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Since the discovery 15 years ago, we have seen a quantum leap in the treatment

and survival for individuals diagnosed with ALK+ lung cancers. Unfortunately

however, for most, the diagnosis is made in an incurable circumstance given

the late presentation of symptoms. Through a revolutionary wave of

therapeutics, individuals may remarkably live over a decade, however many

fall short of this milestone, as the molecular profile of this disease is very

heterogeneous, reflected in variable survival outcomes. Despite a significant

improval in survival and quality of life with ALK-inhibitor monotherapies, now

available across multiple-generations, drug resistance and disease relapse

remains inevitable, and treatment is offered in an empiric, stepwise, non

personalised biomarker informed fashion. A proposed future focus to

treating ALK to improve the chronicity of this disease and even promote

cure, is to deliver a personalised dynamic approach to care, with rational

combinations of drugs in conjunction with local ablative therapies to prevent

and constantly proactively alter clonal selection. Such an approach would be

informed by precision imaging with MRI-brain and FDG-PETs sequentially, and

by regular plasma sampling including for circulating tumour DNA sequencing

with personalised therapeutic switches occurring prior to the emergence of

radiological and clinical relapse. Such an approach to care will require a

complete paradigm shift in the way we approach the treatment of advanced

cancer, however evidence to date in ALK+ lung cancers, support this new

frontier of investigation.
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1 Introduction

1.1 Where have we come from?

In 2022, lung cancer remains the leading cause of cancer

death globally (1). Anaplastic lymphoma kinase (ALK) gene

rearrangements are a rare and unique molecular subset of non-

small cell lung cancer (NSCLC), present in approximately 5% of

cases overall, most with adenocarcinoma histology. The ALK

incidence rises to greater than 30% in cases under the age of 40

(2), with a propensity to affect a young and light-/never-smoking

population with even racial and gender spread (3). In non-

smokers, the prevalence has been reported at 12% (4), and

worldwide, there are more than 40,000 new ALK cases

diagnosed annually (5).
1.1.1 Discovering the gene rearrangements
The most common fusion partner with ALK is echinoderm

microtubule-associated protein-like 4 (EML4) gene. This

rearrangement involves an inversion in chromosome 2, resulting in

theEML4–ALK fusion, and constitutive intracellular kinase pathway

activation enabling cell proliferation, invasion, migration, inhibition

of apoptosis, and angiogenesis. The chromosomal inversion,

however, may occur in distinct locations; thus, different fusion

‘variants’ have been described. With over 15 EML4 variants (V)

now reported, V1 and V3 are most abundant, occurring in 82% (6),

while over 90 different ‘non-EML4’ gene fusion partners have been

described, present in 5%–10% of ALK cases overall (7, 8). Since the

discovery 15 years ago in 2007 (9), and the development of high-

impact targeted ALK-inhibitor (ALKi) therapy, treatment and

survival have been revolutionized for patients living with ALK-

rearranged NSCLC (10).

Unfortunately, given the fit, younger, unsuspecting population

affected, resulting in late presentation of symptoms, more than two-

thirds will present with advanced incurable disease (3). Of further

potentially devastating impact, approximately one-third will present

with brain metastases at diagnosis, and two-thirds will experience

brain metastases throughout their diagnosis, highlighting that a

tropism ALK is responsible for central nervous system (CNS)

spread. The mechanism behind this remains to be defined, with

prudent imaging of the CNS imperative (11).

Inmost standard routine clinical practices today, the diagnosis

of ALK can be confidently made with immunohistochemistry

(IHC), which is highly sensitive (100%) and specific (97%) (12).

At a signal of positive IHC, reflex confirmatory fluorescence in situ

hybridization (FISH) is undertaken in some jurisdictions due to

requirements for drug reimbursement (13). From these coupled

tests, patients may be selected to be ‘ALK-positive’. Almost always,

with exceptions in the literature, an ALK diagnosis is mutually

exclusive to other oncogenic drivers, and only one oncogenic ALK

variant is harbored in an individual case (14, 15).
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1.1.2 Targeting anaplastic lymphoma kinase,
the first chapter

The integration of the first-in-class, first-generation, MET-

repurposed ALK inhibitor, crizotinib, into the clinic through the

PROFILE studies led to a new standard of front-line care in 2014,

superseding platinum chemotherapy for ALK patients just over 7

years following ALK being first described (16). From the front-

line randomized phase III PROFILE-1014 study, superior

efficacy was demonstrated with oral crizotinib with a 10.9-

month progression-free survival (PFS), coupled with superior

tolerability, and mature overall survival (OS) surpassing

expectations, at 57 months with crizotinib (10). Crizotinib

opened the gate to the path of targeted therapy, providing

great hope for long-term survival highlighted by a selected

real-world population study reporting a median OS of 90

months in patients having received crizotinib and then a later-

generation ALKi (17).

As crizotinib was integrated into the clinic, it was recognized

that its control of disease in the brain was inferior to its systemic

control, with up to 70% of cases relapsing in the brain (18, 19).

Some patients were salvageable with local stereotactic

radiosurgery (SRS), allowing the continuation of crizotinib

‘beyond progression’, particularly valuable in the absence of

further targeted therapies yet available (20).

Despite high objective response rates (ORRs), with durable

survival for most patients treated with crizotinib, drug resistance

and eventual tumor recurrence intra- and/or extracranially were

established to be inevitable. Early reports identified on-target

ALK-dependent, and off-target ALK-independent resistance

mechanisms, with tyrosine kinase domain (TKD) mutations

and less frequently ALK gene copy number gain, present in

approximately one-third with on-target resistance, including the

‘gatekeeper’ ALK L1196M and G1269A KD mutations. ALK-

independent resistance occurred in one-third, including EGFR

and KRAS bypass tract mutations (21, 22).

Such insights lead to the development of second-generation

ALKi’s, designed to be more potent to wild-type ALK, more

brain penetrant, and active against ALK resistance mutations

conferring resistance to crizotinib. In the crizotinib refractory

setting, the phase III ASCEND-5 trial reported a 3.8-month

superior median PFS with ceritinib (5.4 months) compared with

chemotherapy (1.6 months) (23), and the ALUR study reported

an 8.2-month superior median PFS with alectinib (9.6 months)

compared with chemotherapy (1.4 months) (24), followed by a

median PFS of 16.7 months for brigatinib in the phase II ALTA

trial (25) and 9 months for ensartinib in phase I/II (26).

These data were promptly followed by the data from the first-

line ASCEND-4 trial showing superior PFS with ceritinib (median

16.6 months) compared with chemotherapy (8.1 months) and

established the targeted therapy treatment paradigm for ALK

(27). First-line ceritinib also demonstrated a median PFS of 10.7

months in patients with baseline brain metastases, thus becoming a
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new preferred first-line option for ALK patients. However, its

overall use was hampered by its poor tolerance by patients due to

gastrointestinal toxicity. The ASCEND-8 trial was undertaken to

evaluate ceritinib at a lower 450-mg dose administered with a low-

fat meal demonstrating preserved pharmacokinetics and efficacy,

with better tolerability when ceritinib was administered at this dose

(27). However, with the emerging data from alectinib, brigatinib,

and lorlatinib including comparative efficacy against crizotinib and

high CNS efficacy, ceritinib’s place in the ALK therapeutic

algorithm has diminished, and it has now been largely superseded

in a biomarker unselected stepwise treatment algorithm.
1.2 Where are we now?

1.2.1 Securing the diagnosis
In 2022, reflex testing for an ALK rearrangement in all newly

diagnosed advanced NSCLC adenocarcinomas, not otherwise

specified histology, or non-smoking squamous cancers, is the

gold standard. As previously noted in most centers, this will

involve initial IHC screening and confirmatory FISH analysis,

where required for drug approval, with international expert

consensus guidelines stating multiplexed genetic sequencing

panels as preferred (e.g., next-generation sequencing (NGS)

testing) (28). Furthermore, in an advanced setting, at least a CT

of the brain, chest, abdomen, and pelvis should be performed to

radiologically stage the disease; however, the gold standard would

include an FDG-PET scan and brain MRI with gadolinium

contrast, if available (29–32).

At ALK diagnosis, the treatment approach remains

empirical; for example, after applying clinical assessment,

which may include the consideration of CNS disease status, by

and large, all patients are treated the same in the front-line space

and beyond, with no molecular biomarker guiding therapeutic

choice beyond ‘ALK’ positivity.

1.2.2 Front-line second-generation anaplastic
lymphoma kinase inhibitors

The current most commonly prescribed first-line ALKi is the

second-generation alectinib, the first drug to demonstrate

superiority over crizotinib, with consistent data from three

phase III trials in different populations: Japanese (J-ALEX),

Global (ALEX), and Chinese (ALESIA) populations (33–35).

In ALEX, the investigator-assessed PFS overall was 34.7 months,

and in those with CNS disease, it was 25.4 months. CNS activity

was far superior to that of crizotinib, with only 9.4% progressing

in the brain at 12 months on alectinib (10, 34). After 48.2

months of median follow-up, front-line alectinib-treated

patients in the ALEX study had not yet reached a median OS,

with 62.5% alive at 5 years, setting a new benchmark.

The highly positive brigatinib data were next reported by the

ALTA 1L study, which compared first-line brigatinib to

crizotinib. The PFS data caused brigatinib to be in the list of
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front-line options, with blinded independent PFS of 24 months,

comparable to the independent PFS with alectinib in the ALEX

study (25.7 months) (34, 36). Brigatinib was associated with an

intra-cranial PFS of 32.3 months, numerically longer than

alectinib in the ALEX trial. Phase III head-to-head data will

not be available; however, the phase II ALTA-3 randomized trial

comparing brigatinib to alectinib is recruiting (NCT03596866).

The second-generation ALKi ensartinib underwent a clinical

trial in 2021 with phase III data from the first-line eXalt3 study.

With patients randomized to ensartinib versus crizotinib, the

median PFS by independent review was 25.8 months for

ensartinib but a disappointing 11.8 months in patients with

brain metastases (37).

Each of the aforementioned ALKi’s carries a set of unique,

common, and rare side effects, such as the following: in alectinib,

anemia, myalgias, hyperbilirubinemia, and hemolytic anemia; in

brigatinib, elevated creatininekinase and lipase (not associatedwith

clinical symptoms), hypertension, and rarely a steroid-responsive

early pneumonitis mitigated by a run-in dosing schedule; and in

ensartinib, rash, pruritus, and transaminitis (34, 37, 38). Therefore,

in the event of higher-grade toxicity, which, despite, dose

interruption and/or reduction leads to patients stopping therapy

based on toxicity, there is the option to switch ALKi.

1.2.3 Drug resistance, an inevitability
Despite superior efficacy overall with second-generation

ALKi’s, resistance is inevitable, and a plethora of work has been

done and remains ongoing to understand, overcome, and prevent

its emergence. In over 50% of patients treated with second-

generation ALKi’s, an ALK resistance mutation, most commonly

involving the TKD intracellular drug-binding pocket, will emerge.

These mutational profiles (KDMs) and their frequency differ by

ALKi based on the selection pressure applied at the KD. Depicting

the heterogeneity of ALK lung cancers, there have been more than

50 ALK KDMs described in the literature, with the expected ALKi

clinical cross-resistance of these mutations to different ALKi’s

becoming better established, with preclinical data informing the

expected performance. The most described KDM to second-

generation ALKi’s has been ALK G1202R, with I1171T/N/S

frequent also with alectinib, whereas E1210K and D1203N with

brigatinib (39). Of interest, the I1171 missense mutations are not

cross-resistant with ceritinib, which may be an appealing ALKi in

select circumstances such as knowing the presence of this profile in

individuals (40).

The remaining almost 50% of patients will develop ALK

independently or bypass tract activation, which can be quite

heterogeneous including acquired dysregulation in MAPK,

BRAF, EGFR, HER2, NRAS, KIT, SRC, and YAP signaling

(41–44). Of course, many cases treated with multiple lines of

therapy will acquire an array of ALK-dependent and ALK-

independent variants at drug resistance.

In the absence of molecular profiling to identify resistance

mechanisms, most drug selection/sequencing is empirical, not
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informed by molecular selection. A retrospective review of 22

patients from three North American centers suggests that

routine sequencing of brigatinib post-alectinib may not be the

best approach, with a median PFS of only 4.4 months (45). The

prospective Japanese phase II J-ALTA study of brigatinib

showed more robust efficacy with a median PFS of 7.3 months

including responses against resistance mutations L1196M,

I1171N, V1180L, and even G1202R (46). As far as the authors

are aware, there are no reports of distinct resistance profiling

discrepancies between ethnicities.

1.2.4 Defining resistance with rebiopsy
Rebiopsy, for NGS testing to ascertain ALK resistance

profiles, has not been widely available; however, it is often

performed in high-volume lung cancer and academic centers.

Hence, outside of such centers and in the community setting,

most clinicians will make empirical sequencing decision-making

without the added information from molecular profiling. Tissue

rebiopsy is becoming increasingly informative and adopted in

the clinic and is particularly important in providing information

in the setting of multi-site rapidly advancing disease. Reports of

histologic transformation in the literature including small cell,

neuroendocrine carcinoma, and squamous cell transformation

are important considerations and if known will lead treatment

shift to a chemotherapy-based approach. The true incidence of

this resistance phenomenon is not known; however, it is

predicted to be 1%–5% with next-generation ALKi’s, given

their potent ALK wild-type activity predisposing this

phenotypic change (47–49).

