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Abstract: The fusion of echinoderm microtubule-associated protein-like 4 with the anaplastic 

lymphoma kinase (EML4-ALK) is found in 3%–7% of non-small-cell lung cancer (NSCLC) 

cases and confers sensitivity to crizotinib, the first United States Food and Drug Administration 

(FDA)-approved ALK inhibitor drug. Although crizotinib has an excellent initial therapeutic 

effect, acquired resistance to this drug invariably develops within the first year of treatment. 

Resistance may involve secondary gatekeeper mutations within the ALK gene interfering 

with crizotinib–ALK interactions, or compensatory activation of aberrant bypass signaling 

pathways. New therapeutic strategies to overcome crizotinib resistance are needed. Ceritinib, a 

second-generation ALK inhibitor, overcomes several crizotinib-resistant ALK mutations and has 

demonstrated efficacy against tumor growth in several in vitro and in vivo preclinical models of 

crizotinib resistance. Notably, the dose-escalation Phase I ASCEND-1 trial has shown a marked 

activity of ceritinib in both crizotinib-naïve and crizotinib-resistant ALK-rearranged lung cancer. 

The overall response rate was 58% in a subgroup of patients with ALK-rearranged late-stage 

NSCLC. Drug discontinuation rate due to toxicity was 10%. The standard dose was established 

at 750 mg daily. This paper outlines the pathogenesis and treatment of ALK-positive lung can-

cer, focuses on the preclinical and clinical results surrounding the accelerated FDA approval 

of ceritinib for the treatment of ALK-positive metastatic NSCLC patients who have progressed 

on/or are crizotinib intolerant, and discusses the potential efforts seeking to maximize ceritinib 

efficacy and expand its usage to other indications in cancer therapy.

Keywords: crizotinib, EML4-ALK, ceritinib, lung cancer, targeted therapy, personalized 

medicine

Introduction
Non-small-cell lung cancer (NSCLC) remains the leading cause of cancer deaths in 

the USA and claims more lives each year than all other major cancers combined.1 

NSCLC is generally diagnosed at an advanced and incurable stage, at which time 

the median overall survival is measured in months. While 24%–30% of patients with 

advanced NSCLC respond initially to chemotherapy, most responders relapse within 

6 months.2–4 With the dawn of personalized medicine, the discovery of various genetic 

alterations that promote cancer growth and survival, such as epidermal growth fac-

tor receptor (EGFR) mutations and echinoderm microtubule-associated protein like 

4-anaplastic lymphoma kinase (EML4-ALK) rearrangements, have revolutionized 

treatment paradigms for patients with lung cancer.5 In fact, the past few years have 

witnessed the emergence of multiple targeted therapies directed against EGFR muta-

tion, including gefitinib, erlotinib, and afatinib, or against ALK rearrangement such 

as crizotinib and more recently ceritinib.

P
ha

rm
ac

og
en

om
ic

s 
an

d 
P

er
so

na
liz

ed
 M

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/ o

n 
10

-M
ar

-2
02

2
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
http://www.dovepress.com/permissions.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/PGPM.S71100
mailto:rshack@lsuhsc.edu


Pharmacogenomics and Personalized Medicine 2015:8submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

146

El-Osta and Shackelford

About 3%–7% of metastatic NSCLCs (mNSCLC) carry 

the EML4-ALK oncogene fusion rearrangement. In this 

subset population, the malignancy is highly sensitive to 

therapy with ALK-targeted inhibitors.6,7 Indeed, crizotinib 

improves progression-free survival (PFS) by 4.7 months 

when compared with standard cytotoxic chemotherapy in 

previously treated patients with ALK-positive mNSCLC.8 

This finding represents a major breakthrough in NSCLC 

precision medicine. Unfortunately, despite initial responses, 

almost all ALK-rearranged lung cancer patients relapse within 

12 months of treatment initiation, secondary to acquired 

drug resistance. While the treatment options after failure 

to crizotinib are limited, the advent of new generation ALK 

inhibitors, notably ceritinib, has broadened the therapeutic 

arsenal for ALK-rearranged lung cancer. Ceritinib is a 

second-generation ALK inhibitor, which is 20 times more 

potent than crizotinib and has demonstrated clinical efficacy 

in patients with ALK-positive mNSCLC who have failed 

therapy with crizotinib.9

In this review, we briefly discuss the biology and 

treatment of ALK-positive mNSCLC. We summarize the 

molecular basis and the current strategies to overcome cri-

zotinib resistance. In particular, we focus on the preclinical 

experimental studies, the pharmacology and clinical trials 

that have surrounded the accelerated United States Food and 

Drug Administration (FDA) approval of ceritinib. Finally, 

we touch upon the future potential use of ceritinib in other 

cancer indications and the unmet needs in the treatment of 

ALK-rearranged lung cancer.

