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REVIEW

Sufficiency of Single-Arm Studies to Support Registration
of Targeted Agents in Molecularly Selected Patients with
Cancer: Lessons from the Clinical Development of
Crizotinib

P Selaru1,∗, Y Tang1, B Huang2, A Polli3, KD Wilner1, E Donnelly4 and DP Cohen1

INTRODUCTION

Clinical development of crizotinib for the treatment of
patients with advanced anaplastic lymphoma kinase (ALK)-
positive non-small cell lung cancer (NSCLC) paved the way
for approval of molecularly targeted agents by showing that
single-arm clinical trials supported by appropriate statisti-
cal analyses could be sufficient for regulatory approval in
patients with cancer with high unmet medical need and/or
rare tumor types, provided the scientific rationale for patient
selection is strong and the agent has shown substan-
tial and durable antitumor activity with a favorable safety
profile.
A major goal of any clinical development program is to

implement the most efficient clinical trials that demonstrate
the clinical benefit of a new drug, while limiting the number
of patients who may be exposed to a treatment with lim-
ited effectiveness and/or tolerability. Traditionally, in oncol-
ogy drug development, in order to achieve this goal and
gain regulatory approval of a new drug, sponsors had to
first establish short-term safety and antitumor activity in
phase I and II clinical trials that could last up to 5 years.
Sponsors then had to demonstrate efficacy benefits vs. an
active comparator and further characterize the safety pro-
file in randomized controlled phase III studies of cancer
patients who were often phenotype-selected rather than
genotype-selected. In order to demonstrate a statistically
significant and clinically meaningful benefit of one therapy
over another, these trials generally enrolled large numbers
of patients and lasted 3−5 years or more. Thus, this stan-
dard process typically led to a protracted period of upwards
of 10 years or more between drug discovery and regulatory
approval.1,2

As the dynamics of oncology drug development are
changing with increasing demand for reduced time to drug
approval and demonstration of greater clinical benefits, while
exposing smaller numbers of patients to potentially toxic
agents, the traditional drug development paradigm may
benefit from adaptation to the modern era. With a transition
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from conventional chemotherapy to molecularly targeted
agents (MTAs), drugs are now being developed faster for
prospectively identified patients whose tumors bear the rel-
evant molecular signatures. Smaller single-arm clinical trials
may be sufficient for regulatory approval in the molecularly
selected patient population because the treatment effect of
an MTA is expected to be much larger than that observed
with conventional nonselective agents. In addition, with
these new MTAs, there may be situations in which conduct-
ing a large randomized phase III clinical trial to gain regulatory
approval is impractical or even unnecessary. For example,
single-arm clinical trials may be acceptable in situations in
which there is a particularly acute medical need (e.g., refrac-
tory or resistant patient population) and/or the tumor under
treatment is rare. However, clinical trials of MTAs may still be
drawn out because a large number of patients may need to
be screened to identify and select a small subset of patients
with the appropriate molecular signature. Furthermore, the
clinical development program may also need to address the
requirements for a companion diagnostic test for molecular
patient selection in order to secure regulatory approval of the
MTA.
The MTA crizotinib (Xalkori, Pfizer, New York, NY) is a

potent, selective, small-molecule competitive inhibitor of
ALK, MET, and ROS13–5 that initially received accelerated
approval for the treatment of ALK-positive advanced NSCLC
from the US Food and Drug Administration (FDA). Full
approvals were subsequently achieved in many countries
globally on the basis of results obtained from single-arm
phase I and II clinical trials. Herein, we present aspects of
the regulatory approval process based on outcomes from
single-arm studies. We propose that prospective single-arm
clinical trial(s) could be sufficient for the future registration
of MTA monotherapies for rare tumors, provided that these
agents show rapid, durable, and clinically meaningful activ-
ity, preferably together with positive health-related quality of
life (HRQOL) and favorable (or at least acceptable) tolerabil-
ity. As illustrated with crizotinib, new MTAs will also need to
demonstrate these findings in a prospective clinical trial of a
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Table 1 Key clinical trials in the development of crizotinib for second-line or later-line treatment of patients with NSCLC

Protocol

ClinicalTrials.gov
registration
number Phase Setting Trial design Treatment

Primary end
point(s)

Single-arm studies enabling accelerated approval by the FDA and conditional approval in the EU

PROFILE 100112 NCT00585195 I � Previously treated or untreated Single-arm,
open-label

Crizotinib � Safety
� Advanced malignancies (except
leukemias)

� Pharmacokinetics
� ORR

� ALK-positive NSCLC
� MET-positive NSCLC
� ROS1-positive NSCLC
� Other (ALK-, MET- or
ROS1-positive) tumor types

PROFILE 100513 NCT00932451 II � Second or later line Single-arm,
open-label

Crizotinib � ORR
� ALK-positive NSCLC � Safety

Randomized-controlled confirmatory study

PROFILE 100710 NCT00932893 III � Second line Randomized,
open-label

Crizotinib vs.
pemetrexed or
docetaxel

� PFS
� ALK-positive NSCLC

ALK, anaplastic lymphoma kinase; EU, European Union; FDA, US Food and Drug Administration; NSCLC, non-small cell lung cancer; ORR, objective response
rate; PFS, progression-free survival.

properly selected patient population based on strong biolog-
ical rationale, possibly with an appropriate companion diag-
nostic test.

