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Abstract Crizotinib (Xalkori�) is an orally active, small

molecule inhibitor of multiple receptor tyrosine kinases,

including anaplastic lymphoma kinase (ALK), c-Met/hepa-

tocyte growth factor receptor and c-ros oncogene 1. In the EU,

crizotinib has been conditionally approved for the treatment of

adults with previously treated, ALK-positive, advanced non-

small cell lung cancer (NSCLC). This approval has been based

on objective response rate and tolerability data from two

ongoing phase I/II studies (PROFILE 1001 and PROFILE

1005); these results have been substantiated and extended by

findings from an ongoing phase III study (PROFILE 1007) in

patients with ALK-positive, advanced NSCLC who had

received one prior platinum-based regimen. Those treated

with crizotinib experienced significant improvements in pro-

gression-free survival, objective response rate, lung cancer

symptoms and global quality of life, as compared with those

treated with standard second-line chemotherapy (pemetrexed

or docetaxel). The relative survival benefit with crizotinib is

unclear, however, as the data are still immature and likely to be

confounded by the high cross-over rate among chemotherapy

recipients. Crizotinib treatment was generally well tolerated in

the three PROFILE studies, with liver transaminase elevations

and neutropenia being the most common grade 3 or 4 adverse

events. Crizotinib is the standard of care in terms of the

treatment of patients with ALK-positive, advanced NSCLC;

while the current EU approval is for second (or subsequent)-

line use only, the first-line use of the drug is being evaluated in

ongoing phase III studies. Key issues relating to the use of

crizotinib in clinical practice include identifying the small

subset of eligible patients, the almost inevitable development

of resistance and the high cost of treatment.

Crizotinib in advanced non-small cell lung cancer

(NSCLC): a summary

Anaplastic lymphoma kinase (ALK) gene

rearrangement is the ‘oncogenic driver’ in a small

subset of patients with advanced NSCLC (&2–7 %)

The first-in-class ALK inhibitor crizotinib is the

standard of care for patients with ALK-positive,

advanced NSCLC; currently, it has been granted

conditional approval in the EU for use as a second (or

subsequent)-line therapy

A high proportion – around one-half to two-thirds – of

eligible (i.e. ALK-positive) patients respond to

crizotinib treatment; however, responders almost

inevitably develop (secondary) resistance

Eligible patients may be identified using a two-tiered

approach (prescreening with immunohistochemistry

[IHC] followed by fluorescence in-situ hybridization

confirmation of IHC-positive cases)

1 Introduction

Lung cancer is the second most common cancer in the EU

(e.g. 206,874 newly diagnosed cases in 2008) and,
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moreover, the most frequent cause of cancer-related mor-

tality in this region (e.g. 26.4 % of all cancer-related deaths

in 2008) [1]. Non-small cell lung cancer (NSCLC)

accounts for 80–85 % of cases of lung cancer [2]; the

majority of patients (&80 %) present with locally

advanced (stage IIIA/B) or metastatic (stage IV) disease

and have a very poor prognosis, despite aggressive multi-

modal therapy (e.g. reported 5-year survival rates of

8–14 % for stage IIIA disease and 1–5 % for both stage

IIIB and stage IV disease [3]).

Historically, the standard of care for advanced NSCLC

has been platinum-based combination chemotherapy.

However, this ‘one-size-fits-all’ approach to treatment has

reached an efficacy plateau [4, 5] and been largely sup-

planted by a ‘personalized’ (pharmacogenomic-driven)

approach, primarily due to the discovery that certain sub-

sets of patients have identifiable and potentially targetable

genomic alterations that are responsible for the initiation

and maintenance of their cancer [6–11]. These so-called

‘oncogenic drivers’ include the following:

• KRAS (V-Ki-ras2 Kirsten rat sarcoma viral oncogene

homolog) gene mutations (in 15–36 % of patients [8]);

• EGFR (epidermal growth factor receptor) gene muta-

tions (in 10–15 % of [Caucasian] patients [8]);

• MET (mesenchymal-epithelial transition factor) gene

amplification (in 4–7 % of patients [12]);

• ALK (anaplastic lymphoma kinase) gene rearrange-

ments (in &2–7 % of patients [13]);

• BRAF (v-raf murine sarcoma viral oncogene homolog

B1) gene mutations (in 1–5 % of patients) [14, 15];

• HER2 (human epidermal growth factor receptor 2) gene

mutations (in 2 % of patients) [16];

• RET (rearranged during transfection) gene rearrange-

ments (in &2 % of patients) [17]; and

• ROS1 (c-ros oncogene 1) gene rearrangements (in

&1–2 % of patients) [18, 19].

Among the aforementioned, the ALK gene codes for

ALK, a receptor tyrosine kinase (RTK) that belongs to the

insulin receptor superfamily [20]. Briefly, ALK gene rear-

rangements involve the fusion of the ALK gene with

another gene (predominantly the echinoderm microtubule-

associated protein-like 4 [EML4] gene); the resulting

(fusion) oncogene codes for an ALK fusion protein (e.g.

EML4-ALK) that possesses unregulated constitutive tyro-

sine kinase activity, and thereby promotes tumour cell

growth. Multiple chimeric variants of EML4-ALK (i.e.

possessing the same portion of ALK [including the intra-

cellular tyrosine kinase domain], but different portions of

EML4) have been identified [21, 22].

Crizotinib (Xalkori�) is an orally active, small-mole-

cule, multitargeted tyrosine kinase inhibitor (TKI) [23].

Although originally developed as an inhibitor of MET

(which, like ALK, is a RTK), crizotinib was subsequently

shown to be a potent inhibitor of ALK [22]. Indeed, it is

now regarded as being the first-in-class ALK inhibitor, i.e.

targeting ALK-rearranged (ALK-positive) NSCLC [23,

24]. The Committee on Medicinal Products for Human Use

(CHMP) of the European Medicines Agency (EMA) has

granted ‘conditional approval’ to crizotinib for the treat-

ment of adults with previously treated, ALK-positive,

advanced NSCLC [25]. This article is written from a

European perspective; therefore, it reviews the pharmaco-

logical characteristics of crizotinib and its therapeutic

efficacy and tolerability in patients with previously treated,

ALK-positive, advanced NSCLC.

2 Pharmacodynamic Properties

This section provides an updated overview of the key

pharmacodynamic (anticancer) properties of crizotinib,

which have been reviewed previously [22]. The effects of

crizotinib on cardiac electrophysiology (i.e. QT interval

and heart rate) are discussed in Sects. 3.2 and 5.1; its

effects on testosterone levels in males are also considered

in Sect. 5.1.

Crizotinib is a small molecule (molecular weight

450 Da), adenosine triphosphate (ATP)-competitive

inhibitor of RTKs, including MET (also known as c-Met/

hepatocyte growth factor receptor), ALK, Recepteur

d’Origine Nantais (RON) and ROS1 [22, 29, 31]. By pre-

venting ATP from binding, crizotinib inhibits autophos-

phorylation of the RTK, which is required for enzyme

activation [32].

Crizotinib is highly selective for ALK and MET; when

evaluated against a panel of [120 kinases in biochemical

assays and 12 cell-based phosphorylation assays, it was

nearly 20-fold more selective for ALK and MET compared

with other kinases evaluated [23, 27, 33].

Key preclinical data pertaining to the anticancer prop-

erties of crizotinib in NSCLC are summarized in Table 1.

Crizotinib inhibited autophosphorylation of EML4-ALK

[26, 28] and MET [27] in a concentration or dose-depen-

dent manner; it inhibited downstream signalling targets of

these aberrant or overexpressed RTKs in a similar fashion

[29, 30] (see Table 1). The drug displayed cytoreductive

antitumour efficacy in murine xenograft models generated

from EML4-ALK-positive [26, 28] or MET amplification-

positive [27, 30] cell lines (see Table 1); this activity was

dose-dependent and correlated strongly with inhibition of

autophosphorylation of the rearranged or overexpressed

RTK in vivo [26, 27]. According to a pharmacodynamic/

pharmacokinetic modelling study [34], the half-maximal

effective concentration (EC50) for ALK inhibition

approximately corresponded to the EC50 for tumour growth
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inhibition in murine xenograft models generated from

ALK-positive cell lines, suggesting that [50 % ALK

inhibition is required for significant ([50 %) antitumour

efficacy. Greater than 70 % ALK inhibition is projected to

occur in patients with NSCLC who are treated with the

recommended dosage of crizotinib (250 mg twice daily;

see Sect. 6).

Crizotinib likely exerts its antitumour activity through

multiple distinct mechanisms arising from inhibition of

ALK- or MET-dependent signalling; these include direct

negative effects on cell growth and survival [27, 33] (see

Table 1). Notably, the drug exhibited a marked antitumour

action in NSCLC cells bearing MET amplification,

although it showed no such effect in NSCLC cells without

MET amplification, including those with a MET gene

mutation [30].

Crizotinib has also demonstrated inhibitory activity

against an NSCLC cell line harbouring a ROS1 fusion pro-

tein (SLC34A2-ROS1) [18, 29]. Crizotinib reduced the

phosphorylation of SLC34A2-ROS1 and its downstream

signalling targets [29], and adversely affected cell growth

[18, 29] and survival [29] (see Table 1). However, the extent

of the antiproliferative effect of crizotinib in this cell line

appeared to be somewhat less than that in an NSCLC cell line

harbouring an ALK fusion protein (EML4-ALK) [18, 29].

For example, at concentrations of 0.1 and 1.0 lmol/L,

crizotinib inhibited the proliferation of SLC34A2-ROS1-

positive HCC78 cells by 31.1 and 58.1 %, respectively,

whereas it inhibited proliferation of EML4-ALK-positive

H3122 cells by 48.6 and 80.3 %, respectively [29].

There are conflicting results regarding the interaction, if

any, between crizotinib and ionizing radiation [28, 35].

One research group reported that the drug acted as a

radiation sensitizer in two EML4-ALK-positive NSCLC

cell lines (H3122 and H2228) and an H3122 xenograft

model [28]. However, another group found that crizotinib

did not enhance radiation sensitivity in five NSCLC cell

lines (including EML4-ALK-positive [H3122 and H2228]

and MET amplification-positive [H1993 and H2228] cells)

or three xenograft models (including H3122 and H2228

models) [35].

