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Simple Summary: A new methodology of cancer testing, called “liquid biopsy”, has been under
investigation in the past few years. It is based on blood tests that can be analyzed by novel genetics
and bioinformatics tools, in order to detect cancer, predict or follow the response to therapies and
understand the mechanisms of relapse. This technology is still experimental, yet it has sparked much
interest within the scientific community because it promises a new era of cancer management. We
here review its application in a subset of tumors characterized by the presence of the ALK oncogene:
patients affected by these tumors can benefit from targeted therapy, but show frequent relapses,
which call for improved methods of disease detection.

Abstract: Cancer cells are characterized by high genetic instability, that favors tumor relapse. The
identification of the genetic causes of relapse can direct next-line therapeutic choices. As tumor tissue
rebiopsy at disease progression is not always feasible, noninvasive alternative methods are being
explored. Liquid biopsy is emerging as a non-invasive, easy and repeatable tool to identify spe-
cific molecular alterations and monitor disease response during treatment. The dynamic follow-up
provided by this analysis can provide useful predictive information and allow prompt therapeutic
actions, tailored to the genetic profile of the recurring disease, several months before radiographic re-
lapse. Oncogenic fusion genes are particularly suited for this type of analysis. Anaplastic Lymphoma
Kinase (ALK) is the dominant driver oncogene in several tumors, including Anaplastic Large-Cell
Lymphoma (ALCL), Non-Small Cell Lung Cancer (NSCLC) and others. Here we review recent
findings in liquid biopsy technologies, including ctDNA, CTCs, exosomes, and other markers that
can be investigated from plasma samples, in ALK-positive cancers.

Keywords: ALK; lung cancer; liquid biopsy

1. Introduction

Cancer is a clonal disease characterized by the evolution of heterogeneous subpopula-
tions that follow Darwinian processes of selection. Compared to normal species evolution,
tumors show rapid adaptation to the environment, due to their inherent genetic instability
and large population size. Next-generation sequencing (NGS) technologies have revo-
lutionized our ability to analyze cancer genetic diversity. From pioneering multi-region
sequencing studies to current single-cell analyses, the accumulated data point to high
intra-tumor heterogeneity, which poses significant challenges to treatments: tumors con-
tinue to evolve under treatment and tend to adapt to a new environment represented by
therapies. Under these circumstances, rare clones that are resistant to drugs will emerge
due to the evolutionary pressure exerted by the treatment. Genetic evolution can also
shape the seeding of distant metastases, through population bottlenecks and the acquisition
(selection) of new features that confer the ability to colonize different habitats. It has been
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shown that metastases can differ significantly from the primary tumor and among them,
thus configuring a complex scenario. It has now become clear that personalized molec-
ular portraying of tumors and their clonal architecture, as well as dynamic monitoring
of response to treatments, should become a routine procedure in order to optimize the
outcome, predict relapses and allow prompt intervention. Although these concepts are
rather obvious for most cancers with heterogeneous mutational profiles, they also apply to
special cases of tumors driven by a dominant oncogene, such as those harboring oncogenic
fusion kinases. In these cases, targeted therapies drive the outgrowth of cells carrying
mutations of the target or activation of by-pass signaling pathways.

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase normally expressed
primarily on the cell membrane of a specific subset of neurons. Its physiological activity
is strictly regulated by ALKALs (ALK And LTK ligands) and by pleiotrophin. Mutant
forms of ALK are implicated in a variety of cancers: activating point mutations of the
native receptor drive the onset of a subset of neuroblastoma, as well as thyroid, and
renal cancer, while oncogenic ALK gene translocations or inversions are found in non-
small cell lung cancer (NSCLC), anaplastic large-cell lymphoma (ALCL), inflammatory
myofibroblastic tumor (IMT) and rare cases of other solid tumors [1]. These rearrangements
cause the inadvertent overexpression of a constitutively active form of the kinase, driving
aberrant cell survival and uncontrolled proliferation. Knowledge of the precise molecular
mechanism of transformation has led to the development of efficacious targeted treatments
for ALK-dependent tumors. The introduction of these molecularly targeted drugs has
radically changed the prognosis of these patients, demonstrating great efficacy in terms
of overall response rate (ORR), progression-free survival (PFS) and overall survival (OS),
in particular, compared to chemotherapy. Unfortunately, despite the excellent activity of
ALK inhibitors, progression remains inevitable due to the emergence of drug resistance.
The mechanisms through which resistance can develop are essentially of three types:
amplification of the ALK oncogene, activation of alternative signal translation pathways
(bypass tracks), and the onset of mutations within the catalytic domain of ALK [2]. The
identification of specific resistance mechanisms is of primary importance as it can influence
the choice of the next-line therapy.

To obtain information on the genetics of cancer cells, tumor tissue sampling has
traditionally been the most widely used approach. Unfortunately, the sample is often
inaccessible for biopsy, or qualitatively inadequate for analysis [3]. In particular, recurrent
disease sampling is not feasible in many cases. However, as advanced tumors tend to
acquire metastatic potential, i.e., the ability to disseminate secondary clones to distant
organs through blood circulation, we can interrogate tumor genetics via blood analysis. The
so-called liquid biopsy provides a less invasive surrogate method for the identification of
somatic mutations through a simple blood draw, without risks to the patient. It is important
to note that liquid biopsy represents a sampling from both primary and metastatic sites
at the same time, hence it better reflects tumor heterogeneity. Furthermore, as repeated
sampling is easily feasible, liquid biopsy constitutes a simple method of real-time longi-
tudinal monitoring during treatment [4], allowing early identification of relapse before
clinical manifestation [5]. Here we review current technologies and results obtained by
liquid biopsy approaches in ALK-dependent tumors.

2. Liquid Biopsy Sources

Technically, various sources of liquid biopsy material have been described: circulat-
ing tumor cells (CTCs), circulating tumor DNA (ctDNA), circulating free RNA (cfRNA),
exosomes, platelets (Figure 1). Methods of isolation and analysis have been developed
for all four types of analytes, allowing researchers to retrieve from blood several different
biomarkers that are representative of the tumor, such as genomic DNA, mRNA, micro-RNA
(miRNA), circular RNA (circRNA), proteins and other molecules. CTCs counting, ctDNA
concentration, or fusion transcript detection, can help monitor disease burden; ctDNA or
CTCs DNA sequencing by NGS technology or droplet digital Polymerase Chain Reaction
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(ddPCR) can inform on the presence of resistance mutations, either ALK-dependent or
by-pass tracks [4,5].
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Figure 1. Different sources of biological material can be used for liquid biopsy, starting from a simple
blood draw.