Molecular basis and pathogenesis  
of ALK-positive lung cancer
EML4-ALK was identified as a transforming lung cancer 

fusion gene in 2007.7 This genetic rearrangement accounts 

for 3%–7% of NSCLC cases, with a higher prevalence among 

younger individuals, patients with adenocarcinoma, and 

nonsmokers.10 The ALK is a transmembrane tyrosine kinase 

receptor whose expression is restricted to certain tissues, such 

as neural tissue, the small intestine, and testes, and is thought 

to function in central nervous system (CNS) development.11 

ALK is normally activated by ligand binding to the extracel-

lular receptor domain, leading to dimerization and receptor 

activation.7 The EML4-ALK fusion oncogene arises from an 

inversion on the short arm of chromosome 2 (Inv(2)(p21p23)) 

that juxtaposes exons 1–13 of EML4 to exons 20–29 of ALK.7 

Multiple variants of EML4-ALK have been described that 

encode the same cytoplasmic tyrosine kinase domain of ALK 

with different truncations of EML4.12,13

Fusion of the ALK and EML4 genes results in the replace-

ment of the extracellular and transmembrane portions of 

the ALK protein with portions of the EML4 protein.12,13 

The resulting chimeric EML4-ALK protein is an EML4 

N-terminus and ALK C-terminus domain-derived fusion 

protein that functions as an intracellular tyrosine kinase. 

Unlike the normal ALK protein located on the cell surface, 

the abnormal EML-ALK fusion protein locates to the 

cytoplasm. The amino-coiled coil portion of EML4 causes 

the fusion protein to be constitutively activated without 

the need of ligand binding. Consequently, the activation 

of multiple downstream signaling pathways (primarily the 

PI3K/mTOR and RAS/RAF/MAPK) by the aberrant ALK 

protein leads to cell transformation and uncontrolled cancer 

cell proliferation.14–16 Tyrosine kinase inhibitors that target 

the ALK kinase activity have powerful antiproliferative 

effects when administered to EML4-ALK-positive lung 

cancer patients.8,9

Crizotinib: first FDA-approved ALK 
inhibitor drug
Crizotinib antagonizes the tyrosine kinase activity of ALK 

by competing with adenosine triphosphate (ATP) for bind-

ing to the ALK ATP pocket. It was the first ALK inhibitor to 

be approved by the FDA for the treatment of patients with 

ALK-positive advanced NSCLC. This molecule is associ-

ated with effective antitumor activity in both previously 

chemotherapy-treated and chemotherapy-naïve patients. In 

a randomized, open-label Phase III clinical trial (PROFILE 

1007),8 347 patients with ALK-positive NSCLC previously 

treated with chemotherapy were randomized to crizotinib 

or to chemotherapy with either docetaxel or pemetrexed. 

Crizotinib has achieved a significantly higher response rate 

and longer PFS compared with chemotherapy. The overall 

response rate was 65% in the crizotinib group and 20% 

in the chemotherapy group (P,0.001). The median PFS 

was 7.7 months for patients treated with Crizotinib versus 

3 months in the chemotherapy arm (HR 0.49, 95% CI: 

0.37–0.64). However, an interim overall survival analysis 

showed no significant improvement with crizotinib as com-

pared with the chemotherapy arm.

In another Phase III randomized clinical trial (PRO-

FILE 1014),17 343 chemotherapy naïve patients with ALK-

positive NSCLC were randomly assigned to crizotinib or 

chemotherapy (pemetrexed combined with either carbo-

platin or cisplatin). PFS was significantly prolonged with 

crizotinib in comparison with chemotherapy (10.9 months 

versus 7.0 months, HR 0.45, 95% CI: 0.35–0.60). Objective 
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response rates were 74% and 45%, respectively (P,0.001). 