1.2.5 Third-generation lorlatinib,
overcoming resistance

With second-generation inhibitors now the standard of care,

the unique small macrocyclic third-generation ALKi lorlatinib was

designed to overcome the common ALK KDMs conferring

resistance to earlier generation ALKi’s, including G1202R, as well

as being highly brain penetrant. The phase I/II single-arm data,

which included a clinically relevant multi-arm expansion design

stratified by prior therapy, reported efficacy, with PFS post one line

of second-generation ALKi at a modest 5.7 months and in those

treated with multiple lines of ALKi at 6.9 months. A strong signal

was experienced in those with brainmetastases with a CNSORR of

87%. One in five patients however encountered primary resistance

to lorlatinib, meaning a less reliable ALKi circumstance than the

front-line treated. Of note in the phase I/II trial, thosewith tissue or

plasmadetection of anALKKDM, indicating the presence ofALK-

dependent resistance to prior therapy, showed a greater likelihood

of lorlatinib efficacy as expected (50). In this later-line setting,

lorlatinib has been reported to fail due to the emergence of complex

compound ALK mutations, often co-occurring with G1202R,

potentially involving more than two KDMs. Intriguingly, an

alternate resistance mechanism has also been described to be due
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to MET dysregulation, involving amplification, mutations, and

fusions, as reported in 22% in one series (51–53).

1.2.6 Beyond anaplastic lymphoma kinase
inhibitor therapy

When resistance to lorlatinib develops, the optimal salvage

approach is not defined, and we often move to pemetrexed-based

therapy (54).There isnow the additional optionof the IMpower150

protocol (carboplatin, paclitaxel, atezolizumab, and bevacizumab)

available for ALK patients, based on a small number sub-group

where post hoc data suggested a benefit with this combination over

the chemotherapy/bevacizumabbackbonealone (55). IMpower150

was one of the few immunotherapy-containing trials to include an

ALK population and suggested benefit, as single-agent

immunotherapy was not shown to be effective for ALK patients,

probably due to their tendency to be non-smokers, with low tumor

mutational burden and a unique non-inflamed oncogene-driven

phenotype (56). Investigation into ALKi and PD(L)-1 checkpoint

inhibitor therapyhas been terminated given theweak efficacy signal

as compared to ALKimonotherapy and heightened toxicity profile

(57–59). Of interest, the ALK oncoprotein induces PD-L1

expression, and high PD-L1 in ALK tumors has not been shown

to be predictive of response to immunotherapy and in fact may be

associated with a negative prognosis and attenuated response to

ALKi’s (56, 60).

1.2.7 Multiple anaplastic lymphoma kinase
variants driving resistance diversity

Concomitantly, with data defining multi-line resistance to

ALKi’s, real-world datasets and interrogation into the

registrational clinical trials have delved deeper to describe

resistance in this molecularly diverse sub-group of lung cancers.

This has included understanding the clinical implications of the

ALK variant harbored in the individual, which is often not known

currently in routine clinical practice. The point within which the

EML4 gene (or non-EML4 gene) fuses is highly variable is now

known, with V1 ends at exon 13, and V3 ends at exon 6, for

example (61). In brief, different variants harbor variable portions

of the tandem atypical propeller EML (TAPE) domain of EML4,

with V3 and V5 lacking a TAPE domain completely, resulting in

differing molecular biology, divergent downstream intra-cellular

oncogenic signaling pathways, and therapeutic outcomes. It is

proposed that as a result therapeutic approaches moving forward

may be directed by this biological variability, as it is becoming

increasingly understood. Furthermore, ALKi’s destabilize the

differing fusion partners to different extents, the greatest

occurring in V1, and a lesser extent occurring in V3, likely due

to lesser stability of the V1 protein, misfolded with a partial TAPE

domain (62). Retrospective exploratory crizotinib and prospective

front-line phase III crizotinib, alectinib, brigatinib, and ensartinib

data have suggested attenuated PFS in non-V1 cases (63–67).

However, retrospective data in small numbers and prospective
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data for lorlatinib have demonstrated superior efficacy for

lorlatinib in EML4 fused in V3, with attenuated responses in V1

and further non-V3 cases, which is likely explained by the

differing drug effect, protein conformation, and resultant protein

stability (68). There is the suggestion that the emergence of ALK-

dependent resistant clones, and particularly G1202R KDM, is far

more prevalent in patients with ALK V3 (68, 69). The mechanism

around the differing sensitivities to ALKi’s and potential emerging

resistance pathways between ALK variants is not completely

understood and will become more relevant in optimal drug

selection and sequencing (62). Less is known of non-EML4

fusions, comprising a minority of cases, as preclinical models

have revealed higher ALKi concentrations required for 50%

cytotoxicity in these variants compared to the common EML4

fusions (70)..

1.2.8 Co-variants existing with anaplastic
lymphoma kinase

Beyond the ALK variant, the presence and significance of co-

mutations have become of interest, informed also by the oncogene

therapy experience, at both diagnosis and disease progression (71,

72). Commonly, it has been found at drug resistance, ALK-

dependent and ALK-independent mutations co-exist (73),

making ongoing therapeutic selection a challenge also in

determining which may be driver mutations, factors influencing

drug resistance, or passenger mutations of less clinical significance.

TP53 is a common co-mutation of interest, with PFS of those

prescribed ALKi’s consistently inferior in those harboring this

variant and with a worse overall prognosis (74, 75). More than

50% of patients resistant to lorlatinib have been found to harbor a

TP53mutation, and in the ALTA-1L trial, circulating tumor DNA

(ctDNA) analysis found that in 37% with a TP53 mutation at

diagnosis, PFS was inferior with both brigatinib and crizotinib as

compared to patients with TP53 wild-type tumor (51, 76). At

present, these patients are undergoing the same treatment in the

clinic, and data do not exist to confirm this detrimental effect in the

case of chemotherapy that is genotoxic (77).

1.2.9 Managing tumoral heterogeneity with
local ablative therapies

Intratumoral and intertumoral heterogeneity including

temporal heterogeneity from treatment selection pressure is

expected with ALK, with acquired drug-resistant progressing

sites of disease expected to harbor a unique genomic profile to

the primary tumor and controlled sites of disease. This results from

selection pressure from targeted therapy, enabling intrinsically

resistant or newly acquired cell clones to emerge from prolonged

selection pressure (78, 79). The definition of oligoprogression is not

firmly defined, broadly encompassing a group with more

presumed indolent biology, a limited number of metastatic sites,

and also limited further dissemination potential. In studies to date,

oligoprogression is defined commonly as one to three progressing

sites. The exact number and sites of disease to justify survival gain
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with local therapy have not been established. Ablative treatments

such as SRS in the CNS, stereotactic body radiotherapy (SBRT)

extracranially, radiofrequency ablation, cryotherapy, or surgery

offer the promise of improved tumor control, tolerability, and

convenience compared with conventional radiotherapy including

in an ALK population (80). Data in a crizotinib-treated patient

cohort found that local ablative therapy enabled further duration of

drug benefit by 6–10 months (20, 81, 82).

Despite no prospective published data in NSCLC in oncogene-

treated populations comparing themanagementof oligoprogressive

disease with local ablative therapy versus a standard systemic switch

approach, the updated National Comprehensive Cancer Network

(NCCN) guidelines have nonetheless recommended local therapy

for thoracic andmetastatic lesions to be considered for patientswith

oligometastatic NSCLC with stable disease after systemic therapy

(29). At present, this is pursued on a case-by-case basis, balancing

toxicity risk and alternative systemic therapy options. The rationale

includes preventing secondary seeding from resistant clones/sub-

clones. Reported toxicities of SBRT depend on targeted organ sites

but may involve radiation-induced esophagitis, dyspnea, CNS

necrosis, and bone fractures (83–85). Little data exist to inform

whetherALKi therapy shouldbewithheldwithSBRT,particularly in

the era of more radio-sensitizing later-generation inhibitors.

Withholding of drugs 1–3 days before and after SBRT, based on

the disease site being treated, is often adopted to mitigate toxicity.

Prospective data for the management of oligoprogression in

oncogene-driven NSCLC are first expected from an osimertinib

progressing pilot study, currently in follow-up (NCT02759835).

The optimal selection of patients for treatment to limited sites of

disease is best determined via an FDG-PET scan; similarly, FDG

metabolism is an area of interest to predict improved survival in

lung cancer, particularly with targeted therapies (86).

Furthermore, in the case of isolated oligoprogression in the

brain, the limited brain penetrability of crizotinib paved the way

for SRS as a safer option for whole-brain radiotherapy,

particularly as the survival with ALK was extended to several

years (87). Data have evolved to confirm safety in treating up to

10 metastases at a time (88). Experience to date has shown that

brain-specific mortality can be minimized and survival can span

years with the sequencing of SRS in ALK cases (89). Brain MRI is

the modality of choice to characterize, optimize, and plan

treatment in these cases, particularly given that 10% of ALK

patients will also encounter leptomeningeal disease, requiring

brain MRI for diagnosis (90). Conversely, initiating a brain-

penetrant ALKi at diagnosis or switching at CNS progression

may provide a means to avoid RT, as sequencing treatments

remain a recommendation based on holistic factors including

therapeutic availability (91).

1.2.10 Protecting the central nervous system,
as the third-generation shifts to the front

In terms of brain metastases, first- and second-generation

ALKi’s inferior PFS has been demonstrated when compared with
frontiersin.org

https://doi.org/10.3389/fonc.2022.959637
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Itchins and Pavlakis 10.3389/fonc.2022.959637
extra-cranial outcomes, except perhaps with brigatinib. The

highly brain-penetrant ALKi lorlatinib has been investigated in

the treatment-naïve setting against again crizotinib in the

CROWN trial. Interim data efficacy has been incredibly

positive with a preserved magnitude of benefit in those with

and without brain metastases with lorlatinib. Lorlatinib has also

produced the most positive signal in protecting the brain from

progressive disease (92). Three-year landmark CROWN efficacy

data presented in 2022 revealed median PFS (by blinded review)

with lorlatinib has still not been reached, with 63.5% of patients

remaining on lorlatinib at 36 months, 50.3% of those with pre-

existing brain metastases, and only 7.7% of patients receiving

lorlatinib progressing in the brain at 3 years (93). Lorlatinib is

now a first-line recommended ALKi in international guidelines,

including NCCN (29). It is expected that funding for first-line

lorlatinib will improve in the wake of these findings in respective

countries. The tolerability of lorlatinib may be an issue that

could limit its greater use up front, with unique neurocognitive

toxicity likely explained by great penetrability of the CNS and

cross-activity against tropomyosin receptor kinase B, TRKB.

Hypercholesterolemia and hypertriglyceridemia are very

frequent and manageable with select anti-cholesterol agents

including rosuvastatin. A spectrum of neurocognitive effects

can be experienced including cognitive impairment, speech

effects, mood disturbance, or visual disorder, although mostly

mild (94). These symptoms require careful education, close

monitoring, and a low threshold for dose reduction when the

quality of life is impaired. There was no diminished efficacy with

lorlatinib noted from CROWN when doses were reduced due to

toxicity. With front-line lorlatinib, it is not yet known how

resistance will manifest; however, it is hypothesized, informed

from the experience with third-generation EGFR inhibitor

osimertinib, that a predominance of non-ALK pathways will

be activated, including MET, with ALK-dependent resistance

expected, as well as complex compound ALK mutations as seen

in the later-line lorlatinib setting (51, 95).
2 From stepwise empirical to
dynamic personalized care

2.1 Where are we moving to? The new
generation

In 2022, fourth-generation ALKi’s TPX-0131 (FORGE-1;

NCT04849273) and NVL-655 (ALKOVE-1; NCT05384626)

entered phase I investigation in previously treated patients.

Preclinically, these inhibitors have shown potent and pure

wild-type ALK efficacy, CNS penetrability in mouse models

(96), and expected improved tolerability including no TRKB

activity with NVL-655 and activity in ‘double or multi mutant’

ALK resistance, such as in cis (occurring in the same clone)

compound mutations seen at later-line lorlatinib failure. The
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NVL-655 in vitro data in particular show promise in the

difficult-to-manage G1202R compound mutations including

those involving C1156Y and L1198F, and D1203N and I1171N

(97). Trials do not require prior molecular profiling to determine

the suitability of moving on to these inhibitors next. As

previously described, compound ALK mutations are more

common in EML4–ALK V3 or other short variants of EML4–

ALK, as opposed to V1 (98, 99). Knowing this genomic

information may be useful as a stratification factor for these

ALKi’s to move forward (100). Based on the trajectory of

investigation of ALKi’s to date, commercially, it has been

favorable to move each generation of ALKi to the front-line as

empirical therapy without biomarker selection, as has occurred

with alectinib brigatinib, ensartinib, and lorlatinib. However,

whether these new drugs will demonstrate sufficiently broad

efficacy and activity in the clinic in delaying the development of

ALK-dependent resistance remains to be seen. The alternative

path to getting these new drugs into the clinic earlier is to

demonstrate efficacy in molecularly defined populations with

resistant KD mutations, thus fulfilling an area of unmet clinical

need, sequencing their use in the treatment-refractory setting.
2.2 Managing oligometastases
at diagnosis

Thirty percent to 50% of ALK patients will be diagnosed with

oligometastatic disease at diagnosis. Baseline oligometastatic has

not been uniformly defined; however, the consensus in

oncogene-addicted lung cancers is no more than five extra-

cranial sites with no more than two sites in one visceral organ,

and three visceral organs in total involved without diffuse serosal

metastases or bone marrow involvement, as lesions must be

deemed amenable to treatment with radical intent (101, 102).

