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Abstract: Targeting genomic alterations, such as epidermal growth factor receptor (EGFR) mutations 
and anaplastic lymphoma kinase (ALK) gene rearrangements, have radically changed the treatment of 
patients with non-small cell lung cancer (NSCLC). In the case of ALK-rearranged gene, subsequent rapid 
development of effective genotype-directed therapies with ALK tyrosine kinase inhibitors (TKIs) triggered 
major advances in the personalized molecularly based approach of NSCLC. Crizotinib was the first-in-class 
ALK TKI with proven superiority over standard platinum-based chemotherapy for the 1st-line therapy of 
ALK-rearranged NSCLC patients. However, the acquired resistance to crizotinib and its diminished efficacy 
to the central nervous system (CNS) relapse led to the development of several novel ALK inhibitors, more 
potent and with different selectivity compared to crizotinib. To date, four ALK TKIs, crizotinib, ceritinib, 
alectinib and brigatinib have received approval from the Food and Drug Administration (FDA) and/or 
the European Medicines Agency (EMA) and even more agents are currently under investigation for the 
treatment of ALK-rearranged NSCLC. However, the optimal frontline approach and the exact sequence of 
ALK inhibitors are still under consideration. Recently announced results of phase III trials recognized higher 
efficacy of alectinib compared to crizotinib in first-line setting, even in patients with CNS involvement. In 
this review, we will discuss the current knowledge regarding the biology of the ALK-positive NSCLC, the 
available therapeutic inhibitors and we will focus on the raised issues from their use in clinical practise.
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Background

The identification of rearrangements in the anaplastic 
lymphoma kinase (ALK) gene in patients with non-small 
cell lung cancer (NSCLC) and the rapid development of 
effective ALK-directed tyrosine kinase inhibitors (TKI) 
represent a modern example of personalized treatment for 
advanced lung cancer (1,2). The initial enthusiasm coming 
from the favorable outcomes of crizotinib, the first oral 
ALK TKI approved for the treatment of ALK-positive 

NSCLC, was slow down, since almost all treated patients 
unavoidably developed resistance within approximately  
12 months and experienced disease progression, mainly 
in the brain or in other parenchymal sites (3). Second 
generation ALK TKIs, including Ceritinib (LDK378), 
Alectinib (CH5424802/RO5424802) and Brigatinib 
(AP26113) were developed in order to overcome the 
acquired resistance to therapy and to improve efficacy 
in crizotinib-pretreated ALK-positive patients, even 
in those with metastases to central nervous system 
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(CNS) (4,5). Up to date, crizotinib, ceritinib, alectinib 
and brigatinib have received approval from the Food 
and Drug Administration (FDA) and/or the European 
Medicines Agency (EMA) for the treatment of ALK-
rearranged NSCLC. In addition, ongoing clinical 
trials demonstrated that 3rd-generation ALK TKIs, 
including Lorlat inib (PF-06463922),  Entrectinib 
(RxDx-101) and Ensartinib (X-398) provided promising 
preliminary data in terms of both clinical activity and  
safety (6). 

In this review, we will further focus on the fundamental 
role of ALK gene rearrangements in NSCLC, the different 
biology of this molecular subtype of lung cancer, the 
optimal methodology for the diagnosis of ALK positivity, 
and we will follow the entire path from the pre-clinical data 
to the established phase III clinical trials of all available 
ALK-directed therapeutic options, beginning from 
crizotinib up to current investigational ALK-inhibitors. At 
the end, we will discuss all the raised issues from their use 
in clinical practice as well as our considerations about the 
optimal frontline approach and the exact sequence of ALK 
inhibitors in the treatment of ALK (+) NSCLC.

Discovering the underlying biology of ALK-
rearranged NSCLC

The ALK gene, located on chromosome 2p23, encodes 
a protein belonging to the family of the insulin-receptor 
tyrosine kinases that activates multiple downstream 
pathways (6-8). ALK gene was initially described in 1994 as 
it was involved in a translocation with the gene encoding 
for nucleophosmin between chromosome 2 and 5 [t(2;5)
(p23;q35)] in anaplastic large cell lymphoma (9). The 
native form of ALK protein (1,620 amino-acids) consists 
of an extracellular domain with the two ligands, a single-
chain transmembrane segment and an intracellular domain 
(1,10,11). The ALK protein is apparently inactive and is 
not expressed in the normal lung tissue (12). Only during 
embryogenesis as demonstrated in mice models, ALK is 
highly expressed in the brain and peripheral nervous system 
(13,14). Various breakpoints in the context of ALK gene 
causes the formation of different variants which are merged 
with a fusion partner such as kinesin family member-
5B (K1F5B), kinesin light chain-1 (KLC1), transforming 
growth factor (TGF), Translocated Promoter Region 
(TPR), huntingtin interacting protein-1 (HIP1), striatin 
(STRN), dynactin subunit-1 (DCTN1), sequestosome-1 
(SQSTM1) and baculoviral IAP repeat containing-6 

(BIRC6), resulting in the aberrant expression of ALK-
translocated compound (15,16). The most frequent ALK 
translocation usually involves the gene of echinoderm 
microtubule-associated protein-like 4 (EML-4) and was 
firstly identified in 2007 in a 62-year-old male patient with 
lung adenocarcinoma (17). After dimerization, EML4-
ALK transcript constitutively drives the activation of 
mitogen-activated protein kinase (MAPK), Janus kinase 
with signal transducer and activator of transcription (JAK-
STAT) and phosphoinositide-3-kinase with Akt murine 
thymoma viral oncogene homolog (PI3K-AKT), leading 
to an increase in proliferation and survival and boosting 
the angiogenetic switch in cancer cells (7,18). Oncogenic 
activation of ALK pathway has been also identified in 
other malignancies including neuroblastoma, inflammatory 
myofibroblastic tumours, diffuse large B-cell lymphoma, 
breast cancer, oesophageal squamous cell carcinoma, and 
colorectal cancer (via fusions with other gene partners) 
(17-21). In NSCLC, rearrangements of ALK gene were 
recognized in approximately 3–7% of patients with higher 
rates observed in a clinically enriched population (younger, 
never or light smokers) of adenocarcinoma patients  
(22-24). Regardless the personal characteristics such 
as gender, race and smoking status, testing for the 
identification of rearranged ALK is recommended 
in all patients with lung adenocarcinoma (or where 
adenocarcinoma cannot be excluded).