CTCs are cancer cells that break off from the primary tumor mass or from metastases
and are shed into the bloodstream [6]. They can be identified by the use of specific surface
antigens and their lifespan in the blood is in the range of few hours [7,8]. CTCs from
solid tumors have shown prognostic value and can be currently detected by CellSearch®,
an FDA-approved commercial kit that searches for epithelial cells (CD45−, EpCAM+,
cytokeratins 8+, 18+, and 19+) in the blood [9–12]. While enrichment of CTCs is commonly
performed based on the expression of epithelial markers, new strategies independent
of epithelial markers have also been developed, such as the use of microfluidics and
nanoparticles [13–15].

Long before the technology to isolate CTCs became available, circulating cell-free
DNA (cfDNA) in blood was reported [16]. cfDNA is defined as the tissue-specific DNA
fraction that is released into the bloodstream through various mechanisms such as apopto-
sis, necrosis and active shedding [17,18]. In comparison to CTCs, cfDNA analysis requires
minimal handling as the floating DNA can be easily separated from blood without the
need for any special capture technologies. While cfDNA can not be used to analyze can-
cer morphology or protein expression, it is an equally good source to identify genetic
aberrations such as point mutations, genomic rearrangements, gene amplifications or
insertion/deletions. The concentration of cfDNA in a healthy subject is approximately
1–100 ng per milliliter of plasma [7]. A clinically relevant fraction of cfDNA (0.01–10%) is
represented by circulating tumor DNA (ctDNA), directly released from cancer cells after
apoptosis and necrosis [19,20]. The amount of ctDNA varies considerably according to
tumor type and stage and its half-life ranges from minutes to few hours [21]. ctDNA offers
an excellent noninvasive surrogate biomarker for the detection, as well as longitudinal
monitoring, of cancer. With the increased interest in ctDNA as an analyte to detect can-
cer patients, advancements have been made in improving ctDNA analysis technologies.
Various PCR- and NGS-based methods have been developed for the purpose of detecting
genetic aberrations in ctDNA for diagnostic purposes [22–33].
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Similar to ctDNA, miRNAs circulating in blood have the potential to serve as biomark-
ers for cancer detection [34,35]. miRNAs are a class of 21–25 nucleotide long non-coding
RNAs that perform diverse functions, including regulation of their target mRNAs ex-
pression [36]. Increasing evidence shows that miRNAs play important roles in tumor
biology and regulate the expression of oncogenes and tumor suppressors [37]. The aberrant
increase in the expression of some miRNAs can lead to a down-regulation of tumor sup-
pressor genes, while an inadvertent decrease in other miRNAs can lead to the up-regulation
of some oncogenes [38,39]. Although RNA is usually considered less stable than DNA,
circulating miRNA has shown remarkable stability in blood [40].

Exosomes are a type of extracellular vesicles, ranging from 30 to 120 nm in diameter,
that can be released into the extracellular space by eukaryotic cells, including cancer cells.
Exosomes carry a variety of genetic materials, such as DNA, mRNA, miRNA, proteins
and lipids [41]; in particular, tumor cell-derived exosomes have been shown to cargo
specific miRNAs that can be used for liquid diagnostics [42]. Exosomes can bring about
changes in cellular processes by acting as messengers and transferring information to the
target cells by various mechanisms, such as by fusing with the plasma membrane or by
interacting with the protein receptors present on target cells [43]. Exosomes represent an
ideal biomarker candidate, as they can be isolated from almost any type of body fluid
(blood, urine, cerebrospinal fluid, pleural effusion, etc.) and furthermore, they provide
stability and protection from degradation to labile genetic material, such as RNA, thanks to
their vesicular structure. They can be isolated by physical, chemical or biological methods
based on their size, chemical or biological properties, respectively. For example, EFIRM
(electric field-induced release and measurement) is a technique that combines the rapid
procedure of extracellular vesicles lysis with subsequent detection and capture of molecular
content, thus reducing the degradation caused by exposure [44]. It has been shown
that peripheral blood from patients with a malignancy contains higher concentrations of
exosomes as compared to healthy individuals. Exosomes derived from cancer patients also
carry tumor-specific molecular substances such as genomic DNA with oncogenic mutations
and oncoproteins [45,46].

In addition to tumor cells and tumor DNA, normal cells and their components that
are present in the tumor microenvironment are also released in the blood. These cells may
contain important information about the tumor and thus have the potential to be used as
cancer biomarkers. Platelets are an example of such types of cells. In the last few years,
several reports have identified an intricate interaction between platelets and cancer cells:
tumor-related RNA is released into the blood by several mechanisms; this RNA could
function as a communicator between the tumor cells and their microenvironment or distant
metastases [47–49]. Platelets can internalize circulating tumor-associated RNAs, as well as
other biomolecules, becoming so-called “tumor-educated platelets” (TEPs). This makes
TEPs a potentially useful tool for cancer diagnostics. Sequencing of mRNA derived from
TEPs allowed cancer patients to be differentiated from healthy individuals with an accuracy
of 96% [50].