The theoretical basis for this assumes that patients with

oligometastases may have a curable disease. Intriguing early

data in support of this concept come from the interim analysis of

the SINDAS trial, which randomized 133 patients with EGFR

mutant NSCLC and synchronous oligometastatic disease to first-

generation tyrosine kinase inhibitors (TKIs) (gefitinib, erlotinib,

or icotinib) and radiotherapy (25–40 Gy in 5 fractions

depending on tumor size/location) to all metastases and the

primary tumor/involved regional lymphatics versus TKI alone

(97). PFS and OS were both significantly prolonged in the TKI

and radiotherapy arm (97). Understanding the biology of

oligometastatic disease requires insight into identifying which

metastases are more likely indolent versus which metastases are

more likely to disseminate quickly despite SBRT. The integration

of metabolomics through FDG-PET and genomics with tissue

biopsy may aid this understanding. At present, an upfront local

ablative approach has not been widely adopted as a standard

given the use of later-generation highly potent ALKi’s (31, 32,

103). The phase I BRIGHTSTAR trial (NCT03707938) is
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investigating brigatinib induction and then local consolidative

therapy to residual disease in an ALK circumstance.

In terms of CNS oligometastatic disease, aggressive local

therapy at diagnosis has been shown to improve survival in a

retrospective single-institution series of 66 patients with one to

four CNS metastases, treated with aggressive thoracic therapy

defined a s r e s e c t i on o f t h e p r ima ry d i s e a s e o r

chemoradiotherapy where total radiation dose exceeded 45 Gy

(104). Prospective randomized data for osimertinib ± SRS in up

to 10 metastases are being awaited from the OUTRUN trial in

EGFRmutant NSCLC (NCT03497767). Later-generation ALKi’s

have high brain activity and could be radiosensitizing. Due to the

risk of radionecrosis, randomized data are needed to confirm

efficacy and safety in ALK-positive NSCLC using a combined

ALKi SRS approach (105) . Invest igat ion into the

coadministration of an anti-angiogenic agent with SRS is of

clinical interest in improving tolerability and potentiating

response (106).
2.3 Dynamic evolution of drug resistance

In the clinic, every individual, including those with ALK, is

unique, and in practice, a tailored personalized approach would

ideally meet both their individual physical and psychosocial

needs. The vast intratumoral and intertumoral heterogeneity

and dynamic changes in an ALK tumor temporally, particularly

at each drug relapse, suggest that treatment approaches to

manage these tumors in an individual seek also to use a

personalized tumor approach moving away from the ‘one size

fits all’ empirical practice of switching from drug A to drug B

with diminishing benefit from each sequential therapy, as is

largely practiced in the clinic to date. Personalized care using

molecular profiling of tumor tissues from serial biopsies at

progression on multiple lines of ALKi therapy was exemplified

in a landmark case report revealing paradoxical resensitization

to crizotinib at the emergence of a compound ALK L1198F/

C1156Y mutation, with then durable re-response (107).

To achieve this in routine clinical practice, understanding

‘real time’ what is occurring at a molecular level in a relapsing

tumor is required. Obtaining a tissue biopsy may not be feasible

in many patient circumstances. An alternative is a liquid biopsy

looking at ctDNA. Another case report in ALK NSCLC

demonstrated the clinical feasibility of this approach and its

ability to detect KD mutation emergence prior to radiological

progression (108).

Resistant sites of disease may harbor a unique genomic

profile to the primary tumor; drug pressure resulting

from systemic targeted treatment prompts both the selection

of intrinsically resistant cell clones and, after the prolonged

exposition, the development of acquired resistance mechanisms.

The disease may ‘escape’ in some in an oligo-progressive

manner, amenable to biopsy to profile the resistant clones
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(109), enabling management with local ablative therapy as

previously described. However, in more than 50% of cases,

progression is poly-site, and rebiopsy may be logistically

challenging, with the timeliness of the essence. A reliable next

line of therapy is crucial to re-salvage disease and the safety and

performance status of the individual, as with each line of

treatment, and failure, a proportion of patients are not well

enough to proceed to the next stage of treatment to enter best

supportive care. ‘Liquid’ biopsy is proving to be a means to

enable the next frontier in personalized care for ALK, with

evidence for a high yield and concordance with tissue, with

the potential for additional valuable molecular data capturing

spatial heterogeneity (110). Liquid will not replace tissue,

however, in confirming histologic transformation, which may

be a consideration (111).
2.4 Using plasma to inform best practice

The utility of ctDNA, particularly as a means of non-

invasively investigating the mechanisms of drug resistance and

capturing spatial and temporal tumor heterogeneity, is an area of

growth. The 2021 updated International Association for the

Study of Lung Cancer (IASLC) consensus guidelines

recommended, based on the emerging evidence plasma

ctDNA-validated NGS panels performed prior to initial

therapy, a ‘valid tool’ and ‘acceptable approach’; after

progression on targeted therapy, a ‘plasma first’ approach is

‘preferred’ and should be considered the ‘standard of care’.

Plasma ctDNA is ‘emerging as a preferred method’ for real-

time monitoring of systemic therapy effects (112).

With improving hybrid capture DNA plasma assays, the yield

for the ALK fusion in plasma has improved. Recent front-line

brigatinib data from the ALTA-1L clinical trial detected an ALK

fusion in 70% of cases at diagnosis (65). Plasma can assist when

tissue biopsy is negative or insufficient, in disease monitoring and

importantly, to capture inherent spatial and temporal

heterogeneity. The first-line Blood First Assay Screening Trial

(BFAST) alectinib basket recruiting patients with a positive

ctDNA result has proven the feasibility of treatment based on

liquid (113). Recent later-generation lorlatinib data demonstrated

those who had a detectable ALK resistance mutation in the plasma

prior to therapy had a greater PFS (114). In this study tissue and

plasma, concordance was acceptable at 69%, indicating that the

two modalities may complement each other (115). It must be

noted that in detecting ctDNA in those with low disease burden,

thoracic and/or CNS predominate disease may be limited (108,

115, 116). A real-world Korean series of mostly treatment-naïve

ALK patients recently published cemented the wealth of

information that ctDNA profiling can bring to diagnosis,

predicting treatment performance and informing treatment

failure and optimal best drug choice (75). Therefore, tissue and

plasma have the capacity to provide unique and valuable
frontiersin.org

https://doi.org/10.3389/fonc.2022.959637
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Itchins and Pavlakis 10.3389/fonc.2022.959637
complementary information with a non-invasive superior

turnaround time resulting in plasma’s great appeal.
2.5 How to best select and sequence
anaplastic lymphoma kinase inhibitors

Given that there are now six Food and Drug Administration

(FDA)-approved ALKi’s, with more coming through early-

phase investigation, their personalized prescription, guided by

real-time plasma genotyping, may enable the selection of the

most appropriate first- and next-generation ALKi’s for a given

patient at baseline or progression based on clinical and

molecular features. Such informed timely ‘proactive’ drug

prescription has the potential to further turn ALK into a

chronic disease by keeping patients well on effective therapies

while not waiting for further clinical deterioration to declare

from what could have been known to be futile therapies

currently prescribed blindly.

In terms of dynamic molecular profiling data throughout a

patient’s treatment timeline, at present, we have supportive case

reports and retrospective series to guide us, as clinical trial data

in this space have not yet been released with earlier trials not

collecting such information (75). The CROWN trial has however

released early data to indicate those tested sequentially who

cleared their plasma of a detectable ALK fusion or mutation at 4

and/or 24 weeks had a more durable PFS with lorlatinib (92).

A pivotal retrospective report detailed complex genomic

alterations present in pre-treated ALK patients, identifying a

possible cause for drug resistance in 77% (n = 24). Concordance

with tissue was 92% and 82% with plasma positivity responding

to ALKi therapy. Almost half of these patients, 52% (n = 16),

harbored a detectable ALK KDMs, and the remainder harbored

an array of further ALK-independent DNA variants, including in

one patient changes in multiple genes including BRAF (proto-

oncogene B-Raf), CCND1 (cyclin D1), CDK6 (cell division

protein kinase 6), EGFR, KIT (proto-oncogene c-KIT), MET,

and PDGFRA (platelet-derived growth factor receptor A) (108)

demonstrating how complex the resistance may be. Three

patients in this cohort had repeat plasma sampling revealing

entirely different resistance profiles at each time point tested

while they were being sequenced while on therapy. Of interest,

despite the small numbers, fewer patients, 44.4% (n = 4/9) with

ALK V1 versus 75% (n = 6/8) with ALK 3, developed ALK

KDMs at resistance with no G1202R in V1, supporting the data

previously presented in a separate series (68). Intriguingly, in

this comprehensive report, one patient was followed up on his/

her therapy trajectory using plasma at multiple disease time

points including disease progression. This patient demonstrated

fluctuating somatic alteration burden of the ALK fusion, two

ALK KDMs, and a separate ARID1A mutation correlating

directly with treatment response and relapse (Figure 1) (108).
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2.6 Do we need more than
monotherapy?

With the poly-clonality present in most ALK patients at drug

resistance and some at diagnosis, we see clinical trials on ALK

investigating rationale systemic drug combinations to delay drug

resistance, which is certain to emerge with monotherapy. At

present, we have not seen positive prospective data for combined

targeted therapies; however, we have seen resistance in those

patients progressing on later-line therapies, and PFS can be

improved with the addition of chemotherapy to an ALKi (117).

In patients developing MET dysregulation to ALKi including

lorlatinib, the addition of a MET inhibitor to lorlatinib, such as

crizotinib, has been reported to salvage the disease (52). Given this

observation, a phase I/II trial is ongoing investigating lorlatinib

with crizotinib as the front line (NCT04292119). This same trial is

also recruiting MAPK inhibitor binimetinib with lorlatinib, and

SHP2 inhibitor TNO155 and includes a dose-finding design by

combining drugs. Alectinib and cobimetinib are also being

investigated in a phase Ib/II (NCT03202940), as is brigatinib and

binimetinib (NCT04005144), as targeting downstream pathway

activation or bypass tract activation is scientifically plausible.

Similarly, the phase I/II of alectinib and bevacizumab is

recruiting (NCT02521051), and brigatinib and bevacizumab in a

treatment-refractory setting (NCT04227028), as ALK is known to

be a pro-angiogenic tumor. A phase Ib chemotherapy combination

is also open, investigating the combination of carboplatin,

pemetrexed, and bevacizumab with ensartinib (NCT04837716).

It is gratifying to see a phase II, first-line trial investigating the value

of chemotherapy with brigatinib versus brigatinib alone in the

MASTERPROTOCOL ALK (NCT05200481). None of the

abovementioned studies is biomarker dependent for eligibility,

nor stratified by molecular characteristics.

A lack of an efficacy signal has been observed with some

combination approaches including heat shock protein 90 (HSP90)

inhibitors with ALKi and ALKi with immunotherapy (PD(L)-1

inhibitors) (58, 118, 119), with the focus on a biomarker-informed

selection suggested from these examples to identify sub-

populations who may still benefit. Trials evaluating ctDNA to

various ALKi’s continue to be conducted, with the read-out of the

US-based SPACEWALK, defining resistance, anticipated

(NCT03833934). There is no interventional arm to this real-

world study.

The currently recruiting multi-site pilot ALKTERNATE

clinical trial (ACTRN12619000844145) adopts a novel

therapeutic design, investigating alternating lorlatinib with

short intervals of exposure to crizotinib in second-generation

ALKi refractory cases in an effort to delay and prevent drug

resistance through manipulating selection pressure (120). The

potential for crizotinib to preventMET bypass signaling will also

be evaluated with interest. Regular ctDNA profiling is

undertaken and correlated to prior time points, treatment
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efficacy, and disease relapse (73). This proof-of-concept study

will inform future trial expansion, proposed to involve a

dynamic non-fixed therapeutic, biomarker-informed design.

More adaptive and innovative trial designs incorporating

ctDNA are required to shift to the next frontier in treating ALK.

In the meantime, case reports exist to support the addition of

a personalized NGS profile-informed combined targeted therapy

at resistance based on the sequencing profile for the individual.

A reporting bias favoring responding cases may exist in the

literature, as affordable access to such innovative combinations

in the real world is a challenge (121, 122). This molecularly

informed combined therapeutic approach is being formally

investigated with early success in the solid tumors of rare and

unmet need in the I-PREDICT study (NCT02534675) (123).