Diagnosis of ALK (+) NSCLC: methods for 
detecting EML4-ALK rearrangements

The rarity of ALK genetic alternations in contrast to the 
high incidence of NSCLC, predispose for an optimal, 
accurate, cost-effective, fixed-time testing that fits with the 
other established diagnostics for identification of epidermal 
growth factor receptor (EGFR) mutations. However, 
several different methods including fluorescence in situ 
hybridization (FISH), immunohistochemistry (IHC), and 
reverse transcription-polymerase chain reaction (RT-PCR) 
have been developed in order to detect ALK-rearranged 
NSCLC, each one with advantages and disadvantages 
(25,26). The Vysis Dual color break-apart FISH (Abbott 
Molecular, Des Plaines, IL, USA) is FDA approved for the 
diagnosis of patients with ALK-positive NSCLC. Among 
them, it is quite difficult to recognize a comprehensive 
methodology as these tests are complimentary but 
not mutually exclusive and their use depends on local 
availability, expertise and resources.
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Crizotinib

Crizotinib is the first oral ALK TKI approved by the FDA for 
the treatment of ALK-rearranged NSCLC in August 2011, 
just 4 years after the first identification of ALK-rearranged 
NSCLC. Crizotinib exhibits an additional inhibitory activity 
against other kinases including c-MET or Hepatocyte Growth 
Factor Receptor (HGFR) protein-tyrosine kinase (27), as well 
as ROS1 kinase that shares 77% of amino-acid sequences of 
ATP-binding sites with the ALK (28). Working as an ATP-
competitive molecule, crizotinib inhibits sustainably ROS1 
kinase function, providing an overall response rate (ORR) of 
72% in patients with NSCLC harboring the translocation 
of ROS1 (29). This ROS1 inhibition induced by crizotinib 
supports its FDA approval also for ROS1-rearranged 
NSCLC on 2016 and the further clinical applications of the 
drug in other ROS1-positive tumors. Table 1 summarizes 
the molecular targets and the main outcomes and toxicities 
of Phase I, II and III clinical trials of crizotinib. The initial 
phase I PROFILE 1001 trial exploring the pharmacokinetic 
profile of crizotinib in patients with ALK-positive NSCLC 
identified a dose of 250 mg twice daily (BID) as the 
recommended dose for phase II studies (4). At that dose, the 
ORR was 61%, with the median progression-free survival 
(PFS) of 9.7 months (4). The PROFILE 1005 trial reported 
in the last ESMO 2017 was the largest study to date for 
any ALK inhibitor in ALK-positive advanced NSCLC and 
provides further data from over 1,000 patients supporting 
the clinical efficacy and safety profile of crizotinib in 
patients with previously treated ALK-positive NSCLC. 
The PROFILE 1005 results confirmed an ORR of 60% and 
a median PFS of 8.1 months with a good tolerability. The 
preliminary results of PROFILE 1001 and 1005 trials led 
to the fast track approval of crizotinib for second or further 
treatment lines of ALK-rearranged NSCLC patients, 
supporting the development of phase III trials. The 
PROFILE 1007 trial was the first phase III trial comparing 
crizotinib to standard second-line chemotherapy (docetaxel 
or pemetrexed), in patients with advanced ALK-rearranged 
NSCLC, progressing after a 1st-line platinum-based 
chemotherapy (30). Randomizing 347 patients, this study 
showed a significantly longer median PFS (7.7 vs. 3 months, 
P<0.001) and a significantly higher ORR (65% versus 
20%; P<0.001) for crizotinib compared to chemotherapy. 
Due to the high crossover rate, no difference in OS was 
reported between the two treatment arms, with a median 
OS of 20.3 versus 22.8 months (30). In the subgroup 
analysis of PROFILE 1007, crizotinib-treated patients with 

brain metastases did not retain any significant PFS benefit 
compared to chemotherapy, suggesting a low penetration 
of the TKI via the brain-blood barrier (30). Next, the 
PROFILE 1014, a phase III, open-label, randomized study, 
evaluated crizotinib in 1st line setting, versus platinum-
based doublet in patients with advanced ALK-positive non-
squamous NSCLC who had not received prior systematic 
therapy (31). Crizotinib provided a significantly prolonged 
PFS (10.9 vs. 7.4 months, P<0.0001), and ORR (74% vs. 
45%, P<0.001). Similarly to PROFILE 1007, the analysis 
of OS was affected by the high crossover rate (70% of 
patients in chemotherapy arm) and median OS was not 
reached in either group (31). In the PROFILE 1007 and 
the PROFILE 1014 56% and 70%, respectively continued 
crizotinib beyond progression (30,31). A retrospective 
approach of the two single arms of these trials showed 
that patients achieving a clinical benefit from crizotinib 
maintain their good performance status and survive longer 
if they continued the drug instead of stopping it at RECIST 
disease progression (16.4 vs. 3.9 months; P<0.0001) (32).

