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Abstract: Molecular testing identifies patients with advanced non-small cell lung cancer (NSCLC) who
may benefit from targeted therapy or immunotherapy (i.e., immune checkpoint inhibitor treatment for
patients with high tumor mutational burden (TMB), microsatellite instability-high or mismatch repair-
deficient tumors). Current guidelines state that molecular testing should be conducted at the time of initial
diagnosis and tumor progression on targeted therapy. In real-world clinical practice in the United States
(US), molecular testing is often not conducted or happens late in the diagnostic journey, resulting in delayed
or inappropriate treatment. Herein, we review the rationale for molecular testing in advanced NSCLC,
along with best-practice guidelines based on published recommendations and our own clinical experience,
including a case study. We propose three strategies to optimize molecular testing in newly diagnosed patients
with advanced NSCLC: (I) pulmonologists, interventional radiologists, or thoracic surgeons order molecular
tests as soon as advanced NSCLC with an adenocarcinoma component is suspected; (II) liquid biopsies
conducted early in the diagnostic pathway; and (III) pathologist-directed reflex testing, as conducted in other
areas of oncology. To help facilitate these strategies, we outline our recommendations for optimal sample
collection techniques and stewardship. In summary, we believe that implementation of these individual
strategies will allow clinicians to effectively leverage available treatment options for advanced NSCLC,

reducing the time to optimal treatment and improving patient outcomes.
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Introduction diagnosed at an advanced stage in 72% to 76% of patients in

. . the UK and 57% in the US, precluding curative treatment,
Lung cancer continues to be the leading cause of cancer

death in the United States (US), with 209,703 new cases
predicted in 2020 (1,2). Lung cancer is categorized as

and is associated with poor prognosis (3,4).

Primary care providers, emergency medicine physicians,

either small-cell lung cancer in approximately 10% to
15% of cases or non-small cell lung cancer (NSCLC) in
approximately 80% to 85% of cases (2). Lung cancer is
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and pulmonologists are often the first point of contact for
patients. From initial presentation, patients have a long
journey that includes referral, clinical work-up, biopsy,
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Table 1 Phase III clinical trials of first-line EGFR-TKI treatment
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Study EGFR-TKI Comparator Median PFS, months HR (95% ClI)

IPASS (17) Gefitinib Carboplatin plus paclitaxel 5.7 vs. 5.8 0.74 (0.65, 0.85)
WJTOG3405 (18) Gefitinib Cisplatin plus docetaxel 9.2 vs. 6.3 0.49 (0.34, 0.71)
NEJO002 (19) Gefitinib Carboplatin plus paclitaxel 10.8vs. 5.4 0.30 (0.22, 0.41)
First-SIGNAL (20) Gefitinib Cisplatin plus gemcitabine 5.8vs. 6.4 1.20 (0.94, 1.52)
OPTIMAL (21) Erlotinib Carboplatin plus gemcitabine 13.1vs. 4.6 0.16 (0.10, 0.26)
EURTAC (22) Erlotinib Cisplatin plus docetaxel or gemcitabine; 9.7vs. 5.2 0.37 (0.25, 0.54)

carboplatin plus docetaxel or gemcitabine

LUX-Lung 3 (23) Afatinib Cisplatin plus pemetrexed 11.1vs. 6.9 0.58 (0.43, 0.78)
LUX-Lung 6 (24) Afatinib Cisplatin plus gemcitabine 11.0vs. 5.6 0.28 (0.20, 0.39)
FLAURA (25) Osimertinib Gefitinib or erlotinib 18.9vs. 10.2 0.46 (0.37, 0.57)

Cl, confidence interval; EGFR-TKI, epidermal growth factor receptor tyrosine kinase inhibitor; HR, hazard ratio; PFS, progression-free

survival.

molecular testing, formal diagnosis and treatments. There
is an unmet need for strategies to improve efficiency in this
process. One step in disease diagnosis where improvements
can be made is molecular testing, used to identify
specific molecular characteristics treatable with targeted
therapies (5). Without appropriate molecular testing
and corresponding results, empiric therapy will likely be
initiated, which may be inappropriate and detrimental to
patients with targetable mutations (6-8). Herein, we review
the role of molecular testing in advanced NSCLC, along
with current guidelines and recommended methodologies,
and propose three strategies to optimize current practices.

NSCLC histology and the role of molecular
testing

Among the three main histologic subtypes of NSCLC,
lung adenocarcinoma (LUAD) is the most common,
followed by lung squamous cell carcinoma (LUSC) and
large cell carcinoma (9). Besides having different histologic
bases, these subtypes have disparate clinical presentations
and unique genetic profiles (9). Common genetic drivers
in LUAD involve alterations in the epidermal growth
factor receptor (EGFR) and anaplastic lymphoma kinase
(ALK) genes (9). Over 90% of the known activating EGFR
mutations (EGFRm) are either short, in-frame deletions in
exon 19 or an L858R point mutation in exon 21 (10). The
pooled prevalence of EGFRm in exons 18, 19, 20, or 21
in patients with NSCLC (all subtypes) is 23.9% (95% CI:
21.3-26.5%) in the US (11). Approximately 5% of patients
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display a rearrangement in ALK, commonly presenting
as an echinoderm microtubule-associated protein-like
4-ALK (EML4-ALK) fusion, resulting in the aberrant
activation of downstream signaling targets (9,12,13). ROS
proto-oncogene 1 (ROSI) rearrangements, leading to
aberrant activation of downstream signaling, are observed
in approximately 1% to 2% of patients with LUAD
(9,14). B-Raf proto-oncogene (BRAF) mutations, the most
common of which is BRAF V600E, leading to activation of
the mitogen-activated protein kinase signaling pathway, are
observed in approximately 2-4% of patients with LUAD (9).