Strategies to reduce acquired resistance are expanding to

focus on the clone of cells between ALKi-sensitive and ALKi-

resistant cells known as drug-tolerant ‘persisters’. Clinically,

most patients display an incomplete response to ALKi therapy,

with their cytostatic properties, resulting in a residual tumor

volume that remains radiographically stable on therapy, until the

emergence of true resistant clones and enlarging (progressive)

disease. Both the population dynamics and the underlying

biology of this drug-tolerant population remain poorly

understood (124). Drug-tolerant cells are however thought to

represent a slow-growing subpopulation with reversible drug

tolerance (125). In theory, therapies designed to reduce the

frequency of drug-tolerant persisters (DTPs) or directly target

them could decrease rates of acquired resistance by shrinking the

viable residual disease tumor pool. This strategy has parallels to

the use of local control measures (surgical resection or

radiotherapy) in oligometastatic disease, which has been

shown to prolong PFS in smaller studies (84). A window of

opportunity study for investigating DTP disease with

preoperat ive brigat inib in resectable ALK NSCLC

(NCT05361564) is due to start recruitment and will provide

an excellent opportunity to investigate the molecular

underpinnings of tumor persistence in ALK-treated patient’s

resection specimens after neoadjuvant therapy. Beyond tissue

biopsy to confirm and further investigate the biology behind

ALKi persistent clones, a study into consolidative local ablative

therapy in FDG-PET metabolically persistent disease is

warranted as a pragmatic approach to future proofing drug

resistance in ALK.
2.7 Where could we go?

2.7.1 Combining drug therapies in a
personalized manner

Whether combined inhibition with systemic therapies delays

resistance or simply leads to a different mechanism of acquired

resistance without meaningfully impacting patient survival

remains to be seen. What is known is that acquired resistance
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is biologically heterogeneous, and it is unforeseeable that a

uniform approach will ever see the next quantum leap in

survival demanded.

In the vast majority of patients presently presenting with

advanced incurable disease, the desire to overcome or more

significantly delay drug resistance and maintain durable benefit

from current therapeutics will require a paradigm shift from the

current stepwise monotherapy, non-biomarker-driven ‘start and

hope’ approach beyond the first line.

The innovative National Cancer Institute (NCI)-NRG ALK

Master Protocol (NCT03737994) was designed to begin this shift

by recruiting to second-line ALKi therapy based on ALK-

resistance biomarker profiles at tissue rebiopsy and is not

currently recruiting, and it is overall slow to accrue.

Incorporating ctDNA to enable timely and accessible

resistance sequencing and less prescriptive therapeutic arms

and incorporating drug combinations across any later line of

therapy would improve the suitability and enhance the feasibility

of this trial in ALK in 2022.

The phase II platform study in patients with advanced

NSCLC who progressed on first-line osimertinib therapy in

EGFR mutant disease (ORCHARD; NCT03944772) is an

appealing design that is well placed to be applied in ALK. In

ORCHARD patients with a potentially targetable resistant

variant continuing on osimertinib, appropriate targeted

therapy was added, for example, savolitinib in MET

amplification and necitumumab in EGFR amplification (126).

A proposed paradigm shift, the next generation of

ALKTERNATE, ‘ALKTERNATE 2.0’, is presented in Figure 1.

This figure depicts a basic algorithm as a means to address the

current shortcomings in treating ALK disease and provides a

potential solution to vastly improving survival with a proactive

multi-modal, poly-therapeutic, and alternating treatment

approach focused on disabling clonal selection and the

emergence of resistance in a dynamic manner. With continued

switch therapy, and intermittent local ablative therapies as

radiologically and molecularly indicated, incorporating serial

ctDNA, FDG-PET, and MRI-B, plasma can be explored further

to include steady-state therapeutic drug level monitoring, and

titration up and down in drug informed by tolerability, the

individual’s plasma drug concentration, and disease control

state, informed also by the ctDNA quantified sequences.
3 Discussion

3.1 When do we stop?

3.1.1 Reversible risk factors
For the clinical and scientific community, the answer is clear:

the pursuit of ALK lung cancers, as for any cancer or terminal

health condition, does not stop until cure and then prevention

are reached comfortably and reliably at 100%.
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For lung cancers, there are non-modifiable and modifiable

risk factors, the latter of which may assist to decrease the

incidence. Currently, no definite modifiable risk factors for ALK

are known, while some factors are being established. To quote the

ALK Positive organization, which does invaluable work in

advocacy, consumer empowerment, engagement, and uniting

and enabling the international scientific community to progress

the cure in this field, the two known risk factors for an ALK lung

cancer are 1) a pulse and 2) lungs (127). Given thatALKNSCLC is

often but does not exclusively affect a light-/never-smoking

population, the focus has been on other risk factors including

modifiable environmental factors that have evidence to increase

lung cancers more broadly. These include factors contributing to

‘polluted inhaled air’ such as passive exposure to tobacco smoke,

inert gas radon, asbestos, chromium, arsenic, cadmium, silica,

nickel, and polycyclic aromatic hydrocarbons. Workers exposed

to tar and soot in concentrations exceeding those present in urban

air, including diesel exhaust exposure higher in urban areas, are

also at increased risk for developing lung cancer, and risk

minimization is a priority (128, 129).

3.1.2 Lung cancer screening for early diagnosis
The yet-unpublished Lung Cancer Screening Program in

Taiwan: TALENT Study has provided an early positive signal for

screening and detecting more early-stage potentially curable

lung cancer in a non-smoking Asian population. This study

found that a lung cancer screening program is feasible when

including a family history of lung adenocarcinoma,

environmental exposure to tobacco or cooking fumes (cooking

index ≥110 and not using a ventilator during cooking), or

chronic lung disease including tuberculosis (TB) as risk

factors, detecting a positive rate for lung cancer of 2.6% (130).

While the focus is on moving the incidence of ALK to 0%,

there needs also to be a focus on stage migration to diagnosing

all patients in an early-stage setting enabling a curative intent

pathway. There is hope that a future screening program

incorporating new validated risk factors will aid in this, as may

non-invasive plasma cancer screening across the board.

3.1.3 Adjuvant treatments for early disease
Despite ‘curative’ surgery, with conventional adjuvant

chemotherapy, which is the current standard for ALK, less than

50% of lung cancer patients are cured long term and probably fewer

again in a pure ALK population, with an inherently higher risk of

occult micro-metastatic disease-promoting relapse (131). This was

reported in a recent Chinese institution series, where more patients

were found to have nodal involvement; however, survival was better

if a targeted therapy was received postoperatively (132). It was not

stated but assumed that such targeted therapy was received however

at advanced incurable diseases.

Nevertheless, with the recent results from the ADAURA study

demonstrating markedly prolonged disease-free survival with

adjuvant osimertinib in resected EGFR mutant NSCLC, the
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enthusiasm for following suit with ALK has mounted, as

ADAURA OS data are maturing (133). The adjuvant

ALCHEMIST (crizotinib; NCT02201992) and ALINA (alectinib,

NCT03456076) clinical trials in ALK are awaited, for ALINA

alectinib was randomized against chemotherapy, with no patients

receiving alectinib postchemotherapy, and the duration of

alectinib was 2 years. A similar trial to ALINA using ensartinib

has recently opened in China (NCT05341583). There is no trial

assessing the additional benefit of adjuvant ALKi to a

chemotherapy backbone, and this will be an important sequence

to understand further.

There is great hope in implementing ALKi therapy in a

neoadjuvant setting and across the board in lung cancers, but

particularly given that later-generation ALKi’s are highly potent

to ALK, delivering objective response rates of more than 70%–

80%, far superior to chemotherapy in the advanced setting. In

lung cancer, neoadjuvant treatment has many appeals, which are

not lost in the case of ALK: 1) providing the early opportunity to

eradicate micrometastatic disease, 2) increasing systemic

treatment initiation rate and compliance, and 3) assessing

pathological response, thus providing early information on the

treatment response and guiding ongoing therapy and

prognostication to potentially eliminate live tumor cells

released into the circulation during surgery (134–137). The

currently recruiting phase II ALENO (NCT05015010) clinical

trial will shed light on this topic, as retrospective data have

supported the approach with crizotinib (138). These early

crizotinib data incorporated ctDNA monitoring, which

indicated a heightened risk of relapse and interestingly re-

response to crizotinib in those who were rechallenged in the

advanced setting.

The optimal course of TKI peri-operatively in oncogene lung

cancers has not been established, with ALENO dosing alectinib 8

weeks pre-surgery and up to 96 weeks post-surgery for a stage III

population. A pragmatic trial design however is needed tomaximize

accrual to this niche space, as poor recruitment can lead to study

discontinuation, as it did with prospective crizotinib investigation

(NCT03088930). A multi-center, international neoadjuvant

umbrella basket trial incorporating diagnostic NGS including

ctDNA in early-stage disease, moving patients into appropriate

TKI baskets, is certainly a way to optimize accrual and timely

results. Such a trial is planned in the United States with the Lung

Cancer Research Foundation Neoadjuvant Screening Trial:

LCMC4 Evaluation of Actionable Drivers in EaRly Stage Lung

Cancer (NCT04712877).

In keeping with the advanced disease setting and evolving

therapeutics discussed prior, early disease, especially those

managed with peri-operative ALKi therapy, provides an

opportunity to personalize care based on ALK biology,

examining variants, co-mutations, etc., to select the optimal

therapeutic approach, which may include also combination

therapy, such as an ALKi with chemotherapy. The previously

noted trial examining drug-tolerant persister cells in
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preoperative brigatinib-treated tumors will inform this future

approach (NCT05361564). Further innovative trial design will

assist rationale combination therapeutic approaches as needed,

as will taking the vast learnings from the advanced space to

curative early disease investigation, as many of the same

observations are expected to translate to benefit in early disease.

Evaluating ctDNA and extended novel biomarker monitoring

in plasma will likely inform the optimal individual’s course of

perioperative treatments and treatment intensity in the future,

through monitoring for minimal residual disease. Such an

approach was incorporated in the now terminated phase III

adjuvant MERMID-1 clinical trial (NCT04385368) in a non-ALK

population. Of further compelling interest is a phase II trial in

ctDNA-positive postoperative cases incorporating a personalized

cancer vaccine with atezolizumab postchemotherapy in again a

non-ALK group (NCT04267237). Investigation into an ALK

personalized vaccine would provide a novel therapeutic approach

unique to those currently available. CtDNA monitoring is

increasingly being incorporated in early-stage oncogene trials,

such as the sequential osimertinib post-chemoradiotherapy

LAURA trial (NCT03521154). Biomarker-informed novel clinical

trial design will be paramount to increasing cure for ALK-positive

disease, moving liquid into the screening setting for early diagnosis,

with ctDNA methylation markers detectable at early stages in lung

carcinogenesis (139).
4 Conclusion

Over the last 14 years, we have seen the treatment and survival

of ALK-positive lung cancers revolutionized by the differential

treatment of this important sub-population with high-impact

targeted ALKi therapies. In 2022, a newly diagnosed advanced

ALK patient has the potential to live beyond 10 years. Therapies

remain prescribed to most as monotherapy, in a stepwise

empirical approach, as the vast heterogeneity of these tumors

predisposes drug resistance and disease relapse. Treating

oligometastatic, persistent, and progressive disease can provide a

means to temporizing and delaying disease relapse, by treating

local clones ablatively, as in a new era we see a shift to more

complex genomic sequencing of a patient tumor by tissue and

plasma to explain the vulnerabilities underpinning the individual’s

drug resistance and inform the mechanism to overcome this.

Moving forward innovatively and dynamically implementing

drug combinations through clinical trials enabling adaptive
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sequencing of drug therapies, intermingled with local therapies,

informed by sophisticated imaging, and ctDNA or further ‘multi-

omic’ analysis may provide a means to shift advanced cases to a

more protracted and manageable chronic disease.

Intercurrently, the focus shifts to early diagnosis strategies and

enhancing definitive curative intent care with a multi-modal

approach, informed by the advanced disease treatment experience.

Finally, the understanding of risk factors for developing an

ALK lung cancer remains primitive and extrapolated from the

evidence from non-smoker-related long cancers broadly. Defining

unique risk factors and minimizing those modifiable will further

improve survival through prevention, a cornerstone in cancer care.
Data availability statement

The original contributions presented in the study are

included in the article/supplementary materials. Further

inquiries can be directed to the corresponding author.
Author contributions

MI manuscript preparation. NP mansucript review and

edits. All authors contributed to the article and approved the

submitted version.
Conflict of interest

Pertaining to this article: MI - Advisory Boards; Pfizer,

Roche, Takeda. Honoraria: Pfizer, Roche, Takeda, Novartis.

Research funding: Pfizer NP - Advisory Boards : Pfizer, Roche,

Takeda, Guardant360. Honoraria: Pfizer, Roche, Takeda.