3. Liquid Biopsy in ALK+ Cancer
3.1. Anaplastic Large-Cell Lymphoma (ALCL)

ALCL is an aggressive peripheral T-cell neoplasm representing 2–3% of all non-
Hodgkin lymphomas in adults and 10–15% in the pediatric population [51]. Polychemother-
apy is the standard of care for these patients [52]. Despite high response rates, recurrence
is observed in around 30% of cases. Although salvage rate is high compared to other
T-cell lymphomas, relapsed/refractory patients have a 5-year OS of 50–80% [51,53,54].
ALCL was first found to carry ALK rearrangements in 1994, the most frequent being
the NPM/ALK fusion [53]. Over the last 10 years, the efficacy of ALK inhibitors in this
setting has been demonstrated [54–56]. Nevertheless, 30–40% of patients treated with
ALK inhibitors experience a relapse. The presence of the fusion transcript allows specific
detection of rare circulating lymphoma cells. Mussolin et al. showed the prognostic utility
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of PCR detection of the NPM/ALK fusion in the bone marrow (BM) as a marker of minimal
disseminated disease (MDD). The authors found that patients with PCR positive BM had a
significantly poorer prognosis compared to MDD-negative patients [57]. Another group
observed the same correlation and showed that peripheral blood (PB) can also be used
for MDD analysis [58]. In another study, pediatric ALCL patients could be stratified into
different risk groups by a combination of MDD (from PB or BM) and anti-ALK antibody
titre: PFS was 28% for high-risk patients and 93% for the low-risk group [59]. These results
were later confirmed in a Japanese study [60]. Detection of minimal residual disease (MRD)
by qualitative RT-PCR after the first course of chemotherapy could further divide MDD-
positive patients into two subgroups with the different incidence of relapse [61]. More
recently, we could amplify by standard RT-PCR the NPM/ALK fusion sequence from PB-
derived total RNA of patients under crizotinib therapy: deep sequencing of the amplicon
allowed the detection of mutations associated with drug resistance [54]. We currently apply
this method in clinical routine to identify routes of resistance to ALK inhibitors in ALK+
lymphoma patients, including B-cell cases (Mologni, unpublished data). Along similar
lines of research, detection of ALK+/CD30+ CTCs by flow cytometry enabled rapid and
cost-effective quantification of MRD in ALCL patients; the results correlated with qPCR
data, yet the method showed lower sensitivity compared to PCR [62]. Very recent updates
confirmed the prognostic power of MDD/MRD analysis in independent patient cohorts
using digital PCR [63] or a standard protocol [64,65]. As an alternative to fusion-specific
PCR, Quelen et al. developed a 3′ALK universal amplification protocol, capable to catch
all ALK fusions, based on the fact that the native gene is not expressed in healthy blood
cells; the method showed 100% concordance with standard PCR and the authors proposed
it may be applied to liquid biopsy samples [66]. An interesting analysis by Krumbholz
and colleagues showed that, in addition to RNA, genomic DNA can be used to track the
breakpoint region in NPM/ALK+ ALCL, both from PB and plasma, and use this as an
MDD marker [67]. The readers are also referred to an excellent recent review by Mussolin
et al. that covers all research on MDD in ALCL [68]. Lastly, exosomes have been investi-
gated for the identification of cancer biomarkers in recent years. In general, exosomes carry
a collection of miRNAs that may have a role in disease progression and dissemination.
Indeed, several miRNAs have been implicated in ALCL pathobiology, both ALK-positive
and ALK-negative [69–72]. A recent RNA-seq analysis showed that a particular small
RNA species was most abundant in circulating exosomes from ALCL patients compared
with samples from healthy donors: the large majority of mapped reads derived from the
RNY4 gene, that transcribes a non-miRNA small YRNA involved in mRNA stability and
alternative splicing. Furthermore, the RNY4 load in exosomes of ALCL patients correlated
with disease stage. Hence, the authors suggested that exosome-encapsulated RNY4 might
be used as a novel biomarker for ALCL liquid biopsy [73]. A parallel proteomic analysis led
to the identification of proteins involved in PI3K signaling that are enriched in exosomes
from ALCL patients. The authors proposed three proteins, namely tenascin C, osteopontin
and heat shock protein 90 as potential biomarkers for ALCL prognostic stratification [74].
Altogether, these studies open the possibility to assess the risk of relapse and to monitor
the response to therapy in a disease where tissue re-biopsies are often difficult to obtain.

3.2. Non-Small Cell Lung Cancer (NSCLC)

NSCLC is the most prevalent histological subtype of lung cancer, accounting for
approximately 85% of all lung cancer cases worldwide [75]. While surgical resection with
or without adjuvant cytotoxic chemotherapy is the mainstay treatment for early-stage
NSCLC patients, oncogene-addicted and advanced-stage NSCLC patients are treated with
targeted or immunotherapies. Chromosomal rearrangements involving ALK were first
identified in NSCLC in 2007 where the 3′ region of the ALK gene was found fused with
the 5′ sequence of the echinoderm microtubule-associated protein-like 4 (EML4) gene
resulting in the expression of the EML4-ALK oncogenic fusion protein [76,77]. ALK+
NSCLCs are dependent on the activity of the fusion kinase, hence inhibition of ALK leads
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to the selective elimination of cancer cells. These discoveries led to the development
of ALK inhibitor-based treatments [78]. Confirmation of the presence of ALK fusions
for diagnostic purposes is usually performed using fluorescence in situ hybridization
(FISH) and immunohistochemistry (IHC) of biopsy or surgically resected tissues, the
latter considered the gold standard technique [79–82]. In addition, quantitative PCR
has also been used to detect ALK transcripts in primary samples [83]. While RT-PCR is
one of the simplest and most sensitive techniques to detect ALK, the results are heavily
dependent on the quality of starting RNA material, which is not very high in formalin-
fixed paraffin-embedded (FFPE) specimens. Up to 20% of biopsies are inadequate for
molecular testing due to insufficient tissue amounts and re-biopsy at the diagnosis or at
relapse is often unfeasible. The lack of sufficient tissue material, as well as difficulties in
obtaining tissue from high-risk patients, impelled the development of alternative assays
for diagnostic purposes. In such scenarios, liquid biopsy allows for the analysis of several
blood-based biomarkers, including the detection of driver oncogenes, enabling molecular
diagnosis [84,85].

Despite substantial survival benefits after exposure to first- (crizotinib) or second/third-
generation TKIs (ceritinib, alectinib, brigatinib, ensartinib, lorlatinib) all patients acquire
resistance to the inhibitor in a relatively short time, while some patients do not respond
from the start (primary resistance) [2]. The utility of liquid biopsy in this setting is partic-
ularly attractive to identify this cancer at an early stage, select the best treatment option
for patients and at the same time monitor the response to treatment, assess the risk of
metastasis and prognosis of patients [86–88]. In addition, frequent sampling can anticipate
the detection of resistance mechanisms [46,89].

3.2.1. Circulating Tumor Cells (CTCs)

Attempts to use CTC detection as a lung cancer biomarker have been made over the
last 10 years [90–93]. In one of the first reports on the detection of ALK rearrangements
in CTCs from 34 NSCLC patients [94], 100% concordance was observed between CTCs
and tissue biopsies (Table 1). Interestingly, ALK staining in CTCs was more homogenous
compared to IHC or FISH from the tumor. In another study, CTCs were isolated and probed
for ALK using an optimized method named Filter-adapted FISH (FA-FISH). Using a cut-off
value of four CTCs, ALK detection using CTCs had a sensitivity and specificity of 100%
and had a 99.99% correlation with tumor biopsy analysis [95]. The authors also reported
that ALK-rearranged CTCs mostly showed a mesenchymal phenotype and a distinct split
pattern for ALK rearrangement suggesting the clonal selection of CTCs with superior
migratory and invasive properties. Tan and colleagues reported similar results including
a high concordance (~90%) of ALK rearrangement detection between CTCs and tumor
tissue, higher vimentin expression in CTCs compared to the primary tumor (indicative
of an epithelial-to-mesenchymal transition [EMT] phenotype) and a cut-off of four CTCs
in ALK-positive samples [96]. The use of 3D imaging for the detection of ALK fusion in
CTCs was tested in a small cohort of lung cancer patients: comparing subjects with ALK-
positive and ALK-negative NSCLC, the assay was able to capture a good probes signal
separation, indicative of ALK translocations, by nuclear volume imaging. The authors
proposed that the use of 3D DNA FISH could be applied in the routine determination of
ALK translocations in NSCLC liquid biopsies [97]. Recent results from the prospective
multicenter STALKLUNG01 trial validated the clinical feasibility of ALK rearrangement
detection in CTCs, particularly by immunochemistry [98]. However, no association of CTC
counts with OS or PFS was found.
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Table 1. Results obtained by liquid biopsy in a diagnostic setting, in ALK+ NSCLC patients. Tissue genotyping is used as
a reference.