Ceritinib (LDK378)

Ceritinib is a 2nd-generation, ATP competitive, highly 
selective ALK inhibitor (20 times more potent than 
crizotinib) and a potent inhibitor of IGFR-1 but not 
efficient inhibitor of c-MET (33,34). Preclinical data 
showed that ceritinib was active against many ALK 
mutations that conferred resistance to crizotinib, including 
C1156Y, F1174C, G1202R and the gatekeeper mutation 
L1196M but also in crizotinib-resistant lines without known 
resistance mutations to crizotinib (34). In the landscape of 
clinical trials, the phase I ASCEND-1 study began from a 
dose-escalation part and reached to an expansion cohort, 
including both crizotinib-naïve and crizotinib pre-treated 
patients with ALK-rearranged NSCLC (35,36). The dose 
of ceritinib was escalated from 50 to the maximum tolerated 
dose (MTD) of 750 mg per day and the dose-limiting 
toxic events included diarrhea, vomiting, dehydration, 
elevated aminotransferase levels, and hypophosphatemia. 
Among patients with NSCLC who received a daily dose of  
400 mg or higher, the ORR was 58% and the median PFS 
was 7 months. In crizotinib-naïve patients, the ORR was 
62% and the PFS 10.4 months, whereas in the crizotinib-
resistant patients the ORR was 56% and the median PFS  
6.9 months (35). In the expansion cohort of ASCEND-1 
after additional accrual (n=246, 163 crizotinib-pretreated 
and 83 crizotinib-naïve patients), ORR in the overall 
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population reached to 61.8% and median PFS to  
9 months (36). In crizotinib-naïve and pretreated patients, 
the updated median PFS was 18.5 and 6.9 months, 
respectively (36). Based on these results, the FDA approved 
ceritinib for patients with advanced/metastatic ALK-
positive NSCLC progressing to crizotinib. In Europe, 
the EMA recommended granting a conditional marketing 
authorization for ceritinib in patients with ALK-positive 
NSCLC previously treated with crizotinib (35,36). Two 
phase II single-arm studies on ceritinib in patients with 
ALK (+) NSCLC were presented:  the ASCEND-2 
trial (37) in patients pretreated with at least one prior 
chemotherapy regimen (including platinum-based doublet) 
and had progressed on crizotinib as the last therapy, and 
the ASCEND-3 trial in crizotinib-naive patients. The 
ASCEND-2 study enrolled 140 patients, 71.4% with brain 
metastases, 28% of whom had no prior brain radiation, 
documented an ORR of 38.6% and a median PFS of  
5.7 months (37). At baseline, 20 patients had measurable 
CNS disease and their intracranial overall response rate 
(IC-ORR) was 45%. Felip and colleagues presented the 
preliminary results of ASCEND-3 trial at ASCO meeting 
2015. Among 124 enrolled patients, 40.3% with brain 
metastases, 46% of whom had no prior BRT, documented 
an ORR of 63.7%. At baseline, 10 patients had investigator-
assessed measurable CNS disease and the IC-ORR was 
20%. In both studies, the most common grade 1–2 AEs 
were diarrhea (80% and 82.3%), nausea (81.4% and 74.2%), 
and vomiting (62.9% and 66.9%), while 7.3% and 7.9% 
patients discontinued treatment due to AEs, none of which 
were predominant. A large retrospective analysis showed 
a median PFS with sequential crizotinib and ceritinib of 
around 18 months, supporting the idea that continuous 
targeting and inhibition of ALK pathway might represent a 
promising therapeutical strategy (38). 

Although that crizotinib had already been proven 
superior to chemotherapy changing the best control arm, 
two additional randomized phase III trials completed their 
comparison of ceritinib with standard chemotherapy in first-
line and 3rd-line setting (ASCEND-4 and ASCEND-5) 
(39,40). The ASCEND-4 trial showed a statistically 
significant and clinically meaningful improvement in 
outcomes of ceritinib compared to platinum-pemetrexed 
doublet and pemetrexed maintenance in untreated patients 
with advanced ALK-rearranged NSCLC (39). Median PFS 
was 16.6 vs. 8.1 months (P<0.001) and overall as well as 
intracranial response rate were 73% vs. 27%, respectively in 
the two therapeutic arms. The ASCEND-5 trial compared 

ceritinib with docetaxel or pemetrexed in 231 patients with 
ALK-rearranged NSCLC who had previously received 
a platinum doublet and crizotinib and had subsequent 
disease progression (40). The primary outcome of PFS was  
5 . 4  months  wi th  cer i t in ib  and  1 .6  months  wi th 
chemotherapy (P<0.001) and ORR with ceritinib (39.1%) 
exceeded that of chemotherapy (6.9%). Based on the 
aforementioned ASCEND trials, the safety profile of 
ceritinib included mainly gastrointestinal AEs (Table 1). 
As it will be discuss below, the control of brain metastases 
was better with ceritinib than with chemotherapy and the 
patient-reported outcomes are less rapidly deteriorated in 
patients receiving ceritinib than chemotherapy (40).

Alectinib (RO5424802/CH5424802)

Alectinib is an oral highly selective ALK TKI active 
both in crizotinib-naïve and in crizotinib-resistant ALK-
rearranged NSCLC cases. Preclinical data revealed that 
it targets several ALK mutations that confer resistance to 
crizotinib (L1196, the gatekeeper mutation in crizotinib-
resistant mutants, as well as C1156Y, F1174L, R1275Q, 
and G1269A), but not ROS1 and IGF-1R (41-43). In 
contrast to crizotinib, alectinib penetrates to CNS, as it 
is not a substrate of P-glycoprotein (P-gp), a key efflux 
transporter located at the blood-brain barrier (44-46). In 
June 2013, alectinib was granted by the FDA for patients 
with ALK (+) NSCLC who progressed on crizotinib and 
in July 2014 Japan firstly approved alectinib in previously 
untreated patients with advanced ALK-rearranged 
NSCLC, based on the results of the phase I/II AF-001JP 
trial (47). Afterward in 2015, FDA approved alectinib 
in the USA, for crizotinib-resistant patients with ALK-
positive NSCLC and this year [2017] alectinib receives 
EU approval for patients with previously treated ALK-
positive NSCLC. Starting from the AF-001JP trial, phase 
I part selected as recommended a dose of 300 mg BID and 
the phase II arm reported an ORR of 93.5% in 46 patients 
treated at 300 mg BID (47). However, a second phase I/II 
study (NCT01588028) in crizotinib pre-treated Western 
patients with ALK (+) NSCLC increased the MTD to  
600 mg BID and subsequent results from the phase II part of 
study reported ORR in 55% of 44 patients and intracranial 
responses in 52% of the 21 patients with measurable CNS  
metastases (45). This dose has been further evaluated in two 
single-arm phase II trials, one including 87 patients from 
North America (NCT01871805) (48), and the other 138 
patients from 16 different countries (NCT01801111) (46) 



