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Abstract
Purpose: Nivolumab is a fully human IgG4 monoclonal
antiprogrammed death-1 antibody with demonstrated
efﬁcacy, including durable responses and prolonged survival,
in patients with previously treated, advanced non–small
cell lung cancer (NSCLC). Exposure–response (E–R) analyses
for efﬁcacy and safety were conducted to inform the
beneﬁt–risk assessment of nivolumab in this patient
population.
Experimental Design: The analyses used clinical trial data
from patients with squamous (n ¼ 293) or nonsquamous (n ¼
354) NSCLC from four clinical trials who received nivolumab
doses of 1 to 10 mg/kg every 2 weeks. E–R efﬁcacy analyses
were performed by investigating the relationship between timeaveraged nivolumab concentration after the ﬁrst dose (Cavg1)
and the probability of overall survival by histology. E–R safety
analyses examined relationships between nivolumab Cavg1 and

hazards of adverse events leading to discontinuation or death
(AEs-DC/D).
Results: Nivolumab exposure was not associated with overall
survival [the 95% conﬁdence interval (CI) of effect included 1] in
patients with squamous (HR, 0.802; 95% CI, 0.555–1.16) or
nonsquamous NSCLC (HR, 0.94; 95% CI, 0.683–1.29). Similarly,
nivolumab exposure was not associated with AEs-DC/D in the
overall population (HR, 0.917; 95% CI, 0.644–1.31). The risk of
AEs-DC/D was similar among patients with squamous or nonsquamous histology.
Conclusions: Nivolumab monotherapy demonstrated a wide
therapeutic margin, as evidenced by relatively ﬂat E–R relationships over the range of exposures produced by doses of 1 to
10 mg/kg every 2 weeks (Q2W), supporting the use of the
initially approved dose of 3 mg/kg Q2W in patients with
NSCLC. Clin Cancer Res; 23(18); 5394–405. 2017 AACR.

Introduction

restores antitumor immune responses and has emerged as a
validated treatment strategy in cancer therapy. Nivolumab, a fully
human IgG4 monoclonal antibody, selectively binds PD-1 receptors and antagonizes PD-L1 and PD-L2 (2). In principle, the
efﬁcacy of PD-1 blockade by nivolumab and other drugs is not
limited to any single tumor type, but may augment the immune
response to a number of histologically distinct tumors.
A regimen of nivolumab 3 mg/kg every 2 weeks (Q2W) is
approved for use in melanoma, squamous and nonsquamous
non–small cell lung cancer (NSCLC), renal cell carcinoma (RCC),
classical Hodgkin lymphoma, and recurrent or metastatic squamous cell carcinoma of the head and neck (7). This dose was
selected for clinical development based on the totality of in vitro,
preclinical, pharmacodynamic, biomarker, and clinical efﬁcacy
and safety data (8). In phase III studies, nivolumab has demonstrated an overall survival (OS) beneﬁt in squamous NSCLC (9),
nonsquamous NSCLC (10), melanoma (11), RCC (12), and
squamous cell carcinoma of the head and neck (13), and is being
developed for several other tumor types. In addition, nivolumab
has been well tolerated, with consistently lower adverse event
(AE) rates than conventional chemotherapies. The percentage of
treatment-related grade 3–4 AEs observed with nivolumab was
similar between advanced NSCLC (9%; refs. 9, 10, 14) and
melanoma (13%; refs. 11, 15, 16).
Exposure–response (E–R) analyses of efﬁcacy and safety can be
used to optimize dosing regimens and establish a beneﬁt–risk
proﬁle. Earlier E–R evaluations led to the selection of the 3-mg/kg

The programmed death-1 (PD-1) receptor is an important
immune inhibitory molecule ("checkpoint") expressed on activated T cells that modulates peripheral immune responses (1, 2).
The binding of the PD-1 molecule to its ligands, programmed
death ligand 1 (PD-L1) and 2 (PD-L2), inhibits T-cell signaling,
downregulates expression of apoptotic molecules, and regulates
the balance between immune tolerance and immunopathology
(1). The expression of PD-L1 by tumor cells is one of several
means by which cancer cells may evade immune surveillance and
has been associated with poor clinical outcomes in patients with
cancer (3–6). The blockade of tumor-mediated PD-L1 signaling
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Translational Relevance
This study describes exposure–response analyses of the
efﬁcacy and safety of nivolumab in patients with previously
treated non–small cell lung cancer (NSCLC). These analyses
include data from 648 patients with squamous or nonsquamous NSCLC who received nivolumab 1 to 10 mg/kg every 2
weeks (Q2W) across four clinical trials. In a multivariate
analysis, nivolumab exposure [deﬁned as Cavg1 (time-averaged
nivolumab concentration after the ﬁrst dose)] was not associated with overall survival or adverse events leading to discontinuation or death. Nivolumab monotherapy demonstrated a wide therapeutic margin, as evidenced by relatively
ﬂat exposure–response relationships with doses of 1 to 10 mg/kg
Q2W. These results support the use of nivolumab 3 mg/kg Q2W,
the initial approved dose, in patients with NSCLC. These analyses
also supported the eventual approval of a 240-mg Q2W ﬂat dose
and further research exploring feasibility of a 480-mg dose given
every 4 weeks in NSCLC.

dose for phase III evaluation (8, 17). The beneﬁt–risk proﬁle of
nivolumab has previously been examined in E–R analyses in
patients with advanced melanoma, which showed that nivolumab exposure, measured by the time-averaged concentration after
the ﬁrst dose (Cavg1), was not signiﬁcantly associated with objective response rate (ORR) or AEs leading to discontinuation or
death (AEs-DC/D; ref. 18). The availability of data from patients
with squamous and nonsquamous NSCLC from two phase III
studies (9, 10) and from earlier phase I (19) and phase II (14)
studies allows comprehensive E–R analyses of nivolumab in
NSCLC. Using data from these four studies (9, 10, 14, 19), we
performed E–R analyses that provide insights into the relationships between nivolumab exposure and efﬁcacy and safety endpoints among patients with NSCLC and that inform beneﬁt–risk
assessments for long-term use of nivolumab in this patient
population. Results from these analyses supported subsequent
approval of a 240-mg Q2W ﬂat dose by the FDA in September
2016 (20, 21).