Study Ref. Tumor Material N.
Patients Method Sensitivity Specificity Accuracy

Wang et al. [89] NSCLC ctDNA 24 capture 79% 100% 92%

Ilie et al. [94] NSCLC CTC 87 FISH, ICC 100% – 100%

Pailler et al. [95] NSCLC CTC 32 FISH 100% 100% 100%

Tan et al. [96] NSCLC CTC 26 FISH – – 90%

Ilie et al. [98] NSCLC CTC 203
ICC 94% 89% 84%

FISH 36% 57% 21%

Schwaederlé
et al. [99] NSCLC ctDNA 88 capture,

PCR 64% 64% 81%

Aggarwal
et al. [100] NSCLC ctDNA 18 * capture,

PCR 72% 79% 75%

Leighl et al. [101] NSCLC ctDNA 8 † capture 75% 100% 99%

Cui et al. [102] NSCLC ctDNA 24 capture 54% 100% 72%

Dagogo-
Jack
et al.

[103] NSCLC ctDNA 22 capture 86% – 100%

Horn et al. [104] NSCLC ctDNA 76 capture 91% – 91%

Camidge
et al. [105] NSCLC ctDNA 53 capture – – 79%

Li et al. [106] NSCLC ctDNA 8 capture,
PCR 62% 100% 62%

Dagogo-
Jack
et al.

[107] NSCLC ctDNA 15 capture 90% 48% 68%

Shaw et al. [108] NSCLC ctDNA 198 capture 61% 82% 73%

Park et al. [109] NSCLC
cfRNA 66 PCR 64% 96% 79%

platelets 26 PCR 70% 93% 80%

cfRNA+platelets 61 PCR 79% 89% 84%

Nilsson
et al.

[110] NSCLC
cfRNA 32 PCR 21% 100% 66%

platelets 67 PCR 65% 100% 86%

Reclusa
et al. [111] NSCLC exosomes 17 PCR 64% 100% 71%

* from a cohort of 128 NSCLC patients. † from a cohort of 215 NSCLC patients.

While baseline detection of ALK rearrangement in CTCs does not necessarily predict
PFS, the presence of EML4/ALK+ CTCs with ALK copy number gain after TKI treatment
is associated with poor PFS, therefore it is a signal of drug resistance [112,113]. A recent in-
vestigation of 6 ALK inhibitor-resistant patients confirmed the utility of CTC copy number
analysis: all CTCs isolated from peripheral blood showed highly aberrant CNA profiles,
including ALK gain in all cells from one patient, as well as high chromosomal instabil-
ity; moreover, non-epithelial ALK+ cells were found, suggesting EMT [114]. A report
of two EML4-ALK+ NSCLC cases under TKI further highlighted the predictive value of
CTC liquid biopsy, which allowed to differentiate the two patients in their clinical course:
re-emergence of CTCs during follow-up correlated with disease progression [115]. Finally,
while CTC count can have prognostic value in ALK+ NSCLC, CTCs can also be used
to shed light on drug resistance mechanisms: an L1196M mutation (Table 2) was found
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by CTC gene sequencing in the peripheral blood of patients with acquired resistance to
crizotinib [116]. Pailler et al. detected drug-resistant mutations in CTCs from 17 patients
progressed on crizotinib (n = 14) and lorlatinib (n = 3). Interestingly, one lorlatinib-resistant
patient showed two different compound ALK mutations in different CTCs, sharing the
refractory G1202R substitution [117].

Table 2. ALK mutational data obtained by liquid biopsy in various ALK+tumors.

Study Ref. Tumor Material Method Variant(s) Therapy

Gambacorti-Passerini et al. [54] ALCL RNA † PCR I1171N, M1328I Crizotinib

Wang et al. [89] NSCLC ctDNA capture L1152R, I1171T, L1196M Crizotinib

Zhang et al. [116] NSCLC CTC PCR L1196M Crizotinib

Pailler et al. [117] NSCLC CTC PCR G1202R+F1174C,
G1202R+T1151M Lorlatinib

Aggarwal et al. [100] NSCLC ctDNA capture, PCR I1171S/T, F1174L, L1196Q,
G1202R, G1123S n.r.

Dagogo-Jack et al. [103] NSCLC ctDNA capture
I1171N, F1174C/L,

L1196M, G1202R, D1203N,
E1210K, I1171N+G1202R

Ceritinib,
Alectinib,
Brigatinib

Horn et al. [104] NSCLC ctDNA capture G1269A, S1206F, G1202R;
others at low freq.

Crizotinib or
Crizotinib +

2nd gen. TKI

Dietz et al. [118] NSCLC ctDNA capture F1174C/L, G1269A Crizotinib

Dagogo-Jack et al. [107] NSCLC ctDNA capture

G1202R, L1196M,
I1171N/T/S, V1180L,

G1269A, D1203N,
G1202R+L1196M,

D1203N+I1171N; others at
low freq.

Multiple
sequential TKIs

Shaw et al. [108] NSCLC ctDNA capture
G1269A, G1202R, F1174X *,
L1196M, I1171X *; others at

low freq.
Various TKIs

Sharma et al. [119] NSCLC ctDNA PCR L1196M+G1202R Brigatinib

Sánchez-Herrero et al. [120] NSCLC ctDNA PCR G1269A, G1202R Crizotinib and
Ceritinib

König et al. [121] NSCLC ctDNA n.r. G1202R Ceritinib

Brinkmann et al. [122] NSCLC exosomes PCR L1196M, G1202R n.r.

Combaret et al. [123] NB ctDNA PCR F1174L, R1275Q Pre-treatment

Chicard et al. [124] NB ctDNA capture H1030P, F1174L, L1196M Pre-treatment,
chemo

Cimmino et al. [125] NB ctDNA capture F1174L Pre-treatment

Carneiro et al. [126] PCa ctDNA capture F1174C Pre-treatment

Siravegna et al. [127] CRC ctDNA PCR F1174L/C, G1128A,
F1245V Entrectinib

† total RNA obtained from peripheral blood mononuclear cells. * X indicates several possible substitutions; NB, neuroblastoma; PCa,
prostate carcinoma; CRC, colorectal cancer; n.r., not reported.