Ziogas et al. Novel treatments for ALK-positive NSCLC

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2018;6(8):141atm.amegroups.com

Page 8 of 17

whose disease progressed on crizotinib. Treatment with 
alectinib resulted in ORRs of 47.8% and 49.2%; median 
PFS was 6.3 and 8.9 months; duration of response continued 
for a median of 7.5 and 11.2 months, and intracranial 
response for patients with baseline CNS disease were 57% 
and 75%, respectively (46,48). Comparing ALK inhibitors 
as first-line options, both randomized phase III trials, the 
Japan J-ALEX (JapicCTI-132316) and the global ALEX 
trial (NCT02075840), showed superiority of alectinib over 
crizotinib for the management of ALK-positive advanced 
NSCLC (49,50). In the first head-to-head comparison, 
J-ALEX trial showed a favorable PFS for alectinib (median 
PFS: not reached) compared with crizotinib (median PFS: 
10.2 months) (50). Grade ≥3 AEs occurred at a greater 
frequency with crizotinib (52%) than alectinib (26%) while 
dose interruptions/discontinuations due to toxicities were 
also more commonly observed with crizotinib (74%/20%) 
than with alectinib (29%/9%) (50). In the global ALEX 
trial, 41% of patients in the alectinib group versus 68% 
in the crizotinib group experienced a disease progression 
or death during follow-up (49). The rate of one-year PFS 
was significantly higher with alectinib than with crizotinib 
(68.4% vs. 48.7%; P<0.001) while the median PFS with 
alectinib was not reached. Only 12% in the alectinib group 
had an event of CNS progression, as compared with 45% 
in the crizotinib group (P<0.001). However, the ORR in 
the alectinib group and in the crizotinib group (82.9% 
and 75.5%, respectively) did not reached to significant 
difference (P=0.09). Grade ≥3 AEs were less frequent with 
alectinib (41% vs. 50%) but not significantly compared 
to crizotinib (49). These results showed that alectinib has 
both systemic efficacy and intracranial disease control in 
patients with ALK-positive NSCLC and brain metastases, 
supporting a potential change of first-line option for ALK 
inhibition. As a subsequent line option, the comparison 
of alectinib with pemetrexed in patients with ALK-
positive NSCLC previously treated with platinum-based 
chemotherapy and crizotinib is under investigation by a 
phase III trial (NCT02604342).

Brigatinib (AP26113)

Brigatinib is developed as an oral TKI with great activity 
against many ALK secondary mutations including the 
gatekeeper mutation L1196M and the G1202R mutation 
that mediates acquired resistance to other ALK TKIs. In 
addition, it has lower potency against, ROS1, IGF-R1, 
insulin receptor kinase, FLT3 and T790M-mutant EGFR 

(51,52). Due to this complex inhibitory mechanism, 
brigatinib could represent a promising therapeutic option 
for patients progressing to crizotinib due to activation 
of the EGFR bypass pathway (5). In molecular basis, 
it is a dimethylphosphine oxide group-containing TKI 
constructed around a bisanilinopyrimidine scaffold. Zhang 
et al. have shown that the plasma levels of brigatinib 
achieved at a dose of 180 mg exceeded a 90% inhibition 
of cell viability for all ALK mutants while at a dose of  
90 mg exceeded a 90% inhibition of cell viability for 
all ALK mutants except of G1202R which is the most 
refractory of ALK mutants (52). The antitumor activity 
and safety profile of brigatinib were evaluated in a phase 
I/II trial. In the phase 1 part performed in patients with 
advanced malignancies the recommended phase 2 dose was 
determined to be 180 mg daily. Both treatment-naïve and 
crizotinib-resistant patients with ALK-positive NSCLC 
were enrolled independently on CNS involvement. 
In patients with crizotinib-resistant disease, the ORR 
was 71%, median PFS was 13.4 months and DOR was  
9.9 months. In the small group of crizotinib-naïve patients, 
the ORR was 100%, while median PFS and DOR have 
not yet been reached (53). Among the patients with 
measurable brain disease, the IC-ORR was 53%. Among 
patients with no measurable brain disease, the IC-ORR was 
33%. In the group of patients who had not received prior 
brain radiotherapy, the IC-ORR was 56% for those with 
measurable disease and 50% for those without. However, 
treatment-related serious pulmonary AEs were occurred 
including dyspnea (7%) pneumonia (7%) and hypoxia 
(5%), within 7 days of treatment initiation or re-initiation 
following a prolonged period of dose interruption. These 
AEs were managed with dose interruption and empiric 
treatment with steroids and antibiotics. The rates of these 
AEs were lower with lower starting doses. Given the 
concern for this early pulmonary toxicity at 180 mg, a lead-
in dose of 90 mg daily for a week was pursued. Recently 
published results of ALTA (54) reported that patients with 
ALK-rearranged NSCLC who received brigatinib after 
crizotinib, could achieve substantial overall and intracranial, 
responses as well as robust PFS. The phase II ALTA trial 
randomized 222 patients with ALK (+) NSCLC pretreated 
with crizotinib in two different doses of brigatinib,  
90 and 180 mg once daily. The 180 mg (with lead-in dose of  
90 mg) showed consistently better efficacy than 90 mg, 
(ORR was 45% and 54% and the median PFS was 9.2 
and 12.9 months, respectively) with acceptable safety. 
Among patients with measurable brain disease at baseline 
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the IC-ORR was 36% at 90 mg and 67% at 180 mg (54). 
Early onset (within the first 7 days) pulmonary toxicity 
occurred only in the 6% of patients (3% were grade 3–4) 
and was correlated to the higher dose of the drug (54). In 
October 2014, brigatinib received a breakthrough therapy 
designation from the FDA for the treatment of patients with 
ALK (+) crizotinib-resistant NSCLC, based on the findings 
of ALTA trial. The drug is currently under evaluation 
in both first-line setting versus crizotinib in a phase III 
trial (ALTA-1L, NCT02737501) and in phase II study 
(NCT02706626) after failure of other second-generation 
ALK inhibitors (ceritinib and alectinib). This last study aims 
to explore the possibility for brigatinib to overcome the 
resistance to ALK inhibitors mediated by potent secondary 
ALK mutations such as G1202R and I117N/S/T100.