Materials and Methods
Analysis data
E–R analyses of efﬁcacy and safety were performed with
data from patients with squamous and nonsquamous NSCLC
enrolled in four clinical studies: a phase I study in patients with
advanced solid tumors (CA209003; ClinicalTrials.gov identiﬁer:
NCT00730639; ref. 19), a phase II study in treatment-refractory
squamous NSCLC (CA209063, CheckMate 063; NCT01721759;
ref. 14), a phase III study in previously treated squamous NSCLC
(CA209017, CheckMate 017; NCT01642004; ref. 9), and a phase
III study in previously treated nonsquamous NSCLC (CA209057,
CheckMate 057; NCT01673867; ref. 10). Data from patients in
the phase I study (CA209003) whose primary cancer was not
NSCLC were excluded from analysis.
Nivolumab Cavg1 obtained from a previously published population pharmacokinetic (PPK) model (22) was selected as
the exposure metric in both the E–R efﬁcacy (OS) and safety
(AEs-DC/D) analyses. This early exposure metric was selected
because it reﬂected the average exposure prior to the occurrence of
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the majority of clinical safety and efﬁcacy events, and was available in all patients who received nivolumab treatment. In addition, the earlier PPK analysis showed that nivolumab clearance
changes with time. These time-varying pharmacokinetics may be
associated with improvement in disease status and the corresponding decrease in the rate of cancer-related cachexia. Therefore, using the early exposure metric Cavg1 could avoid this
confounding effect in the characterization of causal E–R relationships. It was expected that the E–R relationship of Cavg1 would be
similar to other early exposure metrics, such as Cmin1 (deﬁned as
the trough serum concentration after the ﬁrst dose), as these
summary measures were highly correlated (r > 0.9).
All studies were approved by Institutional Review Boards and
independent ethics committees at participating institutions and
were carried out in accordance with the ethical principles of the
Declaration of Helsinki.
E–R efﬁcacy: OS. Separate E–R analyses of OS were performed
for squamous and nonsquamous NSCLC cohort to enable independent estimation of the E–R and covariate effects for each
histology. OS was the primary endpoint in CA209017 and
CA209057, whereas it was a secondary endpoint in CA209003
and CA209063.
E–R OS in squamous NSCLC. The E–R of OS included data from
293 patients with previously treated squamous NSCLC from a
phase I study [CA209003 (n ¼ 53); ref. 19], a phase II study
[CA209063, CheckMate 063; NCT01721759 (N ¼ 115); ref. 14],
and a phase III study [CA209017 (N ¼ 125); ref. 9; Table 1;
Supplementary Table S1].
E–R OS in nonsquamous NSCLC. The E–R of OS included data from
354 patients with previously treated nonsquamous NSCLC in a
phase I study [CA209003 (n ¼ 74); ref. 19] and a phase III study
[CA209057 (n ¼ 280); ref. 10; Table 1; Supplementary Table S1].
E–R safety: AEs-DC/D and grade 3 AEs. A model-based assessment of the relationship between nivolumab exposure and safety
was performed with data from patients with squamous or nonsquamous NSCLC with respect to AEs-DC/D. This was selected as
a clinically meaningful endpoint, as it represents AEs that prevent
a patient from continuing nivolumab therapy. AEs leading to
discontinuation and AEs leading to death were therefore counted
together as the safety endpoint. Events were included without
regard to their association with nivolumab treatment, and AE
terms that were clearly related to underlying disease progression
(e.g., metastasis) were excluded from analysis.
The E–R of AEs-DC/D included data from 648 patients with
squamous or nonsquamous NSCLC from one phase I study
[CA209003 (n ¼ 128); ref. 19], one phase II study [CA209063
(n ¼ 115); ref. 14], and two phase III studies [CA209017 (n ¼
125); ref. 9 and CA209057 (n ¼ 280); ref. 10; Table 1; Supplementary Table S1]. Graphic assessments were also conducted to
evaluate the relationships between nivolumab dose and grade 3
AEs (any-cause and treatment-related).
Analysis methods
E–R efﬁcacy: OS. The relationships between nivolumab exposure
and OS in patients with squamous and nonsquamous NSCLC
were described by separate semiparametric Cox proportional
hazards (CPHs) models for each histology and included
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Table 1. Baseline characteristics of patients included in the E–R analyses
E–R safety
(AEs-DC/D)
Characteristic
(n ¼ 648)
Dose, mg/kg, n (%)
1
33 (5.1)
3
557 (85.9)
10
58 (9.0)
Sex, n (%)
Male
408 (63.0)
Female
240 (37.0)
Cell type, n (%)
Squamous
293 (45.2)
Nonsquamous
354 (54.6)
Unknown
1 (0.2)
Age, years, mean (SD)
62.5 (9.2)
Body weight, kg, mean (SD)
72.4 (16.5)
Disease stage at baseline, n (SD)
Stage II or IIIA/IIIB
72 (11.1)
Stage IV
575 (88.7)
Not reported
1 (0.2)
ECOG PS, n (%)
0
161 (24.8)
1
487 (75.2)
PD-L1 expression status, n (%)
Positive (1%)
—
Negative (<1%)
—
Unknown
—
32.1 (19.7)
Nivolumab Cavg1, mg/mL, mean (SD)

E–R efﬁcacy
(squamous OS)
(n ¼ 293)

E–R efﬁcacy
(nonsquamous OS)
(n ¼ 354)

15 (5.1)
258 (88.1)
20 (6.8)

18 (5.1)
299 (84.5)
37 (10.4)

220 (75.1)
73 (24.9)

187 (52.8)
167 (47.2)

293 (100.0)
0
0
63.5 (8.6)
76.9 (17.0)

0
354 (100.0)
0
61.6 (9.7)
72.4 (15.9)

49 (16.7)
244 (83.3)
—

23 (6.5)
331 (93.5)
0

62 (21.2)
231 (78.8)

98 (27.7)
256 (72.3)

120 (41.0)
93 (31.7)
80 (27.3)
30.0 (16.9)

133 (37.6)
122 (34.5)
99 (28.0)
33.7 (21.4)

Abbreviations: AEs-DC/D, adverse events leading to discontinuation or death; Cavg1, model-predicted time-averaged steady-state concentration; ECOG PS, Eastern
Cooperative Oncology Group performance status; E-R, exposure-response; OS, overall survival; PD-L1, programmed death ligand 1; SD, standard deviation.

assessments of the modulatory effects of covariates on these E–R
relationships. Separate efﬁcacy analyses were performed for the
squamous and nonsquamous NSCLC subtypes to allow determination of potential histology-speciﬁc E–R relationships.
Model development was conducted in several stages for each
histology. First, the relationship between nivolumab exposure
measures and OS was characterized using a base CPH model.
Two functional forms of Cavg1 were assessed as a predictor of
the hazard of death: linear and log-linear. The model with the
lowest value of the Bayesian information criterion (BIC) was
selected. Second, a full covariate model was developed by
incorporating all covariates of interest in the base CPH model
for each histology. The full CPH model for squamous NSCLC
was developed by incorporating the following baseline covariates into the base model: PD-L1 status (expression level 1%),
smoking status, body weight, age, nivolumab baseline clearance, albumin, Eastern Cooperative Oncology Group performance status (ECOG PS), lactate dehydrogenase (LDH), baseline tumor size (the sum of the longest diameters of target
lesions), disease stage, sex, and line of therapy. The full CPH
model for nonsquamous NSCLC was developed by incorporating the same covariates as squamous NSCLC, except for
disease stage, and also included prior maintenance therapy
and EGFR mutation status. The majority of patients (93%)
with nonsquamous NSCLC had stage IV disease; therefore, the
effect of disease stage (stages II/III/IIIB vs. IV) on OS was not
assessed in the E–R analysis for nonsquamous NSCLC. Nivolumab baseline clearance was obtained from a previously
reported PPK model (22). Nivolumab baseline clearance was
included in both squamous and nonsquamous OS full models,
as drug clearance has been previously shown to be associated
with OS in patients with advanced melanoma, in which lower
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baseline clearance was associated with better OS (18, 23). To
evaluate the confounding effects of nivolumab baseline clearance and exposure (Cavg1) on OS, a sensitivity analysis was
performed by excluding nivolumab baseline clearance from the
full model.
Inference of covariate effects was based on the full model. The
CPH model was evaluated by comparing the model-predicted
cumulative probability of OS versus time with that obtained by
Kaplan–Meier (K–M) analyses.
E–R safety: AEs-DC/D and grade 3 AEs. Although the efﬁcacy
analysis was histology-speciﬁc, the E–R safety analysis included
combined data from patients with squamous and nonsquamous NSCLC. The risk of AEs-DC/D was expected to be similar
regardless of tumor histology based on an earlier analysis
showing the nature, frequency, and severity of treatment-related AEs to be similar across multiple dose levels and tumor types
(8). AEs-DC/D were selected as safety endpoints for the modelbased analysis, because they reﬂect a broad range of event types
that may prevent patients from receiving treatment. The relationship between nivolumab exposure and AEs-DC/D was
described by a semiparametric CPH model and included assessments of the modulatory effect of covariates on this E–R
relationship (see methods in E–R OS).
Model development was conducted in a manner similar to
the E–R models of efﬁcacy. First, the relationship between
nivolumab exposure measures and AEs-DC/D was characterized using a base CPH model. Second, a full covariate model
was developed by incorporating all covariates of interest in the
base CPH model. These covariates were body weight, age,
ECOG PS, LDH, sex, albumin, line of therapy, disease stage,
and histology.
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The CPH model was evaluated by comparing model-predicted
cumulative probability of AEs-DC/D versus time to that obtained
by K–M analyses. In addition to the model-based assessment, the
relationships between nivolumab dose and grade 3 AEs (anycause and treatment-related) were visualized by the K–M analysis.
The E–R analysis, diagnostic graphics, and model evaluations
were performed using S-Plus software (version 7.0 or higher;
TIBCO Software Inc.).