3.2.2. Circulating DNA

ctDNA detection in earlier studies relied on the use of allele-specific PCR [27]. How-
ever, the method suffered from several limitations such as the limit of detection and
required prior knowledge of the specific mutations. In this regard, gene fusions are more
easily assessed by PCR than single nucleotide variants, as they create completely new
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sequences that are not present in normal tissue. Anyway, novel NGS-based techniques
have been developed that offer higher sensitivity and throughput for ctDNA variant
detection [22,32,33,107,108].

ALK-Positive Patients in Large Cohorts

Several large studies evaluating the diagnostic and prognostic use of ctDNA in NSCLC,
that included some ALK+ patients, are available. In one of the first prospective studies
using a clinical NGS panel for plasma and tissue samples from NSCLC, 102 patients were
analyzed for the detection of therapeutically targetable and resistant mutations. Genetic
variants (point mutations, indels and fusions) were detected in 86/102 plasma samples,
including two EML4/ALK-positive patients, one of whom had undergone undetected by
tissue analysis and was then successfully treated with crizotinib [128]. Overall, plasma
tests detected clinically relevant mutations in 84% samples compared to 78% in tissue
samples, indicating not only the utility of ctDNA but also its potential superiority for
variant detection in settings where tissue DNA is not available or has poor quality.

Employing the CAPP-seq (CAncer Personalized Profiling by deep Sequencing) pull-
down approach, Newman and colleagues were able to detect, among other mutations,
the EML4-ALK fusion in a cohort of advanced NSCLC patients [30]. To assess the clinical
applicability of ctDNA testing before therapy assignment, Schwaederlé et al. analyzed
plasma ctDNA in 88 consecutive NSCLC patients and found that ALK ranked among the
most frequently mutated genes (6.8% of patients), with a high concordance rate between
ctDNA and tissue testing (Table 1). An appreciable therapeutic efficacy was observed in
patients who received matched therapy according to the detected alteration in ctDNA:
72.3% of evaluable patients achieved durable stable disease or partial response [99]. The
Actionable Genome Consortium developed an ultra-deep cfDNA NGS assay to detect
driver oncogenes and resistance mechanisms from plasma samples in NSCLC patients [106].
Eight ALK+ patients were included in the study, five of whom could be detected by plasma
tests (62% sensitivity and 100% specificity).

In another study aimed to establish the role of plasma genotyping in conjunction with
tumor genotyping, 323 metastatic NSCLC patients were assessed for actionable targets and
to guide clinical decisions. Within this large cohort, 18 patients were found to carry ALK
mutations or fusions, including 6 patients with drug-resistant ALK mutations (Table 2) and
one patient who was directed to alectinib therapy based on plasma analysis and achieved a
partial response [100]. Similarly, a prospective study on 282 previously untreated NSCLC
patients showed non-inferior sensitivity of ctDNA analysis compared to tissue genotyping
in identifying actionable targets, including ALK fusions (NILE study, Non-invasive versus
Invasive Lung Evaluation; ClinicalTrials.gov; NCT03615443). The study showed a 48%
increase in biomarker detection rate with the ctDNA test compared to tissue analysis alone,
including 20% of patients for which tissue was unavailable, and turnaround times were
faster [101]. In this trial, concordance between tissue and plasma genotyping was 99% in
8 ALK+ and 207 tissue ALK− patients assessed for ALK fusions.

ALK-Focused Diagnostic Studies

Several groups have evaluated the use of ctDNA to specifically diagnose ALK+
NSCLC. Using a capture-based NGS method, Cui and colleagues assessed the use of
ctDNA to detect ALK fusions in NSCLC patients. Although the sample size of the study
was relatively small, the group reported 71.8% consistency in the detection of ALK re-
arrangement in ctDNA (Table 1). The two noteworthy findings of the study were the
identification of two rare ALK rearrangements and a zero false-positive rate (100% speci-
ficity) of ALK detection in ctDNA [102]. In another study, ALK rearrangements were
identified in the ctDNA of 19 out of 24 ALK+ NSCLC patients [89]; longitudinal follow-up
showed that ctDNA detection correlated with disease progression and the authors could
identify ALK mutations in plasma post-crizotinib. A slightly lower sensitivity (67%) was
reported for the detection of ALK/ROS1 fusions using amplicon-based sequencing in
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ctDNA of treatment-naïve NSCLC patients at the time of diagnosis [129]. The sensitivity
of ALK fusion detection in ctDNA improves in patients at disease progression, probably
due to the increase in DNA shedding in plasma of patients with advanced, aggressive
disease [103,129]. In addition, novel ALK fusions have been identified in ctDNA: for exam-
ple, in the phase I/II ensartinib study, 22 patients for whom blood and tissue genotyping
was performed, three different fusion partners and five unique EML4-ALK fusion variants
were identified [104]. Moreover, progression of disease due to the acquisition of new ALK
mutations was detected prior to radiographic progression, which can save precious time to
switch treatments [104].

In 53 patients from the phase III ALEX study, who had matched tissue and plasma
available, the same EML4-ALK fusion was identified in 79% of the matched samples [105].
More recently Gadgeel and colleagues analyzed the efficacy of alectinib in a cohort of ALK+
patients enrolled by blood-based NGS (BFAST trial NCT03178552). With the limitations of
cross-trial comparison, alectinib performed as expected in this blood-first screening trial,
showing an ORR of 87%. Secondary biomarker analyses indicated comparable results of
ctDNA and tissue-based determinations [130]. A recent case report illustrates the potential
real-world use of ctDNA in this setting: following disease progression on chemotherapy,
EML4-ALK fusion was detected in plasma ctDNA, the patient switched to alectinib and
achieved a durable complete response [131]. In another case with an unusual KLC1-ALK
fusion, plasma analysis was used to identify the fusion partner and to monitor therapy
response over time. The results of ctDNA sequencing during treatment reflected the state
of remission and could predict the subsequent clinical course. At the time of progression,
ALK mutations were identified in ctDNA that potentially caused treatment failure [118].
Thus, ctDNA can be used to monitor NSCLC treatment response as a surrogate MRD
marker, since tumors responding to the treatment shed less DNA in the blood [132,133].
Prospective pre-TKI plasma collection allows comparison of relapse and baseline samples,
for precise therapeutic monitoring and tracking of resistance [104]. Preliminary data from
the phase II ensartinib clinical trial showed that higher ctDNA amount correlated with
poor PFS [134]. Longitudinal monitoring of ctDNA using ddPCR revealed worse PFS in a
group of patients with detectable ctDNA in the pre-treatment samples [135].

