT prolongation) result-
ing from blockade of rapidly activating delayed rectifier
potassium current encoded by the human ether-a-go—go-
related gene (hERG) in myocytes predisposes patients to
torsade de pointes, ventricular fibrillation, and sudden car-
diac death [15, 16]. QTc prolongation has been associated
with drugs used to treat cardiovascular and non-cardiovas-
cular conditions, including several tyrosine kinase inhibi-
tors used to treat cancer [17, 18], and has resulted in mar-
ket withdrawal of several drugs (e.g., astemizole, cisapride,
and terfenadine) [19]. Drugs known to have an association
with QTc prolongation are typically small molecules. No
approved monoclonal antibodies or other biologics have
been definitively associated with this phenomenon to date.
In the case of anticancer agents, it is not possible to con-
duct thorough QT/QTc studies with negative (placebo) and
positive controls (e.g., moxifloxacin) for ethical reasons
[12]. Moreover, bulky biologic agents with high molecu-
lar weights (>140 kDa), such as nivolumab, are thought to
have a low potential for blocking hERG channels because
they cannot cross plasma membranes and are too large to
enter and block the pores of the channel [15].

An intensive QT substudy similar to those performed
with other biologic anticancer agents has been conducted in
accordance with the International Conference on Harmoni-
sation (ICH) guidelines to determine the potential for QTc
prolongation with nivolumab [20, 21]. This manuscript pre-
sents the analysis of the potential effects of nivolumab on
cardiac repolarization in patients with solid tumors enrolled
in a phase 2 clinical trial [8].

Materials and methods
Study design and treatment

The protocol for this randomized multicenter phase 2
study in patients with renal carcinoma was reviewed and
approved by the institutional review board at each study
center. Informed consent was obtained from all patients
before undergoing any study procedures. The study was
conducted in accordance with Good Clinical Practice
guidelines as defined by the ICH.

The phase 2 study of nivolumab randomized 168
patients with progressive advanced/metastatic clear-cell
renal cell carcinoma to intravenous nivolumab 0.3, 2.0, or
10.0 mg/kg every 3 weeks (ClinicalTrials.gov identifier:
NCT01668784) [8]. Patients with cardiovascular disease,
renal dysfunction, or electrolyte abnormalities were eligi-
ble for inclusion, and use of drugs known to prolong the
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QT interval was allowed. The median number of doses
(cycles) received was 6.0, 7.5, and 8.0 for patients in the
nivolumab 0.3-, 2.0-, and 10.0-mg/kg dose groups, respec-
tively [8]. Data from a subset of 146 patients treated with
nivolumab are included in this analysis.

Electrocardiogram assessments

Electrocardiograms (ECGs) were collected in triplicate
at baseline and during treatment (Supplemental Fig. SI).
ECG data were collected digitally and transmitted to an
independent ECG core laboratory [BioTelemetry Research
(formerly Cardiocore), Rockville, MD, USA] for assess-
ment and interpretation by a cardiologist who was blinded
to patient, time, and treatment.

ECGs were collected from all patients at baseline and
then predose, at the end of the infusion, and at 3 h post-
dose during doses (cycles) 1 and 7. Patients with risk fac-
tors for QT prolongation such as electrolyte abnormalities
(hypokalemia, hypocalcemia, or hypomagnesemia), use
of medications associated with QT prolongation, and/or a
baseline QTc > 470 ms were identified and summarized by
dose level.

Pharmacokinetic analyses

Blood samples were collected from all patients and ana-
lyzed for serum nivolumab concentrations using a validated
electrochemiluminescent assay with a lower limit of quan-
tification of 0.2 pg/mL. Nivolumab serum concentrations
were determined and used in the concentration—response
analysis.

Statistical analyses

The ECG-evaluable population consisted of all treated
patients who had a baseline ECG and at least one on-treat-
ment ECG. The averages of the triplicate measurements for
each time point were summarized. In order to reduce the
dependence of QT on heart rate (HR), QTc derived from
Fridericia’s formula (QTcF) [22] was prospectively cho-
sen as the primary endpoint in the ECG analyses; however,
scatter plots of QTc derived from Bazett’s formula (QTcB)
[23], and QTCcF versus HR at baseline were produced along
with Pearson correlation coefficients to assess the most
appropriate QTc factor.

