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Abstract
Crizotinib is an ATP-competitive small-molecule inhibitor of the receptor
tyrosine kinases (RTK) C-Met, ALK and ROS1. There is a robust effectiveness
in non-small-cell lung cancer (NSCLC) harbouring EML4-ALK-rearrangements
resulting in constitutional activation of the ALK-RTK. The drug is approved for
this entity, which represents no more than 3–5% of all NSCLC. However, in this
population, impressive response rates are generated. The same is true for ROS-1
rearrangements; however, these only occur in approximately 1% of all NSCLC.
In small series, efficacy is also reported in patients, whose tumours harbour a
MET Exon 4 skipping mutation (approx. 3% of all NSCLC). Toxicities include
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visual impairment, nausea, peripheral edema, QT-prolongation and liver-enzyme
elevation. Also, the occurrence of renal cysts is reported. The detection of
ALK-protein by immunohistochemistry is a predictor of efficacy for crizotinib.
In cases of doubt, fluorescence in situ hybridisation (FISH) detecting the
ALK-rearrangement has to be performed on tumour tissue. FISH is also the
method of choice to detect ROS1-rearrangement, whereas MET-mutations are
detected by sequencing methods. The high efficacy of crizotinib in ALK- and
ROS-rearranged as well as MET mutated lung cancer as new molecular targets
beside the epidermal growth factor receptor (EGFR) underscores the importance
of molecular typing in NSCLC.
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1 Structure and Mechanism of Action

Crizotinib, (R)-3-[1-(2,6-dichloro-3-flourophenyl)ethoxyl]-5-(1-piperidin-4-yl-1H-
pyrazol-4-yl)pyridine-2-ylamine (Fig. 1) was initially developed as a second
generation, selective C-Met (Mesenchymal to epidermal transition)—inhibitor
developed from a compound named PHA-665752 by Pfizer. This first-generation
compound was modulated to become a potent small-molecule inhibitor of c-Met
(Cui et al. 2011). It is an adenosine triphosphate (ATP) inhibitor of receptor
tyrosine kinases. Besides c-met, it inhibits ALK (anaplastic lymphoma kinase),
ROS-1 and possibly other targets (Table 1) (Curran 2012).

Crizotinib in complex with its target, i.e. ALK, creates an inactive conformation
of this oncogenic protein by inhibiting its phosphorylation as shown by crystalline
structure analysis (Sasaki et al. 2010).

Fig. 1 Molecular structure of
crizotinib
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2 Preclinical Data

Much preclinical data was obtained on its property of inhibiting c-Met. The IC50 of
inhibiting the phosphorylation of wild-type c-Met in vitro in several human tumour
cell lines has a mean of 4–8 nM. It inhibited cell growth and induced apoptosis in
human GTL16 gastric carcinoma cell lines and was capable in suppression and
migration of tumour cells in vitro (Rodig and Shapiro 2010).

In ALK-translocated cell lines, crizotinib inhibited downstream effector functions
and induced apoptosis (Christensen et al. 2007). Moreover, the compound has
antiangiogenic properties in preclinical studies (Zou et al. 2007).

3 Clinical Data

3.1 NSCLC

In a phase 1 trial, patients with any solid tumour and no further approved treatment
option were treated with increasing doses of crizotinib. 250 mg bid was the max-
imum tolerated dose. In this cohort, two patients with NSCLC had improvements in
tumour symptoms. Thus, an expansion cohort was created consisting of patients
with NSCLC harbouring an EML4/ALK-rearrangement. They received the maxi-
mum tolerated dose (250 mg bid) in continuous 28-day cycles (Kwak et al. 2010).
Median progression-free survival was 9.7 months (95% CI 7.7–12.8). Estimated
overall survival (OS) at 6 and 12 months was 87.9% (95% CI 81.3–92.3) and
74.8% (66.4–81.5), respectively; however, the median was not reached by time of
the publication. 39 patients continued to receive crizotinib for more than 2 weeks
after progression because of perceived ongoing clinical benefit from the drug (12
for at least 6 months from the time of their initial investigator-defined disease
progression) (Camidge et al. 2012). PROFILE 1007 compared crizotinib to either
pemetrexed or docetaxel (by investigators’ decision) in ALK-positive patients as