Research Support: Pfizer.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49.
doi: 10.3322/caac.21660
2. Pan X, Lv T, Zhang F, Fan H, Liu H, Song YJC, et al. Frequent genomic
alterations and better prognosis among young patients with non-small-cell lung
cancer aged 40 years or younger. Clin Transl Oncol (2018) 20(9):1168–74. doi:
10.1007/s12094-018-1838-z
frontiersin.org

https://doi.org/10.3322/caac.21660
https://doi.org/10.1007/s12094-018-1838-z
https://doi.org/10.3389/fonc.2022.959637
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Itchins and Pavlakis 10.3389/fonc.2022.959637
3. Shaw AT, Yeap BY, Mino-Kenudson M, Digumarthy SR, Costa DB, Heist RS,
et al. Clinical features and outcome of patients with non-small-cell lung cancer who
harbor EML4-ALK. J Clin Oncol (2009) 27(26):4247–53. doi: 10.1200/
JCO.2009.22.6993

4. Paik PK, Johnson ML, D'Angelo SP, Sima CS, Ang D, Dogan S, et al. Driver
mutations determine survival in smokers and never-smokers with stage IIIB/IV
lung adenocarcinomas. Cancer (2012) 118(23):5840–7. doi: 10.1002/cncr.27637

5. Shaw AT, Engelman J. ALK in lung cancer: past, present, and future. J Clin
Oncol (2013) 31(8):1105. doi: 10.1200/JCO.2012.44.5353

6. He Y, Sun L-Y, Gong R, Liu Q, Long Y-K, Liu F, et al. The prevalence of
EML4-ALK variants in patients with non-small-cell lung cancer: a systematic
review and meta-analysis. Biomarkers Med (2019) 13(12):1035–44. doi: 10.2217/
bmm-2018-0277

7. Sabir SR, Yeoh S, Jackson G, Bayliss R. EML4-ALK variants: biological and
molecular properties, and the implications for patients. Cancers (2017) 9(9):118.
doi: 10.3390/cancers9090118

8. Ou S, Zhu V, Nagasaka M. Catalog of 5’Fusion partners in ALK-positive
NSCLC circa 2020. Jto Clin Res Rep (2020) 1:100015. doi: 10.1016/
j.jtocrr.2020.100015

9. Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, Ishikawa S, et al.
Identification of the transforming EML4-ALK fusion gene in non-small-cell lung
cancer. Nature (2007) 448(7153):561–6. doi: 10.1038/nature05945

10. Mok T, Camidge D, Gadgeel S, Rosell R, Dziadziuszko R, Kim D-W, et al.
Updated overall survival and final progression-free survival data for patients with
treatment-naive advanced ALK-positive non-small-cell lung cancer in the ALEX
study. Ann Oncol (2020) 31(8):1056–64. doi: 10.1016/j.annonc.2020.04.478

11. Rangachari D, Yamaguchi N, VanderLaan PA, Folch E, Mahadevan A,
Floyd SR, et al. Brain metastases in patients with EGFR-mutated or ALK-
rearranged non-small-cell lung cancers. Lung Cancer (2015) 88(1):108–11. doi:
10.1016/j.lungcan.2015.01.020

12. Kheng YC, Walsh K, Williams L, Wallace W, Harrison D, Oniscu A. ALK
immunohistochemistry is highly sensitive and specific for the detection of ALK
translocated lung adenocarcinomas: lessons from an audit of lung cancer molecular
testing. J R Coll Physicians Edinburgh (2018) 48(1):20–4. doi: 10.4997/jrcpe.2018.104

13. Houang M, Toon CW, Clarkson A, Sioson L, Watson N, Farzin M, et al.
Reflex ALK immunohistochemistry is feasible and highly specific for ALK gene
rearrangements in lung cancer. Pathology (2014) 46(5):383–8. doi: 10.1097/
PAT.0000000000000114

14. Zeng Q, Gao H, Zhang L, Qin S, Gu Y, Chen QJA-CD. Coexistence of a
secondary STRN–ALK, EML4–ALK double-fusion variant in a lung
adenocarcinoma patient with EGFR mutation: a case report. Anti Cancer Drugs
(2021) 32(8):890–3. doi: 10.1097/CAD.0000000000001094

15. Zhu YC, Liao XH, Wang WX, Xu CW, Zhuang W, Wei JG, et al. Dual drive
coexistence of EML4-ALK and TPM3-ROS1 fusion in advanced lung
adenocarcinoma. Thorac Cancer (2018) 9(2):324–7. doi: 10.1111/1759-7714.12578

16. Solomon BJ, Mok T, Kim DW, Wu YL, Nakagawa K, Mekhail T, et al. First-
line crizotinib versus chemotherapy in ALK-positive lung cancer. N Engl J Med
(2014) 371(23):2167–77. doi: 10.1056/NEJMoa1408440

17. DuruisseauxM, Besse B, Cadranel J, Perol M,Mennecier B, Bigay-Game L, et al.
Overall survival with crizotinib and next-generation ALK inhibitors in ALK-positive
non-small-cell lung cancer (IFCT-1302 CLINALK): a French nationwide cohort
retrospective study. Oncotarget (2017) 8(13):21903–17. doi: 10.18632/oncotarget.15746

18. Costa DB, Kobayashi S, Pandya SS, Yeo WL, Shen Z, Tan W, et al. CSF
concentration of the anaplastic lymphoma kinase inhibitor crizotinib. J Clin Oncol
(2011) 29(15):e443–5. doi: 10.1200/JCO.2010.34.1313

19. Costa DB, Shaw AT, Ou SH, Solomon BJ, Riely GJ, Ahn MJ, et al. Clinical
experience with crizotinib in patients with advanced ALK-rearranged non-Small-
Cell lung cancer and brain metastases. J Clin Oncol (2015) 33(17):1881–8. doi:
10.1200/JCO.2014.59.0539

20. Weickhardt AJ, Scheier B, Burke JM, Gan G, Lu X, Bunn PAJr., et al. Local
ablative therapy of oligoprogressive disease prolongs disease control by tyrosine
kinase inhibitors in oncogene-addicted non-small-cell lung cancer. J Thorac Oncol
(2012) 7(12):1807–14. doi: 10.1097/JTO.0b013e3182745948

21. Doebele RC, Pilling AB, Aisner DL, Kutateladze TG, Le AT, Weickhardt AJ,
et al. Mechanisms of resistance to crizotinib in patients with ALK gene rearranged
non-small cell lung cancer. Clin Cancer Res (2012) 18(5):1472–82. doi: 10.1158/
1078-0432.CCR-11-2906

22. Katayama R, Khan TM, Benes C, Lifshits E, Ebi H, Rivera VM, et al.
Therapeutic strategies to overcome crizotinib resistance in non-small cell lung
cancers harboring the fusion oncogene EML4-ALK. Proc Natl Acad Sci U S A
(2011) 108(18):7535–40. doi: 10.1073/pnas.1019559108

23. Shaw AT, Kim TM, Crinò L, Gridelli C, Kiura K, Liu G, et al. Ceritinib
versus chemotherapy in patients with ALK-rearranged non-small-cell lung cancer
previously given chemotherapy and crizotinib (ASCEND-5): a randomised,
Frontiers in Oncology 13
controlled, open-label, phase 3 trial. Lancet Oncol (2017) 18(7):874–86. doi:
10.1016/S1470-2045(17)30339-X

24. Novello S, Mazières J, Oh I-J, De Castro J, Migliorino M, Helland Å, et al.
Alectinib versus chemotherapy in crizotinib-pretreated anaplastic lymphoma
kinase (ALK)-positive non-small-cell lung cancer: results from the phase III
ALUR study. Ann Oncol (2018) 29(6):1409–16. doi: 10.1093/annonc/mdy121

25. Huber RM, Hansen KH, Paz-Ares Rodriguez L, West HL, Reckamp KL,
Leighl NB, et al. Brigatinib in crizotinib-refractory ALK+ NSCLC: 2-year follow-up
on systemic and intracranial outcomes in the phase 2 ALTA trial. J Thorac Oncol
(2020) 15(3):404–15. doi: 10.1016/j.jtho.2019.11.004

26. Horn L, Infante JR, Reckamp KL, Blumenschein GR, Leal TA, Waqar SN,
et al. Ensartinib (X-396) in ALK-positive non-small cell lung cancer: Results from a
first-in-Human phase I/II, multicenter study. Clin Cancer Res (2018) 24(12):2771–
9. doi: 10.1158/1078-0432.CCR-17-2398

27. Cho BC, Kim D-W, Bearz A, Laurie SA, McKeage M, Borra G, et al.
ASCEND-8: a randomized phase 1 study of ceritinib, 450 mg or 600 mg, taken with
a low-fat meal versus 750 mg in fasted state in patients with anaplastic lymphoma
kinase (ALK)-rearranged metastatic non–small cell lung cancer (NSCLC). J Thorac
Oncol (2017) 12(9):1357–67. doi: 10.1016/j.jtho.2017.07.005

28. Lindeman NI, Cagle PT, Aisner DL, Arcila ME, Beasley MB, Bernicker EH,
et al. Updated molecular testing guideline for the selection of lung cancer patients
for treatment with targeted tyrosine kinase inhibitors: guideline from the college of
American pathologists, the international association for the study of lung cancer,
and the association for molecular pathology. J Thorac Oncol (2018) 13(3):323–58.
doi: 10.5858/arpa.2017-0388-CP

29. Ettinger DS, Wood DE, Aisner DL, Akerley W, Bauman JR, Bharat A, et al.
Non–small cell lung cancer, version 3.2022, NCCN clinical practice guidelines in
oncology. J Natl Compr Canc Netw (2022) 20(5):497–530. doi: 10.6004/
jnccn.2022.0025

30. Lardinois D, Weder W, Hany TF, Kamel EM, Korom S, Seifert B, et al.
Staging of non–small-cell lung cancer with integrated positron-emission
tomography and computed tomography. N Engl J Med (2003) 348(25):2500–7.
doi: 10.1056/NEJMoa022136

31. Ng TL, Morgan RL, Patil T, Barón AE, Smith DE, Camidge DRJLC.
Detection of oligoprogressive disease in oncogene-addicted non-small cell lung
cancer using PET/CT versus CT in patients receiving a tyrosine kinase inhibitor.
Lung Cancer (2018) 126:112–8. doi: 10.1016/j.lungcan.2018.10.023

32. Kerner GS, Koole MJ, Bongaerts AH, Pruim J, Groen HJ, One CAFCJP.
Total body metabolic tumor response in ALK positive non-small cell lung cancer
patients treated with ALK inhibition. PLoS One (2016) 11(5):e0149955. doi:
10.1371/journal.pone.0149955

33. Nakagawa K, Hida T, Nokihara H, Morise M, Azuma K, Kim YH, et al. Final
progression-free survival results from the J-ALEX study of alectinib versus
crizotinib in ALK-positive non-small-cell lung cancer. Lung Cancer (2020)
139:195–9. doi: 10.1016/j.lungcan.2019.11.025

34. Peters S, Camidge DR, Shaw AT, Gadgeel S, Ahn JS, Kim DW, et al.
Alectinib versus crizotinib in untreated ALK-positive non-Small-Cell lung cancer.
N Engl J Med (2017) 377(9):829–38. doi: 10.1056/NEJMoa1704795

35. Zhou C, Kim S-W, Reungwetwattana T, Zhou J, Zhang Y, He J, et al.
Alectinib versus crizotinib in untreated Asian patients with anaplastic lymphoma
kinase-positive non-small-cell lung cancer (ALESIA): a randomised phase 3 study.
Lancet Respir Med (2019) 7(5):437–46. doi: 10.1016/S2213-2600(19)30053-0

36. Camidge DR, Kim HR, Ahn MJ, Yang JC, Han JY, Lee JS, et al. Brigatinib
versus crizotinib in ALK-positive non-Small-Cell lung cancer. N Engl J Med (2018)
379(21):2027–39. doi: 10.1056/NEJMoa1810171

37. Horn L, Wang Z, Wu G, Poddubskaya E, Mok T, Reck M, et al. Ensartinib vs
crizotinib for patients with anaplastic lymphoma kinase-positive non-small cell
lung cancer: A randomized clinical trial. JAMA Oncol (2021) 7(11):1617–25. doi:
10.1001/jamaoncol.2021.3523

38. Camidge DR, Kim HR, Ahn MJ, Yang JCH, Han JY, Hochmair MJ, et al.
Brigatinib versus crizotinib in ALK inhibitor-naive advanced ALK-positive
NSCLC: Final results of phase 3 ALTA-1L trial. J Thorac Oncol (2021) 16
(12):2091–108. doi: 10.1016/j.jtho.2021.07.035

39. Gainor JF, Dardaei L, Yoda S, Friboulet L, Leshchiner I, Katayama R, et al.
Molecular mechanisms of resistance to first- and second-generation ALK
inhibitors in ALK-rearranged lung cancer. Cancer Discovery (2016) 6(10):1118–
33. doi: 10.1158/2159-8290.CD-16-0596

40. Ou SH, Greenbowe J, Khan ZU, Azada MC, Ross JS, Stevens PJ, et al. I1171
missense mutation (particularly I1171N) is a common resistance mutation in ALK-
positive NSCLC patients who have progressive disease while on alectinib and is
sensitive to ceritinib. Lung Cancer (2015) 88(2):231–4. doi: 10.1016/
j.lungcan.2015.02.005

