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Abstract: Several subsets of non-small cell lung cancer INSCLC) are defined by the presence of oncogenic
rearrangements that result in constitutive activation of a chimeric fusion protein. In NSCLCs that harbor
ALK or ROSI rearrangements, aberrant signaling from these fusion proteins can be overcome by potent
and selective tyrosine kinase inhibitors (TKIs). These targeted therapies can induce durable responses and
significantly improve prognostic outcomes. Historically, analysis of tissue biopsies was the primary approach
to identifying key activating rearrangements. In recent years, non-invasive genotyping of tumor-derived
nucleic acids in the circulation has gained ground as a strategy for determining the genetic composition
of NSCLC:s at diagnosis and throughout the disease course based on prospective and retrospective studies
validating the utility of plasma analysis in heterogeneous populations of patients with metastatic NSCLC.
Notably, these practice-changing studies predominantly included patients with NSCLCs with oncogenic
mutations. Compared to other types of molecular alterations such as mutations and insertions/deletions,
oncogenic rearrangements are more complex as they incorporate a variety of fusion partners and diverse
breakpoints. Because of this structural complexity, detecting oncogenic rearrangements with plasma assays
is more challenging than identifying disease-defining point mutations. In this review, we discuss technical
aspects of plasma genotyping strategies and summarize findings from studies exploring plasma genotyping
(including ctDNA analysis and profiling of nucleic acids contained in other plasma components) in two

rearrangement-driven NSCLC subsets (4LK-rearranged and ROSI-rearranged).
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Introduction oncogenic signaling (1). Given the therapeutic implications

of identifying these important genetic alterations, it is

Non-small cell lung cancer (NSCLC) is a heterogeneous critical that diagnostic approaches detect the various types

disease that encompasses diverse molecular subsets, each of of alterations with high sensitivity and specificity. Compared

which is associated with unique therapeutic vulnerabilities to activating mutations and insertion/deletions, detection of

and distinct disease outcomes (1,2). The genetic alterations oncogenic rearrangements can be particularly challenging

that characterize these subsets are similarly broad and
include point mutations, insertion/deletions, splicing

alterations, amplifications, and rearrangements that activate
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from a technical perspective due to structural complexity
(3-5). Indeed, multiple breakpoints and diverse fusion
partners can contribute to an oncogenic rearrangement.
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To overcome this diagnostic hurdle, initial strategies
for detecting oncogenic rearrangements gravitated towards
immunohistochemistry (IHC) or fluorescence in-situ
hybridization (FISH) (6,7). The former is predicated on
lack of expression of certain oncogenic proteins (which
are constitutively expressed in tumors with activating
rearrangements) in normal tissues whereas the latter relies
on splitting of dual-colored fluorescent probes designed
to flank common breakpoints (Table 1) (7,8). However,
FISH is expensive and requires technical expertise and
specialized microscopy which may not be readily available
in many laboratories. Although more widely available and
less challenging to implement, IHC performance can vary
depending on the antibody used and background levels of
expression of target proteins in normal tissues (9,10). While
the sensitivity and specificity of both of these techniques
can exceed 90% in the optimal context (11,12), practical
considerations—specifically the ever-expanding number of
important molecular alterations and need to conserve tissue—
have shifted diagnostic approaches away from single-gene
assays (i.e., FISH and IHC) towards more comprehensive
strategies such as next-generation sequencing (NGS) that
can interrogate DNA and RNA to simultaneously uncover
relevant genetic alterations and fusion transcripts in hundreds
of genes with a single assay (13).

To date, tissue biopsies have been the primary material
used for molecular profiling, predominantly in the form
of formalin-fixed paraffin-embedded (FFPE) tissues. In
addition to FFPE tissues, cytology specimens can also serve
as substrate for molecular genotyping (14). As FFPE is the
most common tissue type that is processed in pathology
laboratories for the majority of solid tumor specimens,
most molecular diagnostic platforms have been validated
using genetic material derived from this specimen source.
However, several factors can adversely impact the utility
of FFPE specimens for molecular testing, including
inadequate tumor purity and nucleic acid degradation, the
latter of which is dependent on several pre-analytic factors
including but not limited to fixation, decalcification, and
age of the block (15,16). In addition to these limitations,
molecular testing may not be feasible due to insufficient
tissue remaining within the block after prior sectioning for
histologic studies and ancillary testing. Beyond the technical
factors discussed above, disease-specific considerations such
as high risk of procedural complications may preclude tissue
sampling altogether.