No overall survival difference was noticed. The absence of 

overall survival benefit in both trials may be due to the fact 

that crossover to crizotinib was permitted upon progression to 

chemotherapy in both studies. The National Comprehensive 

Cancer Network recommends that patients with advanced 

ALK-positive NSCLC receive crizotinib as a first-line 

treatment. For patients who develop crizotinib resistance or 

who are unable to tolerate crizotinib, treatment with ceritinib 

is recommended.18

Pathophysiology and therapeutic 
strategies to overcome crizotinib 
resistance
While crizotinib is highly effective in patients with ALK-

positive NSCLC, ultimately all the patients develop drug 

resistance, typically after an average of 12 months following 

treatment initiation.19 Acquired crizotinib resistance may be 

the result of either pharmacological or biological mechanisms. 

Pharmacological resistance is secondary to inadequate drug 

bioavailability. Development of brain metastasis while on 

crizotinib is a typical example of this kind of resistance, 

since crizotinib has very low CNS penetration. The biological 

mechanisms of resistance can be broadly categorized into two 

classes: ALK dominant and ALK nondominant.19–21 ALK-

dominant resistance mechanisms accounts for approximately 

one-third of the cases. It involves either an ALK fusion gene 

amplification or an acquired secondary mutation located 

within the ALK tyrosine kinase domain, sterically interfering 

with the ability of the drug to bind and block the tyrosine 

kinase domain. The most frequently identified mutations are 

the L1196M mutation, followed by the G1269A mutation.22,23 

Among the other known ALK secondary mutations detected 

in crizotinib-resistant patients are 1151T-ins, L1152R, 

C1156Y, G1202R, and S1206Y.24–26 While second-generation 

ALK inhibitors with improved potency and selectivity are 

effective against most of the secondary mutation of ALK 

protein, the G1202R mutation confers resistance to these 

new drugs, including ceritinib.25

ALK-nondominant mechanisms of resistance are second-

ary to compensatory changes within the targeted pathway that 

bypass crizotinib-mediated inhibition. It accounts for approx-

imately one-third of crizotinib-resistant cases. These driver 

pathways include insulin-like growth factor-1 receptor, EGFR, 

KIT, c-MET, KRAS, and the mTOR pathways.22–25 Combina-

tion therapies employing inhibitors of these bypass-signaling 

pathways may overcome crizotinib resistance.26 Importantly, 

strong preclinical data showed that hsp90 inhibitors are able 

to overcome resistance to crizotinib.27 This has provided a 

rationale to test their combinatorial activity in clinic. In the 

remaining one-third of cases, the mechanisms of crizotinib 

resistance are presently unknown22,26 (Table 1). From a practi-

cal standpoint, a rebiopsy at the time of progression may be 

critical to delineate the underlying mechanisms of crizotinib 

failure and subsequently guide the clinician in choosing the 

appropriate therapy. When resistance is driven by an ALK-

dominant mechanism, a second-generation ALK inhibitor 

may potentially overcome refractoriness to crizotinib. In 

ALK-nondominant refractory tumors, approaches combining 

crizotinib with targeted agents directed against the activated 

escape prosurvival pathway may be appropriate in restoring 

sensitivity to crizotinib. Interestingly, clinical benefits were 

observed in patients with acquired resistance to crizotinib 

when treated with ceritinib, regardless of whether a resistance 

ALK mutation was detected. This suggests that ceritinib may 

be targeting these aberrant escape pathways as well. Never-

theless, an approach based on rebiopsy at time of progression 

needs to be validated by clinical trials.20

Review of pharmacology, mode of 
action, efficacy, and tolerability of 
ceritinib
Chemistry of ceritinib
Prior to the discovery of ceritinib, researchers designed 

numerous ALK inhibitors, among which TAE684 was found 

to have a potent ALK kinase inhibitory property (Figure 1A). 

However, this molecule was found to form various reactive 

adducts that may play a role in serious adverse events, making 

this drug a nonviable clinic option.28 Initial work focusing on 

improving the kinase selectivity of TAE684 led to synthesis of 

compound 7, which was constructed by replacing the methoxy 

Table 1 Mechanisms of crizotinib resistance

Mechanism Example Comments

Secondary  
mutation in  
the ALK gene

L1196M, G1202R, 
G1269A, L1152R, 
C1156Y, F1174L, 
G1206Y, 1151Tins

L1196M and G1269A are the 
two most common mutations 
and confer a sensitivity to 
ceritinib, whereas G1202R is 
refractory to ceritinib.

ALK gene amplification
Activation of  
an alternative  
escape pathway

EGFR mutation or 
amplification 
c-KIT amplification 
KRAS mutation 
MET amplification

Studies evaluating ALK 
inhibitor in combination with 
agents that suppress these 
bypass signaling pathways are 
needed.