The treatment paradigm for advanced NSCLC has
evolved, and targeted therapy is now recommended if
tumors contain certain molecular mutations (5,15,16). This
precision oncology approach utilizes targeted therapies,
including EGFR tyrosine kinase inhibitors (EGFR-TKIs),
ALK inhibitors, ROS1 inhibitors, BRAF inhibitors, and
immunotherapy [e.g., programmed cell death-1 (PD-1)/
programmed cell death ligand-1 (PD-L1) inhibitors], over
chemotherapy in the first-line setting.

Evidence from Phase III clinical trials supports the use of
EGFR-TKIs for first-line treatment of advanced NSCLC
in patients harboring EGFRm (17-25) (1able 1). First-line
treatment with the first-generation TKI crizotinib
significantly prolonged median progression-free survival
(PFS) compared with platinum chemotherapy (10.9 vs.
7 months, respectively) in patients with ALK rearrangement-
positive (ALK+) advanced NSCLC (26). Crizotinib is
approved by the US Food and Drug Administration
(FDA) for the treatment of ROSI-positive or ALK+
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advanced NSCLC, with a median PFS of 9.1 to 19.2
months in Phase I and II trials (27,28). Additionally, the
second-generation ALK inhibitors ceritinib, alectinib, and
brigatinib are associated with improved outcomes compared
with crizotinib or platinum-based chemotherapy, and are
approved by the US FDA for first- and later-line treatment
of ALK+ metastatic NSCLC (29-34). In November
2018, the third-generation ALK inhibitor lorlatinib was
granted US FDA accelerated approval for patients with
ALK+ metastatic NSCLC whose disease has progressed
on crizotinib and at least one other ALK inhibitor for
metastatic NSCLC, or whose disease has progressed on
alectinib or ceritinib as the first ALK inhibitor therapy
for metastatic NSCLC (35,36). In treatment-naive and
pre-treated patients with BRAF V600E-mutant metastatic
NSCLC, the combination of dabrafenib plus trametinib
has shown overall response rates of 64% and 63.2%,
respectively, and is the first treatment regimen approved by
the US FDA for these patients (37-40).

In patients with advanced NSCLC and >50% tumor
PD-L1 expression, first-line pembrolizumab monotherapy
is more effective compared with platinum chemotherapy,
with a median PFS of 10.3 vs. 6.0 months, respectively
(41,42). However, the efficacy of first-line immunotherapy
in patients with EGFRm or ALK+ NSCLC is not well
understood, as patients with targetable mutations have
historically been excluded from first-line immunotherapy
trials. However, recently, a Phase II clinical trial of
pembrolizumab monotherapy in TKI-naive patients with
EGFRm advanced NSCLC with tumor PD-L1 expression
>1% was terminated early due to lack of efficacy, suggesting
that pembrolizumab is not an appropriate therapy for
this patient population (8). Moreover, evidence from the
second- and third-line settings suggests that single-agent
immunotherapy may not be the optimal treatment strategy
for patients with EGFRm or ALK rearrangements, as
they exhibit a lower objective response rate to PD-1/
PD-L1 inhibitor treatment compared with patients with
EGFRm-negative or ALK-negative/unknown NSCLC (3.6%
vs. 23.3%, respectively) (43). Additionally, a meta-analysis
reported no overall survival advantage with immunotherapy
(nivolumab, pembrolizumab, or atezolizumab) vs. docetaxel
in patients with EGFRm tumors (44).

The early identification of tumor genotype at the time
of NSCLC diagnosis is critical so that the most efficacious
therapy can be prescribed before considering other
treatments. US FDA-approved companion diagnostic assays
are available for targeted agents to enable the identification
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of relevant mutations prior to initiating therapy (45,46)
(Tuble 2).

Molecular testing recommendations in advanced
NSCLC

The College of American Pathologists (CAP), the
International Association for the Study of Lung Cancer
(IASLC), and the Association for Molecular Pathology
(AMP) state that mutation testing should be ordered at the
time of diagnosis for patients with advanced NSCLC (5).
Physicians can use molecular biomarker testing in LUAD;
tumors with a non-squamous, non-small cell histology; or
any non-small cell histology when clinical features indicate
a higher probability of a targetable oncogenic driver [e.g.,
young age (<50 years) and light or absent tobacco exposure]
(5,16). CAP/TASLC/AMP recommend that the “must-test”
genes are EGFR, ALK, and ROS1, and, if adequate tissue
is available, a second group of genes should be included in
any expanded panel (Figure 1) (5). Pathology departments
need to ensure that specimens with a final histopathologic
diagnosis are sent to external molecular pathology
laboratories within 3 working days of receiving requests,
and within 24 hours to internal molecular pathology
laboratories; it has been previously recommended that
results should be available within 10 business days of
receiving the specimen in the testing laboratory (5).
Subsequently, the American Society of Clinical Oncology
(ASCO) reaffirmed these recommendations but stated
that stand-alone BRAF testing should be performed on
all patients with advanced LUAD, irrespective of clinical
characteristics (16). The National Comprehensive Cancer
Network (NCCN®) recommends that all patients with
advanced LUAD should be screened for EGFR, ALK,
ROS1, and BRAF mutations, along with PD-L1 expression
level (15). Additionally, NCCN strongly advises broader
molecular profiling, with the goal of identifying rare driver
mutations that include high-level MET proto-oncogene
(MET) amplification or MET exon 14 skipping mutation,
RET proto-oncogene (RET) rearrangements, and Erb-B2
receptor tyrosine kinase 2 (ERBB2) mutations for which
effective drugs may already be available, or to appropriately
counsel patients regarding the availability of clinical trials.
They also included determination of tumor mutational
burden (TMB) as an emerging biomarker that may be
helpful for the selection of patients for immunotherapy;
however, there currently remains no consensus on how to
measure TMB (15).
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Table 2 FDA-approved companion diagnostic tests for NSCLC therapies
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FDA-approved

