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Abstract: Non-small cell lung cancer (NSCLC) is a heterogeneous disease, and therapeutic
management has advanced with the identification of various key oncogenic mutations that promote
lung cancer tumorigenesis. Subsequent studies have developed targeted therapies against these
oncogenes in the hope of personalizing therapy based on the molecular genomics of the tumor.
This review presents approved treatments against actionable mutations in NSCLC as well as promising
targets and therapies. We also discuss the current status of molecular testing practices in community
oncology sites that would help to direct oncologists in lung cancer decision-making. We propose
a collaborative framework between community practice and academic sites that can help improve
the utilization of personalized strategies in the community, through incorporation of increased testing
rates, virtual molecular tumor boards, vendor-based oncology clinical pathways, and an academic-type
singular electronic health record system.

Keywords: non-small cell lung cancer; driver mutations; testing rates; receptor tyrosine kinases;
team medicine

1. Introduction

Lung cancer remains the leading cause of cancer deaths in the United States and, in 2020, it will
be responsible for an estimated 230,000 cases and 135,000 deaths in the US alone [1]. Non-small cell
lung cancer (NSCLC) is the major histological subtype that accounts for approximately 85% of all lung
cancer cases and encompasses several subtypes, including adenocarcinoma, squamous cell carcinoma,
and large cell carcinoma [2]. Despite advances in screening and diagnosis, most patients still present
with metastatic disease, at which point surgical intervention is no longer an option [3]. The advent
of targeted therapy and immunotherapy has altered the course of treatment for the majority of
patients—with molecular testing now a standard recommendation for late-stage lung adenocarcinoma
patients. Tyrosine kinase inhibitors (TKIs) that target abnormalities in several genes, such as ALK
and EGFR, have shown better progression-free survival (PFS) as compared with standard chemotherapy
in a number of NSCLC trials [4–6]. More recently, other molecular markers, including ROS1, RET,
NTRK, BRAF, and MET, have delivered similar clinical benefits to patients with late-stage NSCLC [7–12].
Furthermore, mature outcome data from second-generation TKIs is showing durable overall survival
benefit for patients [13,14], a factor that was previously disputed with earlier TKIs [15].
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Several molecular targets that were previously considered “unactionable”, such as KRAS, now
have several targeted therapies under consideration with promising early results [16,17]. Nevertheless,
for patients without an actionable target or progression of disease, immune checkpoint inhibitors (ICIs)
have resulted in durable outcomes and clinical benefit across several NSCLC trials in various lines of
therapy [18–24]. Protein expression testing of programmed death-ligand 1 (PD-L1) has been identified
as a potential, though not definitive, biomarker of predicting response to immunotherapy [21,25–27].
Beyond tumor response, recent results from KEYNOTE-001 showed that pembrolizumab monotherapy
was associated with a 23.2% 5-year overall survival as compared to 15.5% for previously treated
patients [28]. However, therapeutic advancements and outcome improvements have not been uniformly
applied in practice, with the majority of trials and novel therapies being more prevalent in academic
sites as compared to community practice. We previously showed in a retrospective study that in a cohort
of 253 patients from nine community practice centers, the molecular testing rate for first-line treatment
decisions was 81.75%, with testing for PD-L1 at only 56% [29]. This suggests that while community
sites are on pace to improving their testing rates, the current results are inadequate and require more
education and understanding of novel upcoming personalized therapies. The purpose of the current
review is to shed light on the available and upcoming therapies in lung cancer, to report the gaps in
community practice testing rates, and to identify the available tools that can assist in complex lung
cancer management and decision-making.