Triplicate ECG assessments were averaged prior to
analysis, and individual ECG parameters (QT, QTc, RR,
HR, QRS, and PR) and corresponding changes from base-
line were listed and summarized by dose, study day, and
time point. Incidences of abnormal ECG results of clini-
cal and regulatory interest [19] at screening and post-
screening were tabulated and summarized using graphical
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displays. These included QTcF ranges (<450, 450-480,
481-500, and >500 ms) and AQTCcF ranges (<30, 30-60,
and >60 ms), change from baseline PR (APR) >200 ms,
change from baseline QRS (AQRS) >120 ms, and
new incidences of abnormal U waves, T waves, or ECG
morphology.

A concentration—response analysis of ECG parameters
and change from baseline versus nivolumab concentrations
was performed using two linear mixed-effects regression
models fitted for change in QTcF (AQTcF) on nivolumab
concentration with random effects (for patient slopes and
intercepts). As ECGs were measured on two study days
(during cycles 1 and 7), two analyses were performed: (1)
after pooling across study days and estimating the popu-
lation slope and patient slope and intercept on the pooled
data (Model 1), and (2) by including study day as a factor
in the mixed-effects model and estimating the population
slope and patient slope on each study day (Model 2).

Based on these two models, the predicted maximum
AQTCcF [at maximum plasma concentration (C,,,)] was
estimated [along with two-sided 90 % confidence intervals
(CIs)] for each treatment group. The mean C,,, for each
treatment (by study day and overall) was derived by select-
ing the C,,, (on each study day and across study days) for
each patient and calculating the average of these values
within each treatment. The point estimate for AQTcF at
mean C,, was calculated as the AQTcF predicted by the
estimated population regression line at the mean C,,, (on
each study day or overall based on the pooled data) based
on the fitted models previously discussed. Finally, a two-
sided 90 % CI for the predicted AQTCcF was derived.

Diagnostic plots of population-averaged and patient-
specific residuals were graphically displayed over the cor-
responding nivolumab concentrations.

Safety was assessed at baseline and at each subsequent
clinical visit. Adverse events (AEs) were graded by severity

Table 1 Effect of nivolumab on QTcF by dose level and time

according to the National Cancer Institute Common Termi-
nology Criteria for Adverse Events (version 4.0).

Results

Overall, 146 patients with renal cell carcinoma treated with
nivolumab contributed data to the ECG analysis. The aver-
age age was 61 years (range 37-81 years), and the major-
ity of patients were white (94 %) and male (71 %). Forty
of 146 patients (27 %) were taking a medication associated
with QTc prolongation and/or had an electrolyte imbalance
(defined as potassium, calcium, or magnesium levels below
the lower limit of normal) at any point over the course of
treatment (Supplemental Table S1). Among patients rand-
omized to treatment with nivolumab 0.3, 2.0, and 10.0 mg/
kg, 22.4, 17.6, and 30.4 %, respectively, were receiving a
concomitant medication associated with QTc prolonga-
tion. No patients had a QTcF > 470 ms at baseline, and the
distribution of patients with acquired risk factors for QT
prolongation (electrolyte disturbance or medication) was
balanced across the dosage groups; thus, no patients were
omitted from the analysis on this basis.

QTCcF was confirmed as the more appropriate QTc fac-
tor based on an analysis of scatter plots of baseline QTcF
and QTcB intervals versus baseline HR, with Pearson cor-
relation coefficients indicating less dependency on HR for
QTcF (QTcB Pearson coefficient = 0.41; QTcF Pearson
coefficient = —0.17). Within the dosage range evaluated,
nivolumab did not affect the QTc interval. There was no
evidence of a dose-related effect of nivolumab on the QTc
interval or AQTcF during cycle 1 or 7 (Table 1; Fig. 1).
No uncorrected QT interval exceeded 483 ms at any time
during the study, and the longest observed QT interval
(483 ms) occurred 2.5 h after the baseline reading in a
patient in the lowest dosage group (0.3 mg/kg).