These limitations of tissue-based molecular profiling
coupled with significant advances in techniques for
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isolating and analyzing tumor-derived genetic material in
the circulation have spurred rapid uptake of blood-based
genotyping in recent years (17). In the bloodstream, tumor-
derived genetic material can be free-floating (i.e., cell-
free DNA) or contained in circulating tumor cells (CTCs)
or extracellular vesicles (EV) (18,19). Circulating free-
floating tumor DNA (ctDNA) is released passively into
the bloodstream from necrotic or apoptotic cancer cells or
actively from living cancer cells and comprises between 0.01%
to 90% of all cell-free DNA in the circulation (18,19). The
percentage of tumor DNA in cell-free DNA depends on
tumor type, metastatic burden, and clinical context (20-22).
Compared to ctDNA which can be analyzed using methods
similar to tissue genotyping, unique methods are required for
capture, enrichment, and detection of CTCs and EVs (23,24).
As a result, the uptake of ctDNA analysis has outpaced
adoption of CTC and EV profiling in clinical practice.

As with tissue-dependent molecular testing, plasma-
based testing has inherent limitations that may impact
ctDNA yield. In contrast to tissue-based biopsies which are
often enriched for tumor (and may be dissected to further
enhance tumor purity), plasma specimens are primarily
comprised of DNA derived from non-tumor sources (25).
As such, careful processing of plasma specimens is required
to ensure that the lysis of normal white blood cells does
not dilute the fraction of ctDNA. This is typically achieved
through rapid processing of plasma or collection of plasma
in specialized tubes that are designed to stabilize the
specimen (26). Still, optimizing preanalytic steps to improve
ctDNA recovery cannot overcome tumor-intrinsic factors
such as minimal shedding of tumor-derived DNA into the
circulation in the context of low disease burden or tumors
confined to certain disease sites (e.g., thoracic cavity and
central nervous system) (27). Furthermore, because of the
underrepresentation of tumor cells relative to other cells
in the plasma, mutations that originate in hematopoietic
cells can be incorrectly attributed to solid tumors, thus
confounding plasma-based analyses of the molecular
makeup of solid tumors (28-30).

This review will discuss applications of plasma
genotyping in NSCLC, with a particular emphasis on the
unique considerations related to plasma genotyping in
NSCLCs harboring ALK and ROS! rearrangements.

Early applications of plasma genotyping in
NSCLC

Initial applications of blood-based molecular analysis in
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Table 1 Techniques for detecting ALK and ROS1 rearrangements and resistance mutations in plasma
Nucleic Sample ) .
. ) ) Kinase domain
Technique Assay design acid volume . Rearrangement
. . mutation
source required

Fluorescence in-situ Dual-colored fluorescent probes flank CTC 1-9 mLs No Yes
hybridization fusion breakpoint and split when Whole

rearrangement is present blood
Immunohistochemistry ~ Detects aberrant protein expression CTC 19 mLs No Yes, detects

Whole protein expression
blood driven by fusion

Quantitative/reverse Reverse transcription of RNA into Exosomes 0.25-5.0mL No Yes
transcription PCR complementary DNA. DNA serves Plasma

as a template for PCR amplification.

Quantitative PCR measures amplified

nucleic acid levels
Allele-specific PCR PCR primers preferentially amplify mutant ~ ctDNA 2-5mL Yes, requires No

DNA molecules Plasma mutation-

specific primers

Digital PCR DNA is partitioned allowing individual ctDNA 2-5mL Yes Yes

PCR reactions and quantification of target Plasma
Amplicon-based NGS PCR primers selectively target and ctDNA 5-10 mL Yes Yes

amplify genomic regions of interest Plasma

across multiple genes simultaneously
Hybrid capture NGS Oligonucleotide baits hybridize to ctDNA 5-10 mL Yes Yes

sequences of interests in exons and Plasma

introns across multiple genes

*, nucleic acid source is based on published studies demonstrating detection of these alterations in plasma from patients with ALK- and/
or ROS1- rearranged lung cancer. PCR, polymerase chain reaction; DNA, deoxyribonucleic acid; RNA, ribonucleic acid; CTC, circulating
tumor cell; ctDNA, circulating tumor DNA; NGS, next-generation sequencing.

metastatic NSCLC focused on detecting mutations in the
epidermal growth factor receptor (EGFR) gene in ctDNA
and CTCs (31-33). The focus on this molecular subset was
likely fostered by favorable technical factors (e.g., ease of
detecting mutations and insertions/deletions relative to
more complex alterations) and clinical factors, specifically
the early establishment of EGFR mutations as relevant
actionable therapeutic targets and early adoption of serial
molecular profiling for this group (34,35). The earliest
studies in this area utilized allele-specific polymerase
chain reaction, a technology that preferentially amplifies
mutant DNA molecules to enhance detection of cancer-
specific mutations in a background largely composed of
signals from wild-type DNA (Tuable 1) (36,37). Although
findings from these pioneering studies were promising,
refinements of existing molecular genotyping techniques
and introduction of highly sensitive PCR approaches (i.e.,
digital PCR) and broad-panel genotyping strategies that
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improved the performance of plasma assays in the decade
that followed are primarily responsible for the increased
prominence of plasma genoptying in clinical care of lung
cancer patients (38-41).