Table 1 Targets of crizotinib, reported entities harbouring this target and relative frequency in
NSCLC

Targets of crizotinib Types of cancer Frequency of
alteration in
NSCLC

ALK-rearrangement NSCLC, Lymphoma 4%

ROS-1-rearrangement NSCLC, Chronic myelomonocytic
leukaemia, gastric carcinoma

1%

MET Exon 14
skipping mutation

NSCLC, colon carcinoma, gastric carcinoma,
cancer of unknown primary, glioma

Approx. 3% of
NSCLC

For sources and abbreviations see text
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second-line therapy. 318 patients were randomized to either crizotinib or
chemotherapy. Primary endpoint was PFS. OS was not feasible, because crossover
of chemotherapy patients into a single-arm crizotinib trial (PROFILE 1005) was
pre-planned. A median of 11 cycles of crizotinib and 4 cycles of chemotherapy
were administered, respectively. Chemotherapy consisted of docetaxel in 41% of
patients and pemetrexed in 57% of patients, respectively. Median PFS was 7.7
versus 3.0 months favouring crizotinib (HR 0.49; Confidence Interval [CI] 0.37–
0.64; p < 0.0001). Interestingly, there was also a different PFS regarding to
chemotherapy: patients receiving pemetrexed had a median of 4.3 months com-
pared to docetaxel with 2.6 months (p < 0.0001) with the difference between
pemetrexed and crizotinib remaining significant (p = 0.0004, Table 2). Response
rates to crizotinib, pemetrexed and docetaxel were 65.7, 29.3 and 6.9% respec-
tively. The preliminary data on OS showed no significant difference between
crizotinib (20.3 months) and chemotherapy (22.8 months, p = 0.5394) because 111
out of 174 patients in the chemotherapy arm subsequently received crizotinib (Shaw
et al. 2013) and thus benefitted from the drug as well.

First-line crizotinib was tested against standard chemotherapy with either cis- or
carboplatin plus pemetrexed in the PROFILE 1014-trial in patients with ALK-
rearranged tumours. 343 patients were randomized. Primary endpoint was again
PFS, which was significantly longer in the crizotinib arm with 10.9 months versus
7.0 months under chemotherapy (HR 0.45; p < 0.001). Moreover, crizotinib was
associated with better symptom control and greater improvement in quality of life
(Solomon et al. 2014). Meanwhile, the OS-data are updated, showing that the
median is still not reached in the crizotinib arm (CI 45.8—not reached), whereas the
median is 47.5 months (32.2—not reached) with chemotherapy. Four-year OS is
56.6% versus 49.1% with crizotinib and chemotherapy, respectively. The crossover
rate to crizotinib after chemotherapy was 84% (Mok et al. 2017).

There is further indirect evidence that crizotinib prolongsOS in patients harbouring
an ALK-rearrangement: In a retrospective comparison of 82 patients with ALK-rear-
rangement receiving crizotinib, 36 patients with ALK-rearrangement not receiving
crizotinib, 67 patients with an activating EGFR-mutation and 253 patients with
wild-type EGFR and ALK survival were compared. ALK-positive patients treated
second- or third-line with crizotinib had a 1-year survival of 70% (95%-CI 50–83%).
ALK-positive patients treatedwith any other second- or third-line therapy had a 1-year
survival of 44% (95-CI 23–64%;HR 0.36; 95%CI 0.17–0.75; p = 0.004). Survival of
ALK-positive patients receiving crizotinib was comparable to those who harbour an
activating EGFR-mutation receiving an EGFR-TKI (1-year survival% [95% CI 58–
81] vs. 74% [61–83]). ALK-positive patients not treated with crizotinib had similar