41. Crystal AS, Shaw AT, Sequist LV, Friboulet L, Niederst MJ, Lockerman EL,
et al. Patient-derived models of acquired resistance can identify effective drug
frontiersin.org

https://doi.org/10.1200/JCO.2009.22.6993
https://doi.org/10.1200/JCO.2009.22.6993
https://doi.org/10.1002/cncr.27637
https://doi.org/10.1200/JCO.2012.44.5353
https://doi.org/10.2217/bmm-2018-0277
https://doi.org/10.2217/bmm-2018-0277
https://doi.org/10.3390/cancers9090118
https://doi.org/10.1016/j.jtocrr.2020.100015
https://doi.org/10.1016/j.jtocrr.2020.100015
https://doi.org/10.1038/nature05945
https://doi.org/10.1016/j.annonc.2020.04.478
https://doi.org/10.1016/j.lungcan.2015.01.020
https://doi.org/10.4997/jrcpe.2018.104
https://doi.org/10.1097/PAT.0000000000000114
https://doi.org/10.1097/PAT.0000000000000114
https://doi.org/10.1097/CAD.0000000000001094
https://doi.org/10.1111/1759-7714.12578
https://doi.org/10.1056/NEJMoa1408440
https://doi.org/10.18632/oncotarget.15746
https://doi.org/10.1200/JCO.2010.34.1313
https://doi.org/10.1200/JCO.2014.59.0539
https://doi.org/10.1097/JTO.0b013e3182745948
https://doi.org/10.1158/1078-0432.CCR-11-2906
https://doi.org/10.1158/1078-0432.CCR-11-2906
https://doi.org/10.1073/pnas.1019559108
https://doi.org/10.1016/S1470-2045(17)30339-X
https://doi.org/10.1093/annonc/mdy121
https://doi.org/10.1016/j.jtho.2019.11.004
https://doi.org/10.1158/1078-0432.CCR-17-2398
https://doi.org/10.1016/j.jtho.2017.07.005
https://doi.org/10.5858/arpa.2017-0388-CP
https://doi.org/10.1056/NEJMoa022136
https://doi.org/10.1016/j.lungcan.2018.10.023
https://doi.org/10.1371/journal.pone.0149955
https://doi.org/10.1016/j.lungcan.2019.11.025
https://doi.org/10.1056/NEJMoa1704795
https://doi.org/10.1016/S2213-2600(19)30053-0
https://doi.org/10.1056/NEJMoa1810171
https://doi.org/10.1001/jamaoncol.2021.3523
https://doi.org/10.1016/j.jtho.2021.07.035
https://doi.org/10.1158/2159-8290.CD-16-0596
https://doi.org/10.1016/j.lungcan.2015.02.005
https://doi.org/10.1016/j.lungcan.2015.02.005
https://doi.org/10.3389/fonc.2022.959637
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Itchins and Pavlakis 10.3389/fonc.2022.959637
combinations for cancer. Science (2014) 346(6216):1480–6. doi: 10.1126/
science.1254721

42. Shi R, Martins Filho SN, Li M, Fares A, Weiss J, Pham N-A, et al. BRAF
V600E mutation and MET amplification as resistance pathways of the second-
generation anaplastic lymphoma kinase (ALK) inhibitor alectinib in lung cancer.
Lung Cancer (2020) 146:78–85. doi: 10.1016/j.lungcan.2020.05.018

43. Yun MR, Choi HM, Lee YW, Joo HS, Park CW, Choi JW, et al. Targeting
YAP to overcome acquired resistance to ALK inhibitors in ALK-rearranged lung
cancer. EMBO Mol Med (2019) 11(12):e10581. doi: 10.15252/emmm.201910581

44. Lovly CM, Shaw ATJCCR. Molecular pathways: resistance to kinase
inhibitors and implications for therapeutic strategies. Clin Cancer Res (2014) 20
(9):2249–56. doi: 10.1158/1078-0432.CCR-13-1610

45. Lin JJ, Zhu VW, Schoenfeld AJ, Yeap BY, Saxena A, Ferris LA, et al.
Brigatinib in patients with alectinib-refractory ALK-positive NSCLC. J Thorac
Oncol (2018) 13(10):1530–8. doi: 10.1016/j.jtho.2018.06.005

46. Nishio M, Yoshida T, Kumagai T, Hida T, Toyozawa R, Shimokawaji T,
et al. Brigatinib in Japanese patients with ALK-positive NSCLC previously
treated with alectinib and other tyrosine kinase inhibitors: outcomes of the
phase 2 J-ALTA trial. J Thorac Oncol (2021) 16(3):452–63. doi: 10.1016/
j.jtho.2020.11.004

47. Balla A, Khan F, Hampel KJ, Aisner DL, Sidiropoulos N. Small-cell
transformation of ALK-rearranged non-small-cell adenocarcinoma of the lung.
Molec Case Studies (2018) 4(2):a002394. doi: 10.1101/mcs.a002394

48. Fares AF, Lok BH, Zhang T, Cabanero M, Lau SC, Stockley T, et al. ALK-
rearranged lung adenocarcinoma transformation into high-grade large cell
neuroendocrine carcinoma: Clinical and molecular description of two cases.
Lung Cancer (2020) 146:350–4. doi: 10.1016/j.lungcan.2020.06.005

49. Gong J, Gregg JP, Ma W, Yoneda K, Moore EH, Daly ME, et al. Squamous
cell transformation of primary lung adenocarcinoma in a patient with EML4-ALK
fusion variant 5 refractory to ALK inhibitors. J Natl Compr Cancer (2019) 17
(4):297–301. doi: 10.6004/jnccn.2019.7291

50. Solomon BJ, Besse B, Bauer TM, Felip E, Soo RA, Camidge DR, et al.
Lorlatinib in patients with ALK-positive non-small-cell lung cancer: results from a
global phase 2 study. Lancet Oncol (2018) 19(12):1654–67. doi: 10.1016/S1470-
2045(18)30649-1

51. Yoda S, Lin JJ, Lawrence MS, Burke BJ, Friboulet L, Langenbucher A, et al.
Sequential ALK inhibitors can select for lorlatinib-resistant compound ALK
mutations in ALK-positive lung cancer. Cancer Discovery (2018) 8(6):714–29.
doi: 10.1158/2159-8290.CD-17-1256

52. Dagogo-Jack I, Yoda S, Lennerz JK, Langenbucher A, Lin JJ, Rooney MM,
et al. MET alterations are a recurring and actionable resistance mechanism in ALK-
positive lung cancer. Clin Cancer Res (2020) 26(11):2535–45. doi: 10.1158/1078-
0432.CCR-19-3906

53. Recondo G, Mezquita L, Facchinetti F, Planchard D, Gazzah A, Bigot L, et al.
Diverse resistance mechanisms to the third-generation ALK inhibitor lorlatinib in
ALK-rearranged lung cancer. Clin Cancer Res (2020) 26(1):242–55. doi: 10.1158/
1078-0432.CCR-19-1104

54. Shaw AT, Varghese AM, Solomon BJ, Costa DB, Novello S, Mino-Kenudson
M, et al. Pemetrexed-based chemotherapy in patients with advanced, ALK-positive
non-small cell lung cancer. Ann Oncol (2013) 24(1):59–66. doi: 10.1093/annonc/
mds242

55. Reck M, Mok TS, Nishio M, Jotte RM, Cappuzzo F, Orlandi F, et al.
Atezolizumab plus bevacizumab and chemotherapy in non-small-cell lung cancer
(IMpower150): key subgroup analyses of patients with EGFR mutations or baseline
liver metastases in a randomised, open-label phase 3 trial. Lancet Respir Med (2019)
7(5):387–401. doi: 10.1016/S2213-2600(19)30084-0

56. Jahanzeb M, Lin HM, Pan X, Yin Y, Baumann P. Langer CJJClc.
Immunotherapy treatment patterns and outcomes among ALK-positive patients
with non–Small-Cell lung cancer. Clin Lung Cancer (2021) 22(1):49–57. doi:
10.1016/j.cllc.2020.08.003

57. Felip E, De Braud FG, Maur M, Loong HH, Shaw AT, Vansteenkiste JF, et al.
Ceritinib plus nivolumab (NIVO) in patients (pts) with anaplastic lymphoma
kinase positive (ALK+) advanced non-small cell lung cancer (NSCLC). J Clin Oncol
(2017) 35(Suppl_15). doi: 10.1200/JCO.2017.35.15_suppl.2502

58. Shaw AT, Lee S-H, Ramalingam SS, Bauer TM, Boyer MJ, Costa EC, et al.
Avelumab (anti–PD-L1) in combination with crizotinib or lorlatinib in patients with
previously treated advanced NSCLC: Phase 1b results from JAVELIN lung 101. J Clin
Oncol (2018) 36(15_suppl):9008. doi: 10.1200/JCO.2018.36.15_suppl.9008

59. Kim D-W, Gadgeel SM, Gettinger SN, Riely GJ, Oxnard GR, Mekhail T,
et al. Safety and clinical activity results from a phase ib study of alectinib plus
atezolizumab in ALK+ advanced NSCLC (aNSCLC). J Clin Oncol (2018) 36
(Suppl_15). doi: 10.1200/JCO.2018.36.15_suppl.9009

60. Kim S-J, Kim S, Kim D-W, Kim M, Keam B, Kim TM, et al. Alterations in
PD-L1 expression associated with acquisition of resistance to ALK inhibitors in
Frontiers in Oncology 14
ALK-rearranged lung cancer. Cancer Res (2019) 51(3):1231. doi: 10.4143/
crt.2018.486

61. Bayliss R, Choi J, Fennell DA, Fry AM, Richards MW. Molecular
mechanisms that underpin EML4-ALK driven cancers and their response to
targeted drugs. Cell Mol Life Sci (2016) 73(6):1209–24. doi: 10.1007/s00018-015-
2117-6

62. Heuckmann JM, Balke-Want H, Malchers F, Peifer M, Sos ML, Koker M,
et al. Differential protein stability and ALK inhibitor sensitivity of EML4-ALK
fusion variants. Clin Cancer Res (2012) 18(17):4682–90. doi: 10.1158/1078-
0432.CCR-11-3260

63. Ruano-Ravina A, Provencio-Pulla M. Differential crizotinib response
duration among ALK fusion variants in ALK-positive non–small-cell lung
cancer. Trans Cancer Res (2017) 6(S1):S54–S6. doi: 10.21037/tcr.2017.02.26

64. Camidge DR, Dziadziuszko R, Peters S, Mok T, Noe J, Nowicka M, et al.
Updated efficacy and safety data and impact of the EML4-ALK fusion variant on
the efficacy of alectinib in untreated ALK-positive advanced non-small cell lung
cancer in the global phase III ALEX study. J Thorac Oncol (2019) 14(7):1233–43.
doi: 10.1016/j.jtho.2019.03.007

65. Camidge DR, Niu H, Kim HR, Yang JC-H, Ahn M-J, Li JY-C, et al.
Correlation of baseline molecular and clinical variables with ALK inhibitor
efficacy in ALTA-1L. J Clin Oncol (2020) 38(15_suppl):9517. doi: 10.1200/
JCO.2020.38.15_suppl.9517

66. Horn L, Whisenant JG, Wakelee H, Reckamp KL, Qiao H, Leal TA, et al.
Monitoring therapeutic response and resistance: analysis of circulating tumor DNA
in patients with ALK+ lung cancer. J Thorac Oncol (2019) 14(11):1901–11. doi:
10.1016/j.jtho.2019.08.003

67. Ou S-HI, Bartlett CH, Mino-Kenudson M, Cui J, Iafrate AJ. Crizotinib for
the treatment of ALK-rearranged non-small cell lung cancer: a success story to
usher in the second decade of molecular targeted therapy in oncology. oncologist
(2012) 17(11):1351. doi: 10.1634/theoncologist.2012-0311

68. Lin JJ, Zhu VW, Yoda S, Yeap BY, Schrock AB, Dagogo-Jack I, et al. Impact
of EML4-ALK variant on resistance mechanisms and clinical outcomes in ALK-
positive lung cancer. J Clin Oncol (2018) 36(12):1199–206. doi: 10.1200/
JCO.2017.76.2294

69. Bauer TM, Martini J-F, Besse B, Lin C-C, Soo RA, Riely GJ, et al. (2020).
Impact of the EML4-ALK fusion variant on the efficacy of lorlatinib in patients
with ALK-positive advanced non-small cell lung cancer (NSCLC), in: AACR
Conference Abstract.