3 Pharmacokinetic Properties

The key pharmacokinetic properties of oral crizotinib have

been reviewed previously [22] and are summarized in

Table 2. Most of the data in this section have been obtained

from the EU summary of product characteristics (SPC) [25]

and/or abstracts [36, 37, 40, 41].

Maximum plasma concentration (Cmax) and area under

the plasma concentration-time curve (AUC) values for

Table 1 Pharmacodynamic (anticancer) properties of crizotinib: summary of key preclinical data pertaining to non-small cell lung cancer

Inhibited RTK catalytic activity

In vitro: of ALK (mean Ki, 0.5 nmol/L) [26] and MET (mean Ki, 4 nmol/L) [27] in biochemical enzymic assays

Inhibited RTK (auto)phosphorylation

In vitro: of EML4-ALK [26, 28] and SLC34A2-ROS1 [18, 29] in NSCLC cell lines (H2228 [26], H3122 [26, 28] and HCC78 [18, 29])

In vitro: of MET in panel of tumour and endothelial cell lines [27]

In vivo: of EML4-ALK in NSCLC xenograft model (H3122) [26]

Inhibited tumour cell growth/proliferation

In vitro: in EML4-ALK-positive [26, 28, 29], MET amplification-positive [30] and SLC34A2-ROS1-positive [18, 29] NSCLC cell lines

In vivo: in EML4-ALK-positive NSCLC xenograft model [26]

Antimetastatic effect

In vitro: inhibited HGF-stimulated migration and invasion in MET amplification-positive NSCLC cell line [27]

Induced apoptosis

In vitro: in EML4-ALK-positive [26, 29], MET amplification-positive [30] and SLC34A2-ROS1-positive [29] NSCLC cell lines

In vivo: in EML4-ALK-positive NSCLC xenograft model [26]

Antiangiogenic effects

In vitro: inhibited endothelial cell invasion and serum-stimulated tubulogenesis [27]

Inhibited RTK downstream signalling

In vitro: in EML4-ALK-positive [28, 29], MET amplification-positive [30] and SLC34A2-ROS1-positive [29] NSCLC cell lines

In vivo: in EML4-ALK-positive NSCLC xenograft model [26]

Demonstrated cytoreductive antitumour activity

In vivo: in EML4-ALK-positive [26, 28] and MET amplification-positive [27, 30] NSCLC xenograft models

ALK anaplastic lymphoma kinase, EML4 echinoderm microtubule-associated protein-like 4, HGF hepatocyte growth factor, Ki half-maximal

inhibitory concentration, MET mesenchymal-epithelial transition factor, NSCLC non-small cell lung cancer, ROS1 c-ros oncogene 1, RTK

receptor tyrosine kinase
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crizotinib have not been reported, for example in the EU

SPC [25] or US prescribing information [38]. That noted,

in a phase I study in which patients with NSCLC received

the recommended dosage of crizotinib (250 mg twice

daily; see Sect. 6), the median trough plasma concentration

at steady state (256 ng/mL) exceeded the target efficacy

levels predicted for the inhibition of ALK and MET based

on preclinical models [40].

Coadministration with food (standard high-fat meal) had

no clinically relevant effect on crizotinib exposure after a

single oral dose of 250 mg in healthy volunteers [25] or

patients with NSCLC [40]; crizotinib can be taken without

regard to meals [25]. Distribution of crizotinib into tissues

from the plasma is extensive [25], although penetration of

the blood-brain barrier by the drug appears limited [39]

(see Table 2).

Crizotinib is predominantly metabolized by cytochrome

P450 (CYP) 3A4/5; the main metabolic pathways are

oxidation of the piperidine ring to crizotinib lactam and O-

dealkylation (with subsequent conjugation of the O-deal-

kylated metabolites) [25]. Autoinhibition of CYP3A by

crizotinib likely accounts for the observation that the mean

apparent clearance of crizotinib is lower after multiple

doses than it is after a single dose [36] (see Table 2).

Faecal/biliary excretion is the major route of elimination

of crizotinib (and its metabolites) [37]. Following admin-

istration of a single oral radiolabelled dose of crizotinib

250 mg to healthy volunteers, 63 % of the dose was

eliminated via the faeces (53 % as unchanged drug) and

22 % in the urine (1.3–2.3 % as unchanged drug) [25, 37].

3.1 Special Patient Populations

According to the results of population pharmacokinetic

models, starting dose adjustments of crizotinib are not

required on the basis of age, gender, bodyweight or race

[41]. This notwithstanding, there is a 97 % probability that

a typical AUC value at steady state in an Asian patient will

be [25 % higher than the corresponding value in a non-

Asian patient [41].

The pharmacokinetics of crizotinib have not been

studied in patients with hepatic impairment; however, as

crizotinib is extensively metabolized by the liver, plasma

levels of the drug are likely to be increased in these patients

[22]. Crizotinib should be used cautiously in patients with

mild or moderate hepatic impairment; it is contraindicated

in patients with severe hepatic impairment [25]. Notably,

patients with alanine aminotransferase (ALT) or aspartate

aminotransferase (AST) levels greater than two-and-a-half

times the upper limit of normal (ULN) or, if due to

underlying malignancy, greater than five times the ULN or

with total bilirubin levels greater than one-and-a-half times

the ULN, were excluded from clinical trials [25].

In phase I/II studies (see Sect. 4 for study design

details), neither mild nor moderate renal dysfunction

(creatinine clearance [CLCR] 60–90 and 30–60 mL/min,

respectively) appeared to alter steady-state trough con-

centrations of crizotinib, which, in these two patient

groups, were similar to those observed in patients with

normal renal function (CLCR [90 mL/min) [25]. Accord-

ingly, no starting dose adjustment is recommended for

patients with mild or moderate renal impairment [25]. No

data are available in patients with severe renal dysfunction

or end-stage renal disease; therefore, no formal dosing

recommendations have been made [25].

3.2 Drug Interactions

Potential pharmacokinetic and pharmacodynamic drug

interactions between crizotinib and coadministered agents

are summarized in Table 3.

Consistent with CYP3A4/5 being the major enzymes

involved in the metabolic clearance of crizotinib (Table 2),

crizotinib exposure may be increased when the drug is

coadministered with potent CYP3A inhibitors, and

decreased when it is coadministered with potent CYP3A

inducers [25]. Compared with the corresponding values

Table 2 Pharmacokinetic properties of crizotinib [25, 36–39]

Absorption F: 43 %a,b,c

tmax: 4–6 hc,d,e

Time to steady state: 15 dayse,f

AR: 4.8d,e,f

Distribution Vss: 1,772 La,b,g

Human plasma protein binding in vitro: 91 %

CSF/plasma: 0.0026e

Metabolism Metabolized extensively in the liver (predominantly by

CYP3A4/5)

Elimination Mostly excreted (as unchanged drug or metabolites) in

the bile/faeces

t�: 42 ha,c,e

CL/F: 100 L/ha,c,e (60 L/ha,e,f)

a Mean value (geometric mean value for Vss and CL/F)
b Not stated whether in healthy volunteers or patients with NSCLC
c After a single oral dose of CRZ 250 mg
d Median value
e In patient(s) with NSCLC
f After multiple oral doses of CRZ 250 mg twice daily (after 28 days

of dosing for CL/F)
g After a single intravenous dose of CRZ 50 mg

AR accumulation ratio, CRZ crizotinib, CSF/plasma cerebrospinal

fluid-to-plasma ratio, CYP cytochrome P450, CL/F oral clearance,

F absolute (oral) bioavailability, NSCLC non-small cell lung cancer,

tmax time to maximum plasma concentration, t� terminal elimination

half-life, Vss volume of distribution at steady-state
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when crizotinib was administered alone, values for the

crizotinib Cmax and AUC from time zero to infinity

(AUC?) were increased by &1.4- and 3.2-fold, respec-

tively, when a single dose of crizotinib (150 mg) was

coadministered with multiple doses of the strong CYP3A

inhibitor ketoconazole (200 mg twice daily), and decreased

by 69 and 82 %, respectively, when a single dose of criz-

otinib (250 mg) was coadministered with multiple doses of

the strong CYP3A inducer rifampicin (600 mg once daily),

in specific drug interaction studies conducted in healthy

volunteers [25]. Moreover, there is both in vitro and in vivo

evidence to suggest that crizotinib is itself a moderate

inhibitor of CYP3A and, accordingly, may increase expo-

sure to other CYP3A substrates when given concomitantly.

In patients with cancer who were treated with crizotinib

250 mg twice daily for 28 days, coadminstration of a sin-

gle oral dose of midazolam 2 mg increased the midazolam

AUC by 3.7-fold relative to that observed when midazolam

was administered alone [25].

There are also in vitro data suggesting that crizotinib is a

substrate for P-glycoprotein, demonstrating that it is an

inhibitor of CYP2B6, and indicating that it has only a low

potential to inhibit or induce CYP1A2 (and therefore to

interact with coadministered CYP1A2 substrates) [25].

QT interval prolongation has been observed in patients

receiving crizotinib in clinical trials (see Sect. 5.1); a

pharmacokinetic/pharmacodynamic analysis suggests that

there is a relationship between Fridericia-corrected QT

interval and crizotinib plasma concentrations [25].

Accordingly, crizotinib should be administered with cau-

tion to patients who have a history of, or predisposition for,

corrected QT interval prolongation, or who are taking

medications known to prolong the QT interval [25] (see

Table 3).

Bradycardia has also been observed in patients receiving

crizotinib in clinical trials (Sect. 5.1). According to the EU

SPC [25], caution should be exercised in combining criz-

otinib with other bradycardic agents, due to the risk of

excessive bradycardia. In comparison, the US prescribing

information [38] recommends that combining crizotinib

with other bradycardic agents be avoided.