Data from studies: 22–26

Abbreviations: ALK, anaplastic lymphoma kinase; EGFR, epidermal growth factor 
receptor.
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moiety with the isopropoxy moiety at the aniline ring. This 

modification confers a higher affinity for the second-site-

mutated ALK. Similar to compound TAE684, reactive metab-

olite formation was a problem in advancing this drug into the 

clinical arena. Further structural modifications of compound 

7 have ultimately led to the discovery of LDK378 (ceritinib, 

Figure 1B). The rationale of ceritinib design was based on the 

reversal of piperidine and the inclusion of methyl group para 

to the isopropoxy moiety at the aniline ring, minimizing the 

possibility of forming reactive species, and consequently the 

unwanted properties of the compound 7, while preserving 

the desirable biological and pharmacological activities of its 

predecessor drug (Figure 1B).29

Preclinical data
Ceritinib exhibits 20-fold greater enzymatic inhibitory 

potency than crizotinib in vitro. This can be explained by 

the chemical structural difference between the two drugs, 

essentially the chlorine in the fifth position of the pyrimidine 

ring enhances ceritinib’s interactions with the mutant resi-

dues at the gatekeeper position of the ALK kinase domain.25 

In addition, molecular dynamic simulation analyses have 

shown an increased hydrophobic interaction between the 

isopropyl group of ceritinib and the mutated ALK, as well 

as the electrostatic interactions between the K1150 amino 

acid and sulfonyl group of the drug.30 When tested against a 

panel of lung cancer cell lines bearing ALK rearrangements, 

ceritinib had more potent activity than crizotinib in terms of 

ALK phosphorylation suppression and cell growth inhibition. 

However, ceritinib was not potent against NSCLC and breast 

cancer cell lines driven by other molecular alterations such as 

KRAS, EGFR, PI3K, or Her2, indicating a high selectivity of 

the drug for the EML4-ALK fusion protein.25 Additionally, 

in xenograft models using crizotinib-naïve H2228 ALK-

rearranged cell lines, ceritinib demonstrated a more durable 

antitumor effect than crizotinib after drug discontinuation. 

In parallel, crizotinib-refractory H2228 xenografts were 

generated by treatment with incremental doses of crizotinib. 

Sequencing of tumors that progressed while on crizotinib 

detected G1202R, C1156Y, or I1171T mutations in 6 out of 

the 80 treated animals.25 Interestingly, ceritinib had marked 

antitumor activity against the wild-type EML4-ALK and the 

I1171T mutation, less activity against the C1156Y mutation, 

and showed no activity against the G1202R mutation.25 On 

the other hand, high antitumor activity was observed in vivo 

and in vitro by using ceritinib against ALK-rearranged cell 

lines derived from patients with acquired refractoriness to 

crizotinib and bearing the two most common EML4-ALK 

mutations: L1196M and G1269A.25

Clinical efficacy
Promising results for ceritinib in ALK-positive NSCLC 

were demonstrated in early phase clinical development. 

Interestingly, its pronounced antitumor activity was not 

only limited to crizotinib-naïve patients, but was also 

observed in crizotinib-refractory patients. In ASCEND-1, 

the first Phase I clinical trial testing ceritinib, 59 patients 

with advanced cancer carrying genetic alterations in ALK, 

received LDK378 with dose escalation from 50 to 750 mg 

once daily.9 The maximum tolerated dose was 750 mg once 

daily. This was followed by an expansion cohort in which 

71 additional patients were treated with ceritinib at the 

maximum tolerated dose as determined in the first phase. 

Among 114 patients with NSCLC who received at least 

400 mg of ceritinib/d, the overall response rate was 58%. The 

majority of patients with NSCLC treated with ceritinib had 
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received crizotinib previously. Interestingly, in the subgroup 

of 80 patients with NSCLC who previously were treated 

with crizotinib, the response rate was 56%, suggesting that 

ceritinib may be effective for the treatment of patients with 

ALK-rearranged NSCLC who have developed crizotinib 

resistance. Nevertheless, among patients with NSCLC who 

received at least 400 mg of ceritinib/d, the median PFS was 

7.0 months (95% CI: 5.6–9.5). Among the patients with 

NSCLC who had previously received crizotinib, the PFS 

was 6.9 months (95% CI: 5.3–8.8), whereas in patients with 

no prior exposure to crizotinib, the median PFS was higher 

at 10.4 months (4.6 to could not be estimated). Clinical 

activity to CNS metastases was also observed in certain 

patients. Among the 14 patients with brain metastases who 

were treated at the 750 mg dose, the overall intracranial 

response rate was 50%.31 Unlike crizotinib, ceritinib has an 

improved bioavailability to brain tissue and increased CNS 

penetration, which can explain why it has better CNS activity. 