Approximate

device Manufacturer Platform Specimen Therapy turnaround time
therascreen EGFR Qiagen PCR FFPE tumor tissue  Afatinib, gefitinib 1to 7 days
RGQ PCR kit (47)
FoundationOne Foundation NGS FFPE tumor tissue  Afatinib, osimertinib, erlotinib, 10 to 14 days
CDx™ (48) Medicine gefitinib, alectinib, crizotinib,

ceritinib, dabrafenib plus trametinib
cobas EGFR Mutation Roche PCR Plasma (KzEDTA) or  Erlotinib, osimertinib 1to 7 days
Test v2 (49) FFPE tumor tissue
PD-L1 IHC 22C3 Agilent IHC FFPE tumor tissue ~ Pembrolizumab 1to 7 days
pharmDx (50) Technologies
VENTANA ALK (D5F3) Roche/VENTANA [HC FFPE tumor tissue  Alectinib, crizotinib, ceritinib 1 to 3 days
CDx Assay (51) Medical Systems
Vysis ALK Break Apart Abbott FISH FFPE tumor tissue Alectinib, crizotinib, ceritinib 1to 7 days
FISH Probe Kit (52)
Oncomine™ Dx Target Thermo Fisher NGS FFPE tumor tissue  Crizotinib, dabrafenib plus 5to 14 day

Test (53) Scientific

trametinib, gefitinib

The table displays FDA-approved NSCLC therapies and companion diagnostics as of August 2018. Turnaround times are approximate.
ALK, anaplastic lymphoma kinase; EGFR, epidermal growth factor receptor; FDA, Food and Drug Administration; FFPE, formalin-fixed,
paraffin-embedded; FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; K.EDTA, dipotassium ethylenediaminetetraacetic
acid; NGS, next-generation sequencing; NSCLC, non-small cell lung cancer; PCR, polymerase chain reaction; PD-L1, programmed cell

death ligand-1; RGQ, Rotor-Gene Q.

The patient journey in real-world clinical
practice

Real-world research published over the last decade suggests
an urgent need to improve best practice in molecular
testing in advanced NSCLC. In a single-institution study,
only 21% of patients with advanced NSCLC referred from
April 2010 to March 2013 had molecular testing results
available at their initial oncology consultation, and 19%
of patients received chemotherapy before molecular test
results were available (6). In a study of 15 community
oncology practices in New Jersey and Maryland (n=814)
from January 2013 to December 2015, 41% of patients with
advanced NSCLC were not tested for EGFRm and ALK,
and only 8% of patients were tested for all gene mutations
recommended by NCCN (7,15). In patients tested for
EGFRm and ALK, the median turnaround time was 23
days instead of the previously recommended 10 days (7).
In patients not tested for EGFRm and ALK, 52% received
chemotherapy, and there was no documented reason for
not testing these patients (7). Notably, median overall
survival was lower for patients treated with chemotherapy,
including those not tested for EGFRm and ALK, compared
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with patients treated with targeted therapy: 12.7 vs. 31.8
months, respectively (7). In a real-world analysis of 166
US community oncology practices from January 2014 to
August 2015, only 41% and 65% of patients with EGFRm
and ALK+ advanced NSCLC, respectively, were treated
with targeted therapy when tested after initiation of
first-line therapy, compared with 79% and 94% of patients,
respectively, treated with targeted therapy when tested
before initiation of first-line therapy (54).

Reflections on our clinical experience help put these
research findings into context. A patient’s diagnostic
journey often begins with a visit to a primary care provider
who, after discovering an imaging abnormality, may
make a referral to a thoracic surgeon, interventional
radiologist, or pulmonologist. After biopsy establishes a
histologic diagnosis of non-squamous NSCLC based on
a basic hematoxylin and eosin (H&E) test with or without
immunohistochemistry (IHC) results, the patient is referred
to, and finally sees, an oncologist 1 to 4 weeks later. Only
then is molecular testing ordered, the results of which may
not be available for an additional 2 to 3 weeks. PD-L1 IHC
results may be available 1 to 2 days after the biopsy, whereas
molecular results arrive individually over several days using
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Advanced NSCLC

Must-test biomarkers

Biomarkers to be included
in any expanded panel

y

BRAF"
ERBB2
(HER2) KRAS?