4 Therapeutic Efficacy

The efficacy of oral crizotinib in patients (adults aged

C18 years) with advanced, ALK-positive NSCLC has been

evaluated in three ongoing, open-label, multinational trials:

Table 3 Potential pharmacokinetic and pharmacodynamic drug interactions between crizotinib and coadministered agentsa

Coadministered agent Example(s) Potential effect Manufacturer’s

recommendation(s)

Pharmacokinetic drug interactions

Potent CYP3A inhibitors Ritonavir, ketoconazole,

itraconazole, clarithromycin

: CRZ exposure Avoid coadministering CRZ with

potent CYP3A inhibitorsb

Potent CYP3A inducers Rifampicin, carbamazepine,

phenytoin, phenobarbital, St John’s

wort

; CRZ exposure Avoid coadministering CRZ with

potent CYP3A inducers

CYP3A substrates Midazolam : CYP3A substrate exposure Avoid coadministering CRZ with

CYP3A substrates with NTI

CYP2B6 substrates Buproprion, efavirenz : CYP2B6 substrate exposure Exercise caution when

coadministering CRZ with

CYP2B6 substrates

P-gp substrates Digoxin : P-gp substrate exposure Close clinical surveillance advised

when coadministering CRZ with

a P-gp substrate

Pharmacodynamic drug interactions

Drugs that prolong QT

interval and/or induce

TdP

Class IA and III antiarrhythmics,

methadone, cisapride, moxifloxacin

: QT interval Monitor QT interval when

coadministering CRZ with drugs

that prolong QT interval and/or

induce TdP

Bradycardic agents Non-DHP CCBs, digoxin, clonidine,

b-adrenergic blockers

; Heart rate (excessive) Exercise caution when

coadministering CRZ with

bradycardic agents

CCBs calcium channel blockers,CRZ crizotinib, CYP cytochrome P450, DHP dihydropyridine, NTI narrow therapeutic index, P-gp P-glyco-

protein, SPC summary of product characteristics, TdP Torsaides de pointes, : increased, ; decreased
a Contained in the EU SPC [25]
b Coadministering CRZ with grapefruit/grapefruit juice (which contains CYP3A inhibitors) should also be avoided
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a randomized, controlled phase III study comparing criz-

otinib with single-agent pemetrexed or docetaxel (PRO-

FILE 1007; Sect. 4.1); and two uncontrolled phase I/II and

II studies (PROFILE 1001 and PROFILE 1005, respec-

tively; Sect. 4.2). PROFILE 1007 and PROFILE 1005

exclusively enrolled previously treated patients; whereas

PROFILE 1001 enrolled both treatment-naı̈ve and previ-

ously treated patients, only results for the former are con-

sidered herein. Findings from PROFILE 1007 are available

from published reports (i.e. abstracts [42, 43] plus a full

paper [44]) and/or an online database [45]. In contrast, the

majority of the findings from PROFILE 1005 and all rel-

evant results from PROFILE 1001 are contained in the EU

SPC [25] and/or the European Public Assessment Report

(EPAR) for crizotinib [46]. Some findings from PROFILE

1005 are only available from an abstract [47].

4.1 Phase III Trial

Patients were eligible to enrol in PROFILE 1007 if they had

the following: locally-advanced or metastatic NSCLC that

was positive for ALK rearrangements; Eastern Cooperative

Oncology Group (ECOG) performance status of 0–2; and

progressive disease (PD) after one prior platinum-based

chemotherapy regimen. Patients with stable brain metastases

that were either previously treated or previously untreated

and asymptomatic were permitted to enter the trial [44].

347 enrollees were randomized to receive oral crizotinib

250 mg twice daily or intravenous chemotherapy (either

pemetrexed 500 mg/m2 or docetaxel 75 mg/m2) every

3 weeks; they were also stratified according to ECOG

performance status (0 or 1 vs. 2), the presence or absence

of brain metastases and prior or no prior EGFR TKI single

agent therapy [44].

Demographic and baseline characteristics for the intent-

to-treat (ITT) population are shown in Table 4; these

parameters were well balanced between the crizotinib and

chemotherapy groups (and, additionally, between the

pemetrexed and docetaxel subgroups in the chemotherapy

group [data not shown]). Most patients had adenocarci-

noma of the lung (95 %), were aged\65 years (86 %) and

had never smoked (63 %) [44]. Nearly half (45 %) were of

Asian ethnicity [44] (Table 2).

The primary endpoint was progression-free survival

(PFS), as assessed by independent radiological review.

Secondary endpoints included objective response rate

(ORR; based on Response Evaluation Criteria in Solid

Tumors [RECIST]), as assessed by independent radiolog-

ical review, and overall survival (OS). PFS, OS and, except

where indicated, ORR, were analyzed in the ITT popula-

tion [44].

Patients were treated until disease progression, unac-

ceptable toxicity, withdrawal or death. Crizotinib recipients

with documented disease progression could continue

treatment at the discretion of the investigator. Chemo-

therapy recipients with documented disease progression

could also continue treatment at the discretion of the

investigator or, alternatively, cross-over to receive criz-

otinib as part of the ongoing PROFILE 1005 study (see

Sect. 4.2) [44].

Single-agent crizotinib demonstrated superior efficacy

to standard chemotherapy with either pemetrexed or

docetaxel in patients with previously treated, ALK-posi-

tive, advanced NSCLC. At the cut-off date (i.e. the time of

the final analysis of PFS), median PFS was more than two-

fold longer in crizotinib recipients compared with chemo-

therapy recipients (Table 5); the hazard ratio (HR) for

disease progression or death with crizotinib was 0.49

(95 % confidence interval [CI] 0.37–0.64; p \ 0.001) [44].

In subgroup analyses, crizotinib significantly

(p \ 0.001) improved median PFS when compared with

pemetrexed and docetaxel separately (HRs for disease

progression or death of 0.59 [95 % CI 0.43–0.80] and 0.30

[95 % CI 0.21–0.43], respectively) [44]. Additionally, a

positive impact of crizotinib on PFS was observed in most

patient subgroups defined according to baseline character-

istics or stratification factors. These subgroups were as

follows (HR [95 % CI] for disease progression or death

with crizotinib; number of patients): age C65 years (0.54

[0.27–1.08]; n = 50); age \65 years (0.49 [0.37–0.65];

n = 297); male (0.52 [0.35–0.77]; n = 153); female (0.48

[0.34–0.68]; n = 194; non-Asian (0.45 [0.30–0.66];

n = 190); Asian (0.53 [0.36–0.76]; n = 157); non-smoker

(0.45 [0.32–0.63]; n = 219); smoker or ex-smoker (0.53

[0.34–0.83]; n = 127); adenocarcinoma (0.50 [0.38–0.66];

n = 328); non-adenocarcinoma (0.12 [0.01–1.02]; n = 12);

ECOG performance status 0 or 1 (0.48 [0.36–0.63];

n = 313); ECOG performance status 2 (0.31 [0.12–0.86];

n = 34); brain metastases present (0.67 [0.44–1.03];

n = 120); brain metastases absent (0.43 [0.30–0.60]; n =

227); prior EGFR TKI therapy (0.48 [0.22–1.03]; n = 41);

and no prior EGFR TKI therapy (0.49 [0.37–0.66];

n = 306) [44].

As anticipated, OS data were not mature by the cut-off

date, with only 96 (40 %) of the 241 deaths required for the

final analysis of OS having occurred after a median follow-

up period of &12 months. A prespecified interim analysis

did not show a significant difference in median OS between

the crizotinib and chemotherapy groups (Table 5); the HR

for death with crizotinib was 1.02 (95 % CI 0.68–1.54)

[44]. However, this analysis was not only immature, but

also likely to have been confounded by the high cross-over

rate affecting the chemotherapy group (112 [64 %] of the

174 patients originally assigned to chemotherapy subse-

quently received crizotinib outside the study, i.e. in PRO-

FILE 1005) [44].
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Crizotinib therapy was associated with a high ORR

that was more than three-fold greater than that with

standard chemotherapy (65 vs. 20 %); all but one of the

113 responses observed with crizotinib were partial

responses (Table 5). In an analysis of the as-treated

population, the ORR to crizotinib (66 % [95 % CI

58–73]) was significantly (p \ 0.001) higher than that to

both pemetrexed (29 % [95 % CI 21–39]) and docetaxel

(7 % [95 % CI 2–16]) [42, 44]. Of note, tumour responses

to crizotinib were both rapid (the median time to response

of 6.3 weeks was half that observed with chemotherapy)

and durable (the median duration of response of

32.1 weeks was one-third longer than that with chemo-

therapy) [Table 5].

Patient-reported outcomes (PROs) were also assessed in

PROFILE 1007. Crizotinib recipients reported a signifi-

cantly (p \ 0.001) greater overall improvement from

baseline in global quality of life (QOL), as assessed using

the European Organization for Research and Treatment of

Cancer (EORTC) quality of life questionnaire (QLQ-C30),

compared with chemotherapy recipients [44]. EORTC

QLQ-C30 global QOL scores range from 0 to 100, with

higher scores indicating better global QOL. The mean

global QOL score increased by &4.4 points from baseline

in the crizotinib group, whereas it decreased by &5.4

points from baseline in the chemotherapy group (figures

estimated from a graph) [44]. The improvement in global

QOL seen with crizotinib was significantly (p \ 0.01)

greater than that observed with either pemetrexed or

docetaxel individually [43].

In addition, compared with chemotherapy-treated

patients, crizotinib-treated patients reported a significantly

(p B 0.01) greater overall improvement from baseline in

four of the five functional scales of the EORTC QLQ-C30,

namely physical, social, role and emotional functioning.

The fifth scale, namely cognitive functioning, was essen-

tially unchanged from baseline with crizotinib; while it

decreased from baseline with chemotherapy, the between-

group difference did not reach statistical significance

(p = 0.06) [44].