More recently, a Japanese Phase I study has demonstrated a 

similar antitumor activity with alectinib in ALK-positive lung 

cancer irrespective of prior treatment with ALK inhibitor. In 

particular, two out of four patients previously treated with 

alectinib had partial response.32

On the basis of its profound clinical activity, ceritinib 

was approved in April 2014 by the FDA for the treatment 

of ALK-positive metastatic NSCLC following treatment 

with crizotinib. Two Phase III trials are currently recruiting 

ALK-positive metastatic NSCLC patients, one comparing 

ceritinib with chemotherapy (pemetrexed or docetaxel) after 

progression on both crizotinib and platinum-based chemo-

therapy (ASCEND-5), and the other comparing ceritinib 

with first-line chemotherapy (pemetrexed with platinum) 

in treatment-naïve patients (ASCEND-4).33,34 The results of 

these two major trials are eagerly awaited since it helps to 

better define the position of this drug as well as the optimal 

timing of initiation in order to achieve an improved clinical 

outcome.

Clinical safety and tolerability
Ceritinib is generally well tolerated. However, treating 

oncologists should be aware of a number of significant 

adverse events that may require dose adjustment or treatment 

discontinuation. The most common adverse events included 

diarrhea (86%), nausea (80%), vomiting (60%), abdominal 

pain (54%), fatigue (52%), decreased appetite (34%), and 

constipation (29%). The most common laboratory abnor-

malities are decreased hemoglobin (84%), increased alanine 

transaminase (80%), increased aspartate transaminase (75%), 

creatinine elevation (58%), hyperglycemia (49%), decreased 

phosphate (36%), and increased lipase (29%). Dose reduction 

was required in 74% of the patients, and drug discontinu-

ation was needed in 10% of patients. Less common side 

effects include neuropathy, vision disturbances, prolonged 

QT intervals, and bradycardia. The most common adverse 

events that led to treatment discontinuation were pneumonia, 

interstitial lung disease (ILD)/pneumonitis, and anorexia. 

In particular, ILD/pneumonitis occurred in 4% of ceritinib-

treated patients. Development of a cough or shortness of 

breath while on ceritinib therapy should alert clinicians to 

rule out ILD/pneumonitis. Ceritinib should be permanently 

discontinued in the instance ILD/pneumonitis of any grade 

being diagnosed. Fatal adverse events were reported in 5% 

of treated patients and resulted from pneumonia, respiratory 

failure, ILD/pneumonitis, pneumothorax, gastrointestinal 

(GI) bleeding, general health deterioration, tuberculosis, 

cardiac tamponade, and sepsis (Table 2).31,35

Pharmacokinetics
Ceritinib is available as a 150 mg capsule. The recommended 

dose for ALK-positive NSCLC is 750 mg oral once daily. 

Oral ceritinib is absorbed, with peak plasma concentration 

after first dose achieved 6 hours postingestion. The steady-

state drug level is reached after approximately 15 days of 

continuous daily oral administration. The absolute drug bio-

availability has not been determined. Systemic exposure of 

ceritinib is increased when administered with meals and may 

result in increased toxicity. For this reason, the drug should 

be administered on an empty stomach at least 2 hours prior 

to or after a meal.35 Ceritinib is 97% bound to human plasma 

proteins. It is metabolized primarily by the liver CYP3A 

enzymes and the metabolites are excreted mainly in the 

feces.31 Thus, caution should be used when ceritinib is coad-

ministered with other agents metabolized by this system. The 

mean drug half-life elimination is estimated at 41 hours. No 

dosage adjustment is necessary in the presence of preexisting 

kidney dysfunction or mild hepatic impairment. Monitoring 

parameters should include complete blood counts, renal and 

liver function tests, glycemic indices, and cardiac monitor-

ing (essentially heart rate and QTc). Patients taking ceritinib 

should also be monitored for any sign or symptoms of toxicity 

(mainly pulmonary and GI). Detailed information on dose 

adjustment for toxicity can be found in the product insert 

package.35 Treatment should be discontinued if a patient is 

unable to tolerate a dose as low as 300 mg daily.

