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Abstract

Lung cancer is the main cause of cancer-related death worldwide. In 
the last decade, certain molecular subgroups were identified, followed by 
development of different molecular-targeted treatments, which significantly 
improved the prognosis of these patients. Anaplastic lymphoma kinase 
echinoderm microtubule-associated protein-like 4 (ALK-EML4) rearrangements 
occur in 4-7% of patients with lung adenocarcinoma. ALK-EML4 tyrosine kinase 
inhibitors (TKIs) demonstrated significant clinical efficacy with higher overall 
response rate (ORR) and longer progression free survival (PFS) as compared 
with the traditional chemotherapy in the 1st and the 2nd line setting, although 
resistance development is inevitable and central nervous system (CNS) is a 
common site of failure. Numerous new agents are currently examined in clinical 
trials to overcome resistance to ALK inhibitors and improve the CNS penetrance 
and activity, and second line ALK-EML4 inhibitors are currently in clinical use. 
ALK-EML4 rearrangements are typically diagnosed by the FDA-approved 
Fluorescent In-Situ Hybridization (FISH) Break-Apart probe, however can also 
be detected by immunohistochemistry and next generation sequencing. This 
review will describe the current and future methods of ALK-EML4-rearrangement 
detection and treatment options for ALK-EML4-rearranged NSCLC.
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Introduction
Molecular targeted therapy in NSCLC

Lung cancer is the main cause of cancer related death worldwide 
[1]. Over 70% of lung cancer patients are diagnosed with advanced 
disease, and receive palliative treatment with main purpose being 
life prolongation and symptoms management [2]. In the past, all 
Non-Small Cell Lung Cancer (NSCLC) patients were treated with 
chemotherapy regimens containing a platinum compound [3]. In the 
last decade, driver mutations in some of the lung carcinomas have been 
discovered; the most common drivers are mutations in theKirsten rat 
sarcoma (K-RAS) gene, Epidermal Growth Factor Receptor (EGFR) 
gene, and Anaplastic Lymphoma Kinase-rearrangements. These 
can be diagnosed in about 60% of lung adenocarcinoma patients, 
which allows for about 30% of patients to be treated with targeted 
therapy significantly prolonging their survival (median survival of 
3.5 years) [4]. Additionally, these agents typically produce rapid and 
durable responses and have a favorable toxicity profile. However, 
acquired resistance inevitably develops. This review focuses on the 
main pitfalls in the diagnosis of ALK-EML4 rearrangements, clinical 
characteristics and available treatment options for ALK-EML4-
rearranged NSCLC, as well as the acquired resistance mechanisms 
and overcoming strategies. 

The anaplastic lymphoma kinase gene rearrangement
The ALK is a 200 kDa receptor tyrosine kinase, a member of the 

insulin receptor superfamily. The protein is encoded by the ALK gene 
located on chromosome 2p239, and has a large extracellular domain, 
a lipophilic transmembrane segment, and a cytoplasmic tyrosine 
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kinase domain. Murine RNA blot hybridization analysis revealed 
expression of ALK in specific regions of the developing brain [5]. In 
humans, ALK protein is normally expressed in the small intestine, 
testis, and brain, but not in other tissues [6]. ALK is a dependent 
receptor, which has a pro-apoptotic activity in the absence of a ligand, 
and an anti-apoptotic activity in the presence of its ligand and when 
the kinase is intrinsically activated [7].The translocation involving 
the ALK gene was first described in 1994 in anaplastic large-cell non-
Hodgkin’s lymphoma cells arising from activated T lymphocytes. 
This rearrangement fused the nucleophosmin (NPM) nucleolar 
phosphoprotein gene on chromosome 5q35 to ALK. About 60% of the 
lymphoma cells were associated with the translocation [6]. Mutations 
involving ALK as a suspected driver mutation was also found in 
familial and sporadic neuroblastoma, mainly by point mutations 
and gene amplification [8,9], and in inflammatory myofibroblastic 
tumors, mainly by gene rearrangement with Tropomyosin (TMP3 
and TMP4) fusion oncoproteins [10]. 

In 2007 [11], Soda, et al. demonstrated that approximately 6% of 
NSCLC tumors carry a novel translocation in which the echinoderm 
microtubule-associated protein-like 4 (EML4) gene is fused to ALK, 
chromosomal translocation inv(2) (p21; p23). This translocation was 
proved to play a key role in the development of NSCLC, by the rapid 
growth of NSCLC lesions in transgenic mice that express EML4-
ALK specifically in lung alveolar epithelial cells, and rapid response 
of these lesions to oral administration of small-molecule inhibitor of 
the kinase activity of ALK [11]. Another evidence to the driver role 
of ALK-EML4 rearrangement was found in a large-scale survey of 
tyrosine kinase activity in lung cancer [12]. Using a phosphoproteomic 
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approach, Rikova, et al. [13] characterized phosphotyrosine signaling 
of 41 NSCLC cell lines and 150 NSCLC tumors, and identified a high 
level of ALK phosphorylation in several NSCLC tumor samples and 
in one cell line [13]. The ALK-EML-4 translocation caused ligand-
independent dimerization of the receptor kinase domain, leading to 
uncontrolled proliferation and inhibition of apoptosis, although the 
exact pathways involved in the pathogenesis are yet to be determined 
[12]. Several other ALK fusion partners, including CLIP4-ALK 
and SOCS5-ALK have been identified later [14], while EML4 still 
represents the most common one.