Table 4 Baseline demographics and disease characteristics in the PROFILE 1007 [44], PROFILE 1005 [46] and PROFILE 1001 [46] trials

evaluating crizotinib in patients with previously treated, anaplastic lymphoma kinase-positive, advanced non-small cell lung cancer

Parameter/study [phase] PROFILE 1007 [III] PROFILE 1005 [II] PROFILE 1001 [I/II]

CRZa (n = 173) IVCTb (n = 174) CRZa (n = 261) CRZa (n = 125)

Males (% pts) 43 45 46 50

Median age (years) 51 49 52 51

Race (% pts)

Caucasian 52 52 58 61

Asian 46 45 37 30

Other 2 3 5 10

Smoking status (% pts)

Never 62 64 67 72

Former 34 31 28 27

Current 3 5 5 1

Tumour histologic type (% pts)

Adenocarcinoma 95 94 93 98

Non-adenocarcinoma 3 4 7 3

Disease stage (% pts)

Locally-advanced 4 9 8 6

Metastatic 95 91 92 94

ECOG PS (% pts)

0 42 37 26 32

1 49 55 56 55

2–3 9 8 18 13

All pts had locally-advanced or metastatic NSCLC; ALK-positivity was confirmed by localized (PROFILE 1001) or centralized (PROFILE 1005

and PROFILE 1007) FISH assay (Vysis ALK break-apart FISH probe kit in PROFILE 1005 and PROFILE 1007)

ALK anaplastic lymphoma kinase, CRZ crizotinib, DOC docetaxel, ECOG Eastern Cooperative Oncology Group, FISH fluorescence in-situ

hybridization, IVCT intravenous chemotherapy NSCLC non-small cell lung cancer, PEM pemetrexed, PS performance status, pts patients
a 250 mg twice daily
b PEM 500 mg/m2 or DOC 75 mg/m2 on day 1 of a 3-week cycle
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Compared with patients receiving chemotherapy, those

receiving crizotinib also experienced significantly

(p \ 0.001) greater overall reductions from baseline in a

number of symptoms that were assessed using the EORTC

QLQ-C30 or its corresponding module for lung cancer

(QLQ-LC13), namely alopecia, cough, dyspnoea, fatigue,

chest pain, arm or shoulder pain, and pain in other parts of

the body [44]. The median time to deterioration with

respect to a composite of three of these symptoms—cough,

dyspnoea or chest pain—was 5.6 months with crizotinib

versus 1.4 months with chemotherapy (HR 0.54 [95 % CI

0.40–0.71]; p \ 0.001) [44, 45]. Similar results were seen

when crizotinib was compared with either pemetrexed or

docetaxel individually (HRs of 0.66 [95 % CI 0.48–0.92]

and 0.37 [95 % CI 0.26–0.54], respectively; both

p B 0.013) [43].

Consistent with the results for the overall study popu-

lation, crizotinib treatment showed significantly greater

improvements in PFS (p = 0.0003; see result reported

earlier in this section), ORR (p \ 0.0001), global QOL

(p \ 0.05) and lung cancer symptoms (e.g. cough,

dyspnoea, fatigue, chest pain, arm or shoulder pain, and

pain in other parts of the body; all p \ 0.05) compared

with chemotherapy in the large subgroup of Asian patients

[42].

4.2 Phase I/II Trials

Protocol amendments affecting enrollment into the single-

arm PROFILE 1001 and PROFILE 1005 studies since their

respective inceptions have been reviewed elsewhere [23].

This section primarily focuses on data from a subset of

patients in each trial (n = 125 and 261 in PROFILE 1001

and PROFILE 1005, respectively) who had locally-

advanced or metastatic, ALK-positive NSCLC and who

had received at least one prior systemic therapy [25, 46].

These results are notable, as they led to crizotinib gaining

conditional approval for this indication in the EU; this

occurred prior to the availability of data from PROFILE

1007. In contrast to PROFILE 1007, ORR was the primary

endpoint in the PROFILE 1001 and PROFILE 1005 stud-

ies; PFS was a secondary endpoint [22].

Table 5 Efficacy of crizotinib in patients with previously treated, anaplastic lymphoma kinase-positive, advanced non-small cell lung cancer.

Summary of results from the PROFILE 1007 [44, 45], PROFILE 1005 [25, 46] and PROFILE 1001 [25, 46] trials

Parameter/study [phase] PROFILE 1007 [III] PROFILE 1005 [II] PROFILE 1001 [I/II]

CRZa (n = 173b) IVCTc (n = 174b) CRZa (n = 261d) CRZa (n = 125d)

Survivale

Median PFS (months) 7.7 [6.0–8.8]*f 3.0 [2.6–4.3]f 8.5 [6.5–9.9] 9.2 [7.3–12.7]

Median OS (months) 20.3 [18.1 to not reached] 22.8 [18.6 to not reached] Not reached Not reached

1-year survival probability (%) 70 [61–77] 72 [63–79] 61 [49–71] 72 [63–80]

Response ratese,g (% pts)

CR 1 0 2 3

PR 65 20 52 58

SD 18 36 31 31

PD 6 34 7 4

ORR 65 [58–72]* 20 [14–26] 53 [47–60]f 60 [51–69]f

DCR 82 [75–87]* 55 [48–63] 85 [80–89] 84 [77–90]

Median DR (weeks) 32.1 [2.1–72.4h] 24.4 [3.0–43.6h] 42.9 [36.1–49.7] 48.1 [35.7–64.1]

Median TTR (weeks) 6.3 [4.4–48.4h] 12.6 [5.0–37.1h] 6.1 [4.9–30.4] 7.9 [2.1–39.6]

CI confidence interval, CR complete response, CRZ crizotinib, DCR disease control rate, DOC docetaxel, DR duration of response, IVCT

intravenous chemotherapy, ORR objective response rate, OS overall survival, PD progressive disease, PEM pemetrexed, PFS progression-free

survival, PR partial response, pts patients, RECIST Response Evaluation Criteria In Solid Tumors (version 1.1), SD stable disease, TTR time to

response, * p \ 0.0001 vs. IVCT
a 250 mg twice daily
b No. of pts analysed (i.e. intent-to-treat population), except for median DR and TTR (n = 113 and 34 for CRZ and IVCT, respectively)
c PEM 500 mg/m2 or DOC 75 mg/m2 on day 1 of a 3-week cycle
d Six and four patients were not evaluable for response in PROFILE 1005 and PROFILE 1001, respectively
e Values within square brackets [ ] are the 95 % CI, except where indicated
f Primary endpoint
g Assessed using RECIST. SD for C6 weeks (PROFILE 1005 and PROFILE 1001); not stated for PROFILE 1007. DCR (CR ? PR ? SD)

assessed at week 6 (PROFILE 1007 and 1005) or 8 (PROFILE 1001)
h Range
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Demographic and baseline characteristics of the study

populations are shown in Table 4; as in PROFILE 1007,

the majority of patients across the two trials had adeno-

carcinoma of the lung (94 %), were aged\65 years (88 %)

and had never smoked (69 %) [Table 4]. With respect to

prior systemic therapies, 38, 25 and 38 % of patients in

PROFILE 1001 and 10, 35 and 55 % of patients in PRO-

FILE 1005 had received one, two, or at least three treat-

ment regimens, respectively [25, 46]. At the time of the

data cut-off, the median duration of crizotinib treatment

was 42 and 25 weeks in PROFILE 1001 and PROFILE

1005, respectively [25, 46].

Results from PROFILE 1001 and PROFILE 1005 are

largely concordant with those from PROFILE 1007

(Table 5), thus confirming the benefit of single-agent

crizotinib in previously treated, ALK-positive, advanced

NSCLC. As observed in PROFILE 1007, ORRs to criz-

otinib were high; tumour responses to crizotinib were rapid

and durable (Table 5).

More than one-third of the participants in PROFILE

1005 were Asian (Table 4). According to an exploratory

subgroup analysis presented in an abstract [47], the ORR to

crizotinib appeared to be higher in Asian than in non-Asian

patients (70 % [95 % CI 60–79 %] vs. 54 % [95 % CI

46–62]). The response-evaluable population for this par-

ticular analysis comprised 259 of the first 261 patients

enrolled [47]; it consisted of 255 patients for the other

analyses quoted in this section [25, 46] (Table 5).

Regarding other patient populations of interest, ORRs

for patients with or without brain metastases are available

from PROFILE 1005, which, in contrast to PROFILE 1001,

required baseline brain imaging [46]. The ORR in the CNS

involvement subgroup (57 % [95 % CI 44–70]; n = 61)

was similar to that in the non-CNS involvement subgroup

(52 % [95 % CI 45–59]; n = 194), albeit the early death

rate in the former was more than three times that in the

latter (9.8 vs. 3.1 %) [46]. Seventeen patients had asymp-

tomatic, unirradiated brain metastases and were evaluable

for both brain metastasis and systemic tumour responses.

Of these, eight had a brain response that matched or

exceeded the systemic response (including two complete

brain responses); the remaining nine had a systemic

response that exceeded the brain response [25, 46]. The

ORR was 31 % among a total of 29 evaluable patients with

non-adenocarcinoma histology who were enrolled in either

PROFILE 1005 or PROFILE 1001 [25].

Consistent with PROFILE 1007, PFS data from PRO-

FILE 1001 and PROFILE 1005 had matured at the time of

the data cut-off; however OS data were (and still are)

immature. In PROFILE 1005, median PFS was 8.5 (95 %

CI 6.5–9.9) months in an analysis performed after 41.8 %

of the PFS events had occurred (Table 5); it was 8.1 (95 %

CI 6.8–9.7) months in an updated analysis performed after

65.5 % of the PFS events had occurred [46]. In PROFILE

1001, median OS was not reached in an analysis based on

43 (34.4 %) deaths among 125 patients analysed (Table 5;

result reported in both the EU SPC [25] and EPAR [46]); it

was 29.6 (95 % CI 18.0 to not reached) months in an

updated analysis based on 55 (42.3 %) deaths among 130

patients analysed (result reported only in the EPAR [46]).

Both analyses yielded a 1-year survival probability esti-

mate of 72.3 % [46].

5 Tolerability

The following tolerability profile of crizotinib in patients

with previously treated, ALK-positive, NSCLC is largely

based on pooled data from the noncomparative, phase I/II

PROFILE 1001 and PROFILE 1005 studies [25, 48], as

well as comparative results from the phase III PROFILE

1007 study of crizotinib versus standard chemotherapy [44]

(see Sect. 4 for study design details). Table 6 summarises

the incidences of frequent and/or notable treatment-related

adverse events in these studies.