Table 2 Efficacy of
crizotinib compared to
chemotherapies. The hazard
ratios are for the comparison
to crizotinib in all instances

Arm PFS (month) Hazard ratio p-value

Crizotinib 7.7 0.49 <0.001

Chemotherapy 3.0

Pemetrexed 4.2 0.59 <0.001

Docetaxel 2.6 0.3 <0.001
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survival as ‘double-wild-type’ patients (median OS 20 months [95% CI 13–26] vs.
15 months (Costa et al. 2011; Tang et al. 2014; Peters et al. 2017; Choi et al. 2010;
Gainor et al. 2016); p = 0.244) (Shaw et al. 2011).

A frequent site of treatment failure is the central nervous system, due to the fact,
that crizotinib concentration in cerebrospinal fluid is much lower than in blood
plasma (cerebrospinal fluid to plasma ratio 0.0026 (Costa et al. 2011)) and many
patients develop brain metastases in their relatively long course of crizotinib
treatment. Crizotinib is a substrate to the p-glycoprotein transporter (ABCB1), a
transmembrane protein delivering the drug to the extracellular space (Tang et al.
2014). Newer ALK-inhibitors like alectinib, which are not a substrate to the
p-glycoprotein transporter, show better disease control in the central nervous sys-
tem (Peters et al. 2017).

Some of the molecular resistance mechanisms leading to crizotinib failure are
already discovered. In fact, the first report on crizotinib resistance was published
‘back to back’ with the first clinical efficacy results described above (Choi et al.
2010). Meanwhile, a number of resistance mutations, most of them point mutations,
have been identified. Drugs developed as ALK-inhibitors like ceritinib, alectinib,
lorlatinib and brigatinib show effectiveness against several of these resistance
mutations (Gainor et al. 2016).

In a direct comparison of crizotinib with the newer compound alectinib, it could
be shown that the latter substance is superior in terms of the 12-month-PFS (68.4%
vs. 48.7%, p < 0.001), a trend in the immature OS (HR 0.76, p = 0.24) and a
slightly better toxicity profile (41% vs. 50% severe adverse events). The rate of
CNS progression was significantly lower under alectinib compared to crizotinib
(9.4% vs. 41.4%) (Peters et al. 2017).

ROS-1-rearrangements occur in about 1%of patients withNSCLC.ROS1 andALK
are ‘kissing cousins’, i.e. closely akin within the human kinome. In vitro essays with
crizotinib showed that the drug was capable of inhibiting growth of ROS-1 positive
NSCLC cell lines (Yasuda et al. 2012). So, it was straightforward to test crizotinib in
patients with a ROS-1-rearrangement. Patients were recruited in the dose escalation
trial mentioned above (Kwak et al. 2010) as an own cohort. 50 patients harbouring
such a rearrangement could be identified. Overall response rate was 72% with 3
complete and 33 partial responses. Duration of responsewas 17.6 months andmedian
PFS was 19.2 months (Shaw et al. 2014). Crizotinib is approved for the treatment of
ROS1-translocated NSCLC in the United States and Europe.

The driving event beyond crizotinib efficacy as a MET-inhibitor is the MET
Exon 14 skipping mutation, which occurs in approximately 3% of patients with
NSCLC and is also described in gastric and colon carcinomas as well as in gliomas
and solid cancers of unknown primary site (Lee et al. 2015; Frampton et al. 2015).
In a small retrospective series of 61 patients with metastatic NSCLC, 27 were
treated with a MET-inhibitor (20 of these with crizotinib) and 34 were not.
Median OS was 24.6 months for patients treated with a MET-inhibitor compared to
8.1 months in those not receiving such a drug (Awad et al. 2017). These data
underscore, that crizotinib could be an effective drug in patients with this driver
mutation.
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3.2 Other Entities

In gastric carcinomas, ROS-1 rearrangements and c-MET amplifications are
described (Lee et al. 2013; Okamoto et al. 2012) suggesting a possible benefit of
crizotinib in these subsets.