CLINICAL DEVELOPMENT OF CRIZOTINIB

Crizotinib, identified in 2005, was originally synthesized as
an MET inhibitor6 and subsequently found to inhibit phos-
phorylation of NPM-ALK in both Karpas 299 and SU-DHL-
1 anaplastic large-cell lymphoma (ALCL) cells.3 The EML4-
ALK translocation in NSCLC was discovered in 2007. Com-
mercially available break-apart fluorescence in situ hybridiza-
tion (FISH) probes for detecting ALK gene rearrangement in
anaplastic large-cell lymphoma were then modified to detect
the rearrangement in NSCLC.7 This assay and the subse-
quently developed Vysis fluorescence in situ hybridization
test (Abbott Molecular, Abbott Park, IL) enabled patients
with ALK-positive NSCLC to be identified for enrollment in
crizotinib clinical trials. Modifying an existing assay helped
to accelerate development and registration in this specific
patient population (Supplementary Figure S1).
Accelerated approval by the FDA was achieved in 2011

for the treatment of patients with locally advanced or
metastatic ALK-positive NSCLC9 − approximately 4 years
after the initial discovery of ALK gene rearrangements in
NSCLC and 6 years after the initial discovery of crizotinib.
This was based on data from ongoing phase I (PRO-
FILE 1001; NCT00585195) and phase II (PROFILE 1005;
NCT00932451) clinical trials in patients with ALK-positive
NSCLC. These studies indicated that crizotinib was asso-
ciated with high objective response rates (ORRs), rapid
and durable responses, and a generally tolerable safety
profile. At the time of the accelerated approval, two ran-
domized phase III trials were ongoing. Full approval was
granted in 2013 by the FDA after the availability of efficacy
and safety results from one of these trials (PROFILE 1007;
NCT00932893), comparing crizotinib to standard-of-care
second-line chemotherapy.9−11 In addition to the United
States, crizotinib received conditional approval in the Euro-

pean Union for the treatment of adults with previously
treated advanced ALK-positive NSCLC in late 2012 and has
since received regulatory approvals in more than 80 other
countries.

The FDA accelerated approval of crizotinib occurred at
the same time as the approval of the companion diagnostic
test for ALK gene rearrangement in NSCLC. In all markets,
commercial availability of a locally registered ALK assay was
required before approval of crizotinib.

PROFILE 1001: PHASE I STUDY IN ALK-POSITIVE
NSCLC

PROFILE 1001 is a first-in-human, single-arm, phase I clinical
trial of crizotinib (Table 1) that originally had two parts7,12,14:
Part one recruited patients with a variety of advanced solid
tumors refractory to standard therapy in order to establish
the maximum tolerated dose (MTD) of crizotinib; and part
two evaluated the safety and antitumor activity of the max-
imum tolerated dose, initially among patients screened for
tumors that harbored MET amplifications6 and, after discov-
ery of ALK gene rearrangements in NSCLC in 2007, among
patients with ALK-positive NSCLC.

Emerging data suggested that ALK gene rearrangements
were relatively rare (�3−5% of patients with NSCLC),15,16

and patients with this genetic event had clinicopatho-
logic characteristics distinct from unselected patients with
NSCLC,17 being generally younger never-smokers with
tumors having a histology of adenocarcinoma.6,18 Facilitated
by the availability of an ALK test and initial evidence of crizo-
tinib activity in patients with ALK-rearranged NSCLC in part
two of PROFILE 1001, an intensive effort began among the
clinical sites to screen for this genomic rearrangement. A
separate cohort of patients with ALK-positive NSCLC across
all lines of standard therapy was consequently added to
PROFILE 1001 in 2008.7

In this clinical trial, patients’ baseline demographic and
disease characteristics were reflective of the distinct clin-
icopathologic features that were previously described
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Table 2 Baseline demographics and disease characteristics of patients with
ALK-positive NSCLC in crizotinib clinical trials

PROFILE
100112,a

(phase I)

PROFILE
100513,b

(phase II)
PROFILE 100710,c

(phase III)

Characteristics
Crizotinib
(n = 149)

Crizotinib
(n = 261)

Crizotinib
(n = 173)d

Chemotherapy
(n = 174)

Males, no. (%) 73 (49) 119 (46) 75 (43) 78 (45)

Median age, y
(range)

52 (21–86) 52 (24–82) 51 (22–81) 49 (24–85)

Race, no. (%)

White 95 (64) 154 (59) 90 (52) 91 (52)

Asian 41 (28) 94 (36) 79 (46) 78 (45)

Other 13 (9) 13 (5) 4 (2) 5 (3)

Smoking status, no. (%)

Never 106 (71) 176 (67) 108 (62) 111 (64)

Former 42 (28) 73 (28) 59 (34) 54 (31)

Current 1 (<1) 12 (5) 5 (3) 9 (5)

Histology, no. (%)

Adenocarcinoma 144 (97) 245 (94) 164 (95) 164 (94)

ECOG performance status, no. (%)

0 56 (38) 68 (26) 72 (42) 65 (37)

1 75 (50) 148 (57) 84 (49) 95 (55)

�2e 18 (12) 45 (17) 16 (9) 14 (8)

No. of previous regimens for advanced or metastatic disease, no. (%)

0 24 (16) 0 2 (1) 5 (3)

1 47 (32) 32 (12) 155 (90) 150 (86)

2 31 (21) 91 (35) 14 (8) 19 (11)

�3 47 (32) 138 (53) 1 (<1) 0

ALK, anaplastic lymphoma kinase; ECOG, Eastern Cooperative Oncology
Group; NSCLC, non-small cell lung cancer.
aAs of June 2011.
bAs of January 2012.
cAs of March 2012.
dSmoking status, ECOG performance status, and previous regimen data miss-
ing for 1 patient each.
eECOG performance status 2 for PROFILE 1007.