2. Advances in Genomic Testing and Personalized Therapy

In the last 20 years, therapeutic management of lung cancer has progressed from cytotoxic
chemotherapies to personalized targeted therapies that act upon specific genomic alterations. Prior
to this, while cytotoxic therapies showed a benefit for early-stage disease [30,31], there was no
reported outcome benefit in patients with late-stage lung cancer [32]. Following the completion of
the multi-billion dollar endeavor of the Human Genome Project in 2003 [33], the development of
next-generation sequencing with high-throughput has enabled large-scale parallel sequencing of
the lung cancer genome revealing a plethora of genomic targets including EGFR (10–50%), KRAS
(25%), ALK (2–7%), ROS1 (1–2%), RET (1%), BRAF (4%), and others [34,35]. Initially, EGFR tyrosine
kinase inhibitors were evaluated in unselected populations with mixed responses due to inadequate
selection of patients with EGFR alterations [36,37]. However, the results from randomized Phase III
trials for EGFR and ALK tyrosine kinase inhibitors [5] led to the acceptance of genomic testing for
ALK and EGFR alterations in routine clinical practice, and in turn, led to the development of faster
and more efficient next-generation sequencing platforms that were Clinical Laboratory Improvement
Amendments (CLIA)-certified and became widely accepted commercially and at academic sites [38].
While first-generation EGFR TKIs, including gefitinib and erlotinib, showed improved progression-free
survival, retrospective studies and outcomes data failed to show improvements in overall survival
outcomes [13,39–42]. In contrast to these results, the FLAURA trial for second-generation TKI,
osimertinib, showed significant progression-free survival benefit (median PFS 18.9 vs. 10.2 months)
and a considerable overall survival benefit of 35.8 months as compared to 27.0 months in the control [43].
The durable survival benefit of targeted therapies had previously been disputed, but recent results
from the long-term survival of advanced ALK-rearranged patients treated with crizotinib showed
an undisputable benefit of median OS of 6.8 years and a 5-year OS rate of 36% as compared to
the historical 2% [44]. Moreover, advances in immunotherapy have yielded similar improvements
and KEYNOTE-189 showed that patients who received immunotherapy resulted in a 20% improvement
in the overall survival [45].

The promise of precision medicine and the arrival of personalized therapy has transformed
lung cancer care with a number of genetic alterations that have come to fruition or are quickly
rising with promising trial results, including EGFR, ALK, ROS1, MET, RET, NTRK, BRAF, KRAS,
and immunotherapies (Table 1). However, the rapid and dynamic nature of emerging trial results
has made lung cancer management difficult and while academic sites are familiar with trial results
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and the latest available therapies, a community oncologist, who may see a variety of solid tumors, may
have difficulty grasping the complexity of these genomic alterations. In our experience at the academic
site, actionable alterations were identified in 53.5% of patients with lung cancer, and the use of
genomic-informed therapy was associated with improved survival benefit as compared to patients
with no actionable alterations [46]. The use of genomic-informed therapy and selective immunotherapy
must be standardized within community practice to ensure improved outcomes.

Table 1. Actionable targets in lung cancer and available therapeutics.

Biomarker Strategy Approved and
Investigational Therapies Toxicities Preferred Frontline

Therapy
Incidence Rates

in NSCLC

EGFR
Osimertinib, Erlotinib,

Gefitinib, Afatinib,
Dacomitinib

Cutaneous
(acneiform rash),
gastrointestinal

(diarrhea)

Osimertinib 10–50%

ALK
Crizotinib, Ceritinib,
Alectinib, Brigatinib,

Lorlatinib

Gastrointestinal
(nausea, diarrhea),

transaminitis,
visual changes,

pneumonitis

Alectinib 1–7%

ROS1 Crizotinib, Ceritinib,
Entrectinib, Lorlatinib

Gastrointestinal
(nausea, diarrhea),

transaminitis,
visual changes,

pneumonitis

Crizotinib or Entrectinib 1–2%

MET
Crizotinib, Capmatinib,

Tepotinib, Telisotuzumab
vedotin

Gastrointestinal,
transaminitis Crizotinib or Capmatinib 3–6%

RET

Cabozantinib, Vandetanib,
Sunitinib, Selpercatinib,

Pralsetnib(BLU-667)
Selpercatinib (LOXO-292)

Fatigue,
transaminitis,
hypertension,

diarrhea

Selpercatinib 1–2%

NTRK Larotrectinib, Entrectinib,
Loxo-195

Fatigue, edema,
dizziness,

constipation,
diarrhea, liver
abnormalities

Larotrectinib or
Entrectinib 3–4%

BRAF Dabrafenib, Trametinib,
Vemurafenib

Rash, fever,
headache, diarrhea Dabrafenib+Trametinib 7%

PD-L1 expression
Pembrolizumab, Nivolumab,
Ipilimumab, Atezolizumab,

Durvalumab

Immune-mediated
toxicities, including

pulmonary
and gastrointestinal

Various combination
options of chemotherapy
and immunotherapy or

single-agent
immunotherapy

~22–47% [47]