Digital PCR enables absolute quantification of
circulating nucleic acids by effectively diluting the genetic
material into individual PCR reactions (Tuble 1) (40,42). In
this technique, DNA is distributed or rather “partitioned”,
with each partition serving as an independent PCR
microreactor. Partitions generally consist of either droplets
or chambers that function as physical dividers. Droplet-
based platforms achieve individualization of PCR reactions
via a variety of approaches, including emulsification and
microfluidic droplet methods and BEAMing (Beads,
Emulsion, Amplification, Magnets), a strategy where each
magnetic bead captures a single molecule (38,40). Promising
findings from studies utilizing digital droplet PCR (ddPCR)
and BEAMing reignited interest in non-invasive genotyping
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of NSCLC (31). In multiple studies, high tissue-plasma
concordance was observed for detecting lung cancer-specific
point mutations (31,33,43). While the sensitivity of digital
PCR is noteworthy, the coverage of only a single mutation
and inability to reliably detect fusions have compromised its
relevance in the era of comprehensive genotyping.

In recent years, NGS of cell-free DNA has emerged
as a promising strategy for analyzing a broad spectrum
of molecular alterations in plasma (17). Performance
characteristics of various ctDNA assays has been extensively
described in previous reviews (44). To date, most studies
have used two genotyping techniques: amplicon-based NGS
and hybrid-capture NGS. Amplicon-based NGS uses PCR
technology and short primers to simultaneously identify
mutated hotspots and regions of interest in exons of multiple
genes (Table 1) (45,46). In retrospective analyses of patients
with metastatic NSCLC, amplicon-based NGS detected a
variety of alterations in plasma (including rearrangements)
with sensitivity and specificity comparable to or exceeding
that of ddPCR (47). In contrast to amplicon-based NGS,
hybrid-capture NGS approaches rely on probes or “baits”
consisting of barcoded DNA oligonucleotide adapters that
span exonic and intronic regions of interest in multiple
genes (Table 1) (21,48). In three prospective studies where
tissue and plasma analysis were performed in parallel for
patients with NSCLC (27,49,50), hybrid-capture plasma
NGS demonstrated favorable performance characteristics
across a wide range of driver alterations, including in a small
group of tumors with oncogenic rearrangements. Analyzing
ctDNA with this method uncovered relevant, actionable
genetic alterations in a higher proportion of patients than
tissue molecular profiling (49). “Bias-corrected” targeted
NGS, a third method which improves upon traditional
hybrid-capture methods by incorporating a primer
extension step to reduce artifacts, using shorter probes to
boost efficiency of capturing rearrangements, and tagging of
DNA fragment to improve signal-to-noise ratio has proven
to be a promising approach for broadly detecting targetable
alterations with high specificity and sensitivity (51).

These early studies have made inroads towards
establishing the clinical utility of comprehensive plasma
genotyping in NSCLC. However, the plasma specimens
included in these pivotal studies were predominantly
derived from patients with NSCLCs that harbored
activating mutations rather than oncogenic rearrangements.
With the increasing number of actionable oncogenic
rearrangements in NSCLC (1), it is essential to evaluate
the performance of plasma genotyping in fusion-driven
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NSCLC. Therefore, the remainder of the review will
summarize current understanding of plasma profiling—
including ctDNA analysis and CTC and exosome
profiling—in NSCLCs with two of the most common
activating rearrangements: ALK and ROS1.

Anaplastic lymphoma kinase rearrangements

Approximately 5% of NSCLCs harbor chromosomal
rearrangements of the anaplastic lymphoma kinase (ALK)
gene (7,52). ALK rearrangements encode a constitutively
active chimeric fusion protein that signals in a ligand-
independent fashion (53). Multiple unique fusion partners
have been described in ALK-rearranged (ALK+) NSCLC,
but over 80% of ALK rearrangements juxtapose the ALK
kinase domain with the promoter and oligomerization
domain of EML4 (54). In the majority of ALK+ NSCLCs,
the breakpoint in ALK occurs in intron 19 (exon 20) (54).
However, there are >15 distinct EML4-ALK fusion variants
which are distinguished by the location of the breakpoint
in EML4 (55). The number of potential EML4-ALK
fusion variants can pose a challenge if attempting to design
unique PCR primers to cover all potential permutations.
However, broadly detecting potential ALK fusions is not
an insurmountable task for hybrid-capture assays as the
conserved breakpoint in ALK and proclivity for EML4 as a
fusion partner allow for dense bait coverage (also referred
to as “tiling”) of introns and exons in these two genes.