5.1 General Profile

Crizotinib was generally well tolerated in the three PRO-

FILE studies, with most adverse events being grade 1 or 2

in severity [25, 44].

The most common (incidence [20 %) any-grade

adverse events of any cause in patients who received

crizotinib in either PROFILE 1001 or PROFILE 1005 were

vision disorders (i.e. visual impairment, diplopia, photop-

sia, blurred vision and vitreous floaters), gastrointestinal

disturbances (nausea, diarrhoea, vomiting, oedema and

constipation) and fatigue [25] (Table 6).

Although frequent, visual disturbances were mostly

transient (i.e. lasting B1 min), with no or minimal impact

on patients’ activities of daily living, as assessed using a

specially developed seven-item visual symptom assessment

questionnaire [49]. No patient in either study required a

dose reduction or permanent discontinuation of crizotinib

treatment as a result of experiencing a visual disorder [25].

The most frequent grade 3 or 4 adverse events of any

cause in patients who received crizotinib in either PRO-

FILE 1001 or PROFILE 1005 were neutropenia (7 %) and

elevated ALT levels (5 %) [25] [Table 6].

Grade 3 or 4 elevations in ALT were generally asymp-

tomatic and reversible with interruption of crizotinib

treatment; patients usually resumed therapy at a lower

dosage without recurrence [25, 48]. According to the larger

of two analyses considered herein, only four (\1 %) of 588

evaluable patients in the phase I/II studies have been

required to permanently discontinue crizotinib treatment as
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a result of a grade 3 or 4 elevation in ALT [48]. This

analysis [48] yielded rates of all-cause ALT elevations (all-

grade, 14.6 %; grade 3 or 4, 5.1 %) and AST elevations

(all-grade, 10.7 %; grade 3 or 4, 2.4 %) that were similar to

those arising from a smaller analysis, which was based on

386 evaluable patients [25] (see Table 6). However, only

the larger analysis reported rates of treatment-related ALT

elevations (all-grade, 12.4 %; grade 3 or 4, 4.1 %) and

AST elevations (all-grade, 8.8 %; grade 3 or 4, 1.7 %)

[48]. Transaminase elevations generally occurred within

2 months of starting crizotinib treatment [25, 48].

In a separate analysis [25], concurrent elevation of ALT

(to greater than three times the ULN) and total bilirubin (to

greater than two times the ULN) in the absence of elevation

Table 6 Tolerability of crizotinib in patients with previously treated, anaplastic lymphoma kinase-positive, advanced non-small cell lung

cancer. Summary of adverse event data from the PROFILE 1001, PROFILE 1005 and PROFILE 1007 trials

TEAE/study [phase] PROFILE 1001 [I/II] and PROFILE 1005 [II]

pooleda
PROFILE 1007 [III]a

CRZ (n = 386) CRZ (n = 172)b IVCT (n = 171)b

All grades Grade 3/4 All grades Grade 3/4 All grades Grade 3/4

Most common TEAEsc (% pts)

Vision disorderd,e 58 \1 60 0 9 0

Nausea 54 \1 60 0 19 1

Diarrhoea 42 \1 55 1 37 1

Vomiting 41 \1 47 1 18 0

Constipation 29 0 42 2 23 0

Oedemad,e 27 0 31 0 16 0

Fatigued 22 2 27 2 33 4

Decreased appetite 19 0

Dizzinesse 15 0 22 1 8 0

:Aminotransferase levelse 14/10f 5/2f 38 16 15 2

Dysgeusia 13 0 26 0 9 0

Neuropathyd 11 \1

Neutropeniae 10 7 13 19

Other selected TEAEs (% pts)

Anaemiae 2 \1 2 5

Alopecia 8 0 20 0

Bradycardiad 4 0

Dyspnoeae 13 4 19 3

Hypokalaemia 4 0

Leukopenia 4 \1 1 5

Pneumonia 4 2

Pneumonitis 1 1 g

Pulmonary embolisme 5 2

QT prolongation 1 \1 4 0h

Rash 9 0 9 0 17 0

URTIe 26 0 13 \1

ALT alanine aminotransferase, AST aspartate aminotransferase, CRZ crizotinib, IVCT intravenous chemotherapy, pts patients, SPC summary of

product characteristics, TEAE treatment-emergent adverse event, URTI upper respiratory tract infection; : elevation
a Data are derived from the EU SPC [25] (PROFILE 1001 and 1005 pooled) or the full paper published by Shaw et al. [44] (PROFILE 1007)
b The median duration of treatment was 31 weeks with CRZ versus 12 weeks with IVCT
c List is based on those TEAEs that occurred in C10 % of CRZ recipients in PROFILE 1001 and 1005 pooled
d Item comprises a cluster of TEAEs that may represent similar clinical symptoms or syndromes (in PROFILE 1001 and 1005 pooled)
e Item comprises a cluster of adverse events that may represent similar clinical symptoms or syndromes (in PROFILE 1007)
f :ALT/:AST
g Three of the four cases were grade 3 or 4 (severe or life-threatening, respectively); the fourth was grade 5 (fatal)
h No protocol-specified, on-treatment assessments
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of alkaline phosphatase was observed in only one (\0.5 %)

of the 375 evaluable patients.

Crizotinib is uncommonly associated with severe hep-

atotoxicity, which was reported in \1 % of patients (i.e. a

total of five cases), according to one analysis [48]. Pre-

senting symptoms included fatigue, nausea, anorexia,

weakness and abdominal pain; two of the five cases

eventually proved fatal. In four cases, the time to onset of

hepatotoxicity was \6 weeks; in one case, significant

transaminase elevation was observed after 6 months. Four

patients had baseline transaminase levels that were normal

or just above the norm; one patient (who was one of the

two eventually fatal cases) had abnormal transaminase

levels and significant hepatic metastases at baseline [48].

The tolerability profile of crizotinib in PROFILE 1007

was qualitatively similar to that of the drug in the pooled

PROFILE 1001 and PROFILE 1005 trials (Table 6). The

most common grade 3 or 4 adverse event of any cause in

PROFILE 1007 was an elevation of liver aminotransferase

levels (16 %) [Table 6]. However, the incidences of ele-

vated ALT and AST levels have not (yet) been reported

separately and therefore cannot be compared with the

corresponding incidences in the pooled PROFILE 1001 and

PROFILE 1005 studies. The second most common grade 3

or 4 adverse event in PROFILE 1007 was neutropenia

(13 %); the incidence of this adverse event was almost

double that observed in the pooled PROFILE 1001 and

PROFILE 1005 studies (Table 6). The third most common

grade 3 or 4 adverse event in PROFILE 1007 was pul-

monary embolism (5 %) [Table 6].

As regards other notable adverse events associated with

crizotinib treatment, pneumonitis was observed in 1 % of

patients in the pooled phase I/II studies (Table 6); all four

cases (including three severe or life-threatening [grade 3 or

4] cases and one fatal [grade 5] case) occurred within

2 months of initiating treatment [25]. There have also been

two cases of fatal treatment-related pneumonitis or inter-

stitial lung disease among crizotinib recipients in PRO-

FILE 1007 (see Sect. 5.2). Grade 3 or 4 QT prolongation

was observed in \1 % of patients in the pooled PROFILE

1001 and PROFILE 1005 studies, as compared with 4 % of

patients in PROFILE 1007 (Table 6).

Grade 1 or 2 bradycardia was reported in 4 % of patients

in the pooled phase I/II studies (Table 6) and was therefore

classified as being common in terms of frequency [25]. Of

note, heart rate (HR) changes during crizotinib treatment

have been retrospectively analysed at a single centre in the

US [50]. 38 (&90 %) of 42 crizotinib-treated patients with

ALK-rearranged or MET-amplified NSCLC (all of whom

were enrolled in PROFILE 1005 or PROFILE 1001)

experienced at least one episode of a decrease in HR of

[10 beats per minute (bpm) from pretreatment baseline. 29

patients (69 %) experienced at least one episode of sinus

bradycardia (HR\60 bpm); among these were 13 patients

(44.8 %) who experienced at least one episode of profound

sinus bradycardia (HR \50 bpm). However, none of the

patients who experienced sinus bradycardia or profound

sinus bradycardia were symptomatic or had ECG changes

(e.g. corrected QT interval prolongation). The mean max-

imum decrease in HR for all (42) patients was 26.1 bpm

[50].

Treatment with crizotinib reportedly reduced testoster-

one levels to below the lower limit of normal (LLN) in

male patients with NSCLC; this reduction appeared to be

rapid (over a period of weeks) and reversible (over a period

of days) on commencement and cessation of crizotinib

therapy, respectively [51, 52]. In the largest study to date

[52], mean total testosterone levels were significantly

(p B 0.0012) lower in two groups of 32 and 19 patients

who received the drug when both series were compared

(separately) with a third group of 19 patients who did not

receive the drug. Most (90 %) of the crizotinib-treated

patients had a mean testosterone level below the LLN, as

compared with only approximately one-third (32 %) of the

non-crizotinib-treated patients [52]. Among a subset of 25

crizotinb-treated patients (with both total and free testos-

terone data), 20 (80 %) manifested symptoms of hypogo-

nadism, as assessed using the Androgen Deficiency in

Aging Males (ADAM) questionnaire [52]. Levels of

albumin and sex hormone-binding globulin (which both

bind testosterone) declined rapidly with crizotinib; the

absence of a compensatory increase in follicle-stimulating

hormone or luteinizing hormone levels suggested that the

mechanism of testosterone reduction included a central

effect of crizotinib on the hypothalamic-pituitary axis [52].

The rates of treatment-related adverse events resulting in

permanent discontinuation of crizotinib were 2, 4 and 6 %

in PROFILE 1001, PROFILE 1005 and PROFILE 1007,

respectively [25, 44].