2.1. EGFR

The epidermal growth factor receptor is a transmembrane cell-surface receptor that is activated
in 10–50% of patients with NSCLC, which varies based on populations and is more common in
Asians and nonsmokers [34,48]. The receptors in the EGFR family exist as inactive monomers,
but the binding of extracellular growth factors, such as epidermal growth factor (EGF), has been shown
to cause receptor dimerization and induced autophosphorylation of the tyrosine kinase domain, with
downstream and intercellular signaling cascades that in turn affect cell motility, invasion, proliferation,
and angiogenesis [49]. Initial mutations in EGFR were first described in 2004 and activating mutations
in EGFR occurring in exons 18–21 of the kinase domain were associated with sensitivity and response
to gefitinib and erlotinib [50–52]. This led to the selection of patients with adenocarcinoma histology
and EGFR alterations and, in 2009, a landmark Phase III Iressa Pan-Asia Study (IPASS) identified clinical
responsiveness and increased progression-free survival in EGFR mutant patients who received gefitinib
as compared to standard chemotherapy [50]. The landmark Phase III trial, EURTAC, evaluating
erlotinib, an EGFR TKI, as a first-line therapy for patients with EGFR mutations, showed an increased



J. Clin. Med. 2020, 9, 1870 4 of 26

median PFS of 9.7 months as compared to 5.2 months with standard chemotherapy [53]. Two other
Phase III trials, the OPTIMAL and ENSURE trials, showed a similar improvement with erlotinib
and the US Food and Drug Administration (FDA) approved erlotinib as a first-line cancer therapy
for EGFR mutation-positive patients [4,53,54]. Similarly, afatinib, a second-generation TKI, received
FDA approval in 2013 following two Phase III trials, Lux-Lung 3 and Lux-Lung 6, that both showed
improved PFS of 11.1 months and 11 months respectively, as compared to standard chemotherapy in
the first-line setting [55,56].

In 2015, efficacy results for patients with exon 19 deletions or exon 21 (L858R) mutations treated
with gefitinib showed a 50% objective response rate (ORR) and led to the FDA approval of gefitinib
as a first-line therapy for EGFR mutation-positive patients [57]. However, at that time erlotinib
became the standard choice of therapy for many EGFR mutated patients, and mechanisms of primary
and secondary resistance to TKI therapy began to emerge. The most commonly identified acquired
resistance to early-generation TKIs was the T790M substitution, a secondary EGFR mutation in exon
20, that accounted for approximately 60% of cases [53,55,58,59]. The development of mutant selective
pyrimidine-based third-generation TKIs that could block the T790M substitution led to the AURA3
trial evaluating osimertinib, a third-generation TKI, as second-line therapy following T790M EGFR
TKI resistance [6]. In 2017, the results of the AURA3 trial showed a significantly improved PFS
of 10.1 months and a response rate of 71% as compared to standard chemotherapy [6], and this
led to the issuance of FDA approval for osimertinib in the second-line setting for EGFR T790M
mutation-positive patients treated with first-line EGFR TKI. Compounding results also exhibited
higher CNS response rates with osimertinib (40% vs. 17%) and a longer CNS PFS of 11.7 months vs. 5.6
months [60]. Brain metastases occur in approximately 20–40% of EGFR patients at presentation [61,62]
and CNS activity of osimertinib hinted at its potential as a first-line therapy. Unsurprisingly, in
2018, the results of the FLAURA trial showed osimertinib as superior in the first-line setting as
compared to first-generation TKIs, with a median PFS of 18.9 months (vs. 10.2 months), ORR of 77%
(vs. 69%), and a median duration of response (DOR) at 17.6 months (vs. 9.6 months) [13]. This led to
the issuance of FDA approval for osimertinib as the first-line therapy option for EGFR mutant lung
cancer. Furthermore, mature data from the FLAURA trial also showed a medial overall survival benefit
of 38.6 months over 31.8 months in the control and there was a significant improvement in quality of
life, a clinical factor that was never previously achieved in first-generation TKIs [43].