Targets drugable with crizotinib are also found in Ewing Sarcomas (Fleuren
et al. 2013), anaplastic large cell lymphoma (Ordemann et al. 2013; Mosse et al.
2017), inflammatory myofibroblastic tumours (Mosse et al. 2017; Tothova and
Wagner 2012), chronic myelomonocytic leukaemia (Cilloni et al. 2013) and neu-
roblastoma (Matthay et al. 2012) (Table 1). However, the clinical evidence is still
sparse.

4 Toxicity

Crizotinib is comparably well tolerable. According to an analysis of phase I/II trials,
most adverse events were mild to moderate with only 3–6% of treatment inter-
ruption due to adverse events. In order of frequency, the adverse events are

• Visual disturbances (in 62% of patients) including light flashes or perception of
overlying shadows or after images. However, the disturbances were all short in
duration and had minimal influence on the quality of life or activities of daily
living.

• Nausea occurred in approximately 50% of patients, diarrhoea and vomiting
occurred too. Again, these disturbances were mild and of short duration (Inc.
P. Xalkori 2012).

• Further frequent side effects were peripheral edema, constipation, fatigue,
decreased appetite and dizziness (Inc. P. Xalkori (2012).

• In 1.3% of cases, administration of crizotinib can result in prolongation of the
QT-interval in the electrocardiogram (ECG) (Tothova and Wagner 2012).
Patients already showing a prolonged QT-interval or taking drugs known to
prolong it should be monitored periodically with an ECG (Curran 2012).

5 Drug Interactions

Crizotinib is primarily metabolized in the liver by CYP3A, which can result in drug
interactions with CYP3A-inducers like rifampicin, resulting in decreased plasma
levels of crizotinib. CYP3A-inhibitors like ketoconazole can lead to increased
plasma levels of crizotinib. Finally, crizotinib itself may act as a CYP3A inhibitor,
raising plasma levels of other substrates like midazolam (Curran 2012).
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6 Biomarkers

The efficacy of crizotinib was tested in small subsets of patients with NSCLC, who
are clearly defined on a molecular basis.

By now, three targets for crizotinib are identified: Rearrangements in ALK and
ROS as well as Met Exon 14 skipping mutations. The gold-standard for detection of
ALK- or ROS-rearrangements is fluorescence in situ hybridization (FISH).
For ALK, 15% of cells must show this rearrangement for being classified as ‘ALK-
positive’. This number is not chosen arbitrary but represents the double standard
deviation from the number of ALK-rearrangements found in normal tissue. FISH is
a time-consuming procedure and can only be done by specially trained personnel. It
can partially be replaced by immunohistochemistry (IHC). Overexpression of ALK
measured by IHC is a sufficient predictor of crizotinib efficacy, whereas negativity
on ALK-IHC correlates strongly with a negative FISH test and less effectivity of the
compound. Only in samples with low or moderate expression of ALK, FISH is
needed as a confirmatory test (von Laffert et al. 2016).

ROS1 rearrangements have still to be determined by FISH, whereas MET-
mutations are detected by sequencing techniques.

7 Summary and Perspectives

Crizotinib was the first-in-class drug to treat patients, whose tumours harbour the
above-mentioned genetic alterations. Developed as a MET-inhibitor, it reveals to be
prone to several pharmacodynamic and genetic resistance mechanisms in
ALK-positive tumours which can be overcome by second and third generation
ALK-tyrosinkinase-inhibitors. Especially because of the frequent failure in the
central nervous system, its use might be challenged by these drugs in the treatment
of ALK-rearranged lung cancer. However, it still has its place in the treatment of
ROS1-rearranged tumours and probably in the future in those with MET Exon 14
skipping mutations.
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