Methods of detection of ALK-EML4 rearrangement
The guidelines for molecular testing recommend ALK-EML4 

screening for every patient with adenocarcinoma of lung origin 
following a negative EGFR testing result [15]. Patients should not be 
excluded from testing on the basis of clinical characteristics. EGFR 
and ALK-EML4 testing is not recommended for lung cancer patients 
that lack any adenocarcinoma component, such as pure squamous 
cell carcinomas, pure small cell carcinomas, or large cell carcinomas 
lacking any immunohistochemistry (IHC) staining suggestive for 
adenocarcinoma differentiation. 

Aiming to increase the pre-test probability, and based on the 
Israeli experience of ALK-EML4 testing in NSCLC patients, our 
group developed a predictive model. This model demonstrated that 
the ALK-EML4 fusion was significantly more prevalent in younger 
male patients (52.1 vs. 61.3 years, p=0.049), in whom every additional 
year reduced the chance to find the fusion by 7% [CI=0.93 (0.88 - 
0.99), p=0.03] [16]. 

The ALK-EML4 rearrangement can be detected using several 
methods. The only FDA-approved method for patient selection 
for anALK-EML4 inhibitory therapy is Fluorescent In-situ 
Hybridization (FISH) Break-Apart probe. Other methodologies also 
include immunohistochemistry (IHC), RT-PCR and next generation 
sequencing (NGS) [17]. 

The FISH method allows direct visualization of the ALK-EML4 

gene break apart. The dual color probes stain the DNA segments 
around the break apart site; therefore, a split signal indicates the 
presence of an ALK-EML4 rearrangement (Figure 1). This method 
is FDA-approved; although it is time consuming, expensive and 
not routinely available in all laboratories. Fur the more, Rodig, et al. 
revealed [18], that the probe does not identify all the positive cases, 
and the interpretation of the results can be especially difficult when 
the translocation is intra-chromosomal and the break apart pointes 
are close together [17,18]. In addition, it is not sensitive for intron 
abnormalities, which can only be detected by IHC and NGS [19]. Still, 
Crizotinib has been registered in the US, with the FISH test as an 
approved companion diagnostic test. 

Recently, several IHC assays for the detection of ALK over 
expression were developed, including the rabbit monoclonal antibody 
D5F3 (Cell Signaling, Danvers, MA, USA) and the mouse monoclonal 
antibody 5A4 (Novocastra, Newcastle upon Tyne, UK). Both are 
novel and highly sensitive antibodies, which were shown to detect 
ALK-EML4 rearrangements with sensitivity and specificity of 100% 
and 96-99%, respectively, for D5F3, and sensitivity and specificity of 
87.5-100% and 96-98.6%, respectively, for 5A4 [20,21]. The antibodies 
bind the portion downstream the kinase domain, which was found 
to be preserved in all ALK fusions, and allows for the detection of 
all the variants [20]. The advantages of the IHC method are the low 
cost, shorter turnaround time, the ability to imply the antibodies on 
small biopsies, and availability. However, there is no clear cut off for 
positive reading of the results.

Several studies compared IHC to FISH [17,18,22]. In some 
studies FISH was considered the gold standard method, while in 
others reverse transcription polymerase chain reaction (RT-PCR) 
was considered the most reliable test (Table 1); some discrepancies 
were noted. Yatabe reviewed the studies comparing FISH with IHC, 
and found that in large scale studies, about 0.2-21% of NSCLC cases 
screened for ALK-EML4 show discordance between IHC and FISH 
results [22]. Ali, et al. [23] has published the results of NGS from 1,070 
lung carcinomas. Forty seven patients were diagnosed with ALK-
EML4  rearrangements (4.4%). Interestingly, 28 patients were also 
tested by FISH Break-Apart probe, and 9 out of 28(32%) appeared 
to be negative by FISH. Pekar-Zlotin, et al. [24] compared FISH and 
IHC (D5F3 antibody) in 51 lung adenocarcinoma patients, followed 
by NGS in cases of discordance. Using the NGS as a standard, the 
sensitivity of FISH and IHC was 42.9% and 100%, respectively, and 
the specificity of both was 97.7%. IHC showed a higher positive and 
negative predictive value than FISH. 

Those discrepancies in the different assays results have significant 
clinical implications- Ali, et al. [23] reported that five of the 
FISH (-)/NGS(+) tumors responded to Crizotinib. In light of the 

Figure 1: Panel A, shows ALK-EML4 rearrangement in a paraffin section 
from a patient with lung adenocarcinoma. Hybridization was performed using 
the VysisALK-EML4 Break Apart FISH probe (Vysis, Downers Grove, IL). 
The specimen displayed a typical pattern of 3’ALK signals (red) not fused 
with the 5’ALK signal (green), which was classified as positive for ALK-EML4 
gene rearrangement. Panel B, ALK immunohis tochemistry was performed 
using the rabbit monoclonal anti-ALK antibody clone D5F3 (Ventana Medical 
Systems, Tucson, Arizona). The tumor cells show strong membranous 
staining (3+) in the vast majority of tumor cells, and were classified positive 
for ALK-EML4 rearrangement (Courtesy of Dov Hershkovitz, Department of 
pathology, Rambam Health Care Campus).

[25] [26] [27] [28] [30] [24]

Patients 1070 312 200 46 87 51

ALK positive cases1 47 13 25 11 5 8

Sensitivity,% FISH 68 58 36 23 100 42.9

IHC 91.6 52 23 100 100

Table 1: Comparison between FISH and immunohistochemistry assays (using 
gene sequencing as a standard method).

ALK positive- tumors detected either by IHC or FISH
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responsiveness of  ALK-EML4  NGS+/FISH- tumors to Crizotinib, 
this study concluded that the use of FISH as the gold standard 
for ALK-EML4detection in NSCLC warrants re-investigation [23]. A 
case published by our group reported on a patient with an IHC(+) 
FISH(-) tumor harboring an intron 19 mutation in the ALK gene 
which demonstrated a complete response to ALK TKI-therapy [19]. 

