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Abstract

Anaplastic lymphoma kinase (ALK) gene rearrangements are present in a small subset of non—small-cell lung cancers. ALK-positivity
confers sensitivity to small-molecule ALK kinase inhibitors, such as crizotinib.The integration of crizotinib into standard treatment
practice in NSCLC will rest on the widespread implementation of an effective screening system for newly diagnosed patients
with NSCLC which is flexible enough to incorporate new targets as treatments are developed for them. Phase | and |l studies of
crizotinib in ALK-positive lung cancer have demonstrated significant activity and impressive clinical benefit, which led to its early
approval by USFDA in 201 I. Although crizotinib induces remissions and extends the lives of patients, there have been reports of
emerging resistance to Crizotinib therapy. In this review, we discuss the history, mechanism of action, uses, adverse effects, dose
modifications and future challenges and opportunities for patients with ALK-positive lung cancers.
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Introduction

Management for patients with metastatic non-small cell
lung cancer (NSCLC) has historically consisted of systemic
cytotoxic chemotherapy. An improved understanding of
the molecular pathways that drive malignancy in NSCLC,
as well as other neoplasms, has led to the development of
agents that target specific molecular pathways in malignant
cells. These agents are expected to preferentially kill
malignant cells, but be relatively innocuous to normal
cells. Many established targeted therapies are administered
as orally-available small molecule kinase inhibitors, but
targeted therapy can also be administered intravenously
in the form of monoclonal antibodies or small molecules.

The echinoderm microtubule-associated protein-like
4 (EML4)-anaplastic lymphoma kinase (4LK) is a
fusion-type protein tyrosine kinase found in 4 to 5%
of NSCLC.!'3] The ALK gene arrangements are largely
mutually exclusive with epidermal growth factor
receptor (EGFR) or Kirsten-ras (KRAS) mutations.
Screening for this fusion gene in NSCLC is important, as
ALK-positive tumors are highly sensitive to therapy with
ALK-targeted inhibitors.

Molecular pathogenesis
The EML4-ALK fusion oncogene is the result of an
inversion in the short arm of chromosome 2 (Inv (2)
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(p21p23)) that juxtaposes the 5 end of the EML4 gene
with the 3’ end of the ALK gene, joining exons 1-13
of EML4 to exons 20-29 of ALK, resulting in the novel
fusion oncogene EML4-ALK."'*! The resulting chimeric
protein, EML4-ALK, contains an N-terminus derived from
EML4 and a C-terminus containing the entire intracellular
tyrosine kinase domain of ALK, which mediates the
ligand-independent dimerization and/or oligomerization
of ALK, resulting in constitutive kinase activity. Multiple
variants of EML-ALK have been reported, which encode the
same cytoplasmic portion of ALK, but EML4 is truncated
at different points.’!% Crizotinib also inhibits the c-Met/
Hepatocyte growth factor receptor (HGFR) tyrosine kinase,
which is involved in the oncogenesis of a number of other
histological forms of malignant neoplasms.'"

The oncogenic role of the ALK fusion oncogene provides
a potential avenue for therapeutic intervention. Cancer cell
lines harboring the EML4-4LK translocation are effectively
inhibited by small molecule inhibitors that target the
ALK tyrosine kinase.® In vivo, treatment of EML4-ALK
transgenic mice with ALK inhibitors results in tumor
regression,!'?! supporting the notion that ALK-driven lung
cancers are highly dependent on the fusion oncogene.

The overall incidence of ALK gene rearrangements has
been about 4%.116810131 Tn the Japanese, the incidence of
ALK positivity is noted to be around 6.7%, as reported by
Dr. Mano and colleagues.””! Sun et al. have reported the
incidence of EML-4-4ALK to be 5.8% in East Asians.!'¥]
There has been no published data on EML-ALK incidence
from India. In our center, the incidence is 2.7% (one
year data). Five cases have been positive so far out of
187 (unpublished observation).