70. Childress MA, Himmelberg SM, Chen H, Deng W, Davies MA, Lovly CM.
ALK fusion partners impact response to ALK inhibition: Differential effects on
sensitivity, cellular phenotypes, and biochemical properties.Mol Cancer Res (2018)
16(11):1724–36. doi: 10.1158/1541-7786.MCR-18-0171

71. Mengoli MC, Barbieri F, Bertolini F, Tiseo M, Rossi G. K-RAS mutations
indicating primary resistance to crizotinib in ALK-rearranged adenocarcinomas of
the lung: Report of two cases and review of the literature. Lung Cancer (2016)
93:55–8. doi: 10.1016/j.lungcan.2016.01.002

72. Marino FZ, Ronchi A, Accardo M, Franco R. Concomitant ALK/KRAS and
ALK/EGFR mutations in non small cell lung cancer: different profile of response to
target therapies. Transl Cancer Res (2017) 6(Suppl 3):457–60. doi: 10.21037/
tcr.2017.03.77

73. Itchins M, Liang S, Barnes T, Marx G, Chin V, Kao S, et al. P24. 03 dynamic
circulating tumor DNA interim results from the ALKternate clinical trial. J Thorac
Oncol (2021) 16(10):S1030–S2. doi: 10.1016/j.jtho.2021.08.368

74. Kron A, Alidousty C, Scheffler M, Merkelbach-Bruse S, Seidel D, Riedel R,
et al. Impact of TP53 mutation status on systemic treatment outcome in ALK-
rearranged non-small-cell lung cancer. Ann Oncol (2018) 29(10):2068–75. doi:
10.1093/annonc/mdy333

75. Kwon M, Ku BM, Olsen S, Park S, Lefterova M, Odegaard J, et al.
Longitudinal monitoring by next-generation sequencing of plasma cell-free DNA
in ALK rearranged NSCLC patients treated with ALK tyrosine kinase inhibitors.
Cancer Med (2022) 00:1–13. doi: 10.1002/cam4.4663

76. Camidge DR, Kim HR, Ahn M-J, Yang JC, Han J-Y, Hochmair MJ, et al.
Brigatinib versus crizotinib in ALK inhibitor–naive advanced ALK-positive
NSCLC: Final results of phase 3 ALTA-1L trial. J Thorac Oncol (2021) 16
(12):2091–108. doi: 10.1016/j.jtho.2021.07.035

77. Cheung-Ong K, Giaever G, Nislow C. DNA-Damaging agents in cancer
chemotherapy: serendipity and chemical biology. Chem Biol (2013) 20(5):648–59.
doi: 10.1016/j.chembiol.2013.04.007

78. Campo M, Al-Halabi H, Khandekar M, Shaw AT, Sequist LV, Willers H.
Integration of stereotactic body radiation therapy with tyrosine kinase inhibitors in
stage IV oncogene-driven lung cancer. Oncologist (2016) 21(8):964–73. doi:
10.1634/theoncologist.2015-0508

79. Basler L, Kroeze S, Guckenberger M. SBRT for oligoprogressive oncogene
addicted NSCLC. Lung Cancer (2017) 106:50–7. doi: 10.1016/j.lungcan.2017.02.007
frontiersin.org

https://doi.org/10.1126/science.1254721
https://doi.org/10.1126/science.1254721
https://doi.org/10.1016/j.lungcan.2020.05.018
https://doi.org/10.15252/emmm.201910581
https://doi.org/10.1158/1078-0432.CCR-13-1610
https://doi.org/10.1016/j.jtho.2018.06.005
https://doi.org/10.1016/j.jtho.2020.11.004
https://doi.org/10.1016/j.jtho.2020.11.004
https://doi.org/10.1101/mcs.a002394
https://doi.org/10.1016/j.lungcan.2020.06.005
https://doi.org/10.6004/jnccn.2019.7291
https://doi.org/10.1016/S1470-2045(18)30649-1
https://doi.org/10.1016/S1470-2045(18)30649-1
https://doi.org/10.1158/2159-8290.CD-17-1256
https://doi.org/10.1158/1078-0432.CCR-19-3906
https://doi.org/10.1158/1078-0432.CCR-19-3906
https://doi.org/10.1158/1078-0432.CCR-19-1104
https://doi.org/10.1158/1078-0432.CCR-19-1104
https://doi.org/10.1093/annonc/mds242
https://doi.org/10.1093/annonc/mds242
https://doi.org/10.1016/S2213-2600(19)30084-0
https://doi.org/10.1016/j.cllc.2020.08.003
https://doi.org/10.1200/JCO.2017.35.15_suppl.2502
https://doi.org/10.1200/JCO.2018.36.15_suppl.9008
https://doi.org/10.1200/JCO.2018.36.15_suppl.9009
https://doi.org/10.4143/crt.2018.486
https://doi.org/10.4143/crt.2018.486
https://doi.org/10.1007/s00018-015-2117-6
https://doi.org/10.1007/s00018-015-2117-6
https://doi.org/10.1158/1078-0432.CCR-11-3260
https://doi.org/10.1158/1078-0432.CCR-11-3260
https://doi.org/10.21037/tcr.2017.02.26
https://doi.org/10.1016/j.jtho.2019.03.007
https://doi.org/10.1200/JCO.2020.38.15_suppl.9517
https://doi.org/10.1200/JCO.2020.38.15_suppl.9517
https://doi.org/10.1016/j.jtho.2019.08.003
https://doi.org/10.1634/theoncologist.2012-0311
https://doi.org/10.1200/JCO.2017.76.2294
https://doi.org/10.1200/JCO.2017.76.2294
https://doi.org/10.1158/1541-7786.MCR-18-0171
https://doi.org/10.1016/j.lungcan.2016.01.002
https://doi.org/10.21037/tcr.2017.03.77
https://doi.org/10.21037/tcr.2017.03.77
https://doi.org/10.1016/j.jtho.2021.08.368
https://doi.org/10.1093/annonc/mdy333
https://doi.org/10.1002/cam4.4663
https://doi.org/10.1016/j.jtho.2021.07.035
https://doi.org/10.1016/j.chembiol.2013.04.007
https://doi.org/10.1634/theoncologist.2015-0508
https://doi.org/10.1016/j.lungcan.2017.02.007
https://doi.org/10.3389/fonc.2022.959637
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Itchins and Pavlakis 10.3389/fonc.2022.959637
80. Tsao MN, Cheung P, Poon I, Ung Y, Louie AV. Stereotactic body radiation
therapy for extracranial oligometastatic non–small-cell lung cancer: A systematic
review. Clin Lung Cancer (2020) 21(2):95–105.e1. doi: 10.1016/j.cllc.2019.11.007

81. Gan GN, Weickhardt AJ, Scheier B, Doebele RC, Gaspar LE, Kavanagh BD,
et al. Stereotactic radiation therapy can safely and durably control sites of extra-
central nervous system oligoprogressive disease in anaplastic lymphoma kinase-
positive lung cancer patients receiving crizotinib. Int J Radiat Oncol Biol Phys
(2014) 88(4):892–8. doi: 10.1016/j.ijrobp.2013.11.010

82. Weickhardt AJ, Scheier B, Burke JM, Gan G, Lu X, Bunn PA Jr., et al. Local
ablative therapy of oligoprogressive disease prolongs disease control by tyrosine
kinase inhibitors in oncogene-addicted non–small-cell lung cancer. J Thorac Oncol
(2012) 7(12):1807–14. doi: 10.1097/JTO.0b013e3182745948

83. Iyengar P, Kavanagh BD, Wardak Z, Smith I, Ahn C, Gerber DE, et al. Phase
II trial of stereotactic body radiation therapy combined with erlotinib for patients
with limited but progressive metastatic non–small-cell lung cancer. J Clin Oncol
(2014) 32(34):3824–30. doi: 10.1200/JCO.2014.56.7412

84. Gomez DR, Blumenschein Jr.GR, Lee JJ, Hernandez M, Ye R, Camidge DR,
et al. Local consolidative therapy versus maintenance therapy or observation for
patients with oligometastatic non-small-cell lung cancer without progression after
first-line systemic therapy: a multicentre, randomised, controlled, phase 2 study.
Lancet Oncol (2016) 17(12):1672–82. doi: 10.1016/S1470-2045(16)30532-0

85. De Ruysscher D, Wanders R, van Baardwijk A, Dingemans A-MC, Reymen
B, Houben R, et al. Radical treatment of non–small-cell lung cancer patients with
synchronous oligometastases: long-term results of a prospective phase II trial
(Nct01282450). J Thorac Oncol (2012) 7(10):1547–55.

86. Cuaron J, Dunphy M, Rimner A. Role of FDG-PET scans in staging,
response assessment, and follow-up care for non-small cell lung cancer. Front
Oncol (2013) 2:208. doi: 10.3389/fonc.2012.00208

87. Takeda M, Okamoto I, Nakagawa K. Clinical impact of continued crizotinib
administration after isolated central nervous system progression in patients with
lung cancer positive for ALK rearrangement. J Thorac Oncol (2013) 8(5):654–7.
doi: 10.1097/JTO.0b013e31828c28e7

88. Yamamoto M, Serizawa T, Shuto T, Akabane A, Higuchi Y, Kawagishi J,
et al. Stereotactic radiosurgery for patients with multiple brain metastases
(JLGK0901): a multi-institutional prospective observational study. Lancet Oncol
(2014) 15(4):387–95. doi: 10.1016/S1470-2045(14)70061-0

89. Robin TP, Camidge DR, Stuhr K, Nath SK, Breeze RE, Pacheco JM, et al.
Excellent outcomes with radiosurgery for multiple brain metastases in ALK and
EGFR driven non–small cell lung cancer. J Thorac Oncol (2018) 13(5):715–20. doi:
10.1016/j.jtho.2017.12.006

90. Collie D, Brush J, Lammie G, Grant R, Kunkler I, Leonard R, et al. Imaging
features of leptomeningeal metastases. Clinical Radiol (1999) 54(11):765–71. doi:
10.1016/S0009-9260(99)91181-9

91. Thomas NJ, Myall NJ, Sun F, Patil T, Mushtaq R, Yu C, et al. Brain
metastases in EGFR-and ALK-positive NSCLC: Outcomes of central nervous
system-penetrant tyrosine kinase inhibitors alone versus in combination with
radiation. J Thorac Oncol (2022) 17(1):116–29. doi: 10.1016/j.jtho.2021.08.009

92. Shaw AT, Bauer TM, de Marinis F, Felip E, Goto Y, Liu G, et al. First-line
lorlatinib or crizotinib in advanced ALK-positive lung cancer. New Engl J Med
(2020) 383(21):2018–29. doi: 10.1056/NEJMoa2027187

93. Solomon B, Bauer T, Mok T, Liu G, Mazieres J, de Marinis F, et al. (2022).
Updated efficacy and safety from the phase 3 CROWN study of first-line lorlatinib
vs crizotinib in advanced anaplastic lymphoma kinase (ALK)–positive non-small
cell lung cancer (NSCLC), in: AACR Conference Abstract CT223, .

94. Bauer TM, Felip E, Solomon BJ, Thurm H, Peltz G, Chioda MD, et al.
Clinical management of adverse events associated with lorlatinib. Oncologist (2019)
24(8):1103–10. doi: 10.1634/theoncologist.2018-0380

95. Leonetti A, Sharma S, Minari R, Perego P, Giovannetti E, Tiseo M.
Resistance mechanisms to osimertinib in EGFR-mutated non-small cell lung
cancer. Br J Cancer (2019) 121(9):725–37. doi: 10.1038/s41416-019-0573-8

96. Murray BW, Zhai D, DengW, Zhang X, Ung J, Nguyen V, et al. TPX-0131, a
potent CNS-penetrant, next-generation inhibitor of wild-type ALK and ALK-
resistant mutations. Mol Cancer Ther (2021) 20(9):1499–507. doi: 10.1158/1535-
7163.MCT-21-0221

97. Pelish HE TA, Kohl NE, Porter JR, Shair MD, et al. NVL-655 is a selective,
brain-penetrant ALK inhibitor with antitumor activity against the lorlatinib-
resistant G1202R/L1196M compound mutation. Cancer Res (2021) 81:1468. doi:
10.1158/1538-7445.AM2021-1468

98. Zhu VW, Nagasaka M, Madison R, Schrock AB, Cui J, Ou S-HI, et al. A
novel sequentially evolved EML4-ALK variant 3 G1202R/S1206Y double mutation
in cis confers resistance to lorlatinib: a brief report and literature review. JTO Clin
Res Rep (2021) 2(1):100116. doi: 10.1016/j.jtocrr.2020.100116

99. Zhang SS, Nagasaka M, Zhu VW, Ou S-HI. Going beneath the tip of the
iceberg. identifying and understanding EML4-ALK variants and TP53 mutations to
Frontiers in Oncology 15
optimize treatment of ALK fusion positive (ALK+) NSCLC. Lung Cancer (2021)
158:126–36. doi: 10.1016/j.lungcan.2021.06.012

100. Ou SHI, Nagasaka M, Brazel D, Hou Y, Zhu VW. Will the clinical
development of 4th-generation "double mutant active" ALK TKIs (TPX-0131
and NVL-655) change the future treatment paradigm of ALK+ NSCLC? Trans
Oncol (2021) 14(11):1–19. doi: 10.1016/j.tranon.2021.101191

101. Wang X-S, Bai Y-F, Verma V, Yu R-L, Tian W, Ao R, et al. Randomized
trial of first-line tyrosine kinase inhibitor with or without radiotherapy for
synchronous oligometastatic EGFR-mutated non-small cell lung cancer. J Natl
Cancer Inst (2022) 114(5):djac015. doi: 10.1093/jnci/djac015