Results
E–R efﬁcacy: OS
Squamous NSCLC. Nivolumab exposure (Cavg1) was not associated with OS [the 95% conﬁdence interval (CI) of the effect
included 1] in patients with squamous NSCLC (HR, 0.802;
95% CI, 0.555–1.16). Because the base model with log(Cavg1)
had a lower BIC relative to linear Cavg1, log-transformed Cavg1 was
selected for subsequent model development. The estimated
effects of all covariates on the HR of OS were evaluated in the
full model (Fig. 1A). Although nivolumab Cavg1 was not significantly associated with OS, there was a slight trend toward
improved OS with increasing exposure. Risk of death increased
with increasing baseline clearance. Evaluation of the full E–R

A

model for squamous NSCLC showed that the model-predicted
means (90% CI) of OS for different doses (Fig. 2A) were consistent
with the observed K–M curves of OS, indicating that the model
provided a reasonable description of the observed data. Model
evaluation was also performed for the sensitivity analysis (the
model without baseline clearance) to further evaluate the impact
of baseline clearance on the prediction of OS. This evaluation
showed that both the full model and the full model without
baseline clearance (Fig. 2B) provided reasonable descriptions of
the observed OS data.
The associations between exposure, baseline clearance, and
OS in the observed data were also explored. The marked
differences between the K–M curves of OS for patients grouped
by tertiles of Cavg1 were not consistent with the relatively
modest differences in the K–M curves of OS by dose level,
even though the exposure in patients receiving 10 mg/kg was
more than threefold higher than the exposure in patients receiving 3 mg/kg (Supplementary Fig. S1). These ﬁndings indicate
that the within-dose differences in OS between patients grouped by tertiles of Cavg1 were due to factors other than exposure,
and demonstrate the drawbacks of comparing K–M curves of
OS from nonrandomized patients, as well as the importance of
employing a multivariable model to adjust for confounding

B

Covariate

Covariate

Categorical = comparator:reference

Categorical = comparator:reference

HR (95% CI)

Continuous = reference (P05–P95)
Disease stage (IV:III/IIIB)

1.02 (0.682–1.53)

(n = 244:49)
Smoking (former & current:never)

1.22 (0.777–1.92)

(n = 145:83)

HR (95% CI)

Continuous = reference (P05–P95)
Disease stage (IV:III/IIIB)

1.03 (0.687–1.54)

(n = 244:49)
Smoking (former & current:never)

1.23 (0.784–1.94)

(n = 145:83)

PD-L1 Status (≥1%:<1%)

0.969 (0.681–1.38)

(n = 120:93)
Line of therapy (>second line:second line)

1.13 (0.753–1.68)

(n = 154:139)

PD-L1 status (≥1%:<1%)
(n = 120:93)

0.992 (0.698–1.41)

Line of therapy (>second line:second line)

1.01(0.682–1.5)

(n = 154:139)
Sex (female:male)

1.22 (0.838–1.78)

(n = 73:220)
ECOG (>0:0)

Sex (female:male)
(n = 73:220)

1.09 (0.758–1.57)

1.82 (1.19–2.8)

(n = 231:62)

ECOG (>0:0)

2.05 (1.35–3.11)

Baseline tumor size (cm)

1.16 (0.819–1.64)

(n = 231:62)

8.7 (2.6–20.9)

0.928 (0.78–1.11)

Baseline tumor size (cm)

1.2 (0.846–1.71)

Baseline Albumin (g/dL)

0.702 (0.523–0.942)

8.7 (2.6–20.9)

0.911 (0.764–1.09)

Baseline albumin (g/dL)

0.587 (0.453–0.759)

3.8 (3–4.6)

1.43 (1.06–1.91)

Baseline body weight (kg)

0.612 (0.418–0.894)

75 (51.4 –108)

1.42 (1.08–1.86)

Age (yr)

1.06 (0.861–1.32)

65 (49.6–76.8)

0.921 (0.697–1.22)

Baseline LDH (xULN)

1.77 (1.38–2.26)

1 (0.523–2.02)

0.592 (0.471–0.744)

Baseline clearance (mL/h)
11.6 (6.81–18.9)

1.52 (1.09–2.13)
0.634 (0.442–0.911)
0.805 (0.56–1.16)
1.17 (0.902–1.51)

Cavg1 (µg/mL)
27 (13.5–72.2)

0.25

1.00

3.8 (3–4.6)

1.7 (1.32–2.21)

Baseline body weight (kg)
75 (51.4–108)

0.779 (0.563–1.08)

Age (yr)

1.04 (0.842–1.29)

1.2 (0.949–1.51)

65 (49.6–76.8)

0.949 (0.72–1.25)

Baseline LDH (xULN)
1 (0.523–2.02)

0.585 (0.465–0.735)

Cavg1 (µg/mL)

0.711 (0.499–1.01)

27 (13.5–72.2)

1.27 (0.992–1.63)

1.79 (1.4–2.29)

0.25

4.00

HR relative to reference value

1.00

4.00

HR relative to reference value

Estimate (95% Cl): Continuous (P95)

Estimate (95% Cl): Categorical

Estimate (95% Cl): Continuous (P95)

Estimate (95% Cl): Categorical

Estimate (95% Cl): Continuous (P05)

Estimate (Continuous Values > Reference)

Estimate (95% Cl): Continuous (P05)

Estimate (Continuous Values > Reference)

Figure 1.
Effect of nivolumab Cavg1 and selected covariates on the HRs of squamous NSCLC OS in (A) the full model and (B) the sensitivity analysis. For continuous variables in
the covariate analysis, median reference values with their 5th and 95th percentiles (P05–P95) are shown. Abbreviations: Cavg1, model-predicted time-averaged
steady-state concentration; CI, conﬁdence interval; ECOG PS, Eastern Cooperative Oncology Group performance status; HR, hazard ratio; LDH, lactate
dehydrogenase; NSCLC, non-small cell lung cancer; OS, overall survival; PD-L1, programmed death ligand 1; ULN, upper limit of normal.
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Figure 2.
Evaluation of squamous NSCLC E–R
(OS) analysis using (A) the full model
and (B) the model for sensitivity
analysis by dose. The full model
provided a reasonable description of
the OS data, as the VPCs of the modelpredicted mean (90% CI) OS by dose
level were consistent with the observed
OS based on the K–M analysis for
doses ranging from 1 to 10 mg/kg. OS
was slightly underpredicted at the
10-mg/kg dose in the sensitivity
analysis when the clearance effect was
not taken into account. Abbreviations:
CI, conﬁdence interval; CPH, Cox
proportional hazards; E-R, exposureresponse; K-M, Kaplan-Meier; NSCLC,
non-small cell lung cancer; OS, overall
survival; PI, prediction interval; VPC,
visual predictive check.