Figure 1 CAP/IASLC/AMP recommendations for molecular
diagnostics (5). ', ASCO and NCCN recommend BRAF testing for
all patients with advanced lung adenocarcinoma (15,16). *, KRAS

testing may be offered as a single-gene test to exclude patients from
expanded panel testing. ALK, anaplastic lymphoma kinase; AMP,
Association for Molecular Pathology; ASCO, American Society of
Clinical Oncology; BRAF, B-Raf proto-oncogene; CAP, College of
American Pathologists; EGFR, epidermal growth factor receptor;
ERBB?2, Erb-B2 receptor tyrosine kinase 2; HER2, human EGFR 2;
TASLC, International Association for the Study of Lung
Cancer; KRAS, Kirsten rat sarcoma viral oncogene; MET, MET
proto-oncogene; NCCN, National Comprehensive Cancer
Network; NSCLC, non-small cell lung cancer; RET, Ret
proto-oncogene; ROS1, ROS proto-oncogene 1.

single-gene testing, or 10 to 14 days (or even longer) using
comprehensive molecular profiling [e.g., next-generation
sequencing (NGS)]. Inadequate staging at the time of
referral to an oncologist can delay treatment planning, and,
if molecular testing cannot be performed due to insufficient
tissue, re-biopsy and re-testing cause further delays.

When counseling an anxious patient with NSCLC and
incomplete pathologic data, the oncologist must either
convince the patient to wait for further biopsy and/or
testing to formulate the best treatment plan or embark
on a treatment plan based on incomplete information,
potentially subjecting a patient harboring genetic mutations

© Translational lung cancer research. All rights reserved.
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to unnecessary treatment-related adverse events (AEs)
and/or less-effective treatment (7,8,43,44). From our
clinical experience, oncologists sometimes start empiric
platinum-based chemotherapy pre-emptively while waiting
for molecular test results, particularly if the patient is young,
has a high symptom burden, and/or is psychologically
distressed. Moreover, when oncologists receive PD-L1 IHC
results earlier than molecular test results, immunotherapy is
commenced with or without platinum-based chemotherapy.
If molecular testing results do become available, patients are
usually switched to the targeted treatment regimen, such
as an EGFR-TKI, or, if there is a clinical response on the
existing treatment, patients may continue to receive 4 to
6 cycles of platinum-based chemotherapy with or without
immunotherapy.

Strategies for optimizing molecular testing in
advanced NSCLC

We believe that molecular test results are needed much
earlier during the diagnostic journey so that clinicians
can deliver personalized care and maximize outcomes
for patients with advanced NSCLC harboring targetable
mutations. We offer three new strategies to help achieve
this goal (Figure 2).

First, multidisciplinary team members, such as
pulmonologists, interventional radiologists, and thoracic
surgeons, could order molecular testing on tissue specimens
as soon as there is a strong clinical suspicion of advanced
NSCLC containing a LUAD component. This would need
a standardized workflow to be successful, with education of
the relevant clinicians, potentially through multidisciplinary
molecular tumor boards (55). A similar strategy has been
implemented with surgeon-initiated molecular testing in
breast cancer, which resulted in the time between surgery
and Oncotype DX® ordering, and the time between
surgery and receipt of results, reduced by 7.3 and 6.3 days,
respectively (56). Additionally, the mean number of days
between surgery and initiation of chemotherapy was
reduced by 6.4 days (56). In advanced NSCLC, this testing
strategy, directed by the pulmonologist, interventional
radiologist, or surgeon, could potentially reduce the time
to receipt of molecular results, and, in many cases, these
results would be available at the initial visit with the medical
oncologist such that the treatment plan could be initiated
at this first visit. Additionally, this strategy could mitigate
the need for re-biopsy when LUAD is confirmed, thereby
reducing the amount of tissue needed from the patient,
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< Earlier detection of potential for
targeted treatment

+ Reduced waiting time to start
targeted treatment

<+ Reduced patient anxiety caused by
long waiting times for diagnostic
results

Advantages

Pulmonologists, interventional radiologists,
and thoracic surgeons order molecular
tests as soon as advanced NSCLC with
LUAD component is suspected

Strategy

* Requires education of these
providers and standardized criteria
for when tests are ordered

< Will require close communication

Disadvantages

between colleagues when ordering

% Used early in the treatment pathway
Overcomes tissue availability issues
following histological diagnosis

< Shorter turnaround time
Minimally invasive
Captures tumor heterogeneity
Clinically validated

+ Potential reduction in diagnosis to
treatment time

Early use of liquid biopsies in
patients with advanced NSCLC

% Differences in biological and
analytical sensitivity across different
platforms

+ Lack of standardization in the
techniques employed
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% Increases the number of patients

tested

+» Reduces time to treatment
< Improves quality of biomarker testing
<« Reduced lag time in identifying

targeted therapy

+  Will reduce human error

Pathologist-directed reflex testing
takes place once LUAD is confirmed

% May increase cost if used

inappropriately

< Protocols need to be kept current
< May not know stage of tumor

tests

* May increase inappropriate or
unnecessary testing

< May increase costs

% Variability in ctDNA detection rates
due to tumor biology

Figure 2 Proposed molecular testing strategies. LUAD, lung adenocarcinoma; NSCLC, non-small cell lung cancer.

saving time and resources.