(Table 2). For the heavily pretreated patients with ALK-
positive advanced NSCLC in this trial (median two to three
prior systemic therapies), antitumor activity for crizotinib
(250 mg twice daily continuously) was found to be con-
sistent as the number of patients enrolled increased: ORR
was nearly 60% from the first report based on 19 patients
in 2009.14 At the first analysis of progression-free survival
(PFS; n = 82), the median had not been reached7; at a
later analysis (n = 149), the median PFS was approxi-
mately 10 months (95% confidence interval [CI] = 8–13)12

(Table 3). Crizotinib was also well tolerated, and most
treatment-related adverse events were grade 1 or 2 in sever-
ity. The most common adverse events were vision disorder,
nausea, diarrhea, constipation, vomiting, and peripheral
edema.12

PROFILE 1005: PHASE II STUDY IN ALK-POSITIVE
NSCLC

Based on early results of PROFILE 1001, a single-arm
phase II study was initiated in 2010 (PROFILE 1005;
Table 1).13 This study evaluated the antitumor activity and

safety of crizotinib (250 mg twice daily continuously) in
patients with ALK-positive advanced NSCLC whose disease
progressed after one or more chemotherapy regimens for
locally advanced/metastatic disease.
Initial FDA approval of crizotinib in 2011 was primarily

based on an ORR of 51%, a median duration of response of
41.9 weeks, and a generally tolerable safety profile from the
first 136 patients enrolled in PROFILE 1005 as of February
2011,19 together with favorable efficacy and safety data
from PROFILE 1001. Efficacy results from PROFILE 1005
(e.g., ORR; Table 3) were also found to be consistent at
different reporting times.13,19 In this study, treatment-related
adverse events were similar to those observed in PROFILE
1001: They were mostly grade 1 or 2 in severity and included
gastrointestinal (nausea, vomiting, and diarrhea) and oph-
thalmologic (visual impairment, photopsia, blurred vision,
and vitreous floaters) events. Clinically meaningful improve-
ments were also observed in key lung cancer symptoms,
such as cough, pain in chest, and dyspnea, and in global
HRQOL.13

SUFFICIENCY OF PROFILE 1001 AND PROFILE 1005
OUTCOMES FOR REGULATORY APPROVAL

PROFILE 1001 and PROFILE 1005 represented the first
studies of any MTA in patients with NSCLC prospectively
selected for a specific genetic event – in this case, ALK
gene rearrangement. Although clinical trials of the epider-
mal growth factor receptor (EGFR) tyrosine kinase inhibitors
(TKIs) erlotinib and gefitinib had taken place before PROFILE
1001 and PROFILE 1005, these studies were prospectively
conducted in unselected patients with NSCLC, with retro-
spective analyses of patients with EGFR mutation-positive
NSCLC.20–24

PROFILE 1001 and PROFILE 1005 were also notable
because of the large clinical benefits observed, further sup-
ported by retrospective analyses described below, led to
approval of crizotinib before the availability of randomized
phase III study data. Consistently robust data from two global
single-arm clinical trials were important for regulatory agen-
cies at the time whenmaking their benefit−risk assessments.
Although the rapid clinical development and approval of

crizotinib was successful, the development of this MTA was
associated with unique challenges – not the least of which
was the rarity of ALK-positive NSCLC. Additionally, historical
data on typical end points (ORR, PFS, or overall survival
[OS]) for other cancer therapies in this specific patient pop-
ulation were lacking. Data were also lacking on the natural
history of ALK-positive NSCLC. As such, several questions
arose regarding interpretation of the results, including in
the absence of a comparator arm, how did the crizotinib
data from these single-arm studies in ALK-positive NSCLC
patients compare with data from standard therapies, and
was the ALK gene rearrangement a predictor of clinical
outcome with standard chemotherapies or TKI therapy?
We addressed each of these questions using retrospective
efficacy data analyses performed at different times during
the drug development process, as described below.

www.wileyonlinelibrary/cts
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Table 3 Summary of previously published efficacy results for patients with ALK-positive NSCLC in crizotinib clinical trials

PROFILE 100112,a (phase I) PROFILE 100513,b (phase II) PROFILE 100710,c (phase III)

Crizotinib (n = 149) Crizotinib (n = 261) Crizotinib (n = 173) Chemotherapy (n = 174)

Responsed

ORR, % (95% CIe) 60.8 (52.3–68.9) 59.8 (53.6–65.9) 65.3 (57.7–72.4) 19.5 (13.9–26.2)

Median duration of response,f wk (95% CI) 49.1 (39.3–75.4g) 45.6 (35.3–53.6g) 32.1 (range, 2.1–72.4) 24.4 (range, 3.0–43.6)

Median time to response, wk (range)h 7.9 (2.1–39.6) 6.1 (4.9–49.1) 6.3 (4.4–48.4) 12.6 (5.0–37.1)

PFS

Median,f mo (95% CI) 9.7 (7.7–12.8) 8.1 (6.8–9.7) 7.7 (6.0–8.8) 3.0 (2.6–4.3)