Chemistry

Crizotinib is an oral receptor tyrosine kinase
inhibitor. The molecular formula for crizotinib is
C21H22CI2FN50. The molecular weight is 450.34
Daltons.!>1% Crizotinib is described chemically as
(R)-3-[1-(2,6-Dichloro-3-fluorophenyl) ethoxy]-5-[1-
(piperidin-4-yl)-1H-pyrazol-4-yl] pyridin-2-amine
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Figure 1: Diagrammatic representation of the structure of
Crizotinib. Represented with permission and license from Elsevier
Limited

[Figure 1]. Crizotinib is a white- to pale-yellow powder
with a pKa of 9.4 (piperidinium cation) and 5.6 (pyridinium
cation). The solubility of crizotinib in aqueous media
decreases over the range of pH 1.6 to pH 8.2 from greater
than 10 mg/mL to less than 0.1 mg/mL. The log of the
distribution coefficient (octanol/water) at pH 7.4 is 1.65.1'316]

Mechanism of action

Crizotinib is an inhibitor of receptor tyrosine
kinases including ALK, Hepatocyte Growth Factor
Receptor (HGFR, c-Met), and Recepteur d’Origine
Nantais (RON). Translocations can affect the ALK gene
resulting in the expression of oncogenic fusion proteins.
The formation of ALK fusion proteins results in the
activation and dysregulation of the gene’s expression
and signaling, which can contribute to increased cell
proliferation and survival in tumors expressing these
proteins. Crizotinib demonstrates concentration-dependent
inhibition of ALK and c-Met phosphorylation in cell-based
assays using tumor cell lines, and also demonstrates
antitumor activity in mice bearing tumor xenografts
that express EML4- or NPM-A4LK fusion proteins or
c-Met.['>18] Crizotinib is a multitargeted small molecule
tyrosine kinase inhibitor, which had been originally
developed as an inhibitor of the mesenchymal epithelial
transition growth factor (c-MET); it is also a potent
inhibitor of ALK phosphorylation and signal transduction.
This inhibition is associated with G1-S phase cell cycle
arrest and induction of apoptosis in positive cells in vitro
and in vivo. Crizotinib also inhibits the related ROS1
receptor tyrosine kinase.

Detection of EML4-ALK Mutation

The ALK gene rearrangements can be detected in tumor
specimens using immunohistochemistry (IHC), reverse
transcription polymerase chain reaction (RT-PCR) of the
c¢DNA, and fluorescence in situ hybridization (FISH).["-?2

Fluorescence in situ hybridization is the gold standard
for diagnosing ALK-positive NSCLC. The commercial
break-apart probes include two differently colored (red and
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Figure 2: Fluorescent in situ hybridization showing split red and green
signals that flank the ALK translocation site in a tissue specimen
showing EML4-ALK positive mutation as shown by white arrows

green) probes that flank the highly conserved translocation
breakpoint within the ALK. In non-rearranged cells, the
overlying red and green probes result in a yellow (fused)
signal; in an ALK rearrangement, these probes are separated
and splitting of the red and green signals is observed
[Figure 2]. There are atypical patterns of rearrangement that
also respond to crizotinib.['2?!

Immunohistochemistry (IHC) and RT PCR have been
used to detect ALK mutation, but there is some technical
difficulty at present, and hence, it is not considered as the
standard.

History

Anaplastic lymphoma kinase was first identified as a
potential drug target in cancer 15 years earlier, when it
was discovered as a fusion kinase with nucleophosmin in
anaplastic large cell lymphoma. ALK was first recognized as
a molecular target in NSCLC only in 2007, when Dr. Mano
and colleagues reported that 6.7% of Japanese patients with
NSCLC harbor a fusion of EML4 with the intracellular
kinase domain of ALK. Based on in vitro studies with an
ALK inhibitor WHI-P154 and a Ba/F3 cell line model,
Dr. Mano’s team suggested that ALK might represent a
therapeutic target in patients with ALK-positive NSCLC.[']

One year prior to Dr. Mano’s discovery, PF-02341066, now
known as crizotinib, a small molecule inhibitor of ALK
had just entered clinical trials. It had been developed to
target c-MET, but was also known to inhibit ALK. In order
to test ALK rearrangement-a potential target in NSCLC
which confers sensitivity to crizotinib a diagnostic assay
was needed. This assay was developed by Dr. John Lafrate,
at Massachusetts General Hospital, using commercially
available ALK FISH probes. With this assay, investigators
proceeded to screen NSCLC tumors, leading to the
identification of both the key clinicopathological features
associated with ALK rearrangement and screening of
clinically enriched populations based on these results. The
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first patient with advanced ALK-positive NSCLC was treated
with crizotinib at the end of December 2007, just four
months after the pivotal Nature publication. This patient
experienced an almost immediate improvement in his
disease-related symptoms, leading to large-scale screening
efforts and recruitment of additional ALK-positive patients
at phase 1 study sites around the world.