Second, liquid biopsies, used to detect circulating tumor
DNA (ctDNA), could be conducted early in the diagnostic
pathway. Although tissue specimens remain the gold standard
for tumor genotyping, ctDNA is detected in body fluids,
including peripheral blood, making liquid biopsy a new
option for molecular testing in advanced NSCLC (55). CAP/
TASLC/AMP and ASCO recommend that when tissue is
limited and/or insufficient for molecular testing, a ctDNA
assay can be used to identify EGFRm (5,16). Additionally,
NCCN recommend that a ctDNA assay can be used if
the patient is medically unfit for invasive tissue sampling,
although ctDNA testing should not be used in lieu of a
tissue diagnosis (15). In the initial diagnostic setting, a
ctDNA assay can be used if there is insufficient tissue for
molecular testing following a pathological confirmation of an
NSCLC diagnosis, only if follow-up tissue-based analysis is
planned for all patients in which an oncogenic driver is not
identified (15). A recent IASLC statement paper recommends
that liquid biopsy can be considered at the time of initial
diagnosis in all patients with advanced NSCLC who need
tumor molecular profiling, particularly when tumor tissue
is scarce, unavailable, or for patients in whom invasive
procedures may be risky or contraindicated (55). It is also

© Translational lung cancer research. All rights reserved.

recommended that liquid biopsy be conducted at the time
of initial diagnosis if the turnaround time for tissue biopsy
is anticipated to be longer than 2 weeks (55). Following the
CAP/IASLC/AMP recommendations and the recent JASLC
statement paper on liquid biopsy, there is now more familiarity
and clinical interest in liquid biopsy for NSCLC. Two
commercial NGS-based liquid biopsies, FoundationOne™
Liquid (Foundation Medicine, MA, USA) and PGDx elio™
(Personal Genome Diagnostics, MD, US), were granted
US FDA breakthrough device designation in April 2018
and July 2018, respectively (57,58). A third commercial
NGS-based liquid biopsy, Guardant360® assay (Guardant
Health, CA, USA), was granted US FDA expedited access
pathway designation in February 2018 (59). All three of these
assays include the genes recommended by NCCN, ASCO,
and CAP/IASLC/AMP (5,15,16). However, it is important to
note that NCCN Clinical Practice Guidelines in Oncology
(NCCN Guidelines®) do not endorse specific testing
modalities or techniques for biomarker tests (15).

The following case study from our institution
demonstrates the utility of liquid biopsy. A 42-year-old
Chinese male, never smoker, presented with a 2-month
history of progressive dry cough, shortness of breath, and
hemoptysis. He felt weak, had lost approximately 10 kg
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of weight over 6 months, and could not work. Physical
examination showed supraclavicular lymphadenopathy.
A computed tomography (CT) scan of the chest showed
multiple lung masses, extensive lymphadenopathy, liver
masses, and possible pancreatic head mass. The patient
was referred from a family care physician to an oncologist;
differential diagnosis included lymphoma, pancreatic or lung
cancer. A positron emission tomography/CT scan showed
extensive metabolic tumor burden, including multiple
lung lesions; right hilar and mediastinal mass; pleural
nodules; neck, left axillary, mediastinal, and retroperitoneal
adenopathy; and multiple liver lesions. Brain magnetic
resonance imaging did not show any metastatic disease. At
the first oncology consultation, liquid biopsy and a fine-
needle aspiration (FNA) of the supraclavicular lymph node
were ordered. FNA was performed on day 3 with 5 passes
of a 21-gauge needle, with 3 passes used for the tissue block.
On day 7, FNA results showed metastatic adenocarcinoma
of a lung origin, and the PD-L1 tumor proportion
score was 20% to 25%. Molecular testing could not be
performed, as the tissue block had been exhausted of tissue
following extensive IHC staining to determine the tumor
of origin and to rule out lymphoma. The patient had a
rapid decline in his functional status, elevated liver function
tests, anemia, and presented with sudden onset of bilateral
lower leg pain and swelling. He was found to have acute
deep vein thrombosis in bilateral lower extremities and was
started with low molecular weight heparin. Owing to the
acuity of the patient, combination therapy with carboplatin,
pemetrexed, and pembrolizumab was planned. On day 9,
a second FNA of the same supraclavicular lymph node
for tumor genomic profiling was performed with 5 passes,
with 4 passes used for the tissue block. On day 12, liquid
biopsy results indicated an EML4-ALK fusion (variant 3a/b).
The planned combination therapy was cancelled, and
alectinib therapy commenced on day 15. Two weeks later,
a tissue biopsy was received by an external laboratory
for molecular testing, which confirmed the liquid biopsy
results. The use of liquid biopsy at the time of the initial
oncology consultation reduced the time to molecular test
results, prevented treatment with inappropriate therapy,
and allowed for targeted therapy to be commenced within
15 days of diagnosis. The patient had immediate
symptomatic improvement, with normalized liver function
and resolution of anemia within the first 2 weeks. He
remains in near-complete remission at 15 months.
Advantages of liquid biopsy compared with tissue
biopsy include being minimally invasive, having a shorter
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turnaround time for test results, and potentially lower
overall health care costs (55). For liquid biopsy to be
successful, it should have acceptable concordance with
tissue biopsy, and rates of approximately 70% to 97%
between ctDNA and tissue have been reported (55,60).
Disadvantages include differences in sensitivity across
testing platforms and variability of ctDNA in the plasma
(55,61). Owing to tumor biology factors, such as absence
of shedding into the plasma, treatment-naive patients
with slow-growing tumors may be at a heightened risk of
false-negative ctDNA results, and a false-negative range of
3% to 57% has been reported (55,62-64). Moreover, in a
recent study, we observed a significant association between
tumor metabolic burden and the ability of an NGS-based
liquid biopsy to detect gene mutations in patients with
advanced solid tumors, suggesting that sufficient plasma
ctDNA shed from metabolically active tumors is required
for the successful detection of gene mutations in plasma
ctDNA (65). Therefore, negative ctDNA results should
be considered inconclusive and followed-up with tissue
biopsy (5,15,16,55,63).