However, despite advances in therapy, acquired resistance inevitably occurs, including
EGFR-dependent resistance (6–10%), MET and HER2 amplifications (8–17%), small cell lung cancer
(SCLC), and squamous cell carcinoma (SCC) transformation (15%), and others [63]. EGFR-dependent
resistance includes S768I, L861Q, G719X, and other alterations that are resistant to most first-generation
TKIs except for afatinib that was approved for first-line therapy for patients with rare EGFR
alterations [64]. Additional TKIs such as poziotinib are currently under consideration for such
alterations and Phase II preliminary data showed a response rate of 43% and a median PFS of 5.5
months in previously treated EGFR-mutant patients [65]. Additionally, other TKIs including TAK-788
(NCT03807778), TAS6417 (NCT04036682), and tarloxotinib (TH-4000) (NCT03805841) are currently
under investigation in this setting. There are other trials available for less-frequent mutations of EGFR,
such as exon 18 or exon 20 EGFR insertions. The availability of numerous EGFR TKIs in the first
and refractory setting is strictly contingent upon appropriate assignment to therapy following reflex
molecular testing. The improvements in survival are dependent on early identification of molecular
markers and appropriate sequence of TKI therapy. In one retrospective study of rates of molecular
testing in a community-based academic center, EGFR testing following the approval of reflex testing
was only 62% [66]. In another larger cohort of 814 community practice patients, testing rates were
similarly low, with only 69% of patients who were tested for EGFR mutations, and approximately
70% of patients who tested positive received appropriate targeted therapy [67]. In a retrospective
evaluation of 1,203 advanced NSCLC patients from five community oncology practices, the testing
rates of EGFR were at 54% [68]. A comprehensive retrospective cohort of 191 community oncology
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practices with 5688 patients performed by Flatiron Health, selected patients who were tested for EGFR
alterations with either broad genomic sequencing or routine-testing and identified 154 EGFR-mutated
patients in the broad-based sequencing group, but reported that only 25% of these patients received
appropriate EGFR-targeted therapy [69]. The findings of the study concluded that there was no
survival difference between broad-based and routine genomic sequencing, but this misrepresented
the utility of broad-based genomic sequencing in the community, as better outcomes cannot be achieved
without appropriate assignment to targeted therapy. Meanwhile, in our own community practice
experience of 253 patients, we reported testing rates of 94% for EGFR and 96.2% of patients with
an EGFR sensitizing mutation received a TKI therapy [29]. The translation of outcomes reported in
clinical trials to real-world outcomes requires cooperation and acceptance of molecular testing within
community practice and the integration of targeted therapies in community decision-making.

2.2. ALK

ALK, a receptor tyrosine kinase, was originally identified in lung cancer in 2007 with the detection
of an echinoderm microtubule-associated protein-like 4 (EML4) gene and anaplastic lymphoma
kinase (ALK) gene fusion from a surgically resected lung adenocarcinoma patient [70]. This gene
rearrangement is largely independent of EGFR alterations and has been described as an actionable
oncogene with incidence in 1–7% of lung cancer patients [71]. ALK-rearranged patients tend to be
younger and—similar to EGFR—have a limited history of smoking. Crizotinib, while originally
developed as a MET therapeutic, showed a preclinical efficacy for ALK [72]. The Phase I trial lead to
the FDA approval of crizotinib in ALK-positive NSCLC [5]. In 2013, the results of the Phase III trial
evaluating crizotinib compared to standard chemotherapy showed PFS of 7.7 months (vs. 3.0 months)
and ORR of 65% (vs. 20%) [5], resulting in FDA approval of crizotinib for first-line therapy as a standard
of care. As with other TKIs, while patients initially respond to ALK inhibitors, resistance invariably
develops and one of the most common resistance mechanisms is an acquired ALK mutation (1151Tins,
L1152R, C1156Y, F1174V/L, G1269A, and others) [73]. Other resistance mechanisms include EGFR
activation, KIT activation, KRAS mutation, and IGF1R activation [74–79]. It was estimated that 25% of
ALK-mutated patients do not respond to crizotinib in the first-line setting and, in response to these
resistance mechanisms [77], other ALK TKIs have been developed. In 2014, the results from the Phase
I trial evaluating ceritinib as a potential therapy in ALK-rearranged NSCLC patients with disease
progression on crizotinib showed a median progression-free survival of 7.0 months and a response rate
of 56% [80]. Based on only the Phase I trial results, the FDA approved ceritinib in patients who have
progressed on crizotinib, and in 2017, it expanded its approval for first-line use. Alectinib received
similar approval in 2015 in the refractory setting that was later expanded to first-line in 2017 [81–83].
In the first-line, alectinib showed a median PFS of 34.8 months with an OS rate of 62.5% as compared
to crizotinib with 11 months and 52% [81–83]. Brigatinib, a second-generation ALK TKI, was initially
identified to have preclinical efficacy and grater potency against all 17 ALK mutants as compared with
crizotinib [84,85]. Initial results for brigatinib from a Phase II trial in the refractory setting showed
promising responses and yielded FDA approval in 2017 [86]. While alectinib has been shown to be
effective against L1196M, C1156Y, and F1174L ALK gatekeeper mutations [87], brigatinib has shown
efficacy against ROS1, FLT3, and IGF-1 secondary mutations [88]. The results of the Phase III trial for
brigatinib vs. crizotinib in the first-line showed an estimated PFS of 12 months as compared to 11
months with crizotinib, and two-year follow-up data showed brigatinib reduced the risk of progression
or death by 76% [14,89]. Several other new generation ALK TKIs including lorlatinib and ensartinib
demonstrated 73% and 72% ORR, respectively, following crizotinib and we are awaiting first-line
results [90,91].