HR (95% CI) NA 0.37 (0.19−0.74)i 0.49 (0.37−0.64)j

0.59 (0.41−0.85)k

All data are observed data.
ALK, anaplastic lymphoma kinase; CI, confidence interval; HR, hazard ratio; NA, not applicable; NSCLC, non-small cell lung cancer; ORR, objective response
rate; PFS, progression-free survival.
aAs of June 2011.
bAs of January 2012, for first 261 patients with ALK-positive NSCLC enrolled into study.
cAs of March 2012.
dConfirmation of response was required in PROFILE 1001 (which utilized Response Evaluation Criteria In Solid Tumors [RECIST] version 1.0. 143 patients evaluable
for response) and PROFILE 1005 (which utilized RECIST v1.1. 259 patients evaluable for response), but not in PROFILE 1007 (which utilized RECIST version 1.1).
eExact method using the F distribution.
fKaplan−Meier method.
gBrookmeyer and Crowley method.
hTumor assessments were to be done at 8-week intervals in PROFILE 1001 and 6-week intervals in PROFILE 1005 and PROFILE 1007.
iAs of June 2011 (439 crizotinib-treated patients with ALK-positive NSCLC), between-patient analysis: Crizotinib (n = 62) vs. pemetrexed/docetaxel (n = 117).
jCrizotinib vs. chemotherapy.
kAs of June 2011 (439 crizotinib-treated patients with ALK-positive NSCLC), within-patient analysis: Crizotinib (n = 117) vs. pemetrexed/docetaxel (n = 117).

CRIZOTINIB DATA FROM PROFILE 1001 AND PROFILE
1005 GREATLY SURPASSED SIMULATED OUTCOMES
WITH STANDARD THERAPIES
Covariate-Matched and Covariate-Adjusted Analyses:
Background
In the absence of comparative data, it was unclear whether
the distinct clinicopathologic characteristics of patients with
ALK-positive NSCLC noted above might be contributing to
the observed antitumor activity of crizotinib. To put the effi-
cacy results from PROFILE 1001 and PROFILE 1005 into per-
spective, covariate-matched and covariate-adjusted model-
ing analyses25,26 were retrospectively performed to simulate
outcomes of randomized controlled studies of crizotinib vs.
standard advanced NSCLC treatment (Pfizer, data on file).27

These analyses utilized data from the control arms of three
Pfizer-sponsored phase III studies evaluating first-line pacli-
taxel − carboplatin or gemcitabine − cisplatin and second-
line or later-line erlotinib regimens in patients with advanced
unselected NSCLC.28–30

In the covariate-matched analyses (Pfizer, data on
file),27 the efficacy outcomes of patients with ALK-positive
advanced NSCLC in PROFILE 1001 and PROFILE 1005 were
comparedwith those from patients with similar baseline char-
acteristics in the control arms of the three aforementioned
phase III studies.28–30 Baseline characteristics for match-
ing, based on the known clinicopathologic characteristics of
patients with ALK-positive disease and potential predictors
of outcome, included histology, race, smoking classification,
and age.
The covariate-adjusted modeling analyses (Pfizer, data on

file)27 were performed to retrospectively “predict” the antitu-
mor efficacy of patients with advanced ALK-positive NSCLC
in PROFILE 1001 and PROFILE 1005 as if they had received
one of the treatment regimens from the control arms of the

phase III studies described above,28–30 and then compare
themwith the efficacy outcomes of patients in PROFILE 1001
and PROFILE 1005. A logistic regression model was used to
predict ORR. The Cox proportional hazard model was used
to predict PFS and OS. Baseline characteristics for this anal-
ysis, in addition to those used in the covariate-matched anal-
ysis, included gender, disease stage, Eastern Cooperative
Oncology Group (ECOG) performance status, and weight.

Findings from the Covariate-Matched and
Covariate-Adjusted Analyses of PROFILE 1001 and
PROFILE 1005
In PROFILE 1001, the observed ORR in 119 patients treated
with crizotinib (61%; 95% CI = 52−70) far exceeded the
ORRs from control patients in the covariate-matched analy-
ses (ORRs of 12–24% for patients receiving paclitaxel − car-
boplatin or gemcitabine − cisplatin, and 10–14% for patients
receiving erlotinib; Figure 1 and Table 4).27 Similarly, in the
covariate-adjusted analyses, predicted ORRs for the control
treatment regimens described above were significantly lower
than that observed with crizotinib in PROFILE 1001 as evi-
denced by nonoverlapping CIs around ORR estimates.

The median PFS for patients in PROFILE 1001 was
10.0 months (95% CI = 8.2−14.7) across all lines of treat-
ment. In contrast, covariate-matched and adjusted median
PFS for historical first-line treatment regimen controls ranged
between 4.6 and 5.9 months for paclitaxel − carboplatin or
gemcitabine − cisplatin, and 1.9 and 3.1 months for second-
/third-line erlotinib (Table 4). In addition, PFS hazard ratios
(HRs) for crizotinib vs. any of the three control regimens in the
covariate-matched or covariate-adjusted analyses ranged
from 0.24 to 0.43 (Table 4).

Although OS for crizotinib-treated patients was still
immature and the median was not reached at the time

Clinical and Translational Science



Clinical Development of Crizotinib
Selaru et al.