Another method for detection of ALK-rearrangement is Reverse 
transcriptase polymerase chain reaction (RT-PCR) assay, which was 
recently validated in a cohort of 1100 patients. Among 255 tumors 
simultaneously analyzed by FISH and RT-PCR, the latter successfully 
detected all the 25 tumors with arrangements, including two cases 
that were missed by FISH [25].

The 2013 IASLC guidelines [15] indicated, that ALK-EML4 
FISH assay should be used for patient selection for ALK-EML4 TKIs 
therapy. The guidelines also mentioned that ALK IHC, if carefully 
validated, may be considered as a screening methodology to select 
specimens for ALK-EML4 FISH testing [15]. In 2015 it may sound 
reasonable to use validated IHC testing for ALK detection either as a 
complement to FISH, or as a single test. 

In the real life routine, ALK-EML4rearrangement assay is been 
tested in adenocarcinomas after getting a negative EGFR testing. 
However, the practice in several large institutions today is to test 
both, regardless of the results of the EGFR. As ALK IHC became more 
frequent, it seems that ALK IHC will be the first test to be carried out 
(along with other IHC staining, such as TTF1 etc.), and the EGFR 
molecular testing will follow. When considering additional methods 
for molecular profiling, such as NGS, or for a sufficient amount of 
sample, it is feasible to detect both EGFR and ALK at the same time.

Treatment for ALK-rearranged NSCLC
Crizotinib: Crizotinib (PF-2341066) is an oral, ATP-competitive 

small-molecule inhibitor of NPM-ALK, ROS-1 and MET, which 
potently inhibits ALK phosphorylation and signal transduction, 
resulting in G1-S phase cell cycle arrest and induction of apoptosis 
[30]. The drug was developed and evaluated for the treatment of 
anaplastic large-cell lymphoma, and demonstrated dose-dependent 
anti-tumor activity with IC50 of 4 and 24nmol/L for ALK and MET 
receptors TK, respectively. 

The first evidence to the activity of Crizotinib in NSCLC 
was demonstrated by Li [31] and McDermott [32] in H2228 and 
H3122 NSCLC cell lines and xenografts harboring ALK-EML4 re 

arrangement, although it was found less potent than NPV-TAE684, 
another ALK-EML4 small molecule inhibitor.

Phase I clinical studies: The first in-human study was an open 
label, dose-escalation study which included patients with advanced 
cancer, third of them harboring MET amplification/gene mutation 
or ALK-EML4 fusiongenes (PROFILE 1001;NCT00585195) (Table 
2) [33]. The starting dose was 50 mg once daily, and it was escalated 
up to 300 mg bi daily. The maximum tolerated dose (MTD) was 250 
mg twice a day (BID), the pharmacokinetic of the drug was found 
to be linear, and the median terminal half-life was 46 hours. Clinical 
response to Crizotinib was observed in 70% of the 10 patients with 
NSCLC harboring ALK rearrangement [34]. Later, the cohort 
was expanded to include 82 patients with ALK-EML4-rearranged 
NSCLC, 94% of patients enrolled have received previous anti-
neoplastic treatment [35]. In this cohort, the response rate was 57%, 
and the disease control rate at 8 weeks was 87%. The median time 
to response was 8 weeks, and at a median follow-up of 6.4 months, 
the estimated 6-month PFS was 72%. Grade 1 nausea and diarrhea 
were the most commonly reported side effects; grade 3-4 toxicities 
included elevation of liver enzymes (6%), lymphopenia, pneumonitis, 
hypophosphatemia and pulmonary embolism (1% each). Additional 
side effects were mild visual disturbances and elevated liver enzymes 
(including 5% grade 3) based on these results, Crizotinib has been 
approved in an accelerated program by the FDA on august 2011, 
and received regular approval on November 2013, 6 years from the 
identification of ALK-EML4-rearrangement [36]. Crizotinib was 
also examined in phase 1 study among patients harboring ROS-
1 rearrangement [37]. Among 50 patients with advanced NSCLC 
harboring ROS-1 rearrangement, the ORR was 72% and the PFS was 
19.2 months. 

Phase II clinical studies: PROFILE 1005 (NCT00932451)was a 
global, multicenter, open-label, single-arm phase II study evaluating 
safety and efficacy of Crizotinib (250 mg BID) in both Caucasian 
and Asian patients with advanced ALK-EML4-positive NSCLC 
who progressed after ≥1 chemotherapy [38]. 85% of patients had ≥2 
previous lines of chemotherapy. The overall response rate was 53%, 
disease control rate was 85%, and median PFS was 8.5 months. The 
toxicity profile was as previously reported; 6% of patients had severe 
adverse events, mainly dyspnea and pneumonitis.