Circulating tumor DNA

Several studies have explored the diagnostic utility of
amplicon-based ctDNA NGS in newly diagnosed patients
with ALK+ NSCLC and those relapsing on targeted
therapy (47,56). For example, Guibert et al detected an
EMIL4-ALK fusion in plasma from 6 (86%) of 7 treatment-
naive patients known to have ALK+ NSCLC based on
tissue analysis (47). The false negative result was from a
patient with stage III NSCLC. Across platforms, sensitivity
of ctDNA analysis in NSCLC patients with non-metastatic
disease is notoriously inferior to sensitivity in patients with
metastatic disease (22,57). In another study by Mezquita
and colleagues which utilized primers that selectively
targeted variants 1-3 of EML4-ALK in plasma, sensitivity
for detecting ALK rearrangements was 78% for treatment-
naive patients with metastatic NSCLC (56). In comparison,
an ALK rearrangement was only detected in 12% of patients
responding to treatment, consistent with prior studies
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demonstrating that shedding of ctDNA decreases during
periods of treatment response (56).

Compared to amplicon-based NGS, more studies have
utilized hybrid-capture techniques to analyze plasma from
patients with ALK+ NSCLC. In these studies, sensitivity for
detecting ALK fusions was high and dependent on disease
stage, with several studies reporting sensitivity approaching
80% (58-60). These studies suggest that capture-based
techniques can identify a more diverse spectrum of fusion
partners. For example, in a retrospective analysis which
analyzed plasma from 88 patients with ALK+ NSCLC
using a hybrid-capture NGS assay, seven unique fusion
partners were observed (61). In addition, an analysis of
22 patients treated in the phase I/II ensartinib study who
underwent paired plasma and tissue genotyping identified
three different fusion partners in the cohort of patients:
EML4, AKAPSL, PRKARIA (62). Although the majority
of tumors had EML4-ALK rearrangements, five unique
EML4-ALK fusion variants were detected (62). Similarly,
a separate study detected four distinct EML4-ALK fusion
variants in a dataset comprised of 22 patients relapsing on
ALK inhibitors who were treated at a single institution (60).
In both of these studies and an analysis of 53 patients in
the phase III ALEX study with paired tissue and plasma
specimens (63), agreement between tissue and plasma fusion
partner calls and EML4-ALK fusion variants ranged from
79.2-100% (60,62,63).

Based on the promising performance of capture-based
plasma NGS, several studies have evaluated response
to alectinib among patients with plasma-detected ALK
rearrangements. In the pivotal phase III ALEX study which
established superiority of alectinib over crizotinib as first-
line treatment for ALK+ NSCLC, when progression-
free survival (PFS) was compared in patients with plasma
and/or tissue ALK rearrangements, the hazard ratio of
investigator-assessed PFS was comparable between the
plasma and tissue subgroups (63). In the BFAST study
which prospectively enrolled patients with advanced
NSCLC and assigned therapy based on alterations detected
with the FoundationAct hybrid-capture plasma assay, the
response rate to first-line alectinib among 87 patients with
ALK+ NSCLC was 87.4% and the 12-month event-free
survival rate was 78% (64). As these outcomes compare
favorably with the ALEX study where tissue was used for
eligibility (65), this study suggest that using plasma findings
to select patients suitable for treatment with first-line
alectinib is a valid approach. Beyond utility for identifying
newly-diagnosed patients who might benefit from first-line
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ALK-directed therapy, monitoring the ALK rearrangement
in plasma during treatment may serve as a readout of
disease behavior. In support of this, a study of 121 patients
enrolled in the phase II lorlatinib study observed a decrease
in the allelic frequency of the ALK fusion at 6 weeks in most
patients, a finding that has also been observed in smaller
series of ALK+ patients treated with earlier-generation
ALK TKIs (58,60,66). Notably, the group of patients with
early complete clearance of the ALK rearrangement from
plasma (i.e., undetectable plasma ALK rearrangement) had
deeper responses and longer PES on lorlatinib (66).

The clinical and diagnostic utility of detecting an
ALK rearrangement in plasma depends on the rate of
false positive and false negative results. Across studies,
the positive predictive value of plasma-detected ALK
rearrangements are high (58,59), suggesting that the risk
of false positives is low. With hybrid-capture platforms,
efficiency of capture of ctDNA fragments that span
rearrangement breakpoints is a critical determinant of assay
sensitivity. In a small study, the combination of shorter
capture probes and primer extension improved sensitivity
for detecting ALK fusions and enhanced the ability to detect
ALK fusions with novel partmers (67). Compared to probes
that bind larger segments of DNA, shorter probes may
overcome detection errors that result from misalignment
to the fragmented ctDNA corresponding to breakpoints.
Beyond capture efficiency, other disease-related factors can
impact sensitivity. For example, sensitivity decreases when
the disease burden is primarily concentrated in the central
nervous system (68). In this setting, cerebrospinal fluid may
be a higher yield source of ctDNA than plasma (19). Indeed,
one study detected an ALK rearrangement in 82% of
cerebrospinal fluid specimens compared to 46% of plasma
specimens from 11 ALK+ patients with leptomeningeal
disease who underwent paired plasma and cerebrospinal
fluid analysis using hybrid-capture technology (69). Similar
findings have been reported with amplicon-based NGS of
cerebrospinal fluid (68).