factors. After taking into account the effect of baseline clearance, further evaluation of the E–R relationship was performed,
and patients were then categorized into three groups based on
baseline clearance value (Supplementary Fig. S2). After
accounting for the effect of baseline clearance, there was no
association found between exposure and response, except in
the third tertile of baseline clearance (the group having the
poorest OS).
In addition, the risk of death was greater among patients with
lower baseline albumin, ECOG PS >0, lower baseline body

5398 Clin Cancer Res; 23(18) September 15, 2017

weight, and higher baseline LDH (the 95% CI of the effect did
not include 1). The 95% CI of all other covariates evaluated (PDL1 status, smoking status, baseline tumor size, line of therapy,
disease stage, sex, and age) included unity, indicating a lack of
evidence for the effect of these variables on OS.
Nivolumab Cavg1 is a function of nivolumab clearance and
dose; therefore, the potential for confounding the estimated
effects of these predictors was assessed by examining the correlation between the estimated coefﬁcients for these predictors. The
correlation between the estimated effects was low (r ¼ 0.3),
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indicating that the full model containing these effects was not
overparameterized and that both of these effects could be estimated simultaneously in the same model.
Furthermore, the consequence of not including baseline
clearance as a predictor in the model was assessed by a
sensitivity analysis (excluding the effect of baseline clearance).
The estimated effects of all variables (Cavg1 and covariates) on
the HR of OS were assessed in the full model without baseline
clearance effect (Fig. 1B). The model that included baseline
clearance had a slightly numerically lower BIC than the model
that did not include baseline clearance, supporting the model
that incorporated baseline clearance. After removing baseline
clearance from the analysis, ECOG PS, baseline albumin, and
baseline LDH remained signiﬁcantly associated with OS (the
95% CI of the effect did not include 1), which was consistent
with the full model that included clearance. Although the
effect of nivolumab Cavg1 on OS remained nonsigniﬁcant (the
95% CI of the effect included 1) after removing the effect of
baseline clearance, there was a trend toward improved OS in
patients with higher nivolumab exposure. Baseline body
weight was not associated with OS in this sensitivity analysis,
which was not surprising, considering the correlation between
baseline clearance and body weight observed in the PPK
analysis (20).
The E–R model was applied to assess the sensitivity of the HR of
OS over the range of Cavg1 values for the 3-mg/kg Q2W dose, using
the median Cavg1 at the 3-mg/kg dose as the reference exposure
(Supplementary Table S2). The HR was slightly lower at the Cavg1
median of the 10-mg/kg dose (HR, 0.772; 95% CI, 0.502–1.19)
and the 95th percentile of the 3-mg/kg dose (HR, 0.926; 95% CI,
0.814–1.05) relative to Cavg1 at the median of the 3-mg/kg dose.
However, the 95% CI of the HR included 1, suggesting a relatively
ﬂat E–R relationship over this exposure range.
Nonsquamous NSCLC. Similar to the results with squamous
NSCLC, nivolumab exposure (Cavg1) was not associated with OS
(the 95% CI of effect included 1) in patients with nonsquamous NSCLC (HR, 0.94; 95% CI, 0.683–1.29). Two functional
forms of Cavg1 (linear and log-transformed) were assessed as
covariates of the hazard of death in nonsquamous NSCLC.
Cavg1 was not associated with OS based on BIC. In addition, the
base model with log(Cavg1) had a lower BIC relative to untransformed Cavg1. Therefore, log-transformed Cavg1 was selected in
the base model for subsequent model development. The estimated effects of all covariates (Cavg1, baseline clearance, and
others) on the HR of OS were evaluated in the full model (Fig.
3A). Nivolumab Cavg1 was not signiﬁcantly associated with OS,
and the effect of Cavg1 on OS in nonsquamous NSCLC was
markedly less than that in the squamous NSCLC E–R analysis
(Fig. 2A). The risk of death increased with increasing baseline
clearance, and the magnitude of the effect of baseline clearance
on OS was much greater relative to that in the squamous E–R
analysis (Figs. 1A and 3A).
Aside from baseline clearance, the covariates with a significant effect on OS were ECOG PS, PD-L1 status, line of treatment, body weight, and baseline LDH (the 95% CI of the effect
did not include 1). The 95% CIs of all other covariates evaluated (prior maintenance therapy, EGFR mutation status,
smoking status, sex, baseline albumin, baseline tumor size,
and age) included unity, indicating a lack of evidence for the
effect of these variables on OS.
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The potential confounding of the effects of baseline clearance
and Cavg1 was assessed by examining the correlation between
these estimated effects. The correlation between the estimated
effects was low (r ¼ 0.31), indicating that the full model containing these effects was not overparameterized and both effects could
be estimated simultaneously in the same model.
A sensitivity analysis (excluding the effect of baseline clearance)
was performed to assess the potential confounding effect of
nivolumab baseline clearance on the estimated effects of Cavg1.
The model that included baseline clearance had a much lower BIC
than the model that did not include baseline clearance (2423.2 vs.
2450.6), indicating that the model including baseline clearance
provided a better description of the data. After removing the effect
of baseline clearance, nivolumab Cavg1 and baseline albumin were
signiﬁcantly associated with OS (the 95% CI of the effect did not
include 1), and patients with higher exposure or higher baseline
albumin had better OS. Baseline body weight was not associated
with OS in this model (Fig. 3B).
To understand the impact of nivolumab treatment on the risk
of death, the HR of OS was predicted from the full model in
nonsquamous NSCLC at various values of Cavg1. The median Cavg1
at the 3-mg/kg dose was used as the reference (Supplementary
Table S2). The HRs were comparable at the Cavg1 median of the 10mg/kg dose (HR, 0.93; 95% CI, 0.64–1.35) and the 95th percentile
of the 3-mg/kg dose (HR, 0.979; 95% CI, 0.875–1.09) relative to
Cavg1 at a median of the 3-mg/kg dose. The similar HRs at the 10and 1-mg/kg doses, relative to the 3-mg/kg dose, further supported
a ﬂat E–R relationship in nonsquamous NSCLC.
Similar to the results in the E–R analysis in patients with
squamous NSCLC, evaluation of the full nonsquamous NSCLC
E–R model showed that model-predicted means (90% CI) of OS
for different doses (Fig. 4A) were consistent with the observed K–
M analyses of OS, indicating that the full model provided a
reasonable description of the observed data. Model evaluation
was also performed for the sensitivity analysis (the model without
baseline clearance) to further evaluate the impact of baseline
clearance on prediction of OS in the nonsquamous E–R analysis.
Unlike results for the model evaluation from the squamous E–R
analysis, the model without baseline clearance overpredicted OS
at the high end of the dose range (10 mg/kg) and underpredicted
OS at the low end of the dose range (1 mg/kg; Fig. 4B). The
evaluation results for the sensitivity analysis further supported the
use of the full model that included baseline clearance, as it
provided a better description of the observed OS data.
Further exploration of observed data was performed to evaluate
the association between exposure, baseline clearance, and OS.
Observed OS data in NSCLC from the K–M analysis with the 3and 10-mg/kg doses, with pooled data from squamous and
nonsquamous NSCLC, were presented graphically (Supplementary Fig. S3). Although there was an E–R relationship within each
dose level, the E–R relationship was not consistent across dose
levels. Speciﬁcally, although the exposure of patients in the highest tertile of the 3-mg/kg dose (29–75 mg/mL) was lower than the
exposure in the second tertile of the 10-mg/kg dose (79–96
mg/mL), OS was better (median OS of 17.4 vs. 9.2 months,
respectively). This suggested that unknown factors (other than
exposure) were associated with OS. To evaluate the E–R relationship after taking into account the baseline clearance effect,
patients were categorized into three groups based on baseline
clearance value (Supplementary Fig. S2A). After accounting for
baseline clearance effect, there was no association between
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A