Phase III clinical studies: PROFILE 1007 was a first phase III 
randomized controlled open-label study comparing Crizotinib with 

Agent Study Abbrevitation Trial phase Number of 
Patients

Response Rate 
(Drug vs. other arm)

Medial Progression Free Survival 
(months)

1st line ALK 
inhibitors Crizotinib PROFILE 1001 I 82 57%

PROFILE 1005[39] II 439 53% 8.5

PROFILE 101442 III 343 74% vs. 45% with 
chemotherapy 10.9 vs. 7 with chemotherapy

Ceritinib[55] ASCEND-1[55] I 34 62% 10.4

Alectinib ALEX
NCT02075840 III ongoing ongoing

2nd line ALK 
inhibitors Ceritinib ASCEND-1[55] I 83 69.5% 6.9

Alectinib [63] II 47 55%

Crizotinib PROFILE 100741 III 347 65% vs. 20% with 
chemotherapy 7.7 vs. 3 with chemotherapy

Table  2: ALK inhibitors in 1st and 2nd line of treatment.

http://cancerres.aacrjournals.org/search?author1=Ultan+McDermott&sortspec=date&submit=Submit
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either Docetaxel or Pemetrexed in the second-line setting in advanced 
NSCLC harboring ALK-EML4 rearrangement [39]. Among 347 
patients who were randomized, the median PFS was 7.7 months in the 
Crizotinib arm and 3.0 months in the chemotherapy group (hazard 
ratio 0.49; 95% confidence interval [CI], 0.37 to 0.64; P<0.001) (Table 
3). Treatment with Pemetrexed was superior to treatment with 
Docetaxel in this group of patients. The rate of crossover to Crizotinib 
was 64% in the chemotherapy group, and no significant overall 
survival benefit was observed. The safety profile was similar to earlier 
studies, and there were 4 treatment-related deaths in the Crizotinib 
group- 1 due to ventricular arrhythmia, 2 due to pneumonitis and 1 
due to hepatic failure. 

Crizotinib efficacy and safety was compared to Platinum/
Pemetrexed in the PROFILE 1014 trial [40]. This was a phase 
III, randomized, open-label study conducted in untreated 
NSCLC patients with advanced disease harboring an ALK-EML4 
rearrangement (Figure 2). The primary end point was PFS, and 
crossover to the other treatment arm was allowed [41]. 343 patients 
were enrolled. PFS comprised 10.9 months and 7 months for patients 
treated with Crizotinib and chemotherapy, respectively (HR: 0.454; 
95% CI: 0.346−0.596; P<0.0001). The overall response rate was higher 
with Crizotinib (74% vs. 45%; P<0.0001), and no overall survival 
advantage was demonstrated. 

Following the publication of the above mentioned study results 
Crizotinib(Xalkori) has received approval in more than 60 countries, 
including US, EU, Canada, China, Korea, Japan and Australia [36].

Acquired resistance to Crizotinib 
Following initial response to Crizotinib disease eventually 

progresses; it typically occurs within the first 8-10 months of 
treatment. Data regarding continuing treatment with Crizotinib 
following progression of disease according to RECIST is scarce, 
although a retrospective trial found prolonged overall survival among 
patients who continued Crizotinib beyond documented disease 

progression, while there was continuing clinical benefit [42]. 

 There are two main mechanisms of acquired resistance to be 
distinguished: molecular and pharmacokinetic. The latter develops 
due to the pharmacokinetic limitation of the drug to cross the blood-
brain barrier (see section Brain metastases in ALK-EML4-positive 
NSCLC). The molecular resistance is derived by several mechanisms, 
as summarized in Table 4.

1. Secondary mutations in the inhibited kinase domain. These 
are detected in up to one third of tumors. Secondary mutations 
occurring in the ALK gene can be both gatekeeper mutations (e.g. 
L1196M [43,44], the most common resistance mutation), or non-
gate-keeper mutations (e.g. L1152R, C1156Y, 1151Tins, G1202R, 
S1206Y, F1174L, and G1269A). Secondary mutations can occur in 
multiple sites [45]. Additionally, ALK amplification may serve one of 
the acquired resistance mechanisms. However, cells harboring these 
secondary alterations are still addicted to ALK signaling, suggesting 
that a more potent ALK-inhibitor would be able to overcome, or even 
prevent the occurrence of this mechanism of resistance [43,46,47].

2. Activation of alternative signaling pathways [43].

a) EGFR pathway activation (by amplification of EGFR and 

Agent MTD Additional targets Mechanism of resistance IC50 
(nM) Side effects

Crizotinib (PF-
02341066, Xalkori, 

Pfizer) [16-20]

250 mg twice 
daily

C-MET
ROS1

Mutations in L1196M (Gatekeeper), 
L1152R, C1156Y, 1151Tins, G1202R, 

S1206Y, and G1269A, F1174L
ALK/EGFR/KIT amplification, KRAS 

mutation

24
Visual disturbance, nausea, diarrhea, elevated 

liver enzymes, lymphopenia, pneumonitis, 
hypophosphatemia, pulmonary embolism

Ceritinib (LDK378, 
Zykadia, Novartis) 

[26-28,74]

750 mg once 
daily

IGF-1R
STK22D

PLT3
Alectinib resistant 

mutation I1171T/N/S 

0.2 diarrhea, vomiting, nausea, dehydration, elevated 
liver enzymes, hypophosphatemia

Alectinib (CH5424802, 
Roche) [34-37]

600 mg twice 
daily

RET
Crizotinib resistant 
mutation L1196M

I1171T/N/S mutations 1-3.5
Headache, neutropenia, fatigue, myalgia, 

peripheral edema, liverenzyme abnormality, 
hypophosphatemia.

Brigatinib-
AP26113

90/180 mg 
once daily

ROS1
EGFR

STK22D
PLT3 0.62

Nausea, diarrhea, fatigue, dyspnea, increased 
lipase, hypoxia, elevated liver enzymes and 

amylase. pneumonia,pyrexia, pulmonary embolism

X-396 [68] 250 mg once 
daily 0.15-1 Rash, fatigue, nausea, vomiting, edema

Lorlatinib-
PF-06463922 100 mg

ROS1
Crizotinib resistant 
mutation L1196M

LTK (TYK1)

<0.07 nM Hypercholesterolemia, peripheral edema

Table 3: Characteristics of different ALK inhibitors.