The final approach is that pathologists automatically
order molecular testing immediately after histological
diagnosis of LUAD in patients with advanced NSCLC,
referred to as reflex testing. Unfortunately, however,
patient consent is usually required for molecular/genetic
testing, and there is the problem of who consents the
patient in such a case. CAP/IASLC/AMP recommend that
pathologist-directed reflex testing is reasonable, if
establishment of a reflex testing program is an institutional
decision and includes close communication between
pathologists and oncologists (5). Reflex testing is standard
practice with other solid tumor types: ASCO/CAP breast
cancer guidelines state that reflex testing must be conducted
when human EGFR 2 (HER2) IHC results are equivocal (66).
Real-world advantages of reflex testing include an increase
in the number of patients being tested for molecular targets
such as EGFRm, reduction in turnaround time to treatment
due to early availability of test results, and increased quality
of biomarker testing, with fewer unsuccessful tests (67,68).
It is therefore likely that widespread implementation of
reflex testing in the NSCLC setting would ensure molecular
results are available early, allowing for selection of the most
appropriate therapy.

Sample collection and stewardship

When introducing molecular testing early in the diagnostic
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Table 3 Current methods used for tissue biopsy
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. . . ) - Biomarker Suitability for
D t dalit S t Applicat
fagnostic modatity pecimen types pplication diagnostic yield biomarker testing
Bronchoscopy + Endobronchial biopsy Excellent for staging disease Moderate, depending  Low in washings but depends
EBUS on if lesion is visible on sampling
d if bi brushi
Transbronchial biopsy Excellent for mediastinal lymph an |.b|opsy/ rusllng/ Higher for endobronchial biopsy
. washing are combined ) )
node sampling (crush artifact issues)
Brushing cytology Excellent for sampling central ~ Cryobiopsy can Higher when cell block is used
lesions increase the yield of from washings, brushing, and
hial bi fine- | irati i
Washing cytology Challenging for pathological endobronchial biopsy |ne.r?eed e aspiration (requires
) . . additional passes)
diagnosis (crush artifact, no
architecture)
Fine-needle aspiration Low morbidity
cytology
Cryobiopsy
Surgical (e.g., Tissue biopsy Excellent for pathological High (>90%) Not well established, but likely
mediastinoscopy, diagnosis including biomarkers adequate (mediastinoscopy)
thoracoscopy, . N . .
resection) Higher rate of complications High medical thoracoscopy
>99% for resection
Image-guided Core needle biopsy Excellent for pathological High >95% in transthoracic needle
(e.g., transthoracic diagnosis aspiration

needle aspiration,
thoracentesis)

cytology lesions
Fluid cytology Moderate morbidity
Bone biopsy

Fine-needle aspiration Better for peripheral-based

Bone biopsies are poor for
molecular analysis

EBUS, endobronchial ultrasound.

pathway, clinicians need to be aware of recommendations for
optimal sample collection and stewardship. Clinical findings,
imaging studies, the patient’s history, and H&E histologic
testing are recommended [along with thyroid transcription
factor-1 (T'TF1), p40, and other IHC tests as needed]
for diagnosis in patients with suspected lung cancer (15).
However, an adequate amount of high-quality tissue needs
to be available following pathological diagnosis to facilitate
testing for the recommended genetic alterations (5,15,16).
Further, it is important to accurately track samples from
collection through testing, to ensure that there are no delays
or errors in the diagnostic process that would negatively
impact patient treatment (69).

When selecting the biopsy site to determine EGFR and
ALK status for initial treatment, primary tumor tissue can
be used as a surrogate for profiling of metastatic lesions (70).
Cytology samples with adequate cellularity and preservation
are appropriate for accurate diagnosis as well as for
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molecular testing (5,15,70). Biopsies of metastatic bone
lesions are discouraged and, in many institutions, prohibited
for molecular testing as certain decalcifying agents
containing strong acids do not yield adequate DNA for
molecular testing (15,70).

For tissue biopsy, multiple methods are used to collect
tumor samples for diagnostic and biomarker testing (Zable 3).
CT-guided core needle biopsy is the preferred methodology
for peripheral solitary pulmonary lesions. In our clinical
practice, a 20- or 22-gauge cutting needle has been used,
which can produce <15 unstained slides (>4-pm cut slides).
However, we currently recommend an 18-gauge cutting
needle; an adequate core with this needle can produce
<35 unstained slides (4-pm cut slides). The use of an
18-gauge cutting needle with two or more passes from
a lesion is sufficient for molecular testing in >96% of
diagnosed tissue samples, and while the use of a larger
needle may cause more bleeding, the gauge of the
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needle and the number of cores are not associated with
pneumothorax (71,72). Additional cores are preferred, and
many institutions require >2 cores at the minimum, with
>3 preferred. In cases with <5 cores, we recommend placing
each core in its own cassette, and if >5 cores, place 2 cores
in each cassette. This approach enables each core to be
assessed independently and allows for tissue samples to
be reserved for molecular testing or additional testing for
clinical trials.

Peripheral pulmonary lesions, particularly when there
is an air bronchogram present on chest CT, can reliably
be diagnosed by navigation bronchoscopy with a yield of
approximately 75%, and an adequacy for molecular analysis
of 80% (73,74). In advanced disease, where there is often
a large, central, endobronchial tumor visible on standard
bronchoscopy, the yield of endobronchial biopsy with
a cryoprobe is 95% to 100% (75). As large, undistorted
specimens are obtained, the yield of molecular analysis is
expected to be high; however, empirical research is needed
to test this hypothesis.