Adding further evidence to the clinical utility of this approach, in a retrospective
analysis on NSCLC plasma samples using the Guardant360 NGS gene panel, 11/42 (26%)
patients whose tissue biopsy was inadequate for analysis were found positive for ALK
rearrangement in cfDNA. Additionally, five patients resulted to be ALK-positive in ctDNA
while tissue tested negative; of these, three received TKI based on ctDNA results and
responded to therapy [136]. Supplee et al. compared two hybrid-capture NGS-based assays
for the detection of ALK, ROS1 or RET fusions in a small subset of NSCLC patients [137].
The authors reported higher sensitivity of the ctDx-Lung test compared to Guardant360
and suggested that it could be due to the use of shorter capture probes and extension
primers. These results show that further technical and bioinformatics improvements will
increase the clinical utility of ctDNA-based diagnostic methods in the future.

Finally, although NGS-based methods are more sensitive than conventional methods,
their use is limited due to the higher cost and need for specialized equipment. As an
alternative, Kunimasa et al. recently developed a targeted sequencing system using an
adapter and a set of primers spanning the entire region of ALK intron 19 enabling PCR
amplification of regions involving the breakpoint [26]. The authors validated their method
using cfDNA from 20 ALK+ NSCLC and 10 healthy volunteers with 50% sensitivity and
100% specificity.

Analysis of Drug Resistance

While ctDNA can be used for diagnostic purposes, perhaps the biggest impact has
been on identifying and monitoring resistance mechanisms in ALK+ NSCLC patients who
failed targeted therapies. Using the diagnostic or pre-treatment tissue biopsy as a refer-
ence, the acquisition of new mutations in the ctDNA can be useful in guiding treatment
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decisions for advanced metastatic NSCLC patients (Table 2). Substantial evidence using
ctDNA for the molecular profiling of ALK mutations currently exists in the literature and is
continuously increasing [103–105,107,108,129,138–141]. Several studies have also looked at
tracking the evolution of ALK kinase domain mutations as it is the most common resistance
mechanism against ALK TKIs and there is a consensus on the comparability of ctDNA
and tissue genotyping results [116,130,131]. For example, Dagogo-Jack and colleagues
analyzed plasma and tissue specimens from 70 ALK+ patients relapsed on second- and
third-generation ALK inhibitors, using the Guardant360 protocol. ALK mutations were
identified in 67% and 63% of samples, respectively, but plasma analysis was more likely
to provide multiple mutants, thus confirming the concept of higher clonal diversity repre-
sented in liquid versus solid biopsy [107]. The same authors ran a more comprehensive
longitudinal genotyping of plasma samples from another cohort of 22 ALK+ NSCLC pa-
tients with acquired resistance to ALK TKIs. They could describe the evolution of resistance
during therapy, tracking the appearance and disappearance of every ALK mutant through
sequential TKI treatments [103]. As demonstrated by Shaw and colleagues, in patients
exposed to lorlatinib after the failure of first/second-generation TKI, the objective response
rate was higher in patients with ALK mutations in comparison to patients with no mutation
(62% vs. 32%) as detected by blood-based NGS analysis [108]. At our center, a patient
progressing on brigatinib was also refractory to lorlatinib and was retrospectively found to
carry a compound L1196M/G1202R ALK mutation [119]. Recently, in a case where biopsy
of the progressing lesion was not feasible, liquid biopsy identified a G1202R mutant clone
which, following local radiotherapy, disappeared from the ctDNA [121]. Similarly, analysis
of serial liquid biopsies in a patient with EML4-ALK+ NSCLC revealed two ALK mutations,
G1269A and G1202R, arising during progression. Plasma levels of the mutations correlated
with tumor response, demonstrating that the molecular profile of the tumor obtained from
liquid biopsy allows for efficient dynamic monitoring of patients [120].

3.2.3. Circulating RNA

Circulating cell-free RNA (cfRNA) comprises various species, both coding and non-
coding, which are found mostly within exosomes and other extracellular vesicles, as naked
RNA is highly susceptible to degradation [142]. Nevertheless, cfRNA has been used as
a source of material for the detection of ALK fusions. Park et al. used a RT-PCR based
method that was initially used for tissue genotyping: in a cohort of 61 patients (33 ALK+
and 28 ALK−), the authors reported 79% accuracy for the detection of ALK using cfRNA by
RT-PCR [109]. One of the limitations of the study was the use of a commercial kit that can
only detect known ALK fusions, which is not useful in cases where the rearrangement type
is unknown. Moreover, to detect different variants of the EML4-ALK fusion, specific primers
need to be designed based on the genomic fusion breakpoint location. Using the same
approach, Nilsson and colleagues obtained a rather low sensitivity (21%) when probing
cfRNA for fusion detection [110]. Both groups found better results using platelet-derived
RNA (see below).

Among other RNA species, miRNAs have gained attention as cancer biomarkers
implicating their role in pathophysiology, diagnosis and prognosis of various tumor types.
In NSCLC, plasma miRNA signatures have shown prognostic value in a high-risk popu-
lation [143–145]. Such data are more limited in the ALK+ setting and large prospective
studies are warranted to establish their use as liquid biopsy biomarkers. To screen diag-
nostic and prognostic miRNAs in ALK+ NSCLC patients, Li et al. conducted a microarray
analysis of plasma samples from a small subset of NSCLC patients (3 ALK+ and 3 ALK−)
and healthy subjects [146]. The group identified 21 miRNAs that were differentially ex-
pressed in ALK+ patients. Upon further validation, 3 miRNAs (miR-28-5p, miR-362-5p,
and miR-660-5p) showed the most significant difference in expression between ALK+ and
ALK− patients. The 3-miRNA combination panel had 63% sensitivity, 97% specificity
and an Area Under the Curve (AUC) value of 0.876 in discriminating ALK+ from ALK−
patients. Changes in the level of miR-660-5p expression in plasma showed a correlation
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with response to crizotinib treatment. High expression of miR-362-5p was a predictor of
longer PFS.