Lorlatinib (PF-06463922)

Lorlatinib is a novel, selective ATP-competitive brain-
penetrant inhibitor of ALK and ROS1, with clinical activity 
against all the recognized mutations driving resistance to 
crizotinib, ceritinib and alectinib (including the G1202R 
mutation) (55). Its antitumor efficacy initially detected 
in vitro and in xenograft models harboring crizotinib-
resistance mutations (1,56). At the recommended dose 
of 100 mg/day established by a dose escalation phase  
I/II trial of Bauer et al. presenting at ASCO meeting 
2015 (57), the ORR was 46% regardless of the number of 
prior ALK inhibitors. In this study, a patient with double 
resistance to crizotinib and ceritinib achieved a PFS of 
8 months with lorlatinib while the secondary mutation 
of L1198F drived to subsequent resistance to lorlatinib. 
Interestingly the patient was re-sensitized to crizotinib 
after lorlatinib failure, indicating that retreatment under 
molecular guidance should be considered a clinically 
meaningful approach in ALK-translocated NSCLC (58). 
Regarding safety, the most common all grade AE reported 
in the phase I study of Bauer et al. was hypercholesterolemia 
(65% all grade, 10% grade 3–4) and neurologic/psychiatric 
disorders affecting the state of consciousness in the 30–35% 
of patients, however all of them occurred at low grade. 
Lorlatinib has not yet been approved by any regulatory 
agency.

Entrectinib (RXDX-101) and Ensartinib (X-396)

Entrectinib (RXDX-101) was developed as an ALK 
inhibitor with potent activity against crizotinib-mediated 

resistance mutations, including L1196M and CC1156Y. 
Entrectinib acts also as a pan-TRK inhibitor, inhibiting 
NTRK1-3 fusion proteins, an emerging target in oncogene 
addicted NSCLC (59). Two cohorts, the Italian ALKA 372-
001 and the international STARTRK-1A of NRTKROS1-
ALK rearranged patients were included in a phase I trial 
in order to establish the dose of 600 mg/daily entrectinib 
in a continuous schedule as the recommended dose for 
further studies (1). In 24 patients previously untreated 
with targeted therapies, the ORR was 57% for ALK-
rearranged cancers, 100% for NRTK1-3 fusion cancers 
and 85% for ROS1-translocated cancers. Regarding safety, 
paresthesia and fatigue were the commonest toxicities in 
the two cohorts. The activity of entrectinib is still under 
evaluation by a phase II basket study, the STARTRK-2 trial 
(NCT02568267) in patients with ALK, ROS1 or NRTK1-3 
rearrangement previously untreated with targeted therapies.

Ensartinib (X-396) is a novel ALK inhibitor with 
additional activity against MET, ABL, AXL, ROS1. 
Preliminary results of a recent phase I trial presenting 
in an abstract form showed an ORR of 60% and of 88% 
in crizotinib-naïve and crizotinib-resistant patients, 
respectively, at a dose of 225 mg/day. As published in the 
last ASCO of 2016 this study found a decrease in ALK gene 
expression in responders through serial plasma sequencing 
of enrolled patients, suggesting it as clinical tool for 
monitoring of response and of acquired resistance.

Upcoming ALK inhibitors

Following the rationale of add-on therapies to a future 
best-in-class ALK TKI and beside to lorlatinib, entrectinib 
(RXDX-101) and ensartinib (X-396) that have not 
received yet any approval, additional next-generation 
ALK inhibitors,  including Belizatinib (TSR-011), 
ASP3026, TPX-0005, F17752, CEP-37440, CEP-28122 
and GSK1838705A are under investigation. These ALK 
inhibitors are expecting to enhance more anti-ALK activity, 
to overcome or delay development of high-grade resistance 
mutations and to improve the control of CNS disease. 
Targeting continuously ALK inhibition could preserve 
quality of life of patients with advanced ALK-rearranged 
NSCLC, and provide a chance for most of them to reach 
previously unexpected survivals, transforming this subtype 
of advanced lung cancer into a chronic disease. However, 
the development of above mentioned next-generation 
ALK inhibitors is still in preliminary phases and data are 
still immature for strong conclusions, thus we will not 
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focus further on these inhibitors but we will discuss more 
extensively some issues from the use of already approved 
ALK TKIs in clinical practice.

Special issues of ALK inhibitors

Mechanisms of resistance 

The frontline response rates to crizotinib did not exceed 
60% and as described by the PROFILE 1014 and 1007 
trials, a proportion of patients between 5–15% at the 
first assessment had stable and progressive disease, These 
findings suggest an underlying primary resistance (30,31). 
Regarding the de novo resistance, preclinical evidence 
showed different crizotinib sensitivity to the different types 
of ALK variants (variant 1: E13;A20, presenting in 33% of 
cases, variant 2: E20;A20, presenting in 10%, variant 3a/b: 
E6a/b;A20, presenting in 29%), with variant 2 much more 
sensitive to ALK inhibition (60,61). The observed primary 
resistance and heterogeneous treatment response could 
also be affected by the false-positive genotyping due to the 
various techniques used to detect ALK rearrangements (62). 