Cycle, day Time Nivolumab 0.3 mg/kg Nivolumab 2.0 mg/kg Nivolumab 10.0 mg/kg
n  Mean QTcF Mean AQTcF n  Mean QTcF  Mean AQTcF n  Mean QTcF ~ Mean AQTcF
(SD) (ms) (SD) (ms) (SD) (ms) (SD) (ms) (SD) (ms) (SD) (ms)

Cycle 1,day 1 Predose 49 411.7(19.15) NA 51 415.3(18.56) NA 46 4152(23.34) NA

End of infusion 46 414.5 (17.69) 3.5 (8.05) 51 416.2(19.36) 0.9 (9.11) 44 417.2(20.35) 2.0(8.85)

3 h post-infu- 47 413.3(17.83) 1.9(7.29) 49 416.2 (18.60) 1.2(10.13) 46 415.2(21.00) 0(13.91)

sion

Cycle 7, day 1 Predose 16 418.4(18.32) 2.8(12.26) 23 416.3(19.27) —4.7(14.85) 21 417.7(19.07) —0.1(17.60)

End of infusion 18 419.5 (17.87) 4.9 (13.36) 25 417.0(17.29) —-3.2(12.75) 21 420.8(18.48) —0.4(19.01)

3 hpost-infu- 18 418.3(15.27) 3.7 (10.17) 24 4125(9.96) —7.2(16.84) 23 415.6(16.38) —4.1(16.80)

sion

NA not applicable, QTcF corrected QT interval derived from Fridericia’s formula, SD standard deviation
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Fig. 1 Categorical analysis of the effects of nivolumab on a maxi-
mum QTcF and b maximum AQTcE. QTcF corrected QT interval
derived from Fridericia’s formula

Table 2 Effect of nivolumab on PR and QRS intervals: categorical
analysis

Maximum PR interval
(ms), n (%)*

Nivolumab dose Maximum QRS

interval (ms), n (%)

<200 >200 <120 >120
0.3 mg/kg (n = 49) 44 (89.8) 4(8.2) 46 (93.9) 3(6.1)
2.0 mg/kg (n =51) 44 (86.3) 7(13.7) 49(96.1) 2(3.9)
10.0 mg/kg (n=46) 36(78.3) 8(17.4) 39(84.8) 7(15.2)

QTCcF corrected QT interval derived from Fridericia’s formula

% One patient in the 0.3-mg/kg dose group and two patients in the
10.0-mg/kg dose group had unevaluable PR assessments; thus, the
numbers do not add to the total shown in the first column

No patients had QTcF intervals or AQTCcF values that
exceeded the prespecified thresholds considered to indi-
cate borderline or prolonged QTcF (>480 ms) or AQTcF
(>60 ms) (Fig. 1). Indeed, no patients had a QTcF interval
>470 ms or a AQTCcF > 45 ms at any time point during this
study. In addition, there was no evidence of dose-related
changes in the PR or QRS intervals or in HR during cycle 1
or 7 (Table 2).

No significant relationship was found between AQTcF
and nivolumab concentrations according to the linear
mixed-effects regression models (Table 3; Fig. 2). When
data were pooled across days, the slope of the concen-
tration versus the AQTCcF curve was 0.0; when time was
included as a variable, the slope was positive for the first
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dose (0.01) and negative for the seventh dose (—0.03)
(Table 3; Fig. 2). These small changes were not statistically
significant because the 95 % ClIs for the slope estimates
include 0.

There was also no association between the predicted
maximum AQTcF and the mean maximum nivolumab
concentration in each dosage group, either when pooled
across study days or when assessed by study day (Fig. 3).
These predicted effects are in agreement with the mixed-
effects regression models. The largest predicted maximum
AQTCcF [—10.3 ms (90 % CI —23.8, 3.3)] was associated
with a nivolumab concentration of 353.36 ug/mL (cycle 7,
day 1); however, for both models and for all three treatment
groups, the upper boundary of the 90 % CI for predicted
AQTCcF was <5 ms, which is not a clinically meaningful
increase (Table 3; Fig. 3b).