5.2 Comparative Tolerability

The tolerability profile of crizotinib in PROFILE 1007 was

distinct from that of standard chemotherapy. As regards

any-grade adverse events of any cause, vision disorders,

nausea, diarrhoea, vomiting, constipation, oedema, dizzi-

ness, elevated liver aminotransferase levels, dysgeusia and

upper respiratory tract infection were reported numerically

more frequently in crizotinib recipients than in chemo-

therapy recipients, whereas alopecia, dyspnoea, fatigue and

rash were reported numerically more frequently in che-

motherapy-treated patients than in crizotinib-treated

patients (Table 6). That noted, the median treatment

duration was almost three-fold longer with crizotinib than

with chemotherapy (Table 6); after adjusting for this dif-

ference, the rates of nausea, constipation, oedema,
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dizziness, elevated transaminases and upper respiratory

tract infection were not significantly different between the

two groups [53]. The exposure-adjusted incidence rates of

vision disorders, diarrhoea, vomiting and dysgeusia, how-

ever, remained significantly higher in crizotinib recipients

compared with chemotherapy recipients (all p B 0.045)

[53].

The overall incidence of treatment-related grade 3 or 4

adverse events was similar in the two groups (33 and 32 %

with crizotinib and chemotherapy, respectively), as was the

overall incidence of treatment-related serious adverse events

(SAEs) [12 and 14 %, respectively] [44]. Additionally, there

was no significant difference between the crizotinib and

chemotherapy groups in terms of the exposure-adjusted

incidence rate of non-fatal SAEs (440 and 640 per 1000

patient-years of exposure, respectively) [53]. In the crizoti-

nib group, treatment-related SAEs included (among others)

four cases of interstitial lung disease and two cases of

pneumonia, while in the chemotherapy group, treatment-

related SAEs were mainly related to haematological toxicity

[46]. The rates of treatment-related adverse events resulting

in permanent discontinuation were 6 and 10 % in crizotinib

and chemotherapy recipients, respectively [25, 44].

The 96 deaths that occurred by the cut-off date (see

Sect. 4.1) included 32 fatal (grade 5) adverse events of any

cause (25 and 7 in the crizotinib and chemotherapy groups,

respectively) [44]. The most common grade 5 adverse

event was disease progression (in 14 and 3 crizotinib and

chemotherapy recipients, respectively); three grade 5

adverse events in crizotinib-treated patients (one case of

ventricular arrhythmia and two cases of interstitial lung

disease or pneumonitis), as compared with one grade 5

adverse event in chemotherapy-treated patients (one case

of sepsis), were considered to be treatment-related [44].

6 Dosage and Administration

In the EU, orally administered crizotinib is conditionally

approved for the treatment of adults with previously trea-

ted, ALK-positive, advanced NSCLC [25]. The recom-

mended dosage is 250 mg twice daily; treatment should be

continued until disease progression or unacceptable toxic-

ity. Prolongation of treatment after objective disease pro-

gression in selected patients may be considered on an

individual basis (see Sect. 7); however, no additional

benefit has been demonstrated [25].

Local prescribing information for crizotinib should be

consulted for further information regarding posology and

method of administration (including recommended dose

adjustments in patients experiencing haematological or

non-haematological toxicities), contraindications, special

warnings and precautions for use, and drug interactions.

7 Place of Crizotinib in the Management of Non-Small

Cell Lung Cancer

Crizotinib received conditional approval in the EU for

the treatment of adults with previously treated, ALK-

positive, advanced NSCLC approximately 5 years after

the initial discovery of ALK rearrangements in NSCLC;

the rapid development of the drug, including the history

of the first in-human phase I/II trials (PROFILE 1001

and PROFILE 1005), has been described in detail

elsewhere [23]. A conditional approval in the EU is

similar to an accelerated approval in the US; crizotinib

has been granted accelerated approval for the treatment

of patients with locally-advanced or metastatic NSCLC

that is ALK positive (as detected by an FDA-approved

test) [38].

Crizotinib is the first – and so far only – ALK inhibitor

to be approved in the EU and US; it is also approved in

Canada and Japan [54]. Other, second-generation ALK

inhibitors currently in clinical development include

LDK378 [55], CH5424802 [56, 57] and AP-26113 [58].

The investigational heat shock protein 90 inhibitors

ganetespib [59] and retaspimycin [60] have also demon-

strated clinical activity in pretreated patients with advanced

NSCLC, particularly among those harbouring ALK

rearrangements.

In the EU, as in the US, approval of crizotinib was based

on ORR and tolerability data from the PROFILE 1001 and

PROFILE 1005 studies (Sect. 4.2), and occurred prior to

the availability of results from the phase III PROFILE 1007

study (Sect. 4.1). Updated results from PROFILE 1001

(which included both pretreated and untreated patients)

have been published in full [61]; initial findings from

PROFILE 1005 have been published in preliminary form

[62].

Briefly, the results of PROFILE 1007 both substantiated

and extended those of PROFILE 1005 and PROFILE 1001.

That is, a high proportion (approximately two-thirds) of

patients with previously treated, ALK-positive, advanced

NSCLC responded to crizotinib treatment; these responses

were typically rapid and durable (Sect. 4.1). Moreover,

patients receiving crizotinib demonstrated a significantly

higher ORR, a significantly longer PFS, a significant

reduction in lung cancer symptoms and a significant

improvement in global QOL, as compared with those

receiving standard second-line chemotherapy with either

docetaxel or pemetrexed (Sect. 4.1). Crizotinib was gen-

erally well tolerated in the three PROFILE studies, with

most adverse events (e.g. vision disorders, gastrointestinal

disturbances and oedema) being of grade 1 or 2 severity

(Sect. 5.1). Liver transaminase elevations and neutropenia

were the most frequent grade 3 or 4 adverse events, e.g. in

PROFILE 1007 (Sect. 5.1).
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A retrospective analysis of data from PROFILE 1001

suggested that OS was significantly prolonged in

ALK-positive patients receiving crizotinib as a second- or

third-line treatment, as compared with ALK-positive criz-

otinib-naı̈ve controls [63]. In comparison, PROFILE 1007

has (thus far) not shown a survival benefit for crizotinib

over chemotherapy; however, the OS data are still imma-

ture and, moreover, likely to be confounded by the high

cross-over rate among patients in the chemotherapy group

(Sect. 4.1). The use of a cross-over design is ethically

appropriate, but (according to some authors) makes it

highly improbable that a survival advantage of crizotinib

over chemotherapy will ever be demonstrated [24]. Cross-

over has similarly complicated the analysis of OS in phase

III studies of EGFR TKIs in patients with EGFR mutation-

positive, advanced NSCLC [44].

The major difference between the EU and the US is that

crizotinib is (currently) reserved for use as a second- or sub-

sequent-line therapy in the former, but not in the latter. Indeed,

the National Comprehensive Cancer Network (NCCN)

guidelines recommend crizotinib as a first-line therapy in

patients with locally-advanced or metastatic NSCLC who are

ALK positive [64]. The use of crizotinib in the first-line setting

is being evaluated in two ongoing phase III studies in which

previously untreated patients aged C18 years with ALK-

positive, advanced NSCLC are being randomized in an open-

label fashion to receive crizotinib or standard chemotherapy

(with pemetrexed plus either cisplatin or carboplatin) [65, 66].

The primary endpoint in both trials is PFS; patients assigned to

chemotherapy are allowed to cross-over to crizotinib when

they experience disease progression [65, 66]. The larger of the

two studies, PROFILE 1014 (NCT01154140) [65], has an

estimated enrollment of 334 patients; the smaller of the two

studies, NCT01639001 [66], has an estimated enrollment of

200 (East Asian) patients.

Based on the current evidence, crizotinib should only be

prescribed to patients with advanced NSCLC who are

positive for ALK rearrangements (and possibly also to

patients with advanced NSCLC who are positive for ROS1

rearrangements – see discussion later in this section). This

clear demarcation of patients into those who are appro-

priate to treat and those who are not appropriate to treat

means that crizotinib can usually be regarded as being

complimentary to, rather than in direct competition with,

biological therapies that target other genetic abnormalities

involved in the pathogenesis of NSCLC, such as the first-

generation EGFR TKIs, gefitinib and erlotinib. Molecular

abnormalities such as rearrangements of ALK and muta-

tions in EGFR or KRAS are virtually [67, 68] (albeit not

entirely [69]) mutually exclusive in Western patients with

NSCLC; therefore, testing for the presence of these

mutations and tailoring therapy accordingly (i.e. the

‘personalized’ approach to treatment – see Sect. 1) is now

widely accepted as being standard practice.

Table 7 presents a summary of selected targeted agents

(including crizotinib) in the treatment of advanced NSCLC,

including their approval status in the EU, where applicable.

Several agents, such as the oral, small molecule TKIs

dabrafenib, nintedanib and sorafenib, and the monoclonal

antibodies necitumumab, ramucirumab and traztuzumab,

remain investigational or, in the case of vandetanib (a

vascular endothelial growth factor receptor [VEGFR]/

EGFR/RET TKI), tivantinib (a MET TKI) and cetuximab

(an anti-EGFR monoclonal antibody) have either ceased to

be or are not being currently investigated in this indication

(Table 7). At present, the anti-VEGF-A monoclonal anti-

body bevacizumab is the only targeted therapy apart from

gefitinib and erlotinib to have gained EU approval for the

treatment of advanced NSCLC (Table 7). However, the

second-generation EGFR TKI afatinib recently received a

positive opinion from the CHMP for the treatment of

EGFR TKI-naı̈ve adult patients with EGFR mutation-

positive, locally-advanced or metastatic NSCLC [70].

In terms of targeting KRAS mutation-positive NSCLC,

the search for a direct inhibitor of KRAS signalling has so

far proven unsuccessful [88]. However, inhibitors of sig-

nalling downstream from KRAS have also been explored

[88]; selumetinib, an oral, small molecule inhibitor of

mitogen-activated protein kinase kinases appears to be a

promising candidate in this regard [75] (Table 7).

Accepting that crizotinib is the current standard of care

for patients with ALK-positive, advanced NSCLC [89],

there are three main issues that relate to the use of the drug

in clinical practice:

• Identifying appropriate patients for treatment (i.e.

screening);

• The development of resistance to treatment; and

• The cost-effectiveness of treatment (including

screening).