Several mechanisms of acquired resistance to ALK TKIs 
have been identified through sequencing analysis of pre- 
and post-progression biopsy specimens as well as in cellular 
and xenograft models (6,63-67). The major mechanism 
of resistance to ALK TKIs involves the emergence of 
secondary on-target mutations. These secondary mutations 
are recognized in the 20–40% of patients progressing 
to crizotinib. The gatekeeper mutation of L1196M and 
the G1269A mutation are the most frequently detected 
in crizotinib-resistant patients, and they act reducing 
the affinity of TKI binding in the ATP-pocket (64,68). 
However, a broad spectrum of additional secondary 
resistance mutations have been also identified including 
those that affect the N-terminus of the αC helix (C1156Y, 
L1152R, and I1151Tins) or the C-terminus of the αC 
helix (F1174C/L/V); mutations that distort the αC helix 
to interfere with TKI binding (I1171T/N/S) and solvent-
front mutations (D1203N, S1206Y/C, G1202R, G1202del) 
(64-66,68,69). Each of the four approved ALK TKIs, 
crizotinib, ceritinib, alectinib and brigatinib, due to their 
different structures are associated with a specific profile of 
ALK resistance mutations. For instance, cell lines that carry 
the I1171 mutations are resistant to alectinib but sensitive 
to ceritinib, and those that carry the F1174 mutations are 
resistant to ceritinib but sensitive to alectinib (43,69,70). 
Due to tumour adaptation after sequential treatment 

with ALK TKIs, complex resistant mutations such as the 
C1156Y/I1171N or predominant resistance mutation 
such as the G1202R are developed to overcome the drug 
pressure (43). G1202R mutants of ALK generate high-
grade resistance to alectinib, brigatinib and ceritinib, but 
this mutation can be targeted by lorlatinib and other under 
development ALK TKIs. Moreover, ALK amplification (in 
15% of cases) (71) and bypass track activation (in 30% of 
cases) involving NSCLC drivers such as EGFR, c-KIT and 
KRAS (65,66,68) have been reported. Other less common 
mechanisms of resistance to ALK inhibition are the 
amplification of the fusion ALK gene, reported in the 15% 
of patients treated mainly with next generation ALK TKIs 
(43,66,68,71) and the activation of ALK-independent bypass 
signaling tracks such as EGFR activation, overexpression 
of neuregulin (NRG1), the ligand for ERBB3 (HER3) and 
ERBB4 (HER4), MET amplification, PIK3CA mutations, 
KIT amplification and IGF1R activation reported in the 
30–50% of cases resistant to second-generation ALK 
TKIs. Epithelial to mesenchymal transition (EMT) (72), 
transformation to SCLC (73,74) and P-gp overexpression 
(44,75,76) were identified as additional mechanisms of 
resistance to ALK inhibition. The transformation of ALK-
positive NSCLC to SCLC could suggest the presence of 
a heterogeneous disease, presenting from the beginning 
and developing under the selected pressure of ALK 
inhibition. Notably, there are also few reports of cases 
with SCLC harboring EML4-ALK fusion gene (77,78). 
P-gp overexpression limits the penetration of crizotinib 
and ceritinib to CNS, while alectinib, which is not a 
P-gp substrate, can achieve higher CNS levels (44,75,76). 
Despite the advances in the molecular basis of resistance to 
ALK inhibitors, many mechanisms remain still unknown 
and their identification represents a true challenge in this 
field of cancer research. For example, in ASCEND-1 study, 
after re-biopsy before treatment with ceritinib, a secondary 
ALK mutation (n=5) or ALK gene amplification (n=2) were 
detected only in a small fraction of 19 crizotinib-resistant 
patients, while the majority (n=12) maintained the initial 
ALK translocation. Moreover, in the subgroup analysis 
of ALTA study presented at ASCO 2016, the ORR was 
high (>60%) both in patients with or without secondary 
ALK mutations at baseline, demonstrating an independent 
activity of brigatinib to ALK mutational status conditioning 
resistance to crizotinib. On the other hand, responses to 
brigatinib were also observed despite the baseline presence 
of two specific mutations (F1174L and G1202R) usually 
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developed after long-term treatment.
Taking together these findings for resistance, we should 

pinpoint some important notices: (I) the natural ability of 
NSCLC to develop resistance even to the most potent novel 
ALK-directed agents; (II) the high clinical value of serial 
tumor re-biopsy at every recurrence on ALK TKIs; and 
(III) the promising perspectives of combinatorial treatments 
of ALK inhibitors with MEK inhibitors, EGFR-directed 
treatment or immunotherapies. 

Behavior of ALK (+) NSCLC with brain metastases in 
ALK-directed treatments—CNS penetration and activity 
of ALK inhibitors

Early on, patients with ALK-rearranged NSCLC were 
observed to be at high risk of developing CNS disease, as 
observed in ~30% of cases at the time of tumor diagnosis (79) 
and in 50–60% of patients during crizotinib treatment (80). 
Crizotinib seems to be weakly active in brain metastases, 
especially for patients who had previously undergone brain 
radiotherapy. In a retrospective analysis of the PROFILE 
1005 and 1007 trials (80), the IC-ORR and 12-week 
intracranial disease control rate (IC-DCR) in 18% and 
56% of patients, respectively. The median time to CNS 
progression (IC-TTP) was 7 months in patients with 
previously untreated brain metastasis, but results were better 
for patients previously treated with brain radiotherapy who 
achieved an IC-ORR of 33%, a 12-week IC-DCR of 62% 
and a median IC-TTP of 13.2 months (80). The PROFILE 
1014 trial enrolled 79 patients with baseline previously 
treated brain metastases and achieved median IC-TTP 
of 15.7 months in the crizotinib group vs. 12.5 months in 
the chemotherapy group (81). The 12-week IC-DCR was 
significantly higher with crizotinib vs. chemotherapy (85% 
vs. 45%). However, because all the patients had previously 
received whole brain radiation, the intracranial activity of 
crizotinib may have been overestimated. The main reason 
for crizotinib failure in brain disease is its poor blood-
brain barrier penetration and subsequently its low CSF/
plasma ratios (82,83). Initially for the treatment of CNS 
disease, many approaches have been tested, including high-
dose crizotinib alone (84) or in combination with high-
dose pemetrexed (85) and concurrent radiotherapy with 
continuation of crizotinib (86). In patients who received 
brain RT without stopping crizotinib, the observed survival 
benefits suggest that concurrent treatment might represent 
a successful therapeutic strategy in ALK-rearranged 
NSCLC with BM (87).