Figure 2: The  coronal CT-scan images of an ALK-EML4-positive NSCLC 
patient treated with Crizotinib. Baseline (A) and following 30 days of treatment 
(B). (Courtesy of Rambam Health Care Campus records).
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its ligands - EGF and amphiregulin) [43,46] is detected in up to 
44% of patients. In vitro experiments demonstrated that this type of 
resistance was potentially reversible with EGFR TKIs [46,48].

b) KIT gene amplification is detected in up to 15% of 
Crizotinib-resistant tumors [48].

c) K-RAS path way activation may also play a role in 
development of acquired resistance to Crizotinib [43]. 

Repeated biopsy following progression on Crizotinib has no 
clinical implication yet, but hopefully will aid in choosing the 
treatment strategy in the near future.

1. Discovery of the mechanisms responsible for the 
development of acquired resistance to Crizotinib prompted adoption 
of several approaches in order to overcome it. These are as follows: 
Alternative dosing/schedule (see section on brain metastases).

2. Use of next-generation agents: several agents or 
combination therapies have been proposed to overcome Crizotinib 
resistance, mainly second-generation ALK-EML4 TKIs and Heat 
Shock Protein-90 (HSP90) inhibitors (Table 2,3 and 4). 

Continuing treatment with Crizotinib beyond disease progression 
is controversial. Discontinuation of Crizotinib upon roentgenological 
progression can induce a “flare” of Crizotinib-sensitive clones [49]. 
One retrospective trial found a prolonged overall survival among 

patients who continued Crizotinib beyond documented disease 
progression [43], but the data is scarce and do not allow to draw firm 
conclusions.

Second-generation of ALK inhibitors 
Ceritinib (LDK378): Ceritinib (LDK378, Novartis 

Pharmaceuticals) is an oral, ATP-competitive, tyrosine kinase 
inhibitor of ALK-EML4 [50], which was found to be 20 times more 
potent than Crizotinib in enzymatic assays. Ceritinib does not 
inhibit MET, but inhibits insulin-like growth factor-1 (IGF-1) [51], 
andROS-1 [52]. An ongoing phase II trial in currently studying 
Ceritinib in patients with NSCL Charboring ROS-1 rearrangement 
(NCT01964157) (Table 2). In xenograft models of ALK-EML4K-
rearranged NSCLC, Ceritinib showed antitumor activity against 
both Crizotinib-sensitive and Crizotinib-resistant tumors [50,51]. 
Ceritinib might also be active in tumors harboring aI117IT mutation 
which is known to be Alectinib resistant [53] (Table 4). 

ASCEND-1l [54] is a phase I trial which tested Ceritinib in 
patients with advanced cancers harboring genetic alterations in ALK. 
The entire cohort included 130 patients, 68% were previously treated 
by Crizotinib. The MTD was determined to be 750 mg daily. Dose-
limiting side effects observed with the compound were diarrhea, 
vomiting, nausea, dehydration, elevated alanine aminotransferase 
level, and hypophosphatemia. There were 4 cases of pneumonitis, 
and 62% required at least one dose reduction. The pharmacokinetic of 

Agent Target Trial phase NCT identifier Status Sponsor Treatment line

Crizotinib ALK III NCT02201992 Recruiting Eastern Cooperative 
Oncology Group Adjuvant stage Ib-IIIa

Crizotinib+Pembrolizumab ALK+PD-1 Ib NCT02511184 Recruiting Pfizer 1st

Ceritinib+Evarolimus ALK+MTOR Ib NCT02321501 recruiting M.D. Anderson Cancer 
Center 2nd +

Ceritinib+LEE011 ALK+CDK4/6 Ib/II NCT02292550 recruiting Novartis Pharmaceuticals 1st/2nd

Ceritinib+Nivolumab ALK+PD-1 III NCT02393625 recruiting Novartis Pharmaceuticals 2nd +

Alectinib+Bevacizumab ALK+VEGF I/II NCT02521051 recruiting Massachusetts General 
Hospital 1+

AUY922 HSP90-Ia Ib NCT01772797 Recruiting Novartis Pharmaceuticals

II NCT01752400 Recruiting Massachusetts General 
Hospital 1st

II NCT01124864 Active, not 
recruiting Novartis Pharmaceuticals 3rd+

TSR-011 ALK/TRK TKIb I/IIa NCT02048488 Recruiting Tesaro, Inc.

Ganetespib HSP90-Ia II NCT01562015 Active, not 
recruiting Synta Pharmaceuticals Corp. Up to 3rd

I/II NCT01579994 Recruiting Pfizer/Astex +/- Crizotinib

PF-6463922 ALK/ROS1 TKI I/II NCT01970865 Recruiting Pfizer 1st/2nd

Brigatinib ALK/EGFR TKI I/II NCT01449461 Recruiting Ariad Pharmaceuticals 1st/2nd

II NCT02094573 Recruiting Ariad Pharmaceuticals Post Crizotinib

III NCT02737501 Recruiting Ariad Pharmaceuticals Brigatinib vs. Crizotinib 1st 
lime

AT13387 HSP90-Ia I/II NCT01712217 Recruiting Astex Pharmaceuticals +/- Crizotinib

RXDX-101 ALK/ROS/TRK TKIb I NCT02097810 Recruiting Ignyta Operating, Inc.