Pharmacodynamics
Ceritinib (LDK378) is a highly potent and selective ATP-com-

petitive ALK tyrosine kinase inhibitor.29 The half-maximal 
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Table 2 Most common adverse reactions associated with the 
usage of ceritinib

All grades 
(%)

Grades 3–4 
(%)

Dose reduction 
or discontinuation 
(%)

Most common clinical adverse reaction
Diarrhea 86 6 16
Nausea 80 4 20
Vomiting 60 4 16
Abdominal pain 54 2
Fatigue 52 5
Decreased appetite 34 1
Constipation 29 0
Most common laboratory adverse reaction
Decreased Hg 84 5
Increased ALT 80 27 29
Increased AST 75 13 16
Increased creatinine 58 2
Hyperglycemia 49 13
Hypophosphatemia 36 7
Increased lipase 29 10
Less common clinical and laboratory adverse reactions
Neuropathy 17
Vision disturbances 9
Prolonged QT interval 4
Bradycardia 3
ILD/pneumonitis 4 3
Increased bilirubin 15 1
Rash 16 0

Data from studies: 31,35,36

Abbreviations: ILD, interstitial lung disease; ALT, alanine transaminase; AST, 
aspartate aminotransferase.
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inhibitory concentration (IC
50

) of ceritinib is approximately 

150 pmol/L, which is 20-fold lower that than of crizotinib. In 

addition to ALK, ceritinib also inhibits other tyrosine kinase 

receptors including the IGF1 (insulin-like growth factor 1) 

and insulin receptors, and at higher concentrations, ROS1.36,37 

Ceritinib may cause hyperglycemia likely as a result of insu-

lin activity inhibition. Ceritinib has demonstrated activity in 

crizotinib-resistant tumor in xenografts models. Specifically, 

it showed efficacy against different ALK mutations including, 

L1196M, G1269A, I1171T, and S1206Y crizotinib-resistant 

mutations. However, ceritinib is not active against G1202R 

mutation.25 Interestingly, ceritinib has shown activity against 

ALK-positive lung cancer cells derived from patients who 

failed alectinib.38 Unlike crizotinib, ceritinib does not inhibit 

MET activity.9

Therapeutic challenges with 
ceritinib
Mechanisms of resistance to ceritinib
When tested against a panel of engineered cancer cells 

driven by one of the nine different crizotinib-resistance ALK 

mutations, potent antigrowth efficacy was observed with 

ceritinib in cells expressing L1196M, G1269A, S1206Y, 

and I1171T ALK mutations. C1156Y, G1202R, 1151T-ins, 

L1152R, and F1174C secondary ALK mutation conferred 

resistance to ceritinib. These data were confirmed in a xeno-

graft model when ceritinib failed to overcome crizotinib 

resistance in the H2228 tumor line carrying the G1202R 

mutation.25 Biopsies of 11 tumors from patients with acquired 

resistance to ceritinib reported G1202R or F1174C/V ALK 

mutation in five patients. Of note, crystal structural analyses 

of interaction ALK/ceritinib demonstrated that the G1202R 

mutation is associated with reduced binding affinity to 

ALK due to steric obstruction. Further studies are needed 

to characterize mechanism of resistance for the F1174 muta-

tion.25 In patient-derived models of acquired resistance to the 

tyrosine kinase inhibitor, MEK activation mutation and Src 

signaling were identified as other mechanisms that mediate 

ceritinib resistance.36,39 Blockage of Src, or MEK, in these 

cells lines, while not effective when used alone, is able to 

restore sensitivity to ceritinib. Obtaining a tissue biopsy at 

the time of progression would be instrumental in identifying 

further mechanisms of ceritinib resistance.