67

Figure 1 Objective response rates (ORRs) by treatment (crizotinib or chemotherapy regimen) and baseline patient/disease characteristics
in covariate (CV)-matched and CV-adjusted analyses (PROFILE 1001 and three Pfizer-sponsored trials).27 Bars for crizotinib represent
ORRs in patients with anaplastic lymphoma kinase (ALK)-positive non-small cell lung cancer (NSCLC). In all analyses except the CV-
adjusted analysis, bars for the other regimens represent ORRs among patients matched for the indicated characteristics. In the CV-
adjusted analysis, bars for the other regimens represent ORRs that PROFILE 1001 patients would have achieved had they been treated
with these agents. Error bars represent 95% exact confidence intervals (CIs) for the unselected and adenocarcinoma (AC) analyses;
averages of 95% exact CIs from bootstrap samples for the AC + smoking, AC + race, AC + age, and AC + age + race analyses; and
95% CIs estimated based on the delta method in the CV-adjusted modeling analysis.

of PROFILE 1001 analysis, the HRs for crizotinib com-
pared with any of the three standard-of-care regimens
were similar for the covariate-adjusted and covariate-
matched analyses and ranged between 0.25 and 0.47
(Table 4).
Similar findings for ORR, PFS, and OS were observed with

PROFILE 1005 data (Figure 2 and Table 4; Pfizer, data on
file).

Retrospective Efficacy Analyses of PROFILE 1005
Indicated Longer PFS for Crizotinib Compared with
Pemetrexed or Docetaxel in ALK-Positive NSCLC
Limited populations of patients with rare tumors – such
as ALK-positive NSCLC – can present difficulties in terms
of conducting adequately sized clinical trials. European
Medicines Agency guidelines state that, in such cases, it is
appropriate to conduct a within-patient time to tumor pro-
gression (TTP)/PFS analysis, in which TTP on the last prior
therapy is comparedwith TTP on experimental therapy,31 and
superiority should be demonstrated. Both between-patient
and within-patient PFS analyses were performed in patients
with ALK-positive NSCLC in PROFILE 1005 (Pfizer, data on
file).
A between-patient analysis compared the outcomes of

117 patients who received second-line single-agent peme-
trexed or docetaxel (standard single-agent regimens for
second-line treatment of NSCLC) before entry into PRO-
FILE 1005 with those of 62 patients who received second-
line crizotinib in that study. A within-patient analysis32 com-
pared the outcomes of the same 117 patients who received
second-line single-agent pemetrexed or docetaxel before
enrollment in PROFILE 1005 with their outcomes to sub-
sequent (third-line or later-line) treatment with single-agent
crizotinib in this study.
In both analyses, the median TTP with peme-

trexed/docetaxel therapy was 3.5 months (95% CI =
2.8−5.3). The median PFS with crizotinib therapy was not

reached (95% CI = 9.7−not reached) in the between-patient
analysis and was 5.7 months (95% CI = 5.3−12.0) in
the within-patient analysis. HRs for crizotinib vs. peme-
trexed/docetaxel, adjusted for baseline factors, were 0.37
(95% CI = 0.19−0.74) and 0.59 (95% CI = 0.41−0.85),
respectively (Table 3).
Consequently, these retrospective analyses in the ALK-

positive NSCLC population suggested that treatment with
crizotinib in the second-line treatment setting would lead
to longer PFS times compared with standard second-line
single-agent treatments (docetaxel or pemetrexed), a find-
ing that was later confirmed in a randomized phase III trial,
as presented below.

ALK Gene Rearrangement was Not a Predictor of
Clinical Outcome with Standard Chemotherapies or
TKIs

At the time that PROFILE 1001 and PROFILE 1005 were
initiated, there were no data on the potential clinical benefit
of standard therapy regimens for patients with ALK-positive
NSCLC. In the absence of comparative clinical trials, ORRs
on prior systemic therapies for patients with advanced
ALK-positive NSCLC subsequently treated in PROFILE
1001 or PROFILE 1005 were indirectly compared with
ORRs from historical data in unselected patients with
advanced NSCLC (Table 5).33–40 The findings that ORRs
on standard chemotherapy and EGFR TKIs in patients with
ALK-positive NSCLC were comparable to those reported in
patients with unselected NSCLC (Table 5) suggested that
ALK-positive status is not a response predictor for standard
chemotherapy regimens or TKI therapy. Likewise, Shaw
et al.41 found that ALK gene rearrangement did not seem
to be a prognostic indicator of clinical outcome because
OS was similar between crizotinib-naive patients with
ALK-positive tumors and patients with tumors that were
wild-type for ALK and EGFR. Other retrospective reports

www.wileyonlinelibrary/cts
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Table 4 Efficacy of crizotinib in retrospective comparisons with standard-of-care regimens from three Pfizer-sponsored clinical trials in patients with advanced
NSCLC

Crizotinib Paclitaxel−carboplatin Gemcitabine−cisplatin Erlotinib

PROFILE 100127,a

ORR, % 61.2 (51.7–70.1)

Covariate-matched analysesb 12.0−21.5 20.7−24.1 10.0−13.8

Covariate-adjusted analyses 17.5 (11.3–23.6) 21.4 (13.8–28.9) 15.0 (7.2–22.8)

Median PFS, mo 10.0 (8.2–14.7)

Covariate-matched analysesb 4.6–5.9 5.0–5.3 1.9–3.1

Covariate-adjusted analyses 4.9 5.5 2.0

HR, crizotinib vs. control

Covariate-matched analysesb 0.30−0.36 0.30−0.34 0.28−0.38

Covariate-adjusted analyses 0.37 (0.25–0.54) 0.43 (0.28–0.63) 0.24 (0.16–0.34)