Ideally, all patients diagnosed with advanced NSCLC

should be screened, such that none of the ALK-positive

cases who are eligible to receive (and potentially benefit

from) crizotinib are missed, even though they represent

only a small subset of the total population of patients with

advanced NSCLC (&2–7 %; see Sect. 1). That noted, the

vast majority of ALK-positive NSCLCs are adenocarci-

nomas (e.g. 93–98 % across the three PROFILE studies;

see Sect. 4); accordingly, ALK testing should be done

primarily (but not exclusively) on adenocarcinomas [90].

ALK rearrangement is also associated with certain clinical

features, such as younger age and never/light-smoking

history [91]. However, these are not absolute associations

[91]; patients with adenocarcinomas who have different

Crizotinib: A Review 2043



Table 7 Summary of selected targeted biological therapies for advanced non-small cell lung cancer

Agent Main molecular target(s) Current status

Oral, small molecule TKIs

Crizotinib ALK, MET, ROS1 Conditional EU approval for Tx of adult pts with previously treated,

ALK-positive, advanced NSCLC [25]

Afatiniba EGFR, HER2 Received positive opinion from EMA’s CHMP for Tx of EGFR TKI-

naı̈ve adult pts with EGFR- positive, locally-advanced or metastatic

NSCLC [70]

Dabrafenib BRAF Experimental (e.g. currently being evaluated in pts with pretreated, BRAF

mutation-positive, advanced NSCLC in a phase II trial [71]

Erlotiniba EGFR, HER2 EU approved for first-line Tx of pts with EGFR-positive, locally-

advanced or metastatic NSCLC [72]b

Gefitiniba EGFR, HER2 EU approved for Tx of adult pts with EGFR-positive, locally-advanced or

metastatic NSCLC [73]

Nintedanib VEGFR, PDGFR, FGFR Experimental (e.g. has improved OSc and PFSd as a component of

second-line Tx in a phase III trial [74])

Selumetinib MEK1/2 Experimental (e.g. has improved PFSc as a component of second-line Tx

in a phase II study of pts with KRAS-positive, advanced NSCLC [75])

Sorafenib VEGFR, PDGFR, RAF kinases, RET Experimental – however, has failed to improve OSd, either as a

component of first-line Tx or as a third- or fourth-line Tx, in phase III

trials [76, 77]

Tivantinib MET Experimental – however, phase III development has been discontinued

due to lack of efficacy [78]

Vandetanib VEGFR, EGFR, RET Experimental – however, insufficient data from phase III studies to

determine efficacy in pts with RET rearrangement [79]; development in

NSCLC has been discontinued [80]

mAbs

Bevacizumab VEGF-A EU approved for first-line Tx of adult pts with unresectable advanced,

metastatic or recurrent NSCLC other than predominantly squamous cell

histology, in addition to platinum-based chemotherapy [81]

Cetuximab EGFR Experimental – has modestly improved OSd as a component of first-line

Tx in a phase III study [82].

However, received negative opinion from EMA’s CHMP for first-line Tx

of pts with EGFR-expressing advanced or metastatic NSCLC, in

combination with platinum-based chemotherapy [83]; manufacturer

subsequently withdrew application [84]

Necitumumab EGFR Experimental (e.g has improved OSd as a component of first-line Tx in a

phase III trial [85])

Ramucirumab VEGFR-2 Experimental (e.g has improved PFSd,e as a component of first-line Tx in

a phase II trial [86]; currently being evaluated as a component of

second-line Tx in a phase III trial [87])

Trastuzumab HER2 Experimental (e.g. currently being evaluated in pts with pretreated, HER2

amplification and/or mutation- positive, advanced NSCLC in a phase II

trial [16]

ALK anaplastic lymphoma kinase, BRAF v-raf murine sarcoma viral oncogene homolog B1, CHMP Committee on Medicinal Products for

Human Use, EGFR epidermal growth factor receptor, EMA European Medicines Agency, FGFR fibroblast growth factor receptor, HER2 human

epidermal growth factor receptor 2, KRAS V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog, mAb monoclonal antibody, MEK 1/2 dual

specificity mitogen-activated protein kinase kinase 1/2, MET mesenchymal-epithelial transition factor, NSCLC non-small cell lung cancer, OS

overall survival, PDGFR platelet-derived growth factor receptor, PFS progression-free survival, pts patients, RAF rapidly accelerated fibro-

sarcoma, RET rearranged during transfection receptor tyrosine kinase, ROS1 c-ros oncogene 1, TKI tyrosine kinase inhibitor, Tx treatment,

VEGF-A vascular endothelial growth factor-A, VEGFR(-2) vascular endothelial growth factor receptor (2)
a Geftinib and erlotinib are reversible (first-generation) EGFR TKIs; afatinib is an irreversible (second-generation) EGFR TKI
b Erlotinib is also approved for: maintenance Tx in pts with advanced NSCLC who have stable disease after four cycles of standard platinum-

based, first-line chemotherapy; and for Tx of pts with advanced NSCLC after failure of at least one prior chemotherapy regimen
c Secondary endpoint
d Primary endpoint
e Interim analysis
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demographic characteristics should not be excluded from

ALK testing on that basis [90, 92].

Since NSCLCs harbouring EGFR mutations and ALK

rearrangements are effectively mutually exclusive (in

Western patients), a sequential approach has been pro-

posed, whereby newly diagnosed patients are initially

screened for an EGFR mutation (the more common of the

two abnormalities); those testing negative in this respect

are then screened for the presence of an ALK rearrange-

ment [91, 92]. Spanish guidelines are consistent with this

suggestion, while in France and Switzerland, ALK testing

is proposed only for patients with adenocarcinoma who

have already been found to be KRAS mutation-negative

followed by EGFR mutation-negative in that order [93].

With regard to enriching clinical trials with ALK-positive

patients, it has been suggested that just over one-third of

patients with advanced NSCLC who have tumours with

adenocarcinoma histology, and who have never smoked,

and who are known to be both KRAS and EGFR mutation-

negative, will be ALK-positive [94].

Current approaches to detecting ALK gene rearrange-

ments or the resulting fusion proteins in tumor specimens

include fluorescence in-situ hybridization (FISH), reverse

transcriptase polymerase chain reaction (RT-PCR) and

immunohistochemistry (IHC). Detailed discussion of the

relative advantages and disadvantages of each of these

companion diagnostic tests is beyond the scope of this

article, but is available elsewhere [24, 90, 91, 93, 95].

Briefly, FISH is the gold standard, primarily because it

is the only test correlated with clinical response (as a result

of its use in the PROFILE clinical trials). However, this

technique is time consuming, comparatively costly and

requires a level of technical and professional expertise that

is not always readily available [24]. RT-PCR is also

technically challenging and not in wide usage. In com-

parison, IHC is a rapid, relatively inexpensive and routine

technique, and, as such, has the potential to improve the

accessibility and cost-effectiveness of ALK screening [91].

The reported sensitivity and specificity of IHC ALK testing

has ranged from 67–100 % and from 93–100 %, respec-

tively (using FISH as the standard procedure) [24, 90]; IHC

has a very high negative predictive value (C98.9 %) [90].

Two ALK monoclonal antibodies in particular, D5F3 (by

Ventana/Roche Tissue Diagnostics, Switzerland) and 5A4

(by Novocastra, UK), both of which are commercially

available within the EU, are reported to be highly accurate

and reliable in predicting ALK rearrangement in NSCLC

patients [96, 97].

To a greater or lesser extent, IHC may eventually

replace FISH for ALK testing [24]. Several authors have

proposed that a two-tiered approach may be appropriate,

whereby all patients are initially screened using IHC [92,

93, 95, 96]. Those with faint, moderate or intense staining

indicative of ALK gene expression (i.e. IHC score of 1?,

2? or 3?, respectively, on a scale of 0–3?) are then tested

by FISH for confirmation of ALK positivity [92, 93, 96].

Alternatively, only patients with an IHC score of 1? or 2?

are subjected to confirmatory testing by FISH, while those

with an IHC score of 3? are considered ALK-positive (and

are therefore not retested, theoretically reducing costs)

[95]. In both algorithms, patients with no staining indica-

tive of ALK gene expression (i.e. IHC score of 0) are

considered ALK-negative and are therefore not retested

[93, 95, 96]. Such approaches do, however, require clinical

validation in large-scale studies [90].

The EU SPC for crizotinib [25] does not specify that a

particular diagnostic test for ALK rearrangement must be

used, in contrast to the US prescribing information for the

drug [38], which states that an FDA-approved test must be

used.

As noted earlier in this section, not all ALK-positive

patients respond to treatment with crizotinib (i.e. their

tumours display intrinsic or primary resistance). Moreover,

as has been observed with other targeted therapies (e.g.

EGFR TKIs), patients that do respond almost invariably

become resistant to the drug (i.e. their tumours develop

acquired or secondary resistance), leading to disease pro-

gression [98–100]. Consistent with the limited penetration

of the blood-brain barrier by crizotinib (see Sect. 3), the

CNS is a common site of disease progression in crizotinib-

treated patients with ALK-positive NSCLC [61, 101, 102].

That noted, among 613 patients with advanced, ALK-

positive NSCLC who had no detectable brain metastases at

baseline, only 55 (9 %) developed symptomatic brain

metastases after starting crizotinib treatment, according to

a recently published retrospective analysis of the PROFILE

1005 and PROFILE 1007 studies [103]. Of the remaining

275 patients that were included in this analysis, 109 and

166 had, respectively, previously untreated and previously

treated asymptomatic brain metastases at baseline [103]. At

week 12, the intracranial disease control rate (DCR) and

intracranial ORR were 56 and 7 %, respectively, in pre-

viously untreated patients, as compared with 62 and 7 %,

respectively, among previously treated patients. The over-

all intracranial DCR in patients with brain metastases at

baseline (&60 % at week 12) was similar to the systemic

DCR in patients with or without brain metastases at base-

line [103]. Prospective studies may help to determine if,

compared with other systemic therapies, crizotinib can

delay or prevent the natural occurrence or progression of

brain metastases in patients with advanced, ALK-positive

NSCLC [103].