Rational approaches to optimize the 
clinical benefit of ceritinib
The challenge in future studies is in designing effective 

combination therapies that tackle the problem of ceritinib 

resistance. In fact, several strategies to maximize the activity 

and tolerability of ceritinib, or to overcome ceritinib resis-

tance in ALK-positive NSCLC patients have been suggested, 

including the following:

Combination with hsp90 inhibitor
ALK is a client protein for heat shock protein 90 (hsp90),  

a chaperone molecule integral for protein stability and protec-

tion from degradation. Multiple preclinical data have shown 

induced degradation of ALK protein following treatment with 

an hsp90 inhibitor.39,40 Other data have shown a synergism 

between hsp90 inhibitors and crizotinib, providing a rationale 

for a combination approach in patients failing crizotinib as 

a single agent.20,27 On the basis of these data, multiple early-

phase clinical trials are currently exploring different classes 

of hsp90 inhibitors with ALK inhibitors. We are awaiting the 

results of a Phase Ib trial assessing the safety, tolerability, 

pharmacokinetics, and antitumor activity of the combina-

tion of ceritinib and the hsp90 inhibitor AUY922 in ALK 

rearranged NSCLC that has progressed on an ALK inhibitor 

(NCT01772797).
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Combination with pemetrexed
Retrospective observations have suggested that patients 

with ALK-rearranged lung cancer have significantly greater 

PFS on pemetrexed compared with patients lacking ALK 

rearrangement, EGFR, and KRAS mutations.41 This has 

led to clinical trials evaluating pemetrexed with or without 

crizotinib, in patients who had progressed on the latter 

(NCT02134912). Further studies are required to investigate 

the safety and efficacy of adding pemetrexed to ceritinib.

Combination with other targeted therapy
The combination of ceritinib with compounds targeting the 

escape survival pathways such as MEK (MEK inhibitors) or 

Src (such as dasatinib) has a strong scientific rationale and 

has been tested in vitro.37,42 Its application in patients who 

develop resistance to ceritinib warrants further validation in 

clinical trials. Biopsy at the time of progression may help in 

the clinical decision-making process, based on the specific 

resistance mechanism(s) identified.

Combination with immunotherapy
Checkpoint inhibitors have demonstrated promising activities 

in metastatic NSCLC, leading to the approval of nivolumab in 

squamous lung cancer progressing on platinum-based therapy. 

Interestingly, sensitivity to PD1/PDL1 (programmed death 

1/programmed death ligand 1) checkpoint inhibitors seems to 

be lower in nonsmoking patients; a subset of patient known to 

have higher likelihood for EGFR mutation and ALK rearrange-

ments. Additionally, the EGFR mutation was found to activate 

the PD1/PDL1 pathway in the tumor microenvironment, which 

may contribute to immune escape.37,43,44 Although the underly-

ing interplay between targeted therapy and antitumor immune 

response is complex, these two factors may influence each other 

from different aspects. By inducing rapid tumor regression, 

and consequently antagonizing the tumor-related immunosup-

pression while enhancing the expression of death receptors at 

tumor cell surface, it can further potentiate the efficiency of 

immune system to attack cancer cells. Additionally, the release 

of large amounts of antigenic debris subsequent to cell apop-

tosis can boost antigen presentation by dendritic cells, further 

triggering the immune response.45 Moreover, targeted thera-

pies also more have a complex modulator effect on the tumor 

microenvironment, leading to activation of tumor-specific 

T-cells. On the other hand, immunotherapy may consolidate the 

significant tumor response induced by targeted therapy.45

Taken together, these findings show that targeted therapies 

and immunotherapy may offer a possible treatment synergism 

when employed together. These combinations are currently 

being explored in clinical trials. One study combining 

ceritinib with nivolumab will soon be initiated. However,  

a major challenge resides in defining how these agents should 

be dosed – simultaneously or sequentially?

Low-dose ceritinib
Since ceritinib absorption increases with fatty meals, which 

implies an increased in non-GI toxicity,31 an ongoing study 

is currently evaluating the systemic exposure and safety of a 

lower dose of ceritinib taken with a meal compared with the 

standard dose of the drug taken while fasting (NCT02299505). 

In the absence of published data, the 750 mg daily taken in 

the fasted state remains the standard therapy.

Conclusion and future perspectives
Since the identification of the EML4-ALK driver mutation 

in 2007, multiple ALK inhibitors have been developed to 

target this molecular alteration. Crizotinib is the first-in-class 

ALK inhibitor to receive FDA approval for the treatment of 

ALK-positive lung cancer. Despite the initial response to 

crizotinib, acquired resistance to the drug inevitably leads to 

disease progression. Ceritinib is the first second-generation 

TKI approved for the treatment of ALK-positive NSCLC 

in patients intolerant or progressed on crizotinib. Despite 

the promising activity of ceritinib, several unmet needs are 

awaiting further research, including 1) defining the optimal 

sequence of ALK inhibitors administration, 2) expanding 

their application to other potential indications in lung cancer, 

such as in the adjuvant and neo-adjuvant settings, and in 

combination with radiation, 3) exploring the drug efficacy in 

other solid and hematologic malignancies carrying the ALK 

rearrangements, and 4) establishing the drug impact on the 

patient’s quality of life and well-being.