The availability of a number of ALK inhibitors has complicated management of ALK patients,
but in a long-term assessment of 110 patients with an ALK inhibitor, a remarkable OS for advanced
ALK NSCLC patients of 6.8 years was reported with 78.4% of patients receiving another ALK inhibitor
after first-line progression [44]. Therefore, many studies are reporting that the success of ALK inhibition
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therapy may lie in the sequence of administrating ALK inhibitors based on metastatic progression
and resistance profiles [92,93]. In a retrospective analysis of 31,483 patients with advanced NSCLC
at community practices, ALK overall testing rates were 53.1% and rose to 62.1% in 2016, with 21.5% of
patients who were initiated into non-targeted therapy before receiving test results [94]. Gierman et al.
in 2019 evaluated 1,203 advanced NSCLC patients from five community practices and results showed
that only 51% of patients were tested for ALK rearrangement, with approximately 45% of actionable
patients receiving targeted therapy [68]. A concurrent study of 814 community practice patients
showed that only 65% were tested for ALK alterations [67]. A retrospective study of advanced NSCLC
across over 70 community sites in the US showed that only ~50% of patients were tested for ALK
alterations during their cancer care [95], suggesting that advancements in liquid biopsies and testing
are not translating to real-world practice. The use of liquid biopsies in a large cfDNA study showed that
genomic results were concordant with tissue and utilizing cfDNA liquid biopsies increased detection
and rates of testing by 48% [96]. The integration of liquid biopsy testing and further controls on tissue
biopsy testing may improve the rates of ALK testing and translate the 6.8-year median survival benefit
from academic site-wide studies into real-world efficacy.

2.3. ROS1

ROS1 has been identified as an oncogene in lung cancer and rearrangements have been reported in 1
to 2% of patients with NSCLC [34]. The fusion mutations lead to the dysregulation of the tyrosine-kinase
dependent multi-use intracellular signaling pathway, which in turn accelerates growth, proliferation,
and progression [97]. Similar to EGFR and ALK alterations, ROS1 fusions and rearrangements are
mutually exclusive and independent of other oncogenes such as KRAS or MET [98]. Following
the discovery of ROS1 fusions in 2007 and in part due to the high degree of homology between
ALK and ROS1, the tyrosine kinase inhibitor crizotinib was explored as a therapeutic option [99,100].
Crizotinib was approved by the FDA in 2016 contingent upon clinical benefit from a PROFILE 1001
Phase I study, where patients had a median PFS of 19.2 months and an ORR of 72% [101]. A Phase II
study of ceritinib with 32 patients showed an ORR response rate of 62% and a PFS of 19.3 months for
crizotinib-naïve patients, but FDA approval is pending and ceritinib was ineffective against resistance
mutations but had activity against CNS disease, as intracranial ORR was 25% and intracranial DCR was
63% [102]. Unlike ceritinib, entrectinib has been shown to be effective against some resistance mutations
and had similar CNS activity with a median PFS of 13.6 months and ORR of 55% for patients with
CNS disease [103]. This led to the FDA’s approval of entrectinib in the management of ROS1-positive
NSCLC. However, lorlatinib is currently the only inhibitor under consideration for ROS1 that is
effective against most resistance mutations and in a Phase II trial it induced an ORR of 26.5% with a PFS
of 8.5, with considerable CNS activity inducing an ORR of 52.6% [104]. Other agents such as DS6051b
(NCT02279433) and repotrectinib (NCT03093116) are also currently under investigation with results
awaiting. A 2018 study by Friends of Cancer Research and Deerfield Institute announced the response
of a survey of 157 oncologists and showed that ROS1 testing in the community centers was 32% [105].
However, a comprehensive study of 14,461 patients treated in the community showed testing rates for
ROS1 were incrementally lower at 5.7% with 35.5% and 32.9% for EGFR and ALK respectively [106].
Of the three major approved alterations, ROS1 has the lowest testing rates in several studies [67,105,106].
While tissue biopsies remain the gold standard in detecting ROS1 fusions and rearrangements, advances
in liquid biopsy have shown that it is a viable option for ROS1 and implementation of this practice
may increase the testing rates within the community practice [29,107].