Overview of Clinical Trials

The antitumor efficacy of crizotinib was initially
demonstrated in two multicenter, single-arm studies.[?*¥
Dosage for these extended series was 250 mg, orally,
given twice a day, based on results from the initial
phase I dose escalation study. In aggregate, these studies
included 255 patients, all of whose tumors contained an
ALK gene rearrangement, as shown by FISH. Overall,
95% of the patients had metastatic disease and 5% had
locally advanced NSCLC. Overall, 94% of the patients had
received prior systemic therapy for advanced or metastatic
disease, and 76% had received two or more treatment
regimens. The combined objective (complete plus partial)
response rate was 55%, the majority of which was achieved
during the first eight weeks of treatment. The median
durations of response at the time of analysis of the two
studies were 42 and 48 weeks, respectively [Table 1].

Evidence of the impact of crizotinib on the survival
of patients came from a non-randomized, retrospective
analysis of the patients enrolled in the phase I study.* The
one- and two-year survival rates for patients treated with
crizotinib were 74 and 54%, respectively, with a median
follow-up of 18 months. In a cohort of 36 patients with the
ALK fusion oncogene, who were not treated with crizotinib,
the survival rates at one- and two-years were 44 and 12%,
respectively. A comparison with a larger cohort of patients
with wild-type tumors did not identify a difference when
compared with those with the ALK rearrangement not
treated with crizotinib, suggesting that the presence of ALK
rearrangement was not prognostically significant.

In another phase 1 trial,[>" the objective response rate
among 116 evaluable patients was 61%. The median time
to response was eight weeks, and as seen with the very first
patient treated with crizotinib, rapid and dramatic responses
were often noted by investigators. Median progression-free
survival (PFS) was 10 months, similar to what was reported
with EGFR inhibitors in advanced, EGFR-mutant NSCLC.
Preliminary results from the phase 2 study were reported at
the World Lung Congress in July 2011. Among 133 patients
with advanced, ALK-positive NSCLC, the objective response
rate was 51% and the disease control rate at 12 weeks
was 74%. The follow up of phase 2 patients was too short
to evaluate PFS. The 51 and 61% response rates were
impressive, as the majority of phase 1 patients and all of
the phase 2 patients were previously treated, and studies had
shown a response rate of approximately 10% to standard
second- and third-line chemotherapies in unselected patients
with advanced NSCLC.*!
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The activity of crizotinib in ALK rearrangement positive
NSCLC was subsequently confirmed in a phase III trial, in
which 347 patients were randomly assigned to crizotinib
or single agent chemotherapy with cither pemetrexed
or docetaxel.l?”! Patients with progressive disease, on
chemotherapy, were allowed to cross over and receive
treatment with crizotinib. All patients had received one
prior platinum-based regimen. The preliminary results
were presented at the 2012 European Society of Medical
Oncology (ESMO) meeting. Treatment with crizotinib
significantly increased progression-free survival, the primary
endpoint of the trial, compared to chemotherapy (median
7.7 versus 3.0 months, hazard ratio [HR] 0.49, 95% CI
0.37-0.64). There was no significant difference in the
overall survival (median 20.3 versus 22.8 months, HR
1.02), but 64% of the chemotherapy-treated patients had
crossed over to crizotinib.