Since its FDA approval in 2014, several ongoing 

trials are investigating ceritinib role for other indications 

(https://clinicaltrials.gov/) (Table 3), including its use in 

treatment-naïve ALK positive NSCLC, ROS-1 mNSCLC, 

and other ALK-positive malignancies (thyroid, cholangiocar-

cinoma, pancreas, and hematologic malignancies). Another 

challenge arising from the availability of multiple ALK 

inhibitors remains in defining the optimal first-line choice and 

then the sequence for therapies after ALK-positive NSCLC 

progression. Presently, it is not known if first-line ceritinib 

use in ALK-positive NSCLC will be superior to crizotinib. 

The ALEX trial, an ongoing randomized controlled trial 

comparing alectinib versus crizotinib in treatment-naïve 

ALK + NSCLC, will address this issue.46 However, this trial’s 

design does not allow the crossover among the treatment 
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Table 3 Some of the major ongoing clinical trials investigating the efficacy of ceritinib against different malignancies

Clinical trial 
identifier

Study design Treatment setting Intervention Primary 
endpoint

NCT01828099 Phase III RCT Metastatic treatment naïve ALK +  
NSCLC

Ceritinib versus platinum/Pemetrexed PFS

NCT01828112 Phase III RCT Metastatic previously treated (with  
chemo and crizotinib) ALK + NSCLC

Ceritinib versus Docetaxel or Pemetrexed PFS

NCT02289144 Phase II Locally advanced or metastatic ALK +  
anaplastic thyroid cancer

Ceritinib PFS

NCT02374489 Phase II ROS1 or ALK overexpressed  
advanced cholangiocarcinoma

Ceritinib ORR

NCT01964157 Phase II Unresectable NSCLC carrying ROS1 
rearrangement

Ceritinib ORR

NCT02393625 Phase I Relapsed locally advanced or  
metastatic ALK + NSCLC

Ceritinib plus nivolumab MTD 
ORR

NCT02321501 Phase I Locally advanced or metastatic  
previously treated solid tumor with  
an expansion in ALK + NSCLC

Ceritinib plus everolimus MTD

NCT01685138 Phase II ALK + crizotinib naïve metastatic  
NSCLC

Ceritinib ORR

NCT02336451 Phase II ALK + NSCLC with CNS metastasis Ceritinib ORR
NCT02299505 Phase I ALK + metastatic NSCLC Low dose ceritinib taken with low-fat meal  

versus standard dose ceritinib at fasting
PK

NCT02227940 Phase I Advanced solid tumor or locally  
advanced/metastatic pancreatic cancer

Ceritinib combined with gemcitabine- 
based chemotherapy

MTD

NCT02343679 Phase II ALK + refractory/relapsed  
hematological malignancies

Ceritinib ORR

Abbreviations: PFS, progression free survival; ORR, overall response rate; MTD, maximum tolerated dose; CNS, central nervous system; NSCLC, Non-small-cell lung 
carcinoma; ALK, anaplastic lymphoma kinase; PK, pharmacokinetic.
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arms, limiting the ability to examine the impact of treatment 

sequencing (crizotinib followed by alectinib on progression 

versus alectinib first line) on outcome. An emerging ground-

breaking trial, the NCI ALK Master protocol, will evaluate 

different next-generation ALK inhibitors with crizotinib in the 

first-line setting. Unlike the ALEX trial, crossover at the time 

of progression will be allowed, which will enable exploration 

the optimal strategy for the initial selection and subsequent 

selection of ALK-directed therapy (crizotinib followed by a 

next-generation ALK inhibitor versus next-generation ALK 

inhibitor followed by crizotinib upon progression).37

Acquired resistance has emerged as a major hurdle 

preventing ALK targeting agents from having a long-term 

positive impact on patients. Additional research looking into 

the molecular basis of drug resistance will hopefully lead to 

more effective therapeutic strategies to overcome ALK inhibi-

tor resistance. The combination of ceritinib with cytotoxic 

chemotherapy, agents targeting escape signaling pathways, 

and/or immunotherapy are all potential alternatives worth 

investigating in order to achieve improved clinical outcomes 

for ALK-positive NSCLC.
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