Second and third generation ALK inhibitors penetrate 
more efficiently penetrate the brain barrier, reaching 
high concentrations in CSF. Table 2 summarizes the 
reported CNS activity of ALK inhibitors in patients 
with brain disease among the abovementioned trials. In 
ASCEND-1 trial, ceritinib showed an IC-DCR of 80% 
and 65% in crizotinib-naïve and crizotinib-resistant 
patients, respectively (36). No differences found between 
patients received RT or not while the median time to 
intracranial response was 6 weeks. In crizotinib-naïve 
patients with measurable BM, IC-ORR was 63% and in 
crizotinib-resistant patients, 35% (36). In confirmation 
with ASCEND-1, the ASCEND-2 trial presented an 
ORR of 40% and a DCR of 85% in 33 crizotinib-resistant 
patients with measurable brain disease (37) and while the 
ASCEND-3 trial showed an ORR of 60% and a DCR 
of 80% in 17 Crizotinib-naïve patients. Synthesizing the 
results of these studies (ASCEND-1, -2 and -3 trials), a 
pooled analysis of crizotinib-naïve patients with measurable 
BM treated with ceritinib reported an IC-ORR of 60%, 
an IC-DCR of 76% and a median duration of intracranial 
response 8 months. Another phase II study (ASCEND-7) 
is currently recruiting participants to confirm the efficacy 
of ceritinib in patients with ALK (+) NSCLC metastatic to 
the brain and/or to meninges (NCT02336451). Since the 
phase II trials (NP28761 and NP28763), alectinib showed 
to be highly effective against brain metastases with IC-ORR 
ranging between 52% and 57%. The recent announced 
data at the ESMO 2017 meeting in Madrid from two 
separate phase III trials, the ALUR trial and the secondary 
analysis of the ALEX trial highlighted further the role of 
alectinib in the control of CNS progression of ALK (+) 
NSCLC, both in the first-line as well as the second-line 
treatment setting. The ALUR trial randomized to second-
line therapy with either standard relapse chemotherapy 
or alectinib, 107 patients whose disease had progressed 
after a previous first-line combination treatment of both 
platinum-based chemotherapy and crizotinib. Median PFS 
was significantly longer in the alectinib group compared 
to the chemotherapy group (9.6 vs. 1.4 months; P<0.001), 
with a marked difference in CNS response: among patients 
who had measurable CNS disease at baseline, IC-ORR 
was 54.2% in those treated with alectinib compared to 0% 
in the chemotherapy group (P<0.001). As expected, the 
safety profile of alectinib was more favorable compared to 
chemotherapy, despite the substantially longer duration 
of treatment for patients on alectinib (20 versus 6 weeks 
with chemotherapy). The new subgroup analysis of ALEX 
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trial presented at the meeting, focused specifically on 122 
patients who had CNS metastases at baseline and showed 
that alectinib controls existing CNS metastases and inhibits 
the formation of new metastases better than crizotinib. 
This superiority against CNS disease clearly contributes to 
the overall efficacy of alectinib, limiting the complications 
from brain metastases themselves as well as from other 
local treatments such as WBRT. Based on the preliminary 
results of a phase II trial announced as an abstract at ASCO 
meeting 2015, brigatinib showed an IC-ORR of 50% in 
patients with measurable lesions. The CNS activity of 
lorlatinib is deriving only from a recent not published 
yet clinical trial that presented a DCR of 65% in patients 
treated with at least one previous ALK inhibitor. Finally, 
entrectinib showed high CNS penetration and durable 
responses both in primary brain tumors and in metastatic 
brain lesions, and in the phase I trial of ensartinib the IC-
ORR was approximately 65%, both in crizotinib-naïve and 
-resistant patients (Table 2).

Safety of ALK-TKI inhibitors in ALK (+) NSCLC

The most common grade 1/2 toxicities related to ALK-
TKI inhibitors are presented to Table 1, as reported by 
the different clinical trials. Crizotinib is a well-tolerated 
inhibitor, associated with an improvement in quality of life 
and in disease-related symptoms compared to standard 
chemotherapy. In the PROFILE 1007 and 1014 trials, 
the discontinuation rate due to toxicity was low (6% and 
12%, respectively). The most common grade 3/4 toxicity 
was hepatotoxicity (15% of patients in both studies). An 
interesting event, reported during treatment with crizotinib 
was the reduction of testosterone level in a large sample 
of male patients with subsequent androgen deficiency and 
onset of related symptoms such as depression, fatigue, 
sexual dysfunction, which improved after testosterone 
supplementation (88). A potential etiology could be the 
high expression of MET and ALK in testicular tissues and 
a close monitoring of testosterone levels is recommended. 
Ceritinib at the starting dose of 750 mg daily led to 

Table 2 Activity of ALK inhibitors in patients with ALK-rearranged NSCLC with brain metastases

ALK-inhibitor Clinical trial
No. of patients with brain METS/

No. of patients without RT 
IC-ORR/IC-DCR 

(untreated with RT)
IC-ORR/IC-DCR  

(all patients)

Crizotinib PROFILE1005/PROFILE1007 275/109 18%/56% 33%/62%

PROFILE1014 79/0 NR/NR NR/85%

Ceritinib (LDK378) ASCEND-1 124/23 43%/NR 36%/65%

ASCEND-2 100/28 NR/NR 39.4%/64%

ASCEND-3 50/23 NR/NR 58.8%/78%

ASCEND-4 54/32 46.9%/43.8% 46.3%/42.6%

ASCEND-5 17/0 NR/NR 35%/NR

Alectinib (CH5424802/
RO5424802)