Exosomes and platelets

In theory, analyzing expressed fusion transcripts may
circumvent some of the challenges of DNA-based ALK
fusion detection. In the circulation, cell-free tumor-
derived RNA is rapidly degraded complicating its utility
as a barometer of a tumor’s molecular composition (19).
Tumor-derived nucleic acids that are incorporated into EV's
are protected from degradation. EVs, therefore, represent a
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potential source of tumor-derived fusion transcripts. Several
groups have attempted to identify ALK fusion transcripts in
exosomes, a type of EV. Brinkmann and colleagues detected
EMIL4-ALK rearrangements in half of the 52 patients with
ALK+ NSCLC in their study using quantitative PCR (70).
While it is possible that limitations of the assay led to
failure to detect ALK rearrangements in the remaining
cases, these NSCLCs may have expressed EML4-ALK
variants or novel ALK fusions that were not targeted by the
PCR primers. Interestingly, exosomes can serve as a conduit
between cancer cells and platelets. This allows for transfer
of ALK transcripts from cancer cells to platelets (71). In
one study, reverse transcription PCR of platelet RNA from
NSCLC patients demonstrated sensitivity and specificity of
65% and 100% for detecting EML4-ALK rearrangements,
respectively (71). In longitudinal analyses, ALK fusions were
undetectable in exosomes and platelets during response
to ALK inhibitors and increased in abundance at relapse
(70,71), suggesting that serial monitoring of these plasma
components can provide insights into treatment response
and disease biology.

CTCs

CTCs contain DNA, RNA, and proteins, allowing for
detection of ALK+ NSCLCs using a variety of techniques.
The handful of studies to date exploring feasibility of
this genotyping approach have utilized FISH or IHC to
distinguish CTCs from patients with ALK+ NSCLCs from
those from patients with ALK wild-type NSCLCs (72,73).
In these studies, rare CTCs with ALK rearrangements
were detected in the circulation of patients who did not
have ALK+ NSCLC, necessitating cutoffs to discriminate
between “false-positive” and “true-positive” results. In a
study by Pailler ez al., the range of ALK-rearranged CTCs
per milliliter among ALK+ cases was 4-34 prompting
selection of 4 ALK-rearranged CTCs per milliliter as a
cutoff for ALK+ NSCLC (73). Notably, at the cutoff of 4
ALK-rearranged CTCs per 1 milliliter of blood, sensitivity
and specificity were each 100% (73). In a different study, a
cutoff of 3 or more ALK-rearranged CTCs per milliliter was
proposed based on analysis of a small cohort that included
healthy controls and NSCLC patients with and without ALK
rearrangements (74). Similar to findings from serial profiling
of ctDNA and exosomes, CTC enumeration demonstrates
reduction in the number of ALK-positive CTCs during
response to treatment (73,75). In contrast to findings from
ctDNA analysis (62), however, one study suggests that
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the pretreatment burden of ALK-rearranged CTCs and
dynamics of these CTCs during treatment do not predict
durability of response to ALK-directed therapy (75).

ROS1 rearrangements

Chromosomal rearrangements that promote constitutive
activation of ROSI are present in 1-2% of NSCLCs (6).
Although there is considerable homology between the
ALK and ROSI kinases, there are notable differences
between rearrangements involving these two genes. Unlike
ALK rearrangements which generally harbor a conserved
breakpoint in intron 19/exon 20 of ALK, breakpoints
throughout introns 31-35 (exons 32-36) have been described
in ROSI-rearranged (ROS1+) NSCLC (76). In addition,
ROSI fuses to more than 15 distinct partners in NSCLC
(76-78). Although the frequency of certain fusion partners
is higher than others (CD74, SLC34A42, SDC4, EZR), none
approach the 80% seen with EML4-ALK (77,78). Indeed,
the most prevalent partner CD74 only accounts for 50%
of cases and CD74-ROS1 fusions can involve two different
breakpoints in ROSI (77,78). The inconsistency of fusion
partners and spectrum of potential breakpoints introduce
unique technical challenges for assay development and
optimization.

Circulating Tumor DNA

Due to the low prevalence of ROSI fusions in NSCLC
(1,6), studies of ctDNA analysis in this molecular subset
are limited. A small number of patients with this alteration
have been included in studies that enrolled patients with
heterogenous genotypes. For example, Guibert et al used an
amplicon-based plasma NGS panel covering key intronic
and exonic sequences corresponding to the breakpoints
of four of the most common ROSI rearrangements—
CD74-ROS1, SLC34A2-ROS1, SDC4-ROS1, and EZR-
ROSI—to correctly identify the 2 patients with ROS1
rearrangements in a group of 46 patients with metastatic
NSCLC (47). Notably, both patients had CD74-ROS1
rearrangements. In another study by Mezquita et a/. which
used similar techniques (56), ROSI fusions involving CD74
and SLC34A2 fusion partners were detected. Although only
6 patients with ROS1+ NSCLC were included in the study,
sensitivity for detecting ROSI fusions in treatment-naive
patients was 100% (56).