Median OS, mo NR

Covariate-matched analysesb 10.6−14.6 12.0−15.9 9.3−12.1

Covariate-adjusted analyses 13.1 14.7 8.5

HR, crizotinib vs. control

Covariate-matched analysesb 0.30−0.46 0.36−0.47 0.27−0.35

Covariate-adjusted analyses 0.39 (0.24–0.67) 0.42 (0.26–0.72) 0.25 (0.15–0.43)

PROFILE 1005c

ORR, % 53.3 (47.0–59.6)

Covariate-matched analysesb 14.9−21.2 20.2−24.0 10.0−14.5

Covariate-adjusted analyses 21.1 (13.8–28.4) 20.9 (14.7–27.2) 14.2 (7.3–21.1)

Median PFS, mo 8.5 (6.2–9.9)

Covariate-matched analysesb 4.7−5.9 5.0−5.3 2.1−3.4

Covariate-adjusted analyses 4.9 5.2 3.1

HR, crizotinib vs. control

Covariate-matched analysesb 0.45−0.55 0.47−0.54 0.37−0.45

Covariate-adjusted analyses 0.57 (0.43–0.73) 0.62 (0.47–0.80) 0.43 (0.33–0.57)

Median OS, mo NR

Covariate-matched analysesb 10.6−14.2 11.0−15.0 9.9−12.6

Covariate-adjusted analyses 12.0 13.5 9.8

HR, crizotinib vs. control

Covariate-matched analysesb 0.49−0.77 0.55−0.75 0.43−0.55

Covariate-adjusted analyses 0.55 (0.39–0.70) 0.58 (0.41–0.73) 0.38 (0.27–0.49)

All crizotinib data are observed; data for the three standard-of-care regimens were simulated using the analyses shown. Values in parentheses are 95% confidence
intervals.
ALK, anaplastic lymphoma kinase; HR, hazard ratio; NR, not reached; NSCLC, non-small cell lung cancer; ORR, objective response rate; OS, overall survival;
PFS, progression-free survival.
aAs of October 2010, 119 patients with ALK-positive NSCLC had received crizotinib, and 116 of these patients were evaluable for response.27
bRanges are presented for the various combinations of matching variables.
cAs of June 2011, ORR based on 255 patients with ALK-positive NSCLC evaluable for response from first 261 patients enrolled into study (Pfizer, data on file);
PFS/OS based on 439 crizotinib-treated patients with ALK-positive NSCLC.

involving very small patient cohorts (8−19 patients) sug-
gested that pemetrexed may be more effective either as a
single agent or in combination with chemotherapy in patients
with advanced ALK-positive NSCLC.42−44 Contrary to these
findings, large retrospective analyses (141−711 patients)
that evaluated ORR and TTP with pemetrexed chemother-
apy in patients with ALK-positive NSCLC before receiving
crizotinib in PROFILE 1005 showed much smaller effects
that were consistent with those reported for patients with
unselected NSCLC (Figure 3). This finding further supported
the concept that ALK-positive status was not likely to be a
predictor of clinical outcome for pemetrexed that was later
confirmed in the randomized phase III trial presented below,
although the ORR for patients treated with pemetrexed was
higher than expected in this study.

Findings from Single-Arm Clinical Trials of Crizotinib
Confirmed in a Randomized Controlled Clinical Trial
Findings from the retrospective analyses mentioned above
from PROFILE 1001 and PROFILE 1005 were subsequently
corroborated by the results of randomized phase III clinical
trial PROFILE 1007 (Table 1) comparing crizotinib with
chemotherapy (pemetrexed or docetaxel) in the second-line
treatment of patients with advanced ALK-positive NSCLC,10

which:

� Demonstrated that crizotinib is significantly more effec-
tive than standard-of-care chemotherapy, with efficacy
results consistent with those of the single-arm studies
and retrospective analyses, in this selected population
of patients with NSCLC (Table 3);
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Figure 2 Observed and expected progression-free survival (PFS) (a) and overall survival (OS) (b) in patients with advanced anaplastic
lymphoma kinase (ALK)-positive non-small cell lung cancer (NSCLC; n = 439) in PROFILE 1005 (Pfizer, data on file). Observed results
are presented for crizotinib along with 95% Hall-Wellner bands that represent simultaneous confidence intervals for the survival function;
expected results for the chemotherapy regimens from three Pfizer-sponsored clinical trials were obtained using direct covariate-adjusted
modeling.

Table 5 ORR with standard therapy in patients with unselected or ALK-positive NSCLC – historical and crizotinib study data

Unselected NSCLC ALK-positive NSCLC

Historicala PROFILE 1001b PROFILE 1005c

Systemic treatment ORR, % No. of patientsd ORR, % No. of patients d ORR, %

First-line chemotherapy 15−35 89 16 115 18

Second-line chemotherapy 9−12 43 7 91 16

Single-agent EGFR TKI 9 43 7 59 4

ALK, anaplastic lymphoma kinase; EGFR, endothelial growth factor receptor; NSCLC, non-small cell lung cancer; ORR, objective response rate; TKI, tyrosine
kinase inhibitor.
aRefs. 33−40.
bPre-study ORRs as of November 2010 (Pfizer, data on file).
cPre-study ORRs as of February 2011 (Pfizer, data on file).
dNumber of patients within each category of prior treatment.