102. Dingemans A-MC, Hendriks LE, Berghmans T, Levy A, Hasan B, Faivre-
Finn C, et al. Definition of synchronous oligometastatic non–small cell lung
cancer–a consensus report. J Thorac Oncol (2019) 14(12):2109–19. doi: 10.1016/
j.jtho.2019.07.025

103. Juan O, Popat S. Ablative therapy for oligometastatic non–small cell lung
cancer. Clin Lung Cancer (2017) 18(6):595–606. doi: 10.1016/j.cllc.2017.03.002

104. Gray PJ, Mak RH, Yeap BY, Cryer SK, Pinnell NE, Christianson LW, et al.
Aggressive therapy for patients with non-small cell lung carcinoma and
synchronous brain-only oligometastatic disease is associated with long-term
survival. Lung Cancer (2014) 85(2):239–44. doi: 10.1016/j.lungcan.2014.06.001

105. Zhu VW, Nagasaka M, Kubota T, Raval K, Robinette N, Armas O, et al.
Symptomatic CNS radiation necrosis requiring neurosurgical resection during
treatment with lorlatinib in ALK-rearranged NSCLC: a report of two cases. J Lung
Cancer: Targets Therapy (2020) 11:13. doi: 10.2147/LCTT.S224991

106. Khan M, Zhao Z, Arooj S, Liao G. Bevacizumab for radiation necrosis
following radiotherapy of brain metastatic disease: a systematic review & meta-
analysis. BMC Cancer (2021) 21(1):1–19. doi: 10.1186/s12885-021-07889-3

107. Shaw AT, Friboulet L, Leshchiner I, Gainor JF, Bergqvist S, Brooun A, et al.
Resensitization to crizotinib by the LorlatinibALKResistance mutation L1198F.
New Engl J Med (2016) 374(1):54–61. doi: 10.1056/NEJMoa1508887

108. McCoach CE, Blakely CM, Banks KC, Levy B, Chue BM, Raymond VM,
et al. Clinical utility of cell-free DNA for the detection of ALK fusions and genomic
mechanisms of ALK inhibitor resistance in non-small cell lung cancer. Clin Cancer
Res (2018) 24(12):2758–70. doi: 10.1158/1078-0432.CCR-17-2588

109. Urbanska E, Melchior L, De Stricker K, Sørensen J, Rugiu ES. P3. 08-18
changing resistance mechanisms in rebiopsies of ALK-positive NSCLC during
multiple lines of therapy: ALK/BRAF-mutations followed by EMT. Int J Mol Sci
(2020) 21(8):2847. doi: 10.3390/ijms21082847

110. Dagogo-Jack I, Brannon AR, Ferris LA, Campbell CD, Lin JJ, Schultz KR,
et al. Tracking the evolution of resistance to ALK tyrosine kinase inhibitors through
longitudinal analysis of circulating tumor DNA. JCO Precis Oncol (2018) 2:1–14.
doi: 10.1200/PO.17.00160

111. Ueda S, Shukuya T, Hayashi T, Suzuki M, Kondo A, Arai Y, et al.
Transformation from adenocarcinoma to squamous cell lung carcinoma with
MET amplification after lorlatinib resistance: A case report. Thorac Cancer
(2021) 12(5):715–9. doi: 10.1111/1759-7714.13829

112. Rolfo C, Mack P, Scagliotti GV, Aggarwal C, Arcila ME, Barlesi F, et al.
Liquid biopsy for advanced NSCLC: A consensus statement from the international
association for the study of lung cancer. J Thorac Oncol (2021) 16(10):1647–62. doi:
10.1016/j.jtho.2021.06.017

113. Gadgeel S, Mok T, Peters S, Alexander J, Leighl N, Sriuranpong V, et al.
Phase II/III blood first assay screening trial (BFAST) in patients (pts) with
treatment-naïve NSCLC: Initial results from the ALK+ cohort. Annals Onc
(2019) 30(Suppl_5):v918. doi: 10.1093/annonc/mdz394.079

114. Shaw AT, Martini JF, Besse B, Bauer TM, Lin CC, Soo RA, et al. Efficacy of
lorlatinib in patients (pts) with advanced ALK-positive non-small cell lung cancer
(NSCLC) and ALK kinase domain mutations. Cancer Res (2018) 78(Supplement 1).
doi: 10.1158/1538-7445.AM2018-CT044

115. Shaw AT, Martini J-F, Besse B, Bauer TM, Lin C-C, Soo RA, et al. Early
circulating tumor (ct)DNA dynamics and efficacy of lorlatinib in patients (pts) with
advanced ALK-positive non-small cell lung cancer (NSCLC). J Clin Oncol (2019)
37(15_suppl):9019. doi: 10.1200/JCO.2019.37.15_suppl.9019

116. Itchins M, Lau B, Hudson AL, Westman H, Xia CY, Hayes SA, et al. ALK-
rearranged non-small cell lung cancer in 2020: Real-world triumphs in an era of
multigeneration ALK-inhibitor sequencing informed by drug resistance profiling.
Oncologist (2020) 25:1–9. doi: 10.1634/theoncologist.2020-0075

117. Lin JJ, Schoenfeld AJ, Zhu VW, Yeap BY, Chin E, Rooney M, et al. Efficacy
of Platinum/Pemetrexed combination chemotherapy in ALK-positive NSCLC
refractory to second-generation ALK inhibitors. J Thorac Oncol (2020) 15
(2):258–65. doi: 10.1016/j.jtho.2019.10.014

118. Besse B, Bertino E, Pennell N, Wozniak A, Mahadevan D, Spira A, et al. A
study of Hsp90 inhibitor AT13387 alone and in combination with crizotinib (CZT)
in the treatment of non-small cell lung cancer (NSCLC). Ann Oncol (2014) 25:
iv430. doi: 10.1093/annonc/mdu349.10
frontiersin.org

https://doi.org/10.1016/j.cllc.2019.11.007
https://doi.org/10.1016/j.ijrobp.2013.11.010
https://doi.org/10.1097/JTO.0b013e3182745948
https://doi.org/10.1200/JCO.2014.56.7412
https://doi.org/10.1016/S1470-2045(16)30532-0
https://doi.org/10.3389/fonc.2012.00208
https://doi.org/10.1097/JTO.0b013e31828c28e7
https://doi.org/10.1016/S1470-2045(14)70061-0
https://doi.org/10.1016/j.jtho.2017.12.006
https://doi.org/10.1016/S0009-9260(99)91181-9
https://doi.org/10.1016/j.jtho.2021.08.009
https://doi.org/10.1056/NEJMoa2027187
https://doi.org/10.1634/theoncologist.2018-0380
https://doi.org/10.1038/s41416-019-0573-8
https://doi.org/10.1158/1535-7163.MCT-21-0221
https://doi.org/10.1158/1535-7163.MCT-21-0221
https://doi.org/10.1158/1538-7445.AM2021-1468
https://doi.org/10.1016/j.jtocrr.2020.100116
https://doi.org/10.1016/j.lungcan.2021.06.012
https://doi.org/10.1016/j.tranon.2021.101191
https://doi.org/10.1093/jnci/djac015
https://doi.org/10.1016/j.jtho.2019.07.025
https://doi.org/10.1016/j.jtho.2019.07.025
https://doi.org/10.1016/j.cllc.2017.03.002
https://doi.org/10.1016/j.lungcan.2014.06.001
https://doi.org/10.2147/LCTT.S224991
https://doi.org/10.1186/s12885-021-07889-3
https://doi.org/10.1056/NEJMoa1508887
https://doi.org/10.1158/1078-0432.CCR-17-2588
https://doi.org/10.3390/ijms21082847
https://doi.org/10.1200/PO.17.00160
https://doi.org/10.1111/1759-7714.13829
https://doi.org/10.1016/j.jtho.2021.06.017
https://doi.org/10.1093/annonc/mdz394.079
https://doi.org/10.1158/1538-7445.AM2018-CT044
https://doi.org/10.1200/JCO.2019.37.15_suppl.9019
https://doi.org/10.1634/theoncologist.2020-0075
https://doi.org/10.1016/j.jtho.2019.10.014
https://doi.org/10.1093/annonc/mdu349.10
https://doi.org/10.3389/fonc.2022.959637
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Itchins and Pavlakis 10.3389/fonc.2022.959637
119. Felip E, de Braud FG, Maur M, Loong HH, Shaw AT, Vansteenkiste JF,
et al. Ceritinib plus nivolumab in patients with advanced ALK-rearranged non-
small cell lung cancer: Results of an open-label, multicenter, phase 1B study.
J Thorac Oncol (2020) 15(3):392–403. doi: 10.1016/j.jtho.2019.10.006

120. Itchins M, Liang S, Brown C, Solomon B, Pavlakis N. P47. 12 ALKternate:
A proof of concept study in ALK-rearranged NSCLC alternating lorlatinib with
crizotinib after disease progression. J Thorac Oncol (2021) 16(10):S1101–S2. doi:
10.1016/j.jtho.2021.08.505

121. Tsui DCC, Aisner D, Nijmeh H, Bao L, Menter A, Camidge DR. Tumor
shrinkage with combination of alectinib and trastuzumab in a patient with ALK-
rearranged non–small cell lung cancer harboring HER2-amplification as an
acquired resistance mechanism to ALK inhibitor therapy. Clin Lung Cancer
(2022) 23(2):e99–e103. doi: 10.1016/j.cllc.2021.06.012

122. Miyawaki M, Yasuda H, Tani T, Hamamoto J, Arai D, Ishioka K, et al.
Overcoming EGFR bypass signal-induced acquired resistance to ALK tyrosine
kinase inhibitors in ALK-translocated lung cancer. Mol Cancer Res (2017) 15
(1):106–14. doi: 10.1158/1541-7786.MCR-16-0211

123. Sicklick JK, Kato S, Okamura R, Schwaederle M, Hahn ME, Williams CB,
et al. Molecular profiling of cancer patients enables personalized combination
therapy: the I-PREDICT study. Nature Med (2019) 25(5):744–50. doi: 10.1038/
s41591-019-0407-5

124. Salgia R, Kulkarni P. The genetic/non-genetic duality of drug ‘resistance’in
cancer. Trends Cancer (2018) 4(2):110–8. doi: 10.1016/j.trecan.2018.01.001

125. Sharma SV, Lee DY, Li B, Quinlan MP, Takahashi F, Maheswaran S, et al.
A chromatin-mediated reversible drug-tolerant state in cancer cell subpopulations.
Cell (2010) 141(1):69–80. doi: 10.1016/j.cell.2010.02.027

126. Yu H, Goldberg S, Le X, Piotrowska Z, Smith P, Mensi I, et al. P2. 01-22
ORCHARD: a phase II platform study in patients with advanced NSCLC who have
progressed on first-line osimertinib therapy. J Thorac Oncol (2019) 14(10):S647.
doi: 10.1016/j.jtho.2019.08.1366

127. The two most surprising risk factors for lung cancer [Internet]. ALK positive
(2022). Accessed May 11 2022. Available from: https://www.alkpositive.org/blog/
2020/11/6/the-two-most-surprising-risk-factors-for-lung-cancer.

128. Samet JM, Avila-Tang E, Boffetta P, Hannan LM, Olivo-Marston S, Thun
MJ, et al. Lung cancer in never smokers: clinical epidemiology and environmental
risk factors. Clin Can Res (2009) 15(18):5626–45. doi: 10.1158/1078-0432.CCR-09-
0376
Frontiers in Oncology 16
129. Kang J-K, Seo S, Jin YW. Health effects of radon exposure. Yonsei Med J
(2019) 60(7):597–603. doi: 10.3349/ymj.2019.60.7.597

130. Yang P. PS01. 02 national lung cancer screening program in Taiwan: the
TALENT study. J Thorac Oncol (2021) 16(3):S58. doi: 10.1016/j.jtho.2021.01.318

131. Schmid S, Chotai S, Cheng S, Zhan L, Balaratnam K, Khan K, et al. MA08.
02 outcomes of early stage ALK-positive NSCLC patients in a real-world cohort.
J Thorac Oncol (2021) 16(10):S908–S9. doi: 10.1016/j.jtho.2021.08.147

132. Zhang H, Shan G, Cai B, Bi G, Chen Z, Liang J, et al. Clinicopathological
and prognostic implications of ALK rearrangement in patients with completely
surgically resected lung adenocarcinoma. Thorac Cancer (2021) 12(22):3011–8.
doi: 10.1111/1759-7714.14170

133. Ramalingam S, Gray J, Ohe Y, Cho B, Vansteenkiste J, Zhou C, et al.
Osimertinib vs comparator EGFR-TKI as first-line treatment for EGFRm advanced
NSCLC (FLAURA): Final overall survival analysis. Annals Oncol (2019) 30:v914–
v5. doi: 10.1093/annonc/mdz394.076

134. Blumenthal GM, Bunn PAJr., Chaft JE, McCoach CE, Perez EA, Scagliotti
GV, et al. Current status and future perspectives on neoadjuvant therapy in lung
cancer. J Thorac Oncol (2018) 13(12):1818–31. doi: 10.1016/j.jtho.2018.09.017

135. Felip E, Rosell R, Maestre JA, Rodrıǵuez-Paniagua JM, Morán T, Astudillo
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