The number of patients evaluated for ROSI
rearrangements in plasma using hybrid-capture NGS in
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published studies is substantially larger than with amplicon-
based NGS, but the actual number of patients with this
alteration included in hybrid-capture studies is still quite
small. For example, among 282 patients in the prospective
NILE study (49), tissue-plasma concordance for detecting
ROSI rearrangements was 98.7% using a hybrid-capture
NGS assay. However, there were only 2 patients with
ROS1+ NSCLC in the NILE study who underwent paired
plasma and tissue analysis. In both cases, the rearrangement
was only detected in tissue (49). When the same assay was
used to analyze plasma specimens from 20 patients known
to have ROS1+ NSCLC in a separate study, sensitivity
for detecting ROST rearrangements at relapse on targeted
therapy was 50% (77). Similarly, in the lorlatinib phase
I/II study, a ROSI rearrangement was only detected in
plasma from 23 (52%) of 44 patients with analyzable
ctDNA (79). As many patients with ROS1+ NSCLC will
not have extrathoracic, extracranial site involvement (80),
the low sensitivity may be partially attributed to intrinsic
disease characteristics (77), namely low ctDNA shedding
from the thorax and brain (27,68).

Based on the limited number of ROS1+ patients in
these studies and particularly the limited number patients
with paired tissue and plasma profiling, data regarding
the ability of ctDNA analysis to recapitulate the breadth
of potential ROST rearrangements in NSCLC are scarce.
In one study, paired analysis of plasma and tissue from 7
patients with NSCLC demonstrated complete concordance
of fusion partners (77). Notably, there were four distinct
fusion partners among the 7 patients, including a rare
CCDC6-ROSI rearrangement (77), suggesting that there
should be confidence in ROSI fusion calls based on plasma
genotyping. The remaining data regarding prevalence of
specific ROS]I fusion partners in plasma vs tissue are derived
from a study which assessed fusion partners in two large
non-overlapping datasets, including a group of 56 ROS1+
plasma specimens from a deidentified commercial database
and 52 tissue specimens from ROS1+ NSCLC patients
treated at a single institution cohort (77). In this analysis,
the relative representation of common fusion partners was
comparable in tissue and plasma (77). As the plasma cohort
was generated from a deidentified database, the distribution
of disease sites in the patients from whom plasma was
collected is not known. These data therefore support utility
of NGS for detecting diverse ROSI rearrangements but
do not provide insights into biological factors that may
impact assay sensitivity. Larger well-annotated (including
disease characteristics and sites of involvement) tissue-
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plasma concordance studies are necessary to robustly
assess the performance characteristics (e.g., sensitivity,
specificity, positive predictive value) of plasma NGS in
ROSI1+ NSCLC and evaluate how disease biology impacts
assay performance. For now, the limited body of literature
suggests that negative plasma results should be confirmed
with tissue genotyping when feasible given the relatively
low sensitivity of current assays for detecting ROSI
rearrangements.

CTCs

Given the limited sensitivity of current NGS assays for
detecting ROS1I fusions, there is interest in exploring
alternative non-invasive genotyping techniques. One case
report suggests that CTC analysis may have advantages
over plasma NGS. In this report, a patient with peritoneal
carcinomatosis was found to have a ROSI rearrangement
in CTCs by FISH but was ROS1-negative by plasma
NGS (81). The presence of the fusion was confirmed in
tissue and the patient experienced durable disease control
on crizotinib. Details regarding the plasma assay used
were not included in the case report. While it is difficult to
generalize findings from a single patient experience, there is
evidence that ROST rearrangements can be readily detected
in CTCs. In a study by Leong et 4l. (82), ROS1-rearranged
CTCs were detected in 4 (67%) of 6 ROS1+ blood
samples using ROS1 FISH and IHC, with up to 10 ROS1+
CTCs detected per 2 milliliters of blood. The disease
characteristics of the patients included in the study were
sparse. However, the findings suggest that there is potential
for false negatives with CTC analysis as well. In the
study (82), the frequency of ROSI-rearranged CTCs among
healthy controls was sufficiently low that 1 ROS1+ cell per
2 milliliters of blood was proposed as a reliable cutoff for
discriminating between ROS1+ and ROS1-negative cases.
An analysis by another group suggests that this cutoff
may be too low. Specifically, a study by Pailler er al.
detected a median number of ROS1 FISH-positive CTCs
of 34.5 per 3 milliliters of blood from 4 patients with
ROS1+ NSCLC compared to 7.5 per 3 milliliters of blood
in ROSI-negative patients (83). The false positive rate
in ROS1-negative patients was attributed to nonspecific
background hybridization of FISH probes. Taken together,
these two studies confirm that ROSI rearrangements can
be detected in CTCs but highlight the degree of variability
across patients and assays. The studies conducted to date are
not of sufficient size to ascertain whether variability in CTC
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Table 2 Concordance between tissue and plasma for detecting ALK and ROSI alterations in published studies