In US, newly diagnosed patients are taken to a first-line
study, PROFILE 1014, which is comparing crizotinib
head-to-head with a platinum/pemetrexed combination in
advanced ALK-positive NSCLC.?® Patients who are initially
randomized to standard chemotherapy will be able to cross
over to crizotinib at the time of progression. Outside US,
all ALK-positive patients must participate in a clinical trial
in order to receive crizotinib. In addition to PROFILE
1014, there is also a second-line registration trial (PROFILE
1007) comparing crizotinib to a single agent, pemetrexed
or docetaxel.’) ALK-positive patients who are beyond the
first- or second-line therapy can receive crizotinib through
the ongoing phase 2 trial PROFILE 1005 [Table 1].5%

An overview of the ongoing trials with ALK inhibitors are
as follows

e ALK inhibition, NSCLC

o PROFILE 1007: Phase 3 study of crizotinib
versus chemotherapy (Pemetrexed 500 mg/m?> OR
Docetaxel 75 mg/m? Day 1, q21d) in previously
treated Stage III/IV NSCLC (NCT00932893)

o PROFILE 1014: Ph I frontline study of crizotinib
versus chemotherapy (Pemetrexed/cisplatin or
pemetrexed/carboplatin) in previously untreated
NSCLC (NCT01154140)

o PROFILE 1005: Ph II pretreated (NCT00932451)

o PROFILE 1001: Ph II expansion cohort
(NCT00585195)

e ALK inhibition, other tumor types

o PROFILE 1013: Phase 1b single-arm study
in patients with ALK-positive non-NSCLC
tumors: (NCTO01121588)

e Met inhibition

o Study 1002: Phase 1/2 erlotinib + crizotinib
(Met inhibition) in locally advanced/metastatic
NSCLC with PD after one to two chemotherapies
and no prior EGFR or ¢c-MET/HGF inhibitors
(NCT00965731)

These studies are still ongoing and the results of these studies
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may be a landmark in the history of targeted therapies and
guide us in the treatment of NSCLC with these agents.

Indications

1. NSCLC: Locally advanced or metastatic non-small
cell lung cancer (NSCLC) that is anaplastic lymphoma
kinase (4ALK) positive (as detected by an approved
test).

2. ALCL: There are case reports of complete responses
to crizotinib in ALK-positive anaplastic large cell
lymphoma (ALCL). Further studies of this agent in
ALK-positive ALCL are underway.*!-*!

3. Mpyofibroblastic tumor: There are case reports of
partial responses with crizotinib in an ALK-translocated
inflammatory myofibroblastic tumor (IMT).4

4. Neuroblastoma: Crizotinib is also being tested in
clinical trials of neuroblastoma. 4LK mutations are
thought to be important in driving the malignant
phenotype in about 15% of the cases of neuroblastoma,
a rare form of peripheral nervous system cancer that
occurs almost exclusively in very young children.?36]

Dosing

ALK-positive NSCLC (locally advanced or metastatic):
Oral: 250 mg twice daily, continue treatment until no
longer clinically beneficial. It can be administered with
or without food. If a dose is missed, take as soon as
remembered, unless it is <6 hours prior to the next
scheduled dose (skip the dose if <6 hours before
the next dose); do not take two doses at the same time to
make up for a missed dose.”!

In renal impairment

e Mild (CICr 30-60 mL/minute) to moderate impairment
(Cler 60-90 mL/minute): No adjustment required

e Severe impairment (Cler <30 mL/minute): Data are
insufficient to determine if dosage adjustment is
necessary; use with caution

e End-stage renal disease (ESRD): Was not studied in
patients with ESRD; use with caution

In hepatic impairment

Data are insufficient to determine if dosage adjustment is
necessary; however, crizotinib undergoes extensive hepatic
metabolism, and systemic exposure may be increased with
impairment; use with caution.

Dose adjustment for toxicity

If dose reduction is necessary, reduce dose to 200 mg
orally twice daily; if necessary, further reduce to 250 mg
once daily.