B

Covariate
Categorical = comparator:reference

HR (95% Cl)

Continuous = reference (P05–P95)
Prior maintenance therapy (yes:no)
(n = 190:164)

1.01 (0.749–1.37)

EGFR (wild-type:mutant)

0.794 (0.525–1.2)

(n = 191:50)

Covariate
Categorical = comparator:reference

HR (95% Cl)

Continuous = reference (P05–P95)
Prior maintenance therapy (yes:no)

1.1 (0.816–1.47)

(n = 190:164)
EGFR (wild-type mutant)

0.747 (0.495–1.13)

(n = 191:50)

Smoker (never:current/former)
(n = 68:286)

0.98 (0.682–1.41)

PD-L1 status (≥1%:<1%)
(n = 133:122)

0.67 (0.485–0.925)

Smoker (never:current/former)

0.914 (0.636–1.31)

(n = 68:286)
PD-L1 status (≥1%:<1%)

0.679 (0.493–0.934)

(n = 133:122)
Line of therapy (>second line:second line)
(n = 100:254)

1.51 (1.07–2.12)

Line of therapy (>second line:second line)

0.986 (0.725–1.34)

(n = 187:167)
ECOG (>0:0)
(n = 256:98)

Sex (male:female)
(n = 187:167)

1.16 (0.861–1.57)

1.42 (1.02–1.97)

Baseline tumor size (cm)

0.748 (0.548–1.02)

7.6 (2.1–19)

1.15 (0.99–1.34)

Baseline albumin (g/dL)

0.878 (0.71–1.08)
1.2 (0.891–1.63)

4 (3.1–4.63)

0.598 (0.458–0.778)

Baseline body weight (kg)
75 (49–98.5)

1.77 (1.32–2.37)

Age (yr)
65 (44.7–77)

1.08 (0.908–1.29)

ECOG (>0:0)
(n = 256:98)

1.55 (1.12–2.15)

Baseline tumor size (cm)

0.921 (0.679–1.25)
1.04 (0.898–1.21)

7.6 (2.1–19)
Baseline albumin (g/dL)
4 (3.1–4.63)

0.712 (0.589–0.86)
1.63 (1.24–2.13)

Baseline body weight (kg)
75 (49–98.5)

0.849 (0.671–1.08)
1.2 (0.922–1.56)

0.875 (0.65–1.18)

Baseline LDH (xULN)

1.85 (1.45–2.37)

1 (0.557–2.21)

0.635 (0.529–0.761)

Baseline clearance (mL/h)

2.41 (1.78–3.26)

Cavg1 (µg/mL)

0.929 (0.634–1.36)

Cavg1 (µg/mL)

27 (15–89.1)

1.04 (0.86–1.25)

27 (15–89.1)

1.00

4.00

1.83 (1.43–2.35)
0.639 (0.532–0.769)
0.673 (0.471–0.96)
1.21 (1.02–1.45)

0.25

HR relative to reference value

Estimate (95% Cl): Categorical
Estimate (Continuous Values > Reference)

0.944 (0.707–1.26)

Baseline LDH (xULN)
1 (0.557–2.21)

0.395 (0.287–0.543)

0.25

1.03 (0.872–1.23)

Age (yr)
65 (44.7–77)

10.1 (5.8–16.9)

Estimate (95% Cl): Continuous (P95)
Estimate (95% Cl): Continuous (P05)

1.46 (1.05–2.04)

(n = 100:254)

Sex (male:female)

1.00

4.00

HR relative to reference value

Estimate (95% Cl): Continuous (P95)
Estimate (95% Cl): Continuous (P05)

Estimate (95% Cl): Categorical
Estimate (Continuous Values > Reference)

Figure 3.
Effect of nivolumab Cavg1 and selected covariates on HRs of nonsquamous NSCLC OS in (A) the full model and (B) the sensitivity analysis. For continuous variables in
the covariate analysis, median reference values with their 5th and 95th percentiles (P05–P95) are shown. Abbreviations: Cavg1, model-predicted time-averaged
steady-state concentration; CI, conﬁdence interval; ECOG PS, Eastern Cooperative Oncology Group performance status; HR, hazard ratio; LDH, lactate
dehydrogenase; NSCLC, non-small cell lung cancer; OS, overall survival; PD-L1, programmed death ligand 1; ULN, upper limit of normal.

exposure and response, except in the third tertile of baseline
clearance (the group with the poorest OS).
E–R safety: AEs-DC/D and grade 3 AEs. Similar to the efﬁcacy
results, nivolumab exposure (Cavg1) was not associated with
toxicity. Two functional forms of Cavg1 (linear and log-linear)
were assessed as potential predictors of the hazards of AEs-DC/D.
Although Cavg1 was not signiﬁcantly associated with the hazard of
AEs-DC/D in either of these models, the log-linear model was
selected based on the BIC. All estimated effects in the full model
were presented graphically (Fig. 5A), with HRs across the
predictor ranges and associated 95% CIs. There was no significant effect of Cavg1 on the risk of AEs-DC/D. Covariates with a
signiﬁcant effect on the hazard of AEs-DC/D (the 95% CI did
not include 1) were line of therapy, ECOG PS, baseline serum
albumin, and baseline LDH. Speciﬁcally, the risk of AEs-DC/D
was greater for patients who had received more than two
previous therapies and had an ECOG PS >0. Furthermore, the
risk of AEs-DC/D increased with decreasing albumin and
increasing baseline LDH. The interactions between these effects
and Cavg1 were not signiﬁcant, indicating that these effects were
independent of nivolumab exposure. The 95% CI of the effect
of all other variables (disease stage, histology, sex, body weight,
and age) in the full model included unity, indicating a lack of
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effect of these variables on AEs-DC/D. Notably, the risk of AEsDC/D was similar for patients with squamous or nonsquamous
histology. Correlations between the parameter estimates were
all small, indicating that the model was not overparameterized.
The highest correlation was between the parameter estimates
for histology and line of therapy (r ¼ 0.286). Model evaluation results were determined by dose (Fig. 5B); the K–M curves
were generally in good agreement with the CPH model predictions, indicating adequate model performance. Similar to
the AEs-DC/D results, K–M curves showed that there was no
apparent relationship between nivolumab dose and any-cause
or treatment-related grade 3 AEs (Supplementary Fig. S4A and
S4B, respectively).