� Indicated that results from the single-arm clinical trials
were not driven by the distinct clinicopathologic char-
acteristics of patients with ALK-positive NSCLC;

� Suggested that ALK positivity is predictive of outcome
for crizotinib but not for either pemetrexed or docetaxel;

� Supported retrospective findings that the clinical bene-
fit of pemetrexed was less than that originally suggested
in the retrospective studies described above in patients
with ALK-positive NSCLC, although the ORR on peme-
trexed was slightly higher than expected vs. the unse-
lected population of patients with NSCLC who had pre-
viously been treated with chemotherapy;

� Confirmed that crizotinib was generally well-tolerated;
and

� Demonstrated that crizotinib is associated with greater
reductions in symptoms of lung cancer and greater
improvements in global HRQOL compared with
chemotherapy, in line with preliminary HRQOL data
from PROFILE 1005.10

Results of PROFILE 1007 also confirmed that the interpreta-
tion of results from the single-arm phase I and II studies plus

associated retrospective efficacy analyses results was valid.
Taken together, outcomes of PROFILE 1007 supported the
decision made by regulators to grant approval of crizotinib
based on the earlier data from single-arm clinical trials. These
results from PROFILE 1007 ultimately supported the conver-
sion of accelerated approval of crizotinib to full approval in
the United States.

DISCUSSION

Based on our experience, we conclude that consistent
evidence of dramatic and durable antitumor activity with a
favorable safety profile from prospective single-arm clinical
trial(s) could be sufficient for approval of monotherapy MTAs
for rare tumors, for tumors that express the therapeutic
target in the large majority of patients, or for prospectively
molecularly selected patients with common advanced
tumors provided there is high unmet medical need. Such an
approval process would enable accelerated patient access
to new treatment options. Single-arm studies provide a
number of benefits, including a requirement for smaller num-
bers of patients and generally shorter study duration than

www.wileyonlinelibrary/cts



Clinical Development of Crizotinib
Selaru et al.

70

Figure 3 Objective response rates (ORRs) (a) and median time to tumor progression (TTP)/progression-free survival (PFS) (b) with peme-
trexed in patients with advanced anaplastic lymphoma kinase (ALK)-positive or unselected non-small cell lung cancer (NSCLC) in PRO-
FILE 1005 and historical data.33,40,42–45 Adapted from Ref. 46 with permission from the author. CI, confidence interval; cis, cisplatin; comb,
combination; NS, not specified; single, single-agent; Tx, treatment. aAdenocarcinoma only.

randomized clinical trials, whereas still enabling a reliable
assessment of clinical benefit. In the case of crizotinib, the
time from the discovery of ALK-positive NSCLC to initial
regulatory approvals was approximately 4 years. Patients
with ALK-positive NSCLC were therefore able to gain access

to this MTA much earlier than would have been the case had
a traditional drug development approach been taken.

Accelerated (and conditional) approval of crizotinib in the
United States (and the European Union), and full approval in
other countries, was granted based on the rapid and durable
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responses and clinically meaningful ORRs seen in prospec-
tive single-arm phase I and II clinical trials in prospec-
tively selected patients with ALK-positive NSCLC. These
approvals of crizotinib were also based on the evidence that
the observed results were a direct antitumor effect of crizo-
tinib based on strong scientific rationale and observed tar-
get modulation. Additionally, for an MTA monotherapy to be
approved based on single-arm clinical trials, the drug must
show at least an acceptable safety profile, preferably with
positive effects on quality of life as well. In the case of crizo-
tinib, the generally favorable safety profile that emerged early
in development was confirmed by later studies and after
longer durations of exposure.10,12,13 A safety database of 255
patients (119 from PROFILE 1001 and 136 from PROFILE
1005) was considered sufficient for crizotinib in the approved
indication, although this could vary for other agents depend-
ing on various factors, such as the rarity of the disease or
condition and the magnitude of the treatment effect. Crizo-
tinib also showed positive effects on HRQOL in PROFILE
1005,13 which were later confirmed against an active control
in PROFILE 1007.10 AlthoughHRQOL data are not needed for
approval based on single-arm clinical trials, they can provide
valuable supplemental data to support efficacy and safety
assessments.
For conditions in which patient selection is warranted (i.e.,

a large proportion of patients do not exhibit the genetic event
of interest), the development of a reliable companion diag-
nostic test is key to successfully identifying patients most
likely to respond. In the case of crizotinib, the early avail-
ability of a companion diagnostic test enabled patients to
be more precisely and potentially more rapidly selected for
enrollment in the clinical trial program, thereby reducing the
development timelines for this MTA.
Appropriate additional analyses may be important to aug-

ment standard analyses of data from single-arm studies. For
example, with crizotinib, there were unique challenges in the
interpretation of findings from the early clinical trials, includ-
ing the lack of comparative historical data for other ther-
apies specifically in the population of patients with ALK-
positive NSCLC. However, not all of the analyses presented
for crizotinibmay be needed for future approval of MTAs. One
could consider prospectively examining prior treatments of
patients enrolled in the single-arm clinical trials or compar-
ing data from single-arm clinical trials with those from histor-
ical studies. However, it is important to show that having the
molecular signature of interest is not predictive of clinical out-
come with standard therapy and not a prognostic biomarker.
Additionally, although not necessarily on the critical path to
regulatory approval, activity of new MTAs in patients with
marker-negative disease should ultimately be evaluated. In
the case of crizotinib, evaluation of patients with prospec-
tively identified ALK-negative NSCLC is currently underway.
The randomized phase III clinical trial PROFILE 1007 con-