Hematological toxicity (except lymphopenia, unless
lymphopenia is associated with clinical events such
as opportunistic infection)

e Grade 3 toxicity (WBC 1000-2000/mm?, ANC
5001000/mm?, platelets 25,000-50,000/mm?), grade 3
anemia: Withhold treatment until recovery to
< grade 2, then resume at the same dose and schedule
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e Grade 4 toxicity (WBC < 1000/mm?®, ANC < 500/mm’,
platelets < 25,000/mm?*), grade 4 anemia: Withhold
treatment until recovery to < grade 2, then resume at
200 mg twice daily

e Recurrent grade 4 toxicity on 200 mg twice daily:
Withhold treatment until recovery to < grade 2, then
resume at 250 mg once daily

e Recurrent grade 4 toxicity on 250 mg once daily:
Permanently discontinue

Non-hematological toxicities

e Grade 3 or 4 ALT or AST elevation (ALT or
AST > 5 x ULN) with < grade 1 total bilirubin
elevation (total bilirubin < 1.5 x ULN): Withhold
treatment until recovery to < grade 1 (<2.5 x ULN) or
baseline, then resume at 200 mg twice daily

e Recurrent grade 3 or 4 ALT or AST elevation
with < grade 1 total bilirubin elevation: Withhold
treatment until recovery to < grade 1, then resume at
250 mg once daily

e Recurrent grade 3 or 4 ALT or AST elevation on
250 mg once daily: Permanently discontinue

e Grade 2, 3, or 4 ALT or AST elevation with concurrent
grade 2, 3, or 4 total bilirubin elevation (>1.5 x ULN)
in the absence of cholestasis or hemolysis: Permanently
discontinue

Pneumonitis (any grade; not attributable to disease
progression, infection, other pulmonary disease or radiation
therapy): Permanently discontinue

QTc prolongation

e Grade 3 QTc prolongation (QTc >500 msec without
life-threatening signs or symptoms): Withhold treatment
until recovery to < grade 1 (QTc < 470 msec), then
resume at 200 mg twice daily

e Recurrent grade 3 QTc prolongation at 200 mg twice
daily: Withhold treatment until recovery to < grade 1,
then resume at 250 mg once daily

e Recurrent grade 3 QTc prolongation at 250 mg once
daily: Permanently discontinue

e Grade 4 QTc prolongation: Permanently discontinue

Adverse reactions

Significant > 10%

e Cardiovascular: Edema (28%)

e Central nervous system: Fatigue (20%), dizziness (16%)

e Gastrointestinal: Nausea (53%), diarrhea (43%),
vomiting (40%), constipation (27%), appetite
decreased (19%), taste alteration (12%), esophageal
disorder (11%; includes dyspepsia, dysphagia, epigastric
burning/discomfort/pain, esophageal obstruction/pain/
spasm/ulcer, esophagitis, gastroesophageal reflux,
odynophagia, reflux esophagitis)

e Hematological: Lymphopenia (grades 3/4: 11%)

e Hepatic: ALT increased (13%; grades 3/4: 5%)

e Neuromuscular and skeletal: Neuropathy (13%; grades
3/4: <1%)
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Table 1: Comparison of results of profile 1001 and
profile 1005 trials

PROFILE 100124
n=116

PROFILE
10058 =133

Best overall response

Complete response 2 1
Partial response 69 67
Stable disease 31 45
Progressive disease 6 10
Other" 8 10

Objective response
(CR+PR) rate (%)

61 (95 CI: 52, 70) 51 (95 CI: 42, 60)

Duration of 48.1 weeks 41.9 weeks
response (median) (median)

Duration of 32 weeks 22 weeks

treatment, median

Median PFS 10.0 months Not mature

(95% CI: 8.2, 14.7)

PROFILE 1001-Independent radiology review ORR (n=105) 52%

(95% CI: 42%, 62%), as assessed by RECIST version 1.0, PROFILE 1005
from 60-day clinical data update—Independent radiology review ORR (#=105)
41.9% (95% CI: 32.3%, 51.9%), as assessed by RECIST version 1.1,
fIncluding ‘indeterminate’ and ‘early death’, PFS=Progression-free survival,
ORR=Overall response rate CI=Confidence interval,

e Ocular: Vision disorder (62%; onset: <2 weeks;
includes blurred vision, diplopia, photophobia,
photopsia, visual acuity decreased, visual brightness,
visual field defect, visual impairment, vitreous
floaters)3742

1% to 10%

e (Cardiovascular: Bradycardia (5%), chest pain (1%)

e Central nervous system: Headache (4%),
insomnia (3%)

Dermatological: Rash (10%)

Gastrointestinal: Abdominal pain (8%), stomatitis (6%)
Hematological: Neutropenia (grades 3/4: 5%)
Hepatic: AST increased (9%; grades 3/4: 2%)
Neuromuscular and skeletal: Arthralgia (2%)

Renal: Renal cysts (1%)

Respiratory: Cough (4%), dyspnea (2%),
pneumonitis (2%), upper respiratory infection (2%)

e Hypogonadism

<1% (Limited to important or life-threatening)
e Back pain, fever, QTc prolongation, thrombocytopenia).