Alteration Technique, ALK;aE;i(S)S1 * Sensitivity  Specificity Agreement Reference
Plasma Nucleic Acid Source n= (per stu’dy) (%) (%) (%)

ALK-Rearranged Lung Cancer
ALK Rearrangement Amplicon-Based NGS, ctDNA 6-59* 78 - 86 (47,56)
ALK Rearrangement Hybrid-Capture NGS, ctDNA 22-24 79 100 79-100 (58,60,62,63)
ALK Rearrangement Reverse Transcription PCR, Exosomes 38 65 100 - (71)
ALK Mutation Hybrid-Capture NGS, ctDNA 22-84 82-90 48 73-100 (60,86,92)

ROS1-Rearranged Lung Cancer
ROS1 Rearrangement ~ Amplicon-Based NGS, ctDNA 2-6 100 - - (47,56)
ROS1 Rearrangement  Hybrid-Capture NGS, ctDNA 20-44 50-52 - - (77,79)

*, reference 43 included 59 patients with ALK-positive lung cancer but the number of treatment-naive patients in the cohort used to
calculate sensitivity was not specified. NGS, next-generation sequencing; ctDNA, circulating tumor DNA; PCR, polymerase chain reaction.

yield is driven by disease biology or technical aspects of the
assays. Therefore, standardization of assays and nomination
of cutoffs informed by large groups of patients with ROS1+
NSCLC that represent the range of clinical presentations
is needed before CT'C profiling can be routinely applied to
management of ROS1+ NSCLC.

Detecting acquired kinase domain mutations

In current practice, standard treatment of ALK+ and
ROS1+ NSCLC most often involves sequential treatment
with targeted therapies. Despite significant and noteworthy
responses to tyrosine kinase inhibitors (TKIs) (65,84,85),
relapse is inevitable and typically occurs within years of
initiating of therapy. In ALK+ NSCLC, an array of kinase
domain mutations can emerge at relapse (86,87). These
mutations account for the majority of relapses on second-
generation ALK TKIs (e.g., ceritinib, alectinib, brigatinib)
(60,87). The complexity of ALK kinase domain mutations
increases after treatment with the third-generation
ALK TKI lorlatinib resulting in compound mutations
in approximately one-third of patients (88). Current
understanding of key molecular drivers of relapse in ROS1+
NSCLC is not as robust, but several studies suggest that
secondary kinase domain mutations play a critical role in
relapses and that next-generation ROS1 TKIs may be able
to overcome certain acquired kinase domain mutations
(80,89-91). Notably, the preliminary antitumor activity of
next-generation ROS1 TKIs against acquired ROSI kinase
domain mutations is not as robust as the activity of the
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third-generation ALK TKI lorlatinib against analogous
ALK kinase domain mutations (92). Given the implications
of secondary resistance mutations, plasma diagnostics must
detect fusions and mutations involving ALK and ROSI with
high confidence in order to meet the demands of clinical
practice. Findings from plasma genotyping studies to date
are summarized in Tuble 2.

ALK+ lung cancer

Several studies have confirmed that diverse ALK kinase
domain mutations can be detected in plasma. The frequency
of particular ALK mutations in plasma at relapse on specific
ALK TKIs is comparable to the composition of ALK
mutations identified through tissue-focused analyses (86,93).
Furthermore, among patients who receive both methods
of molecular profiling, ctDNA analysis is a highly sensitive
approach for detecting tissue-identified ALK mutations,
with reported sensitivity across studies of 82-90% (Tuble 2)
(60,86,92). However, when tissue is considered the
reference standard, specificity of plasma assays is seldom
perfect as ALK mutations are often detected only in plasma
(Table 2) (60,62,86). Indeed, one study found that while the
proportion of patients without ALK mutations at relapse on
ALK TKIs was comparable in tissue and plasma, the number
of patients with multiple ALK mutations at progression
was underestimated by tissue genotyping (86). As patients
with plasma-only ALK mutations can achieve durable
responses to ALK TKIs targeting those mutations (62),
this occurrence likely reflects the ability of plasma to
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capture relevant alterations across multiple disease sites.

Consistent with findings from serial tissue profiling (87),
longitudinal ctDNA analysis demonstrates temporal
variation in ALK mutations in plasma during treatment with
sequential ALK TKIs. Indeed, the plasma ALK mutation
profile has been shown to be dynamic with clearance of
ALK mutations that emerged on preceding ALK-directed
therapies upon initiation of a different ALK TKI with
activity against the specific mutation (60,62,86). Early data
suggest that these ALK mutations in plasma can potentially
provide insight into likelihood of responding to future
targeted therapies. For example, in a correlative analysis
of the lorlatinib phase II study, pretreatment plasma ALK
mutation status was predictive of response to subsequent
treatment with lorlatinib with ORR of 62% vs. 32%
for ALK mutation-positive and ALK mutation-negative
patients, respectively (92). Together, these studies support
the potential utility of serial plasma analysis for guiding
sequencing approaches in ALK+ NSCLC. This hypothesis
is being formally assessed in the ongoing NCI-NRG ALK
protocol (NCT03737994).