ASP3026 ALK/ROS  TKI I NCT01284192 Active, not 
recruiting Astellas Pharma Inc Post Crizotinib

X-396 ALK TKI I NCT01625234 Recruiting Xcovery Holding Company, 
LLC

Post Crizotinib/Crizotinib 
naïve

III NCT02767804 Recruiting X-396 vs. Crizotinib

Table 4: Ongoing trials for ALK-rearranged NSCLC.

aHeat-shock protein inhibitorbTRK- tropomyosin-related kinases.
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the drug was linear, with mean terminal half-life of 40 hours. Among 
114 patients with NSCLC treated with at least 400 mg daily, the 
overall response rate was 58% and 56% among Crizotinib-naïve and 
Crizotinib pre-treated patients, respectively. The median duration of 
response was 8.2 months. In the subgroup of patients who previously 
received ALK-inhibitor therapy, median PFS was 6.9 months [54]. An 
updated analysis of the trial was recently reported; among 246 patients 
treated with Ceritinib, duration of response was 9.7 months. Based 
on this data, on April 2014, the FDA granted accelerated approval 
to Ceritinib for the treatment of ALK-positive, metastatic NSCLC 
with disease progression on Crizotinib (Table 4). The ASCEND-2 is 
a phase-2 clinical trial evaluating the safety and efficacy of Ceritinib 
among ALK-rearranged NSCLC patients, pre-treated with Crizotinib 
[55]. All 140 patients had at least two lines of systemic treatment, 
including Crizotinib. The response rate was 38.6%, and the disease 
control rate was 77.1%, with PFS of 5.7 months. The main side effects 
included gastrointestinal toxicity, with 81% nausea, 80% diarrhea 
and 62.9% vomiting, mostly grade 1-2. Ongoing clinical trials are 
exploring the role of Ceritinib in treatment of CNS metastases 
(NCT02336451), the food effect on the dosage (NCT02299505) and 
the combination of Ceritinib with other targeted agents (Table 2). 

Alectinib: Alectinib (CH5424802) is a novel potent selective oral 
ALK inhibitor. It is active against ALK-EML4- rearrangement, ALK 
L1196M [56], and also shows activity against mutation in RET gene 
[57]. Resistance mechanisms to Alectinib were recently discovered, 
these include secondary ALK mutations V1180L and I117IT [58] and 
in vitro bypass signaling (such as EGFR and cMET [59]). Amulti-

center, single-arm, open-label, phase I and II studies evaluated 
Alectinib in Crizotinib-naive ALK-rearranged NSCLC. In the dose 
escalation phase of the trial, doses of 20–300 mg twice daily were 
administered, and MTD has not been reached [60]. In the phase II 
portion of the study, the response rate was 93.5%. The interim analysis 
of this study demonstrated 73% response rate for the 15 evaluable 
patients [61]. Adverse events observed were liver function test 
abnormalities, neutropenia, rash, nausea and myalgia; none of those 
caused dose reduction. A second phase I trial evaluated Alectinib in 
Crizotinib-resistant ALK-rearranged NSCLC. Forty-seven patients 
were treated with doses up to 900  mg twice daily. DLTs were 
observed in 2 patients (headache and neutropenia), while common 
adverse events were fatigue, myalgia and peripheral edema, and t 
common grade 3/4 toxicities were GGT increase, neutropenia and 
hypophosphatemia. ORR was 55%; complete response (CR), partial 
response (PR), and stable disease (SD) were achieved in 2%, 52%, and 
36% of patients, respectively [62]. In this trial, 21 patients had CNS 
metastases at baseline; 52% of patients had an objective response with 
Alectinib, and 29% of patients achieved a complete response in the 
brain. Based on this data, the drug received Breakthrough Therapy 
Designation by the FDA and has been recently approved in Japan 
for the treatment of ALK-positive, advanced NSCLC patients. The 
global phase II of Alectinib in Crizotinib-refractory patients included 
138 patients, and demonstrated overall response rate of 50%, and 
median duration of response of 11.2 months with Alectinib [63]. The 
median PFS was 8.9 months, and the safety profile was favorable, 
with side effects of constipation (33%), fatigue (26%), peripheral 
edema (25%) and myalgia (23%), mostly grade 1-2. The first phase 
III trial in first line evaluated Alectinib versus Crizotinib in Japan, 
and primary results demonstrated superiority of Alectinib in PFS 
with HR=0.34 (99.6826% CI: 0.17-0.70, stratified log-rank p<0.0001), 
and better tolerability profile, with grade 3-4 adverse events 27% with 
Alectinib versus 51% in the Crizotinib arm [64]. Another ongoing 
phase II study is evaluating the addition of Erlotinib to Alectinib in 
patients with disease progression following treatment with Crizotinib 
(NCT01801111). Phase III study comparing Alectinib vs. Crizotinib 
in the 1st-line setting is currently recruiting patients (ALEX trial- 
NCT02075840) (Tables 2 and 3). 

AP26113 (Brigatinib): AP26113 (Brigatinib, ARIAD 
Pharmaceuticals) is an oral reversible TKI, active against ALK-
rearrangement and ALK mutations L1196M. It is also active against 
mutant EGFR, including T790M-resistance mutation and ROS-1 
[65]. In pre-clinical trials using ALK-rearranged cell line Ba/F3, 
AP26113potently inhibited both Crizotinib-native and -Crizotinib-
resistant ALK mutants, and inhibited ROS-1 fusions [65]. In phase 
I trial with AP26113, the maximal tolerated dose was 300 mg, and 
the dose for phase II was set at 90 and 180 mg daily. The common 
side effects were nausea, fatigue and diarrhea. Two dose limiting 
toxicities were observed–elevation in transaminases and pneumonitis 
[66]. In the single arm phase I/II trial testing AP26113, 137 patients 
were enrolled. Among 72 patients previously treated with an ALK 
inhibitor, ORR was 72% and median duration of response was 49 
weeks [67]. The median PFS was 56 weeks. Among 12 patients with 
measurable brain metastases, 6 responded, and 8/26 patients had 
CNS complete responses. Pulmonary side effects were noted in 10% 
of patients, starting as early as 7 days from the treatment onset. These 