Resistance to crizotinib

The most frequent mutations involve the gatekeeper
residue — amino acid substitutions at this position hinder
drug binding and confer high-level resistance to many
tyrosine-kinase inhibitors (TKIs). L1196M and L1152R
mutations confer resistance to crizotinib via steric
interference. Although crizotinib is not effective against
EMLA4-4LK harboring the gatekeeper mutation, it has been
observed that two structurally different ALK inhibitors,
NVP-TAE684 and AP26113, are highly active against the
resistant cancer cells in vitro and in vivo. Furthermore,
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these resistant cells remained highly sensitive to the Hsp90
inhibitor 17-AAG.™!

Acquired resistance usually occurs within one year of
starting crizotinib. Intrinsic resistance is possible in a small
minority of patients. The frequency of these resistance
mechanisms is not yet known.

Future Possibilities (Ongoing Cinical
Trials)

Several second generation ALK inhibitors are under
investigation in the clinic for patients with ALK-rearranged
cancers. One of these, LDK378, is more potent and
selective than crizotinib and may overcome acquired
resistance. The preliminary results of the dose escalation
phase 1 study of LDK378 have been reported at the 2012
ASCO meeting.* LDK378 has been tolerated reasonably
well up to the MTD of 750 mg PO daily, with primarily
GI side effects, including nausea, vomiting, and diarrhea.
Twenty-one of the 26 patients with crizotinib-resistant,
ALK-positive NSCLC have achieved a RECIST partial
response, yielding an objective response rate of 81%. Even
though the duration of response has not been reported,
the response rate alone suggests that the more potent
ALK inhibitors like LDK378 may be useful in patients
who relapse while on crizotinib. AP26113 is a structurally
distinct second generation ALK TKI, which shows 5 times
greater potency in vitro and in vivo when compared
to crizotinib, in suppressing ALK phosphorylation and
inducing apoptosis. Interestingly, it has also been shown to
inhibit EGFR.M*! Other small molecule ALK inhibitors are
in various stages of development.

The function of HSP is to stabilize proteins, for example,
the fusion protein EML4-4LK. Preclinical studies have
confirmed the sensitivity of cancer cell lines harboring ALK
fusions to HSP90 inhibition. The phase II study of HSP90
inhibitor, AUY922, in patients with previously treated,
advanced NSCLC, with primary endpoint of confirmed
overall response rate (ORR) or stable disease (SD) at
18 weeks, of the ALK positive patients, two of the eight
had PR (crizotinib-naive) and SD was seen with tumor
shrinkage (crizotinib-resistant).[*] Thus second-generation
ALK TKIs or Hsp90 inhibitors are effective in treating
crizotinib-resistant tumors harboring secondary gatekeeper
mutations.

Conclusions

The presence of an ALK fusion oncogene defines a
molecular subset of NSCLC with distinct clinical and
pathological features. The patients most likely to harbor
ALK rearrangement are relatively young, never or light
smokers with adenocarcinoma. Whenever possible, therapy
of patients with advanced NSCLC should be individualized,
based on the molecular and histological features of
the tumor. If feasible, patients should have the tumor
tissue assessed for the presence of a somatic mutation in
the EGFR, which confers sensitivity to the EGFR tyrosine

95



Sahu, et al.: Crizotinib

kinase inhibitors and to the ALK fusion oncogene, which is
associated with sensitivity to crizotinib.

Thus, crizotinib is an important unmet medical need. It is a
straightforward, biology-based biomarker, predicting a high
response rate in heavily pre-treated patients and is relatively
non-toxic. It is a triumph for a targeted therapy in the era
of oncogenic driver mutations.
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