In advanced NSCLC, mediastinal and hilar lymph node
involvement is expected. In a recent meta-analysis, the
pooled probability of endobronchial ultrasound-guided
trans-bronchial needle aspiration (EBUS-TBNA) obtaining
a sample sufficient for EGFRm and ALK rearrangement
testing was 94.5% and 94.9%, respectively (76). Moreover,
NGS was successful in 95.3% of EBUS-TBNA samples (77).
While 2 to 3 EBUS-TBNA samples are normally obtained
for molecular testing, a single EBUS-TBNA pass yields
DNA of high quantity, quality, and accuracy for molecular
profiling (78). True core biopsy samples cannot be obtained
with standard EBUS-TBNA needles; however, using a
three-point 22-gauge needle designed for gastrointestinal
endoscopic ultrasound (EUS) is feasible, and does not
increase the rate of procedure-related complications (79).
While an EUS needle can be used with a standard EBUS
bronchoscope, a 22-gauge core needle specifically designed
for the EBUS bronchoscope would meet the demand for
core lymph node biopsy specimens.

Rapid on-site evaluation (ROSE) is a methodology to
assess the adequacy of the biopsy. With ROSE, biopsy
material is evaluated immediately following sample
collection for feedback regarding specimen adequacy for
biomarker testing and potential diagnosis (80). Advantages
of incorporating ROSE into the workflow include improved
diagnostic yield, along with reductions in additional
procedures, number of biopsy sites, and complication rates
(81,82). However, the application of ROSE is institution
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dependent; it requires the availability of experienced on-site
professionals, optimal clinician-pathologist communication,
and optimal staining quality (83).

Following sample collection, pre-fixation time should
be minimized, and formalin fixation is recommended for
the biopsy specimen (15,70). The routinely used fixative
is 10% neutral-buffered formalin, with recommended
fixation times of 6 to 12 hours and 8 to 19 hours for small
and large biopsy specimens, respectively (70). Pathologists
should use formalin-fixed, paraffin-embedded specimens
(FFPE) or fresh, frozen, or alcohol-fixed specimens for
polymerase chain reaction (PCR)-based EGFRm testing;
most ancillary tests are now validated and optimized for
use on FFPE samples (70). For hybrid capture (HC)-based
NGS, we recommend 10 unstained slides, 4- to 5-pm
thick, with a surface area between 5 and 25 mm’, and >20%
tumor nuclei. Macro- or micro-dissection is recommended
to maximize tumor DNA content and reach the >20%
threshold (70).

Malignant pleural effusion (MPE) is a unique source
that is currently underutilized for molecular diagnosis.
Currently, NGS is optimized for cases with >20% of the
tumor cells present in the cell block from malignant pleural
fluid (5,84). However, because there are often abundant
inflammatory and mesothelial cells in MPE, the >20%
threshold may not be achieved. Based on our experience, the
yield of NGS on known MPE is <80%. Processing larger
volumes of fluid or obtaining a second sample is unlikely
to significantly improve yield; we argue that methods for
enriching the percent of tumor cells and improving this
yield should be explored.

Good judgment should be exercised in the use of IHC
during pathological diagnosis to help preserve tissue that can
be tested for the recommended genetic alterations (5,15,16).
IHC may not be needed if samples are large enough for
routine H&E; however, when used, IHC can provide
a considerable amount of diagnostic information (15).
In small specimens, IHC with one LUAD marker (e.g.,
TTF1 or napsin A) and one LUSC marker (e.g., p40 or
p63) will suffice (15). TTF1 is expressed in 77% of patients
with LUAD and is not expressed in LUSC, while p40 is
highly expressed in LUSC and minimally expressed in
LUAD (15,85).

For the collection of liquid biopsy samples, plasma
should be used over serum as it has greater sensitivity
(55,86,87). Following blood draw, plasma is obtained
by centrifugation of the sample at 1,200 to 1,600 xg for
10 minutes after which the supernatant is harvested.
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Following this, a second centrifugation at 3,000 to 16,000 xg
for 10 minutes prior to freezing is recommended (55,86,88).
"To prevent cellular degradation, ethylenediaminetetraacetic
acid (EDTA) tubes should only be used if the sample can be
processed within 1 to 2 hours from collection (55). If longer,
stabilization tubes [e.g., Cell-Free DNA BCT® (Streck,
NE, USA), the Cell-Free DNA Collection Tube (Roche,
Basel, Switzerland), and the PAXgene® Blood ccfDNA
tube (Qiagen, Venlo, The Netherlands)], which use unique
preservatives to prevent the release of genomic DNA, can
stabilize blood at room temperature for >7 days, after which
mutations can still be detected (55,86,88,89). Stabilization
tubes allow for greater flexibility in processing time and
reduce the risk of degradation and contamination (55).
Fresh plasma should be stored at -20 or -80 °C (on dry ice
for shipping), with long-term stability of DNA in plasma
best demonstrated at -80 °C (86,88). Specifically designed
methods for DNA extraction are essential, and several kits
are now commercially available (55,86,90).