Circular RNAs (circRNAs) are a novel class of non-coding, single-stranded, covalently
closed-loop RNAs that are formed predominantly as a result of the back-spliced joining of
the 5′- and 3′-end of the pre-mRNA [147]. CircRNAs have gained attention due to their
implication in various pathological processes including cancer. Due to their circular nature,
they are resistant to exonucleases and show higher stability in plasma compared to other
circulating RNAs. However, they can also be found within exosomes, which offer further
protection [148]. Guarnerio and colleagues reported that oncogenic chromosomal transloca-
tions lead to the generation of fusion-circRNAs (F-circRNAs): one such F-circRNA, termed
f-circEA1, is generated by the EML4-ALK fusion gene and was shown to promote tumor
development [149]. A novel F-circEA was later detected in the plasma of 5 patients with
EML4-ALK rearrangement, variant 3b [150]: therefore, F-circEA is a potential diagnostic
liquid biopsy biomarker in EML4-ALK+ NSCLC setting. Subsequently, another F-circRNA
called F-circEA-2a was identified to promote cell migration and invasion in lung cancer
cells. Curiously, however, F-circEA-2a was present in the tumor but not in the plasma of
NSCLC patients (n = 3) with the EML4-ALK fusion gene [151].

3.2.4. Platelets

As noted above, platelets act as cellular sponges collecting tumor-derived macro-
molecules and can be useful in the prediction and monitoring of treatment response.
EML4-ALK rearrangement was detected in platelets from 67 NSCLC patients with a 65%
sensitivity and 100% specificity [110]. In the same study, PFS was 3.7 months for pa-
tients with EML4-ALK+ platelets and 16 months for those with EML4-ALK-negative
platelets. The authors also reported higher sensitivity of detection from platelet versus
plasma cfRNA. Using platelet-derived RNA, Calvo et al. verified the presence of ALK
rearrangement during treatment with crizotinib in a NSCLC patient and quantified the
fusion transcript through RT-PCR. Detection of platelet EML4-ALK allowed monitoring
of therapeutic response and disease progression by sequential blood collection from this
patient [152].

Comparing liquid biopsy from plasma and platelets versus FISH/RT-PCR tests per-
formed on FFPE tumor tissues for the detection of ALK rearrangement and prediction
of treatment outcome, it was found that liquid biopsy had greater sensitivity (78.8% vs.
54.5%), specificity (89.3% vs. 78.6%) and accuracy (83.6% vs. 75.5%). Additionally, platelets
exhibited slightly higher sensitivity in detection and superior predictability of treatment
results compared to plasma [109]. These results indicate that platelets may better reflect
the molecular state of tumor tissue than plasma.

Taken together, the above-mentioned studies potentiate the role of TEPs as liquid
biopsy biomarkers in ALK+ NSCLC; however, in order to implement this approach in the
clinic, a few limitations still need to be overcome, such as standardization of TEPs detection
and accessibility of this technique in hospitals.

3.2.5. Exosomes

Increasing evidence is being reported in support of the role exosomes play in tumor
biology and particularly in NSCLC. They can promote tumor growth, angiogenesis, inva-
sion and metastasis, leading to progression of NSCLC [153–157]. Exosomes can also render
tumor cells resistant to targeted therapies by transferring tissue factors, drug-resistant
molecules or multi-drug resistance proteins [158,159].

Brinkmann and colleagues reported using a proprietary method to isolate exosomal
RNA (exoRNA) from less than 2 mL of plasma from NSCLC patients. The extracted ex-
oRNA was screened for the presence of EML4-ALK fusion transcripts using RT-qPCR [160].
The assay was launched in 2016 in the US as a commercial diagnostic test kit (ExoDx®

Lung(ALK)) to detect EML4-ALK fusion variants in blood samples. The same group has
also reported analysis of ALK resistance mutations from exoRNA and cfDNA in 35 longi-
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tudinal samples of 29 patients [122]. Another group led by Christian Rolfo reported the
identification of EML4-ALK inversion in exosomes (ExoALK) from 1 mL plasma samples
using next-generation sequencing: 19 NSCLC patients, out of which 16 were confirmed
ALK+ in tissue, were evaluated. The authors reported 64% concordance between tissue
and exosomal analysis. All three patients that were negative in tissue were also negative in
exosomal analysis indicating high specificity (100%) of exosomal RNA for the detection
of ALK rearrangement [111]. Encouraged by these results, a clinical trial is currently un-
derway in NSCLC patients with the aim to evaluate the performance of exosomal-based
EML4-ALK fusion detection in comparison to IHC-based detection of the rearrangement in
tissue. The study will also monitor changes in EML4-ALK fusion in exosomes in pre- and
post-treatment samples as well as the prognostic potential of exosome-based EML4-ALK
detection (ClinicalTrial Identifier: NCT04499794).

Collectively, these studies indicate exosomes as an exciting source of information
for liquid biopsy in ALK-driven NSCLC. Further improvements in exosome isolation
techniques and larger controlled studies exploring the use of exosome as biomarkers will
help substantiate their use as liquid biopsy biomarkers.