None of the observed AEs were potentially suggestive of
repolarization abnormalities, e.g., seizures or convulsions
(n = 3), syncope (n = 3), presyncope (n = 2), QTc prolon-
gation (n = 1), and tachycardia (n = 7), or were associated
with abnormal ECG findings potentially related to proar-
rhythmia. The patient with a QTc prolongation had a base-
line QTcB of 434 ms prior to the first dose of nivolumab.
Three hours after receiving nivolumab 0.3 mg/kg, the mean
QTcB was 454 ms (mean of three replicate measurements).
The largest AQTcF was 8 ms. The event lasted less than
24 h and did not result in study drug discontinuation. The
patient did not experience any other AEs during the study.

Discussion

The results of this analysis demonstrate that, over the dose
range studied, nivolumab did not have a clinically mean-
ingful effect on the QTc interval in patients with solid
tumors. These data are considered robust given that ECGs
were performed in triplicate at baseline and during treat-
ment and that a larger number of patients (n = 146) par-
ticipated in the evaluation compared with studies involving
other monoclonal antibodies [e.g., cetuximab and pertu-
zumab (n = 37)] [20, 21].

The data obtained from this analysis are also applicable
to the approved dosing regimen of nivolumab 3.0 mg/kg
every 2 weeks. A total of 146 patients received nivolumab
0.3-10.0 mg/kg for a median of 6.5-8 doses (cycles).
When administered at a dose of 3.0 mg/kg every 2 weeks,
nivolumab had a mean elimination half-life of 26.7 days
[11]; thus, the observations collected during the seventh
dose in the present study would have occurred under steady
state conditions. The steady state C,,, of approximately
132 mg/mL observed in patients treated with nivolumab
3.0 mg/kg every 2 weeks, the approved dose and sched-
ule for the treatment of melanoma, NSCLC, and RCC, is
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Table 3 Mean maximum predicted AQTcF with time-matched nivolumab serum concentrations

Nivolumab dose

Study day

Mean predicted AQTcF (90 % CI)*

Nivolumab serum concentration
(ug/mL)

Model 1: pooled across days
0.3 mg/kg
2.0 mg/kg
10.0 mg/kg
Estimated population slope
Model 2: study day included as a factor
0.3 mg/kg

2.0 mg/kg

10.0 mg/kg

Estimated population slope

Cycle 1, day 1
Cycle 7, day 1
Cycle 1, day 1
Cycle 7, day 1
Cycle 1, day 1
Cycle 7, day 1
Cycle 1, day 1
Cycle 7, day 1

0.0 (0.1, 0.1)
0.0 (—0.9, 0.9)
0.0 (—4.3,4.3)
0.0 (—0.02, 0.02)

0.1 (0.0,0.2)
—0.3 (=07, 0.1)
0.4 (=02, 0.9)
—2.0(=4.7,0.7)
—1.7 (=07, 4.1)
~10.3 (—23.8,3.3)
0.01 (—0.01, 0.02)
—0.03 (=0.08, 0.02)

9.02

57.96

272.78

Time matched

7.82

10.48

44.64

70.34

200.69

353.36

Time matched

Only data from electrocardiogram-evaluable patients with time-matched concentration measurements were included

CI confidence interval, QTcF corrected QT interval derived from Fridericia’s formula

# Estimated population slopes are shown as mean and 95 % CI

404 + —o Cycle 1, day 1
* + -=--+ Cycle 7, day 1
+ --- Pooled Across Days

___________________________

Change From Baseline in QTcF, msec

-604

+ T T T T T T 1
0 100 200 300 400 500 600 700
Nivolumab, pg/mL

Fig. 2 Relationship between nivolumab serum concentration and
change from baseline in QTcF. QTcF corrected QT interval derived
from Fridericia’s formula

within the range of steady state mean C,,,, values observed
in the present study (10.48, 70.34, and 353.36 pg/mL after
administration of nivolumab 0.3, 2.0, and 10.0 mg/kg,
respectively).