Discussion
In this analysis of clinical data from four studies of nivolumab in patients with NSCLC (9, 10, 14, 19), nivolumab
monotherapy demonstrated a wide therapeutic margin, as
evidenced by relatively ﬂat E–R relationships over the range
of nivolumab exposures (measured by Cavg1) produced by
doses of 1 to 10 mg/kg Q2W. Results were consistent among
patients with squamous and nonsquamous NSCLC. Exposure
was not signiﬁcantly associated with OS after accounting for the
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Figure 4.
Evaluation of nonsquamous NSCLC E–R (OS) analysis using the (A) full model and (B) model for sensitivity analysis by dose. The full model provided a
reasonable description of OS data, as the VPCs of the model-predicted mean (90% CI) OS by dose level were consistent with the observed OS based on K–M analysis
for doses ranging from 1 to 10 mg/kg. The model without including clearance effect provided a poor description of the OS data (sensitivity analysis). OS data
were under- and overpredicted at the 1-mg/kg and 10-mg/kg doses, respectively. Abbreviations: CI, conﬁdence interval; CPH, Cox proportional hazards; E-R,
exposure-response; K-M, Kaplan-Meier; NSCLC, non-small cell lung cancer; OS, overall survival; PI, prediction interval; VPC, visual predictive check.

effect of baseline clearance. However, baseline clearance was
signiﬁcantly associated with OS in both the squamous and
nonsquamous NSCLC E–R analyses. Similarly, in a previous E–

www.aacrjournals.org

R analysis of nivolumab using ORR as an efﬁcacy measure,
baseline CL, but not exposure, was a signiﬁcant covariate in
both squamous and nonsquamous NSCLC (24). Our results
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A

Covariate
Continuous = Reference (P05–P95)
Categorical = comparator:reference

HR (95% CI)

Disease stage (stage IV:stage ll/lll/lllB)
576:72
Line of therapy (>second line:second line)
255:393

0.91 (0.551–1.5)

Histology (SQ:NSQ)
293:355

0 .984 (0.683–1.42)

ECOG (>0:0)
487:161

2.32 (1.44–3.75)

Sex (male:female)
408:240

0.756 (0.514–1.11 )

1.6 (1.12–2.27)

0.648 (0.529–0.795)
2.06 (1.47–2.89)

Baseline albumin (g/dL)
4 (3–4.6)

1.46 (1.09–1.94)
0.741 (0.588–0.933)

Baseline LDH (xULN)
1 (0.542–2.15)
Body weight (kg)
80 (49.9–104)
Age (yr)
65 (47–77)

1.17 (0.903–1.51)
0.822 (0.594–1.14)
0.898 (0.724–1.11)
1.18 (0.852–1.62)
0.905 (0.604–1.36)
1.05 (0.851–1.31)

Cavg1 (µg/mL)
27 (14.7–85.1)
0.1
Estimate (95% Cl) Continuous (P95)
Estimate (95% Cl) Continuous (P05)

1.0

5.0

10.0

Estimate (95% CI): Categorical
Estimate (Continuous Values > Reference)

B

Figure 5.
Evaluation of E–R (AEs-DC/D) in NSCLC in the full model using (A) estimated covariate effects and (B) VPCs. For continuous variables in the covariate analysis, median
reference values with their 5th and 95th percentiles (P05–P95) are shown. Abbreviations: AEs-DC/D, adverse events leading to discontinuation or death; Cavg1,
model-predicted time-averaged steady-state concentration; CI, conﬁdence interval; ECOG PS, Eastern Cooperative Oncology Group performance status; E-R, exposureresponse; HR, hazard ratio; LDH, lactate dehydrogenase; NSCLC, non-small cell lung cancer; NSQ, non-squamous; PI, prediction interval; SQ, squamous; ULN, upper
limit of normal; VPC, visual predictive check.

5402 Clin Cancer Res; 23(18) September 15, 2017

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on November 13, 2019. © 2017 American Association for Cancer Research.

Exposure–Response Analyses of Nivolumab in NSCLC

were also similar to those reported in advanced melanoma, in
which patients with lower baseline clearance had improved OS
(18, 22). The effect of exposure (Cavg1) was not expected to be
completely confounded by the effect of clearance in these
analyses, because the nivolumab Cavg1 values were obtained
from a range of doses, and the correlation of these parameter
estimates was not high (r < 0.9). Exposure was not signiﬁcantly
associated with OS in both full model analyses, and HRs at the
lower (1-mg/kg) and higher (10-mg/kg) doses were similar
to the HR at the 3-mg/kg dose, suggesting that increasing
nivolumab exposure by administering doses higher than the
currently approved nivolumab dose (3-mg/kg Q2W) is unlikely
to improve OS in patients with squamous or nonsquamous
NSCLC.
In a sensitivity analysis that excluded nivolumab baseline
clearance, the risk of death was greater among patients with
baseline ECOG PS >0 and lower baseline albumin. This might
be due to the fact that baseline clearance was reﬂective of the
overall baseline disease state of patients and, therefore, that the
effect was redistributed among other covariates that were indicative of disease state. This ﬁnding is supported by results from
a PPK analysis showing that higher ECOG PS was associated with
higher nivolumab baseline clearance (22) and was also consistent
with previous reports indicating that clearance could be a surrogate for the disease state (23, 25). The magnitude of the effect of
baseline clearance on OS was greater in nonsquamous than in
squamous NSCLC; this result may be associated with differences
in baseline disease status between the squamous and nonsquamous NSCLC populations. In addition, nonsquamous histology
has historically been associated with better OS than squamous
histology (26). Furthermore, in previous analyses, poor ECOG PS
(27) and lower baseline albumin were independent prognostic
factors for reduced OS in patients with NSCLC (27, 28).
An OS beneﬁt with nivolumab has been demonstrated regardless of tumor PD-L1 expression level in previously treated squamous NSCLC (9), whereas the magnitude of the OS beneﬁt
appeared to be greater with increasing PD-L1 expression in
previously treated nonsquamous NSCLC (10, 29). In our analyses, PD-L1 expression was signiﬁcantly associated with OS in
patients with nonsquamous but not squamous NSCLC, which is
consistent with observations in the clinical trials (9, 10). Although
only patients with PD-L1–positive tumors had objective
responses after treatment with nivolumab in the phase I study
(19), patients with either PD-L1–positive or PD-L1–negative
melanoma and NSCLC in a series of larger subsequent studies
responded to nivolumab, with a similar duration of response (9–
11). For this reason, PD-L1 status alone did not appear to be
sufﬁcient for the selection of previously treated patients with
NSCLC for nivolumab therapy.
Body weight was signiﬁcantly associated with efﬁcacy in both
E–R efﬁcacy models, with lower OS in patients with lower body
weight. Cachexia due to loss of appetite is a common symptom
associated with cancer severity. Although it must be acknowledged that lower baseline body weight in patients with cancer was
not always associated with weight loss, the association between
body weight and lower OS was consistent with previous reports of
lower progression-free survival in patients with NSCLC who lost
weight during chemotherapy (30).
In our study, nivolumab exposure was not associated with
toxicity, measured using AEs-DC/D, in the overall population.
The risk of AEs-DC/D was similar among patients with squamous
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or nonsquamous histology. Similar to the AEs-DC/D results, there
was no apparent relationship between nivolumab exposure and
any-cause or treatment-related grade 3 AEs. These results were
consistent with a previous E–R analysis of the safety of nivolumab
0.1 to 10 mg/kg Q2W in patients with melanoma (18, 31). In our
analysis, baseline ECOG PS and line of therapy were signiﬁcantly
associated with the risk of AEs-DC/D in patients with NSCLC,
which was not unexpected, given that ECOG PS and extensive
prior treatment have been recognized as indicators of poor
prognosis in patients with diverse cancer types, and may also
reﬂect comorbidities and residual AEs associated with prior treatment regimens.
Results of the comprehensive E–R analysis we present here
among patients with NSCLC were consistent with results of
a previous E–R analysis of data from the phase II study
alone (CA209063, CheckMate 063; NCT01721759; ref. 32). In
that analysis, which included only patients with squamous
NSCLC treated with nivolumab 3-mg/kg Q2W and examined
ORR rather than OS, the relationships between nivolumab exposure measured by Cmin1 (deﬁned as the trough serum concentration after the ﬁrst dose) and the ORR and between nivolumab
Cavg1 and safety events (ﬁrst occurrence of a grade 3 treatmentrelated AE and AEs-DC/D) were ﬂat. The relatively ﬂat E–R
relationships for both efﬁcacy (OS) and safety (AEs-DC/D) provided evidence for the recent FDA approval of a ﬂat
dosing regimen for nivolumab in melanoma, NSCLC, and RCC
(20), namely, that the safety and efﬁcacy proﬁle of a ﬂat-dose
regimen of 240 mg Q2W (equivalent to 3-mg/kg Q2W for patients
weighing 80 kg) is expected to be similar to the FDA-approved
weight-based (3-mg/kg Q2W) dose regimen. In addition, the ﬂat
E–R relationship served as a basis for exploring the feasibility of
further dose optimization, by decreasing the dosing frequency to
once every 4 weeks with a 480-mg ﬂat dose, which would be more
convenient for patients, caregivers, and clinicians (24).
The exposure metric in our analysis was Cavg1, in contrast to a
previous study with pembrolizumab, an anti–PD-1 antibody, that
used steady-state area under the curve (AUCss; ref. 33). Since
nivolumab clearance was found to change with time in a PPK
analysis (22), and this change could be associated with improved
disease status and the corresponding decrease in the rate of cancerrelated cachexia (34, 35), early exposure metrics such as Cavg1 may
be more appropriate than steady-state exposure metrics such as
AUCss to characterize E–R relationships with nivolumab treatment. Using Cavg1 may therefore avoid the confounding effect of
time-varying pharmacokinetics on nivolumab E–R relationships.
The present analysis had certain limitations. Only a small
number of patients included in the analysis received nivolumab
doses that were higher or lower than the FDA-approved dose of
3-mg/kg Q2W. Furthermore, PD-L1 status in squamous and
nonsquamous NSCLC was not determined in all patients included in the analysis (27% unknown). In addition, no data were
available on the mutational burden or combinations of immune
markers, which have recently been reported to inﬂuence the
response to PD-1 blockade (36, 37).
The current analyses of data from patients with squamous or
nonsquamous NSCLC are, to our knowledge, the most extensive E–R analyses of the safety and efﬁcacy of nivolumab in any
cancer to date. Nivolumab exposure (measured by Cavg1) was
not signiﬁcantly associated with efﬁcacy (measured by OS) in
previously treated patients with squamous or nonsquamous
NSCLC, and the risk of toxicity (measured by AEs-DC/D and
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any-cause and treatment-related grade 3 AEs) did not increase
with nivolumab exposure over the dosage range of 1 to 10 mg/
kg Q2W. These results substantiate previous research on nivolumab dose selection (8) and support the use of the 3-mg/kg
Q2W dose of nivolumab in patients with squamous and nonsquamous NSCLC.