3.3. Neuroblastoma and Other ALK+ Tumors

Neuroblastoma is the most common extracranial solid malignancy in children. It is
characterized by high genetic and phenotypic heterogeneity, ranging from spontaneous
regression to highly aggressive disease. Patients with low-risk disease are monitored by
observation, while patients with high-risk tumors need high-intensity chemotherapy, with
low long-term survival rates. Monitoring of neuroblastoma is normally performed by
tumor biopsy, imaging, and bone marrow aspirates. For high-risk patients, there are no
established blood biomarkers to monitor the response to therapy. As neuroblastoma often
overexpresses (and is driven by) the MYCN oncogene, detection of MYCN amplification
through plasma DNA sequencing has been investigated by several labs [161–165]. The
data collectively suggested that MYCN liquid biopsy could allow patients stratification
and monitoring, as well as outcome prediction. A fraction (up to 10%) of sporadic neu-
roblastomas and virtually all familial cases are characterized by ALK activating point
mutations or gene amplification [166,167]. Indeed, the concomitant expression of MYCN
and ALKF1174L causes neuroblastoma in vivo from neural crest cells [168]. Therefore, ddPCR
analysis was developed for the simultaneous detection of MYCN and ALK gene copy num-
bers from cfDNA [169]. The data suggested that ddPCR can reliably detect amplification
in gDNA from a 1:10 mixture of neuroblastoma cells in a background of non-amplified
cells. Furthermore, the authors could correctly identify MYCN and ALK amplification or
diploid status in plasma samples from mice with established neuroblastoma xenografts
and from patients at diagnosis, in accordance with FISH results on the primary tumor. In
few cases, a higher copy number was detected by ctDNA compared to primary biopsy,
which may reflect the presence of more aggressive metastatic clones that are not detected
by tissue biopsy, or heterogeneous primary tumor tissue that is not appreciated by sin-
gle regional sampling. In a further technical development, the same group described a
quadruplexed ddPCR protocol to quantify MYCN and ALK copy number together with
two reference genes, and simultaneously estimate ALK mutant allele frequency in the
circulating DNA [170]. Similarly, MYCN and ALK copy number alterations (CNAs) were
monitored by cfDNA analysis by Kobayashi and co-workers in MYCN/ALK co-amplified
cases using a simple qPCR approach; the authors suggested that MYCN/ALK CNAs can be
employed as molecular biomarkers in this population [171]. Combaret et al. developed a
ddPCR protocol to detect ALK hotspot variants (Table 2) in ctDNA from neuroblastoma
patients, using mutation-specific probes [123]. The method displayed high sensitivity
and specificity, with perfect concordance between plasma and tumor samples. Droplet
digital PCR outperformed Sanger sequencing and compared well with deep sequencing
in primary tumor analysis, but the most important result was the fact that small amounts
of plasma (200 µL) could be used in the ddPCR screening, which makes this technique
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very convenient in this setting, where doctors deal with very young patients. In an elegant
longitudinal study, Chicard et al. ran whole-exome sequencing (WES) from cfDNA of
19 neuroblastoma patients at different time points during therapy [124]. By comparing
cfDNA at diagnosis with post-relapse samples, the authors could identify relapse-specific
variants. Genes recurrently found mutated at diagnosis in cfDNA included ALK. In one
case, the ALK variant disappeared at the time of complete remission; in another patient, the
same ALK mutation was conserved between diagnosis and relapse. In general, on average,
22 alterations per patient were unique to the relapse sample and may explain progression,
including KRAS mutations and CDK4/6 amplifications, although deeper coverage revealed
that in some cases these variants were present as minor subclones also in the initial sample.
Allelic frequencies were used to infer clonal evolution in two cases. These data show
that the analysis of circulating DNA offers a great opportunity to describe evolutionary
dynamics in tumors and to take action for better therapy outcomes. An alternative to
WES is represented by targeted panels, especially when searching for actionable mutations:
Cimmino and colleagues tested the value of a gene panel for the detection of variants
associated with neuroblastoma in ctDNA samples, which could be specifically targeted
by approved drugs. Mutations were identified in the majority of patients (9 of 11 [82%]),
including pathogenic variants of ALK, FGFR1 and NOTCH1 [125].

In a different disease setting, ctDNA analysis of a patient with prostate carcinoma
identified an ALK F1174C mutation, confirmed in the primary tissue. This allowed treat-
ment with alectinib, resulting in stable disease and reduction of mutated ALK allele fraction
in the ctDNA [126]. A recent investigation of the genomic landscape of metastatic papil-
lary thyroid carcinoma showed that fusion-positive patients (including an EML4/ALK
case) were significantly more likely to develop distant metastasis and that plasma ctDNA
detection rate was significantly associated with metastatic disease [172].

In a large cohort of colorectal cancer patients, ctDNA analysis allowed the identifica-
tion of actionable gene fusions, including 10 ALK fusion-positive patients; 7/10 samples
also carried additional mutations in EGFR, KRAS and NRAS genes and were associated
with resistance to anti-EGFR therapy [173]. Interestingly, this anti-EGFR signature was
associated with lower frequency of the co-occurring alterations, which points to a subclonal
architecture of the advanced disease, which may have been missed by primary tissue anal-
yses. The group led by Dr. Bardelli reported monitoring of a metastatic colorectal cancer
patient with a CAD-ALK fusion using cfDNA from urine and plasma, during treatment
with entrectinib [127]. Digital PCR levels of fusion detection in liquid samples anticipated
clinical response and allowed the identification of resistance mutations.

Finally, a recent case report described CTCs detection in an ALK+ IMT patient [174].
CTCs stained positive for ALK protein and were only seen before TKI therapy: nine months
under entrectinib, no CTCs were found in the blood, in parallel with complete
radiological remission.

4. Conclusions

It is now clear from several studies that genetic information of tumors can be obtained
in a non-invasive manner from blood. This information has diagnostic, prognostic and
predictive utility, and can also provide clues on the subclonal heterogeneity of tumors, by
collecting genetic data from both primary and metastatic sites. Different methodologies
have been put in place during the last few years, each of which has advantages and
pitfalls. The sensitivity of these approaches can vary according to the method and the
amount of DNA shed by a tumor into the bloodstream. From traditional quantitative PCR,
technology moved to droplet digital PCR, multiplexed amplicon deep sequencing and
hybridization-based NGS methods, and the field is rapidly advancing.

Several sources of liquid biopsy can be used: tumor DNA and RNA can be obtained
from plasma, urine, purified exosomes, or platelets. As an alternative, CTCs can be an-
alyzed. While ctDNA analysis is cheaper and more straightforward, making it a good
candidate for clinical practice, CTCs provide single-cell information, offering the possi-
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bility to investigate tumor heterogeneity and therapeutic resistance at the subclonal level.
Moreover, CTCs allow researchers to investigate the biology of the metastatic process.
However, a global consensus on CTC isolation procedures is still lacking and sensitiv-
ity must be increased, as shown by the recent AIR trial, before CTC detection becomes
a routine clinical tool.

ALK fusion-positive cancers carry a specific aberration that represents a perfect marker
for disease detection and monitoring: in this regard, it may be easier for ALK-rearranged
tumors to reach routine use of these novel tools, for better management of patients, com-
pared to other, non-translocated cancers. Most of the studies up to now have reported
high specificity for ctDNA-based ALK rearrangement detection; however, sensitivity still
needs to be improved. Reduced sensitivity can be attributed to multiple factors, such as
low disease burden or low DNA shedding in the bloodstream.

The prognostic value of ALK fusion detection has been established in ALCL patients,
where it is used as an MRD biomarker. However, the largest amount of data is found
in the NSCLC setting, where the utility of liquid biopsy was demonstrated not only
for diagnostic purposes, but also for investigating drug resistance mechanisms. Recent
advances in this technology led to the FDA approval of the Guardant360® CDx test,
analyzing ctDNA variants in 73 genes plus fusions and copy-number alterations in selected
guideline-recommended genes including ALK. Liquid biopsy in ALK+ tumors gives the
physician the chance (i) to follow the course of therapy response by simple PCR detection of
the fusion, identifying molecular relapses several weeks before clinical evidence; and (ii) to
identify TKI-resistant ALK mutants (or off-target mutations) in order to switch therapy in
advance. In ALK+ ALCL, where therapy shows high cure rates, liquid biopsy can identify
high-risk patients with minimal residual disease that is radiographically invisible.

Sparse information is available for additional, rarer ALK+ tumors like neuroblastoma,
colon, prostate, thyroid, IMT. No liquid biopsy data on other ALK+ cancer types, such as
renal carcinoma, have been found in our literature search.
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