AF-002JG 21/47 75%/100% 52%/80%

NP28761 52/18 67%/NR 75%/63%

NP28673 84/23 53%/NR 57%/83%

ALEX 64/NR NR/NR 59%/NR

ALUR 72/NR NR/NR 54.2%/NR

Brigatinib (AP26113) NCT01449461 52/25 67%/NR 53%/55%

ALTA 40/0 NR/NR 42% in 90 mg, 67%  
in 180 mg

Lorlatinib NCT01970865 30/50 NR/NR 33%

Ensartinib (X-396) NCT01625234 60/60 NR/NR 65%

ALK, anaplastic lymphoma kinase; NSCLC, non-small cell lung cancer; IC-ORR, intracranial overall response rate; IC-DCR, intracranial 
disease control rate.
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gastrointestinal AEs in almost all patients (approximately 
70–80% of patients had diarrhea, more than 60% nausea, 
or vomiting, and about 40% presented increased of ALT 
and AST concentrations in the serum) and 80% of cases 
required dose adjustment or interruption. The part 1 
of a recent multicenter, randomized, open-label, phase 
1, study, ASCEND-8 examined whether administering 
ceritinib, 450 or 600 mg, with a low-fat meal may enhance 
gastrointestinal tolerability versus 750 mg fasted in patients 
with ALK-positive NSCLC (either treatment naive or 
pretreated with chemotherapy and/or crizotinib) (89). In 
both circumstances ceritinib maintained similar exposure 
with comparable pharmacokinetic profile while the dose 
of 450 mg with food presented lower proportion of grade 
1 gastrointestinal events (diarrhea: 43.2%, nausea: 29.5% 
and vomiting: 18.2%), no grade 3–4 events, and no study 
drug discontinuations, compared to the standard dose (89). 
Alectinib as a novel ALK TKI presents a sufficiently safe 
profile with the majority of AEs reported being grades 1 
and 2. The most common grade 3–4 AEs included increases 
of blood creatinine phosphokinase, ALT, and AST. Dose 
interruption has been reported in 36% of patients and dose 
reduction in 16%. The overall percentage of serious AEs 
was 15%. Only 2% of patients discontinued the treatment 
due to AEs. 

A recent pooled safety analysis of ALK TKI inhibitors 
including ceritinib, crizotinib and alectinib summarized 
their safety profile (90). The frequencies of therapy-
related deaths was no more than 1% (0.6%, 1.0%, and 
0.9%, respectively) and the frequencies of AEs leading 
to treatment withdrawal were 6.9%, 4.5%, and 5.8%, 
respectively. Among the minor recorded side effects, the 
most interesting finding was that the long-term exposure 
to ceritinib was associated with increased frequencies of 
≥3 grade hepatotoxicity, fatigue, vomiting, diarrhea and 
nausea compared to crizotinib or alectinib. For instance, the 
frequencies of grade ≥3 hepatotoxicity were 22.5%, 7.9% 
or 3.3%, respectively. In these patients, discontinuation 
and dose modifications reverse the occurrence of AEs. 
These toxicities may be developed due to the specific 
inhibition of IGF1 and insulin receptors by ceritinib and 
neither by crizotinib nor by alectinib (35). No differences 
were detected found in the ≥3 grade AEs between first-line 
and second-line use of crizotinib as well as with ceritinib. 
Severe neutropenia grade ≥3 occurs significantly more often 
among patients treated with crizotinib than those treated 
with ceritinib or alectinib with inhibitory action against the 
c-Met receptor (90).

Sequencing of ALK inhibitors

The optimal frontline option and the sequence of 
TKIs are under continuous consideration in the rapidly 
evolving landscape of ALK inhibitors. On May 2017, 
FDA broadened the indication of ceritinib to previously 
untreated ALK-positive metastatic NSCLC and therefore 
crizotinib is not the only approved agent for the frontline 
management. In the near future, alectinib will have 1st-line 
approval on the basis of findings from ALEX and JALEX 
studies (49,50). By 2018, more ALK inhibitors, such as 
brigatinib [the ALK in Lung Cancer Trial of Brigatinib in 
1st Line (NCT02737501)], lorlatinib (NCT03052608), and 
ensartinib [the eXalt3 trial (NCT02767804)] are expecting 
to be available in patients who have not previously 
received ALK TKIs (91). Among the multiple options for 
frontline approach of ALK (+) NSCLC, the final choice 
of 1st line drug for ALK inhibition will be dependent 
on drug approval patterns, toxicity apprehensions, and 
cost concerns of individual health-care systems. Before 
any subsequent therapy, a re-biopsy or liquid biopsy is 
recommended to analyze molecularly the progressing 
tumor. Thus, the selection of second ALK inhibitor as 
the next therapeutic agent should be determined by the 
recognition of specific ALK mutation that caused the 
resistance to 1st ALK inhibitor and will be sensitive to the 
second ALK-directed option (92). Ceritinib and alectinib 
have been currently approved for second-line setting, 
as they have demonstrated clinical benefit compared 
to standard chemotherapy. The identification of an 
alternative activated pathway plus to ALK inhibition may 
further help by adding another targeted agent or choosing 
an ALK-inhibitor with EGFR co-activity (93). In patients 
who have developed progression after two ALK inhibitors, 
lorlatinib when becomes available in the market should be 
also a consideration, especially if a sensitive ALK mutation 
is identified in the patient’s tumor. For patients who have 
received two prior ALK inhibitors, a platinum/pemetrexed 
doublet remains another option. In cases with high PD-
L1 expression, immunotherapy could be considered before 
chemotherapy. Otherwise, patients may undergo systemic 
chemotherapy or treatment with PD-1 directed agents if 
the tumor has high PD-L1 expression (92,93). 

Conclusions

The identification of a rare but specific molecularly defined 
subset of NSCLC patients, harboring ALK rearrangements 
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and the approvals of crizotinib, alectinib, ceritinib, and 
brigatinib have displaced conventional chemotherapy to 
later setting of evidence-based management of advanced 
ALK (+) NSCLC, changing completely the every-day 
practice in lung cancer. However, many challenges remain 
to be addressed by ongoing trials, including the optimal 
sequence of ALK inhibitors, the control of CNS disease, 
the space (if any) for combinatorial treatments and the 
incorporation of immunotherapies in ALK (+) patients, in 
order to improve further the personalized approach for this 
subset of NSCLC.
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