Disclosure of Potential Conﬂicts of Interest
F.G. Finckenstein is an employee of F Hoffmann La Roche Ltd and
holds ownership interest (including patents) in Bristol-Myers Squibb and
F. Hoffmann La Roche Ltd. A. Roy holds ownership interest (including patents)
in Bristol-Myers Squibb. No other potential conﬂicts of interest were disclosed
by the other authors.

Authors' Contributions
Conception and design: Y. Feng, X. Wang, G. Bajaj, S. Agrawal, A. Bello,
F.G. Finckenstein, A. Roy
Development of methodology: Y. Feng, X. Wang, G. Bajaj, S. Agrawal, A. Roy
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): S. Agrawal, B. Lestini, F.G. Finckenstein

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): Y. Feng, X. Wang, G. Bajaj, S. Agrawal, A. Bello,
B. Lestini, A. Roy
Writing, review, and/or revision of the manuscript: Y. Feng, X. Wang, G. Bajaj,
S. Agrawal, A. Bello, B. Lestini, F.G. Finckenstein, J.-S. Park, A. Roy
Study supervision: S. Agrawal, F.G. Finckenstein, A. Roy

Acknowledgments
The authors would like to thank Neelima Thanneer, Prema Sukumar, Jyothi
Bandaru, and Erin Dombrowsky for their support of analysis dataset preparation. Editorial support was provided by Blair Jarvis on behalf of inScience
Communications, Springer Healthcare, and Mark Palangio of StemScientiﬁc.

Grant Support
This study was supported by Bristol-Myers Squibb.
The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
Received November 11, 2016; revised March 10, 2017; accepted June 7, 2017;
published online September 15, 2017.

References
1. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in
tolerance and immunity. Annu Rev Immunol 2008;26:677–704.
2. Homet Moreno B, Ribas A. Anti-programmed cell death protein1/ligand-1 therapy in different cancers. Br J Cancer 2015;112:
1421–7.
3. Massi D, Brusa D, Merelli B, Ciano M, Audrito V, Serra S, et al. PD-L1
marks a subset of melanomas with a shorter overall survival and
distinct genetic and morphological characteristics. Ann Oncol 2014;
25:2433–42.
4. Yang CY, Lin MW, Chang YL, Wu CT, Yang PC. Programmed cell deathligand 1 expression in surgically resected stage I pulmonary adenocarcinoma and its correlation with driver mutations and clinical outcomes. Eur J
Cancer 2014;50:1361–9.
5. Massi D, Brusa D, Merelli B, Falcone C, Xue G, Carobbio A, et al. The status
of PD-L1 and tumor-inﬁltrating immune cells predict resistance and poor
prognosis in BRAFi-treated melanoma patients harboring mutant
BRAFV600. Ann Oncol 2015;26:1980–7.
6. Pan ZK, Ye F, Wu X, An HX, Wu JX. Clinicopathological and prognostic
signiﬁcance of programmed cell death ligand1 (PD-L1) expression in
patients with non-small cell lung cancer: a meta-analysis. J Thorac Dis
2015;7:462–70.
7. Opdivo (nivolumab) prescribing information. Princeton, NJ: Bristol-Myers
Squibb; 2017.
8. Agrawal S, Feng Y, Roy A, Kollia G, Lestini B. Nivolumab dose selection:
challenges, opportunities, and lessons learned for cancer immunotherapy.
J Immunother Cancer 2016;4:72.
9. Brahmer J, Reckamp KL, Baas P, Crino L, Eberhardt WE, Poddubskaya E,
et al. Nivolumab versus docetaxel in advanced squamous-cell non-smallcell lung cancer. N Engl J Med 2015;373:123–35.
10. Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al.
Nivolumab versus docetaxel in advanced nonsquamous non-small-cell
lung cancer. N Engl J Med 2015;373:1627–39.
11. Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, et al.
Nivolumab in previously untreated melanoma without BRAF mutation.
N Engl J Med 2015;372:320–30.
12. Motzer RJ, Escudier B, McDermott DF, George S, Hammers HJ, Srinivas S,
et al. Nivolumab versus everolimus in advanced renal-cell carcinoma. N
Engl J Med 2015;373:1803–13.
13. Ferris RL, Blumenschein G Jr, Fayette J, Guigay J, Colevas AD, Licitra L, et al.
Nivolumab for recurrent squamous-cell carcinoma of the head and neck.
N Engl J Med 2016: 375:1856–67.
14. Rizvi NA, Mazieres J, Planchard D, Stinchcombe TE, Dy GK, Antonia SJ,
et al. Activity and safety of nivolumab, an anti-PD-1 immune checkpoint
inhibitor, for patients with advanced, refractory squamous non-small-cell