Mechanisms underlying acquired resistance to TKIs fall

into three general categories: (i) secondary mutation of the

target RTK; (ii) gene amplification or overexpression of the

target RTK; and (iii) compensatory upregulation of another
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RTK (oncogenic driver) – either in the same or in different

tumour cells – that signals through the same or through a

different downstream pathway [98, 99]. Secondary muta-

tions within the tyrosine kinase domain of the EML4-ALK

rearrangement that confer resistance to crizotinib include

L1196M [104], C1156Y [104], L1152R [105], G1269A

[98], F1174C [106] and D1203N [106]. In one case series

[106], six (40 %) of 15 evaluable crizotinib-treated patients

with ALK-positive NSCLC who experienced (extra-CNS)

progression demonstrated one such point mutation on

biopsy. Two patients (including one with a point mutation)

exhibited new-onset ALK gene copy number gain and four

demonstrated the presence of another oncogenic driver

(KRAS or EGFR), with or without a persistent ALK

rearrangement. Three retained ALK positivity with no

identifiable resistance mechanism [106]. In vitro, concur-

rent (‘bypass’) signalling mediated by human epidermal

growth factor (HER)/EGFR has been observed in cell lines

established from patients with EML4-ALK-positive

NSCLC who have acquired resistance to crizotinib [105,

107]. Given the potential for multiple different mechanisms

of resistance to occur, rebiopsying and reanalysing criz-

otinib-refractory tumours might become central to the

process of selecting a subsequent therapeutic strategy [98,

99].

The above notwithstanding, the majority (&60 %) of

PROFILE 1001 or PROFILE 1005 participants with

investigator-defined PD on crizotinib have continued to

receive the drug because of reasonable evidence of ongoing

clinical benefit in the investigator’s opinion [102, 108].

Indeed, the results of a recent retrospective analysis sug-

gested that, among patients who experienced PD on criz-

otinib (n = 194), those who continued to receive the drug

(n = 120) had a significant improvement in OS from the

time of PD (median 16.4 vs. 3.9 months; HR 0.27; 95 % CI

0.17, 0.45; p \ 0.0001), as well as from the time of initial

crizotinib treatment (median 29.6 vs. 10.8 months; HR

0.28; 95 % CI 0.18, 0.44; p \ 0.0001), compared with

those who did not continue to receive the drug (n = 74)

[108]. Prolonged PFS on initial crizotinib treatment, good

ECOG performance status at the time of PD, and PD in the

brain and/or bone were common clinicopathological char-

acteristics in patients who benefitted from continuing

crizotinib treatment beyond PD [108].

Current standard practice at the time of PD (e.g. while

receiving crizotinib) is to administer cytotoxic chemo-

therapy for systemic metastasis and/or palliative radio-

therapy for CNS metastasis [109–111]. An alternative

strategy has been proposed for patients with ALK-positive

NSCLC who progress while on crizotinib, either within the

CNS and/or at limited systemic sites (oligoprogressive

disease), namely continuation of crizotinib following local

ablative therapy of the oligoprogressive disease [110, 112].

It is also interesting to note that there is a report of a patient

with ALK-positive NSCLC responding to retreatment with

crizotinib (this individual having previously discontinued

the drug due to the development of acquired resistance and,

in the interim, tried [two] other treatments unsuccessfully)

[111]. This phenomenon, in which a temporary cessation of

treatment after the development of drug resistance (‘drug

holiday’) appears to lead to the regaining of drug sensi-

tivity, has also been observed with the EGFR TKI erlotinib

[113].

The activity of second-generation ALK inhibitors in

patients with crizotinib-resistant ALK-positive NSCLC is

currently being assessed in ongoing studies [55, 56]. In one

of these investigations [55], the ORR to LDK378 was 60 %

among 78 evaluable patients with or without crizotinib-

resistant disease [55]; it was 60 % in the subset of 64

patients with crizotinib-resistant disease [114]. As such,

LDK378 represents a potentially promising treatment

strategy for patients who relapse on crizotinib.

Novel targeted anticancer therapies are often expensive

and offer low cost effectiveness [115]. On the other hand,

while per-patient test and therapy costs are relatively high,

the overall budget impact is very likely comparatively low,

given the low prevalence of ALK gene rearrangement

(&2–7 % of patients; see Sect. 1), thus presenting public

and private payers with a challenging policy decision [24].

Recently, the National Institute for Health and Clinical

Excellence (NICE) in the UK issued a final appraisal

determination not recommending the use of crizotinib

(within the National Health Service [NHS]) in patients with

previously treated, ALK-positive, advanced NSCLC, on

the grounds that it did not represent cost-effective use of

NHS resources [116]. NICE appraisal committees normally

recommend treatments that cost around £20,000–30,000

per quality-adjusted life-year (QALY) gained or less, or, as

history has shown, up to around £50,000 per QALY gained

in the case of drugs that meet NICE’s supplementary cri-

teria for life-extending end-of-life treatments [117]. In this

instance, the relevant committee concluded that, notwith-

standing the drug was a clinically efficacious treatment for

ALK-positive NSCLC that met the end-of-life criteria, the

cost per QALY gained was [£100,000 for crizotinib

compared with docetaxel and [£50,200 for crizotinib

compared with best supportive care. These incremental

cost-effectiveness ratios (ICERs) were based on a model

submitted by the manufacturer that incorporated estimates

of treatment effectiveness (PFS and OS) from the PRO-

FILE 1007 and PROFILE 1005 studies and included a

patient access scheme. However, as with all pharmaco-

economic analyses, this model is subject to limitations, the

major one being the uncertainty surrounding the exact

magnitude of the OS gain with crizotinib versus chemo-

therapy (and therefore of the resulting ICER), due to the
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lack of mature OS data from PROFILE 1007 and PROFILE

1005 and the confounding impact of chemotherapy recip-

ients crossing-over to crizotinib in PROFILE 1007 (see

discussion earlier in this section) [116]. Any future

(re)appraisal of crizotinib by NICE will likely involve the

submission by the manufacturer of a revised cost-effec-

tiveness model that incorporates more mature (and there-

fore more reliable) OS data from PROFILE 1007, once

available.

Assessments of the cost-effectiveness of crizotinib (or

any other targeted therapy) should also address the cost of

detecting genomic marker-positive patients [94]. In this

regard, a generalized model specifically developed to

evaluate joint companion diagnostics and associated tar-

geted therapies has been used to compare health economic

and outcome results (per person tested) with various ALK

screening strategies, adopting a payer perspective in France

[24]. The strategies of ‘reflex IHC to FISH’ (i.e. FISH

confirmation of IHC-positive cases) and ‘enrichment’ (i.e.

FISH performed in EGFR mutation- and KRAS mutation-

negative cases) were similar in terms of test cost (€106 and

107, respectively); both strategies were associated with a

lower total cost (i.e. test cost plus [crizotinib] therapy cost)

relative to ‘IHC [using] D5F3’, a strategy with a lower test

cost (€94) [€2,950 and 2,852 vs. 3,261]. Moreover, the

reflex IHC to FISH and enrichment approaches yielded

more QALYs (0.0142 and 0.0137 vs. 0.0114) and lower

cost per QALY gained estimates (€207, 600 and 207, 953

vs. 285, 684) than the IHC using D5F3 approach [24]. In

comparison, test and total costs for a fourth strategy (a

‘gold standard’ test assumed to be perfectly accurate at

identifying ALK rearrangement) were €150 and €2995,

respectively. This testing strategy yielded 0.0142 QALYs

and a cost per QALY gained of €210,709. The cost-

effectiveness of each strategy was particularly sensitive to

the cost-effectiveness of crizotinib therapy in general (i.e.

crizotinib therapy costs accounted for [95 % of the total

costs) and also to the specificity of the test strategy [24].

No other economic analyses of crizotinib in EU countries

appear to be available at this time.

Despite sharing a similar biological defect, predominant

histology and patient demographic profile, ROS1 and ALK

rearrangements in NSCLC appear to be mutually exclusive

[18]. ROS1 rearrangements are also slightly less common

than ALK rearrangements (see Sect. 1). Although ROS1

and ALK share only &50 % amino acid sequence

homology in the kinase domain, several ALK inhibitors,

including crizotinib, have demonstrated in vitro inhibitory

activity against ROS1 [31] (see Sect. 2). The efficacy of

crizotinib in the treatment of ROS1-rearranged, advanced

NSCLC is being investigated in an expansion cohort of

PROFILE 1001; preliminary findings from this trial sug-

gest that the drug (at a dosage of 250 mg twice daily) is an

effective therapy in this genomic subset of patients [118].

Briefly, 35 of 40 patients with ROS1-positive, advanced

NSCLC (median age 51 years; 80 % never smokers; 98 %

adenocarcinoma histology; 0–6 prior treatments) were

evaluable for response at the time of data cut-off. The ORR

was 60 % (including 2, 19 and 10 patients with complete

response, partial response and stable disease, respectively);

the 8- and 16-week systemic DCRs were 80 and 66 %,

respectively. Median PFS had not been reached; however,

the 6-month PFS probability was 76 % [118]. Crizotinib is

not approved for the treatment of ROS1-rearranged,

advanced NSCLC in the EU; while this is also true in the

US, NCCN guidelines from that country specify that

ROS1-positive patients may be treated with crizotinib [64].

In conclusion, crizotinib is the current standard of care

in terms of the treatment of ALK-positive, advanced

NSCLC; while the current EU approval is for second (or

subsequent)-line use only, the first-line use of the drug is

being evaluated in ongoing phase III studies. Key issues

relating to the use of crizotinib in clinical practice include

identifying the small subset of eligible patients, the

invariable development of resistance and the high cost of

treatment.

Data selection sources: Relevant medical literature (including

published and unpublished data) on crizotinib was identified by

searching databases including MEDLINE (from 1946) and EM-

BASE (from 1996) [searches last updated 31 October 2013],

bibliographies from published literature, clinical trial registries/

databases and websites. Additional information was also

requested from the company developing the drug.

Search terms: Crizotinib, non-small cell lung cancer, carcinoma,

non-small cell lung, lung non small cell cancer, NSCLC.

Study selection: Studies in patients with previously treated,

anaplastic lymphoma kinase-positive NSCLC who received

crizotinib. When available, large, well designed, comparative

trials with appropriate statistical methodology were preferred.

Relevant pharmacodynamic and pharmacokinetic data are also

included.
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