No patient had a QTcF > 480 ms or a AQTcF > 60 ms at
any time point before or during treatment with nivolumab
in the present analysis. The upper boundary of the 90 %
CI for predicted AQTcF was <5 ms for all three dosage
groups in both linear regression models. It is important
to note that patients with preexisting cardiovascular dis-
ease, renal dysfunction, or electrolyte abnormalities were
not excluded from the study and that use of drugs known
to prolong the QT interval was not prohibited during the
study. Among the overall population of 168 patients, car-
diovascular abnormalities were present in 75-80 % of

Time-Matched

Nivolumab
Concentration,
(a) pg/mL
o
% 0.3 4 8 9.02
£
o
4
o 204 —o—i 57.96
r-)
©
£
2
o
> 10.0 4 I — ] 272.78
=z
T T
-10 -5 0 5 10
Mean Predicted AQTcF, ms (90 % CI)
Time-Matched
(b) Nivolumab
Concentration,
Hg/mL
o Cycle 1, Day 1 7 7.82
=< 03
g Cycle 7, Day 1 4 o 10.48
o
3 Cycle 1, Day 1 - i 44.64
2 20
g Cycle 7, Day 1 —e—ti 70.34
3
g Cycle 1, Day 1 -| He—i 200.69
Z 10.0
Cycle 7,Day 1 H + 353.36
T T

a -éO -1‘ 0 0 10 20
Mean Predicted AQTcF, ms (90 % CI)

Fig.3 Mean maximum predicted AQTcF with time-matched
nivolumab serum concentration. a Model 1, pooled across days. Esti-
mated population slope = 0.0 (95 % CI —0.02, 0.02), b Model 2,
study day included as a factor. Estimated population slope: cycle 1,
day 1 = 0.01 (95 % CI —0.01, 0.02); cycle 7, day 1 = —0.03 (95 %
CI —0.08, 0.02). CI confidence interval, QTcF corrected QT interval
derived from Fridericia’s formula
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patients across the three dosage groups, making this the
most common concomitant medical condition in the study
population. As a result, many patients were predisposed to
QTc prolongation: 27 % of patients had electrolyte abnor-
malities, and 18-30 % of patients in the three dose groups
were taking medications associated with QTc prolongation.
The absence of safety signals and the absence of a relation-
ship between nivolumab serum concentrations and ECG
parameters in patients prone to electrolyte imbalances and
in whom use of QT-prolonging medications was allowed
provides confidence when extrapolating the results to other
cancer patient populations.

This analysis has several strengths. It was conducted in a
large number of patients and did not exclude patients with
cardiovascular diseases, which was the most common con-
comitant medical condition in the patients enrolled in the
study. The nivolumab dose range went up to 10.0 mg/kg,
which allowed for an evaluation of dose response beyond
the approved 3.0 mg/kg dose. Predefined criteria were used
to categorize QTc and AQTc, and robust methods were
used for data collection and interpretation. Limitations of
the study include the absence of a placebo group in two
studies and the absence of a positive control. However,
these limitations are inherent to studies of anticancer thera-
pies for ethical reasons [12].

No evidence of QTc interval prolongation was appar-
ent when nivolumab was administered at doses three times
that recommended for monotherapy (10.0 mg/kg vs. the
approved dose of 3.0 mg/kg) in this intensive study. This
finding is consistent with expectations for biologic agents
of large molecular size that are not likely to interact with
the hERG channel and interfere with transmembrane ion
transport.

In addition, nivolumab in combination with ipilimumab
has recently been approved for the treatment of patients
with BRAF V600 wild-type, unresectable or metastatic
melanoma [11]. It was previously shown that ipilimumab
does not have QT prolongation potential [24]. Per the ICH
guidance [25], combinations of two or more drugs are
unlikely to need a thorough QT/QTc study or intensive late-
stage monitoring when the component drugs administered
alone have been shown to lack effects on QT/QTc in sepa-
rate studies. Thus, the combination of nivolumab and ipili-
mumab is unlikely to have an effect on the QTc interval.

In conclusion, the results of this intensive ECG analysis
in patients with solid tumors indicate that, when adminis-
tered at doses up to 10.0 mg/kg, nivolumab does not have a
clinically meaningful effect on the QTc interval.
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