5404 Clin Cancer Res; 23(18) September 15, 2017

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

lung cancer (CheckMate 063): a phase 2, single-arm trial. Lancet Oncol
2015;16:257–65.
Weber JS, D'Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns B, et al.
Nivolumab versus chemotherapy in patients with advanced melanoma
who progressed after anti-CTLA-4 treatment (CheckMate 037): a randomised, controlled, open-label, phase 3 trial. Lancet Oncol 2015;16:
375–84.
Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined nivolumab and ipilimumab or monotherapy in untreated
melanoma. N Engl J Med. 2015;373:23–34.
Topalian SL, Sznol M, Brahmer JR, McDermott DF, Smith DC. Nivolumab
(anti-PD-1; BMS-936558; ONO-4538) in patients with advanced solid
tumors: survival and long-term safety in a phase I trial [abstract]. J Clin
Oncol 2013;31:Abstr 3002.
Wang X, Feng Y, Bajaj G, Gupta M, Agrawal S, Yang A, et al. Quantitative
characterization of the exposure-response relationship for cancer immunotherapy: a case study of nivolumab in patients with advanced melanoma. CPT Pharmacometrics Syst Pharmacol 2017;6:40–8.
Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, activity, and immune correlates of anti-PD-1 antibody in
cancer. N Engl J Med 2012;366:2443–54.
US Food and Drug Administration [database on the Internet]. Modiﬁcation
of the dosage regimen for nivolumab. 2016 [cited 2017 May 4]. US Food and
Drug Administration, Silver Spring, MD, USA. Available at: http://www.fda.
gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm520871.htm.
Zhao X, Suryawanshi S, Feng Y, Wang X, McHenry MB, Waxman IM, et al.
Model-based evaluations of the exposure, efﬁcacy, and safety of a nivolumab ﬂat dosing regimen in patients with melanoma or non-small cell lung
cancer. In: Proceedings of the American College of Clinical Pharmacology
(ACCP) Annual Meeting; 2016 Sep 25–27; Bethesda (MD); American
College of Clinical Pharmacy, Lenexa, KS, USA.
Bajaj G, Wang X, Agrawal S, Gupta M, Roy A, Feng Y. Model-based
population pharmacokinetic analysis of nivolumab in patients with solid
tumors. CPT Pharmacometrics Syst Pharmacol 2017;6:58–66.
Feng Y, Agrawal S, Gupta M, Gupta AK, Masson E, Roy A. Association
between immune-checkpoint inhibitor induced tumor shrinkage and
overall survival in advanced melanoma and NSCLC [abstract]. J Clin Oncol
2014;32:Abstr 3053.
Zhao X, Ivaturi V, Gopalakrishnan M, Shen J, Feng Y, Statkevich P, et al.
A model-based exposure–response (ER) assessment of a nivolumab
(NIVO) 4-weekly (Q4W) dosing schedule across multiple tumor types.
In: Proceedings of the AACR Annual Meeting; 2017 Apr 1–5; Washington, DC, USA; American Association for Cancer Research, Philadelphia,
PA, USA.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on November 13, 2019. © 2017 American Association for Cancer Research.

Exposure–Response Analyses of Nivolumab in NSCLC

25. Holmgren E, Novotny WF, Damico L. Faster clearance of therapeutic
monoclonal antibodies predicts for shorter time to disease progression
and survival [abstract]. Proc Am Soc Clin Oncol 2002;21:Abstr 1692.
26. Cetin K, Ettinger DS, Hei YJ, O'Malley CD. Survival by histologic subtype in
stage IV nonsmall cell lung cancer based on data from the Surveillance,
Epidemiology and End Results Program. Clin Epidemiol 2011;3:139–48.
27. Albain KS, Crowley JJ, LeBlanc M, Livingston RB. Survival determinants in
extensive-stage non-small-cell lung cancer: the Southwest Oncology Group
experience. J Clin Oncol 1991;9:1618–26.
28. Gupta D, Lis CG. Pretreatment serum albumin as a predictor of cancer
survival: a systematic review of the epidemiological literature. Nutr J
2010;9:69.
29. Barlesi F, Steins M, Horn L, Ready N, Felip E, Borghaei H, et al. Long-term
outcomes with nivolumab vs. docetaxel in patients with advanced NSCLC:
CheckMate 017 and CheckMate 057 2-y update. In: Proceedings of the
European Society for Medical Oncology 41st Congress; 2016 Oct 7–11;
Copenhagen, Denmark; European Society for Medical Oncology, Lugano,
Switzerland.
30. Ross PJ, Ashley S, Norton A, Priest K, Waters JS, Eisen T, et al. Do patients
with weight loss have a worse outcome when undergoing chemotherapy
for lung cancers? Br J Cancer 2004;90:1905–11.
31. Wang X, Bajaj G, Feng Y, Gupta M, Agrawal S, Yang A, et al. Characterization
of exposure-response relationship for nivolumab in subjects with
advanced melanoma progressing post anti-CTLA4 [abstract]. Clin Pharmacol Ther 2015;97:Poster P-73.

www.aacrjournals.org

32. Feng Y, Wang X, Agrawal S, Lestini B, Park J-S, Roy A. Nivolumab exposure–
response (E–R) analysis for clinical development of nivolumab in
advanced refractory non-small-cell lung cancer [abstract]. Clin Pharmacol
Ther 2015;97:Poster QP-19.
33. Chatterjee MS, Turner DC, Ahamadi M, de Greef R, Freshwater T, Mayawala
K, et al. Exposure-response analysis of pembrolizumab in patients
with advanced melanoma and non-small cell lung cancer enrolled in
KEYNOTE-001, -002 and -006 (abstract CT112). In: Proceedings of the
Annual Meeting of the American Association for Cancer Research; 2016
Apr 16–20; New Orleans, LA, USA.
34. Meibohm B, et al. Dose response: the conﬂuence of disease, endpoints,
pharmacology, modality and their impact. In Proceedings of the 117th
Annual Meeting of the American Society for Clinical Pharmacology and
Therapeutics; 2016 Mar 8–12; San Diego, CA, USA; American Society for
Clinical Pharmacology and Therapeutics, Alexandria, VA, USA.
35. Miyamoto Y, Hanna DL, Zhang W, Baba H, Lenz HJ. Molecular pathways:
cachexia signaling — a targeted approach to cancer treatment. Clin Cancer
Res 2016;22:3999–4004.
36. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al.
Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A
in cancer patients. Nature 2014;515:563–7.
37. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ,
et al. Cancer immunology. Mutational landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. Science 2015;348:
124–8.

Clin Cancer Res; 23(18) September 15, 2017

Downloaded from clincancerres.aacrjournals.org on November 13, 2019. © 2017 American Association for Cancer Research.

5405

Nivolumab Exposure−Response Analyses of Efficacy and Safety in
Previously Treated Squamous or Nonsquamous Non −Small Cell
Lung Cancer
Yan Feng, Xiaoning Wang, Gaurav Bajaj, et al.
Clin Cancer Res 2017;23:5394-5405.

Updated version
Supplementary
Material

Cited articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/23/18/5394
Access the most recent supplemental material at:
http://clincancerres.aacrjournals.org/content/suppl/2017/09/16/23.18.5394.DC1
http://clincancerres.aacrjournals.org/content/suppl/2017/09/19/23.18.5394.DC2

This article cites 25 articles, 3 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/23/18/5394.full#ref-list-1

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/23/18/5394.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on November 13, 2019. © 2017 American Association for Cancer Research.