Figure 3: Dynamics of brain metas tases on Crizotinib and Ceritinib therapy. 
Axial T2-FLAIR magnetic resonance imaging sequences in a patient with ALK-
rearranged NSCLC and brain metastases (arrows): baseline (A); stabilization 
of lesions 3 months after initiation of standard-dose Crizotinib (B); minimal 
enlargement of lesions 6 months after initiation of standard-dose Crizotinib 
(C); enlargement of the known right-hemispheric lesions and appearance of 
a new left-hemispheric lesion 4 months after initiation of pulse-dose Crizotinib 
- (D) following a 2 month-period of disease stabilization (not shown); size 
reduction of all the brain lesions 1.5 months after initiation of Ceritinib (E); 
complete resolution of two of the four brain lesions 3.5 months after initiation 
of Ceritinib (F).
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were dose-dependent, and therefore, enrollment continued at the 
lower dose level of 90 mg daily [68]. Based on the results listed above, 
AP26113 has received Breakthrough Therapy designation by the FDA 
for the treatment of patients with ALK-positive metastatic NSCLC 
who are resistant to Crizotinib.

X-396: X-396 (Xcovery) is aminopyridine-based kinase inhibitor. 
In vitro dose-response profiling suggested that X-396 is approximately 
10-fold more potent against ALK rearrangement, but less specific for 
MET as compared to Crizotinib. In cell-based assays, X-396 was 3-10 
times more potent than Crizotinib, and demonstrated the ability 
to overcome the ALK acquired resistance mutations- L1196M and 
C1156Y [68]. In an ongoing phase I trial, X-396 demonstrated activity 
in both treatment-naïve and pre-treated ALK-rearranged NSCLC 
patients. Among 6 ALK-rearranged NSCLC patients enrolled, PR 
was observed in 83%, and SD was seen in another 17% of patients; 
median duration of treatment was 20 weeks [69]. Doses of up to 250 
mg once daily were well tolerated, frequent adverse events were rash, 
fatigue, nausea, vomiting, and edema, the majority of adverse events 
were grade 1-2 [69] (Tables 2 and 4). 

TSR-011: TSR-011 (Tesaro) is an orally available inhibitor 
of both ALK and the tropomyosin-related kinases (TRK) TRKA, 
TRKB, and TRKC. In a phase I/II dose escalation clinical trial testing 
the compound5, 3/5 Crizotinib-resistant ALK-rearranged NSCLC 
patients achieved PR. The dose was set at 60 mg daily, and adverse 
events included dysesthesia and QTc interval prolongation [70] 
(Tables 2 and 4). 

Lorlatinib (PF-06463922): Lorlatinib (PF-06463922Pfizer), is a 
novel small-molecule ROS-1/ALK inhibitor that was optimized for 
robust brain penetration [71]. PF-06463922 demonstrated significant 
cell activity against native and mutant ALK with IC50 ranging from 
0.2 -77 nM. Additionally, PF-06463922 is a highly selective ROS-
1 inhibitor with exquisite potency against ROS-1 kinase, but no 
substantial activity against MET [72]. Clinical phase I/II trial testing 
PF-06463922 in ALK- and ROS1-mutated NSCLC is currently 
ongoing (NCT01970865) (Table 2), and the phase I part of this trial 
reported ORR of 50%, and intra-cranial ORR of 60%, with 25% of 
CR among 54 pre-treated ALK-rearrange patients [73]. The most 
common adverse events noted were hypercholesterolemia (54%) and 
peripheral edema (37%).

Entrectinib (RXDX-101): Entrectinib (RXDX-101, Ignyta), 
formerly known as NMS-E628, is an orally available small-molecule 
inhibitor of TRKA, TRKB, TRKC, ROS-1 and ALK. It is currently 
being evaluated in phase I/II clinical studies (Table 2). In pre-clinical 
models, Entrectinib potently inhibits the growth of ALK-driven 
tumors, and demonstrates an ability to effectively penetrate the 
blood-brain-barrier [74]. In a phase I dose escalation trial, among 
19 patients with various tumors, 2 patients with NSCLC (1 ALK-
rearranged, 1 ROS-1 mutated) achieved PR, no dose limiting toxicity 
was observed [75]. On February 2015, the FDA has granted Orphan 
Drug designation to Entrectinib for the treatment of TRKA-positive, 
TRKB-positive, TRKC-positive, ROS-1-positive and ALK-positive 
NSCLC (Table 2). 

Brain metastases in ALK-positive NSCLC
Approximately 25% of ALK-rearranged patients with newly 

diagnosed advanced NSCLC have CNS metastases [41]. Additionally, 

CNS is the most frequent site of treatment failure in Crizotinib-
treated ALK-rearranged NSCLC patients. In fact, the pooled analysis 
of PROFILE 1005 and PROFILE 1007 data demonstrated that further 
CNS progression during Crizotinib occurs in more than 70% of patients 
diagnosed with brain metastasis before enrollment, whereas another 
20% of patients developed brain metastasis while on treatment [76]. 
Frequently, CNS also comprises the only site of disease progression 
[77]. Being a P-glycoprotein-substrate, Crizotinib is a subject for 
the active drug-efflux in the endothelial cells forming the BBB. As a 
result, the drug has an extremely low cerebro-spinal fluid (CSF)-to-
plasma ratio of only 0.0026 [78]. This pharmacokinetic phenomenon 
is thought to represent the main mechanism responsible for the 
impaired control of the disease in the CNS. However, Crizotinib 
activity in the brain is not negligible. In fact, durable (more than 6 
months) intracranial response and disease stabilization was reported 
with Crizotinib in 18% and 56% of radiation-naive ALK-rearranged 
NSCLC patients, respectively [76]. The intra-cranial disease control 
rate in the brain was found to be significantly higher with Crizotinib 
compare with chemotherapy (85% v 45%, at 12 weeks; P<.001, and 
56% v 25% at 24 weeks; P =.006) at the phase III PROFILE 1014 [79], 
and the time to intra-cranial tumor progression was higher in the 
Crizotinib group for both patient with and without brain metastases, 
although not statistically significant. High inter-patient variability in 
terms of drug metabolism and CNS drug penetration may exist, but 
has never been assessed appropriately.