ROS1+ lung cancer

A handful of studies have evaluated utility of ctDNA analysis
for detecting ROST kinase domain mutations. Consistent
with tissue analyses (80), the solvent front G2032R
mutation is the most commonly reported ROSI mutation
in plasma at progression on crizotinib. For example, an
analysis of 18 patients who underwent plasma profiling at
progression on crizotinib identified ROSI kinase domain
mutations in 6 (33%) specimens (77). Five specimens
harbored G2032R whereas the remaining specimen
demonstrated an L2026M gatekeeper mutation (77).
Of the 4 cases in this group where both plasma and tissue
were analyzed, three pairs were concordant, including
one pair with the G2032R mutation in both plasma and
tissue. In the final case, ROSI G2032R was initially only
identified in plasma. However, a biopsy several months
later ultimately revealed G2032R in a different disease site
than originally sampled (77). In the lorlatinib phase I/11
study (79), 6 (15%) of 41 patients who had previously
received another ROS1 TKI (mostly crizotinib) before
initiating lorlatinib had detectable ROSI mutations in
ctDNA prior to treatment with lorlatinib, including
G2032R (n=4), L.2026M (n=1), and both L.2026M and
120251 (n=1). Responses to lorlatinib were observed
in 27% of patients without a plasma ROSI mutation
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compared to 0% of the 6 patients with ROS! kinase domain
mutations (79). Acknowledging the small sample size,
these data suggest that on-target mutation status may be
less informative for predicting response to lorlatinib in
ROS1+ NSCLC than ALK+ NSCLC, potentially reflecting
differences in disease biology and disparate lorlatinib
efficacy in these two subsets rather than limitations of

plasma genotyping.

Conclusions

With a rapidly evolving therapeutic landscape that boasts
an ever-expanding arsenal of approved targeted therapies,
management of NSCLC is becoming increasingly complex
and appropriately more personalized (2). As an accurate
understanding of the molecular makeup of tumor cells
forms the foundation of these therapeutic approaches, it is
critical to nurture strategies that fully capture the molecular
composition of NSCLC during a patient’s disease course.
In recent years, plasma genotyping has emerged as a
promising method for rapidly detecting relevant molecular
alterations in NSCLC (49,50). In ROS1+ NSCLC,
studies of plasma genotyping are sparse, but available data
suggest that additional modifications will be necessary to
enable plasma platforms to reliably capture the complex
landscape of ROSI rearrangements on a scale comparable
to tissue genotyping. In contrast, early findings from
studies using NGS-based plasma diagnostics to detect key
alterations among patients with ALK+ NSCLC have been
encouraging, with studies consistently demonstrating that
NGS can identify ALK rearrangements and ALK resistance
mutations with high sensitivity and specificity. Importantly,
in prospective studies and retrospective correlative analyses
from large trials, plasma-detected ALK alterations predict
benefit from ALK-directed therapies (64,66), revealing
the potential of using standalone plasma results to guide
therapeutic strategies for ALK+ NSCLC. Beyond being
an accurate representation of tissue findings and mirroring
treatment outcomes seen with tissue biomarkers, plasma
genotyping is ideally suited for the longitudinal analyses
that are necessary for gaining early insights into long-term
treatment outcomes and evolving resistance mechanisms.
As the number and complexity of relevant oncogenic
fusions—including partners and breakpoints—is anticipated
to continue to increase, diagnostic strategies that can
overcome the limitations of current assays are necessary to
both establish plasma analysis as a peer of tissue profiling
and, most importantly, capitalize on all available therapeutic

Transl Lung Cancer Res 2020;9(6):2557-2570 | http://dx.doi.org/10.21037/tler-2019-cnscle-09



2566 Dagogo-Jack and Ritterhouse. Plasma genotyping for ALK and ROS1 fusions

opportunities in a disease where availability and efficacy
of targeted therapeutics has created stark differences in
prognostic outcomes across molecular subsets. Validation
strategies for novel plasma diagnostics should involve
studies as robust as those used to vet novel therapeutic
strategies, including prospective clinical trials. Finally,
as disease biology influences performance of plasma
diagnostics, it is critical that ongoing optimization of plasma
assays does not adopt a myopic focus on improving assay
performance in tumors with complex molecular alterations.
Rather, as distribution of disease sites can handicap
sensitivity of plasma platforms, future success depends
on developing alternative approaches in these scenarios,
including exploring analysis of tumor-derived molecular
material in other biofluids (cerebrospinal fluid, pleural fluid)
and piloting non-invasive diagnostic techniques that can
enhance the yield of molecular profiling among patients
with limited disease burden and limited sites of disease
involvement (19,94).
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