Molecular testing methods in advanced NSCLC

Real-time PCR, Sanger sequencing, and NGS are common
methodologies used for molecular testing in advanced
NSCLC (5,15,86). In cases where single-gene testing is
utilized, the amount of tissue required for each test is less
than the specimen required for HC-based NGS, but to
analyze all recommended genes can require >10 slides,
and, in many cases, there is inadequate tissue to complete
testing for all recommended genes. Therefore, where
available, multiplexed genetic sequencing panels are
preferred over multiple single-gene tests to identify
treatment options beyond EGFR, ALK, BRAF, and ROSI,
including selecting patients for clinical trials (5,15,16).
TMB is an emerging biomarker that may be used for the
selection of patients suitable for immunotherapy (15).
NGS panels that are of sufficient size (>0.8 megabase)
can be used to determine patients with high TMB who
may be more likely to benefit from immunotherapy (91).
However, TMB is yet to be approved by the US FDA as a
biomarker for immunotherapy. The US FDA has granted
accelerated approval to pembrolizumab for the treatment of
adult and pediatric patients with unresectable or metastatic,
microsatellite instability-high (MSI-H) or mismatch repair-
deficient (AMMR) solid tumors that have progressed
following prior treatment, and who have no satisfactory
alternative treatment options; and MSI-H or dMMR
colorectal cancer that has progressed following treatment
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with a fluoropyrimidine, oxaliplatin, and irinotecan (42).
MSI-H is found in 0.53% of LUAD, and some NGS
panels have the ability to determine MSI-H status across
cancer types, including NSCLC (92,93). Given that MSI-H
lung cancers are extremely rare (0.6%), and up to 75% of
MSI-H NSCLC tumors will exhibit PD-L1 expression,
MSI testing/MMR THC is not considered as routine in lung
cancer (93).

NGS-based tests can require less tissue compared with
individual testing of >4 genes [approximately 10 slides (4 pm
each)] and have a higher throughput than traditional
methods (94). However, in real-world clinical practice,
delays in NGS turnaround time arising from insurance
authorization and logistical factors have been observed (95).
Moreover, the success rate of NGS can be lower in real-
world clinical practice compared with experimental settings,
suggesting that other tests, such as liquid biopsy, are
needed when NGS is unusable due to insufficient quantity
of tissue (55,95).

Several analytical methods are available for ctDNA
analysis (55,86). Mutant enriched-PCR, Scorpion Amplified
Refractory Mutation System (SARMS), and peptide nucleic
acid clamping provide greater sensitivity compared with
traditional sequencing methods (86,96). Digital droplet
PCR and BEAMing (beads, emulsions, amplification, and
magnetics) also demonstrate greater sensitivity and are now
routinely used (55,86,97). For molecular analysis of ctDNA
from treatment-naive patients with advanced NSCLC,
the TASLC recommends NGS where available, and that
NGS panels employ error-proofing technologies with
sufficient technical sensitivity and specificity for ctDNA
applications (55).

Costs

Targeted cancer therapy can improve survival without
increasing health care costs (98). AEs occur in approximately
19% of patients undergoing tissue biopsy, and the mean
biopsy cost with an AE increases approximately 4-fold
compared with an AE-free biopsy ($37,745 vs. $8,869,
respectively) (99). Therefore, alternative methodologies
that can provide genomic information with low AE rates,
such as liquid biopsy, can reduce the total cost of care for
patients with NSCLC; nevertheless, it should be recognized
that tissue biopsy is still needed at important points in the
diagnostic process (100). For testing modalities, the use
of NGS could save Centers for Medicare and Medicaid
Services (CMS) payers approximately $1.5 million wvs.
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sequential single-gene testing (101). In real-world practice,
it is likely that educational efforts to maximize the use of
tissue acquired for histology for molecular testing will
reduce costs arising from repeat tissue biopsy at disease
progression. Further, in cases where tissue is not sufficient
for molecular analysis, liquid biopsy is a cost-effective
option over repeat biopsy (55).

According to the date of service (DOS) or the “14 Day
Rule” set by the CMS, any laboratory tests, including
molecular testing for advanced NSCLC, ordered within
14 days of patient discharge were considered to overlap
with the claim submitted by the hospital or hospital-owned
facility and were, therefore, considered part of the payment
for inpatients (102). Consequently, some laboratories and
oncologists did not order testing until after 14 days, causing
delays in molecular results. As of January 2018, the CMS
revised the Medicare Hospital Outpatient Prospective
Payment System (OPPS) and the laboratory DOS policy.
As a result, laboratories can now bill Medicare directly
under the Clinical Laboratory Fee Schedule for molecular
pathology tests and advanced diagnostic laboratory tests
that are excluded from OPPS packaging rules and ordered
within 14 days after a patient’s outpatient procedure (102).
These revisions will allow laboratories to order molecular
tests more quickly, thus expediting treatment of advanced
NSCLC in the US, recognizing that the 14-day rule still
applies in the inpatient setting. In March 2018, the CMS
widened their Medicare coverage to include US FDA-
approved NGS tests for recurrent, metastatic, relapsed,
refractory, or Stage III or IV cancer with a companion
diagnostic claim (103).

Conclusions

Treatment of advanced NSCLC requires tumors to be
tested for a range of biomarkers that predict response
to available therapies. Conducting molecular testing
early in the diagnostic journey has numerous benefits for
patients and the health care system. These include the
selection of appropriate first-line targeted therapy, which
reduces the side effects and costs of suboptimal therapies.
Implementation of strategies that change how and when
molecular testing occurs in the diagnostic journey will allow
treating clinicians to have all molecular results available as
close to the time of diagnosis as possible. The approaches
outlined in this review could maximize use of treatment
options, prevent use of suboptimal treatment, and ultimately
improve patient outcomes.
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