Brain irradiation is administered to the vast majority of patients 
whose disease progresses in the brain which frequently results in 
long-term cognitive decline [80]. Systemic strategies lacking long-
term morbidity might be an effective alternative, and these are rapidly 
evolving [62,69, 81-86]. 

The second generation ALK inhibitors, Ceritinib and Alectinib, 
demonstrated CNS activity. The ASCEND-1 trial included 124 
patients with ALK-rearranged NSCLC and brain metastasis treated 
with Ceritinib. Ten out of 29 patients with measurable disease 
in the CNS demonstrated a partial response, and additional 5/45 
patients with non-measurable brain metastases demonstrated a CR 
to Ceritinib, with median intracranial PFS of 8.3 months [84]. The 
ASCEND-2 trial reported results of 20 patients with active target 
brain lesion, with intra-cranial response rate of 45%.

Alectinib demonstrated activity in CNS on earlier trials, 
and on phase II trial on Crizotinib-refractory patients, Alectinib 
demonstrated overall CNS response rate of 57%, with CNS disease 
control rate of 83% [63]. Among 23 patients with untreated CNS 
metastases, 10 patients (43%) achieved CNS complete response. 

This compound was also effective in 4 ALK-rearranged NSCLC 
patients presented with leptomeningeal spread whose disease 
progressed on Crizotinib and Ceritinib [86]. Alectinib represents 
the only compound which has the firm pharmaco-kinetic (p/k) data 
reported. In fact, the extrapolated Alectinib trough concentration 
(Ctrough) in the CSF of 2.69 nM, was similar to the unbound 
systemic Ctrough of 3.12 nM, and exceeded the in vitro IC50 (1.9 
mM) for ALK inhibition in cell‐free assays, therefore, confirming 
the good CNS penetration of the compound [62]. CNS responses in 
different treatment settings were also reported with other novel ALK- 
inhibitors, but the data is sparse and inconsistent [69,81]. 

http://cts.businesswire.com/ct/CT?id=smartlink&url=http%3A%2F%2Fwww.ariad.com%2FAP26113&esheet=50954298&newsitemid=20141002005429&lan=en-US&anchor=AP26113&index=2&md5=8a4b162f96684f19dad05003a2d47d44
http://www.pfizer.com/system/files/presentation/AACR IR Deck_FINAL.pdf
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Another evolving treatment approach for treating brain 
metastasis in ALK-rearranged NSCLC is intermittent high-dose 
Crizotinib administration which has the potential to overcome 
pharmacokinetic resistance by achieving higher peak (Cmax) drug 
concentrations in the CSF. This strategy was associated with good 
CNS control in epidermal growth factor receptor (EGFR)-mutated 
NSCLC patients who failed standard-dose EGFR-TKIs [87] (Figure 
3), and might be also beneficial in treating ALK-rearranged NSCLC 
patients with CNS metastases [82,83]. Moreover, in patients with 
controlled systemic disease and CNS progression alone, this strategy 
can defer brain radiotherapy and the delay the use of second-line 
ALK inhibitors [87]. 

Overall, the data suggests that although Crizotinib administered 
at a standard dose has only limited efficacy in treating brain metastasis, 
the use of novel ALK-inhibitors or Crizotinib p/k manipulation is 
a promising treatment strategy in ALK-rearranged NSCLC with 
CNS involvement. It may defer brain radiotherapy administration, 
therefore, avoiding long-term cognitive decline. The major caveat 
of the existing data is the absence of a thorough p/k assessment for 
the majority of the compounds tested. Another major limitation is 
the fact that the majority of patients in the above reported clinical 
trials have received brain radiotherapy prior to study enrollment. 
This, along with the lack of details regarding the nature and timing 
of brain irradiation, limits the data interpretation, since the effect 
of brain radiotherapy (either direct, or indirect, through increase 
of the BBB penetration for the drug) cannot be separated from the 
effect of the compound tested. Therefore, prospective assessment 
of these novel agents with thorough p/k assessment while avoiding 
the contamination of the study population by enrollment of brain-
radiotherapy-pretreated patients is highly anticipated.

In summary, ALK-rearranged NSCLC represents a distinct 
molecularly defined subtype which is characterized by the 
marked sensitivity to ALK-TKIs. The molecular diagnosis of ALK 
rearrangement is done by the FDA-approved FISH break-apart 
assay, although using immunohistochemistry assay for that purpose 
is becoming widely accepted. Crizotinib, the only ALK-TKI which 
is approved by the FDA for the 1st-line use in this tumor subtype, 
achieves excellent systemic controls. Resistance to Crizotinib, an 
inevitable event, and poor brain penetrance, required the development 
of second generation ALK inhibitors- Ceritinib and Alectinib, and 
the third generation ALK inhibitors are currently tested in clinical 
trials, granting hope for this small subset of NSCLC patients. 
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