firmed the efficacy and safety of crizotinib,10 consistent with
findings from the earlier single-arm phase I and II studies
in patients with ALK-positive NSCLC, including consistency
with the various retrospective efficacy analyses summarized
herein. Therefore, although retrospective exploratory statis-
tical analyses successfully projected the efficacy outcomes
of PROFILE 1007, this study, in turn, also validated the ret-

rospective exploratory statistical analyses, thus supporting
the conclusion that results from single-arm clinical trials may
be sufficient for the regulatory approval of MTA monothera-
pies. In PROFILE 1001, patients with ALK-positive NSCLC
were enrolled in the study independent of treatment line. In
PROFILE 1005, patients with second-line or later-line NSCLC
were enrolled. Although there were only a small number of
untreated patients with NSCLC enrolled in PROFILE 1001, it
was reasonable to conclude that the consistency of the ORR
results independent of treatment linemay well have been suf-
ficient for crizotinib to gain a broad indication across treat-
ment lines. Indeed, the broader indication was supported
by the results of the second ongoing randomized phase III
study PROFILE 1014 (NCT01154140) that demonstrated sig-
nificant improvement in PFS for crizotinib vs. standard-of-
care chemotherapy in the first-line treatment of patients with
locally advanced or metastatic ALK-positive NSCLC.47

Traditionally, the preferred end point in any cancer clinical
development program has beenOS.31,48 As described above,
the approval of crizotinib (accelerated/conditional approval
in some countries, full approval in others) was based on
objective response and duration of response, rather than on
OS. However, it should be noted that responses with crizo-
tinib were rapid and durable, ORRs were clinically meaning-
ful, and the outcomes were backed by the biological ratio-
nale for the MTA and rationally selected patient population.
Furthermore, consistent with the ORR data, crizotinib also
showed meaningful improvements in PFS. Support for the
potential sufficiency of ORR as a primary end point for single-
arm clinical trials of MTAs was provided in a recent review
of 14 studies of advanced NSCLC treatments submitted to
the FDA since 2003 (3 of which involved MTAs in molecu-
larly selected patient populations). In this review, a strong
association was found between ORR and PFS, although no
associations between ORR and OS or PFS and OS were
found, potentially because of crossover and longer survival
after disease progression in the studies of MTAs in molecu-
larly selected patient populations.49

The era of regulatory approvals based on single-arm stud-
ies began in 2001 when imatinib received FDA approval
based on the results of four single-arm studies.50,51 A decade
later, the high response rate observed with crizotinib in PRO-
FILE 1001 led to the suggestion that one single-arm clinical
trial could be sufficient for early approval of MTAs,52 paving
theway for even shorter times to approval of otherMTAs. This
recently came to pass with the next-generation ALK inhibitor,
ceritinib, which received accelerated approval in the United
States 3 years after initiation of one single-arm study in
patients with crizotinib-resistant or -intolerant ALK-positive
metastatic NSCLC.53,54 Likewise, the next-generation ALK
inhibitor, alectinib, was approved in Japan just less than 4
years after initiation of one single-arm study in ALK inhibitor-
naive patients with advanced ALK-rearranged NSCLC.55,56

A risk of an accelerated approach, however, is that
approval may come without a complete understanding of
the toxicity of an agent, as seen in the case of ponatinib,
which was originally approved in 2012 based on results of
a single-arm study.57 Longer-term monitoring in this and
another single-arm clinical trial, however, revealed high rates
of thrombotic events, leading first to withdrawal of pona-
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tinib in 2013, followed by its reintroduction with a narrower
indication in 2014.57 So far, however, this seems to be an
isolated case. Of 24 accelerated approvals of cancer drugs
by the FDA between 2011 and early 2015, 13 were based on
single-arm clinical trials (9 involving targeted or molecularly
selected patient populations and 4 involving unselected
patient populations).58 Of these 24 conditional approvals,
delivery of postmarketing requirements and conversion to
full approval has as of yet only been achieved for crizotinib.
The advent of the highly effective MTAs for the treat-

ment of patients with cancer described above has led
representatives of the FDA, the pharmaceutical industry, can-
cer research foundations, and cancer research and treat-
ment centers to propose a set of standards for determining
whether a single-arm study is robust enough to support tra-
ditional approval.59 These criteria include the agent’s mech-
anism of action being supported by a strong scientific ratio-
nale; the treatment being specified for a well-defined patient
population; the demonstration of substantial durable tumor
responses clearly exceeding those of available therapies;
and a favorable benefit−risk assessment. Limitations of rely-
ing on single-agent clinical trial data were also noted. Exam-
ples included the use of ORR as a surrogate for long-term
clinical benefit, which must be validated in randomized tri-
als, and the need to identify a comparative data set for use as
a historical control. Additionally, a determination of whether
treatment-emergent adverse events are due to the MTA, tak-
ing into account the disease, aging, or other characteristics,
will be necessary. The single-agent studies and retrospec-
tive statistical analyses that supported accelerated approval
of crizotinib, as described herein, conformed to these stan-
dards and addressed the limitations raised, representing a
successful case study of their application. Moreover, they
reaffirm the sufficiency of prospective single-arm studies for
approval of MTAs, eliminating the need for randomized con-
trolled trials under these circumstances.
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