2.4. MET

MET oncogenic mutations and amplification has been noted in various solid tumor malignancies,
including NSCLC, breast cancer, and head and neck cancer [108–112]. MET alterations or its
ligand activation (hepatocyte growth factor) causes the activation of the tyrosine kinase which
subsequently activates downstream signaling pathways related to cell growth, apoptosis, motility,
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and invasiveness [113]. Initially discovered in familial and sporadic papillary renal carcinomas [114],
subsequent studies revealed the incidence of MET alterations in SCLC and NSCLC, especially MET
exon 14 skipping as identified initially by our laboratory [115,116]. MET alterations have an incidence
rate of 6% in lung adenocarcinoma and 3% of lung squamous cell carcinoma [117,118]. The most
frequent alteration is the MET exon 14 skipping mutation, which has been identified in 4% of lung
cancers. A 2015 study was the first to demonstrate clinical efficacy of crizotinib or cabozantinib in
NSCLC patients with MET exon 14 skipping mutations [119]. A recent study enrolled 69 NSCLC
patients harboring MET exon 14 alterations that were treated with crizotinib and reported an ORR of
32% and a median PFS of 7.3 months, suggesting antitumor activity with crizotinib treatment [120].
Several clinical trials, such as the GEOMETRY mono-1 trial and the VISION trial, are evaluating other
TKIs like capmatinib and tepotinib in MET exon 14-mutated NSCLC and have shown promising
results [12,121]. Interim results of the Phase II GEOMETRY mono-1 trial with 97 enrolled patients
reported good ORR and a median PFS of 9.13 months in the treatment-naïve cohort [12]. Recently,
capmantinib was granted accelerated FDA approval in metastatic NSCLC patients with MET exon
14 skipping mutation, the first TKI approved for MET NSCLC patients. MET amplification, which
accounts for 1–4% of NSCLC patients who have not been treated with EGFR TKIs, is associated with
a poor prognosis [122,123]. A Phase I trial investigated telisotuzumab vedotin, an antibody-drug
conjugate, in NSCLC patients with MET overexpression and demonstrated safety and tolerability of
the drug with promising antitumor efficacy [124]. In a study of NGS testing rates of genomic biomarkers
in NSCLC patients treated at community sites, only 15% of the 814 patients underwent NGS testing for
MET, a sharp decline compared to EGFR (69%) or ALK (65%) testing rates [67]. This testing rate was
recapitulated in another community analysis [69], however, MET testing rates were reported as low as
6% in an analysis of NGS screening rates between private clinics, academic centers, and community
sites [105].

2.5. RET

Activation of RET results in downstream pathway signaling including MAPK, JAK/STAT,
and PI3K/AKT, leading to cell proliferation and migration. Alterations in RET are most frequently
found in medullary thyroid carcinoma and NSCLC. In NSCLC, RET rearrangements are found in
approximately 1–2% of cases [117]. These patients tend to be non- or former light smokers with
adenocarcinoma histology and present with advanced disease [125]. Since its discovery, several
targeted therapies have been investigated including multikinase inhibitors and selective RET inhibitors.
A Phase II trial of RET fusion-positive NSCLC patients were treated with cabozantinib, a TKI
targeting RET, VEGFR, and MET. The results demonstrated good clinical efficacy with an ORR of
28% and a median PFS of 5.5 months [126]. The most promising selective RET inhibitors currently
under investigation are BLU-677 and selpercatinib (LOXO-292). Interim results from a Phase I clinical
trial of 79 RET fusion-positive NSCLC patients treated with BLU-677 demonstrated an ORR of 56%
among the 57 evaluable patients and encouraging central nervous system (CNS) activity against brain
metastases [127]. The Phase I/II LIBRETTO-001 trial evaluating selpercatinib in a cohort of previously
treated NSCLC patients with RET rearrangements (N = 105) also demonstrated marked antitumor
efficacy with an ORR of 68%, a remarkable CNS response of 91%, and a median PFS of 18.4 months [8].
In the treatment-naïve cohort (N = 34) of the trial, the ORR was 85%, resulting in the FDA approval
of selpercatinib for patients with RET-positive NSCLC. Like MET testing rates, RET demonstrated
a 14–15% testing rate in community NSCLC patients [67,69]. Also similar to MET, RET testing rates
were reported as low as 8% [105]. This is a staggeringly low rate considering the recent FDA approval
and great antitumor activity of selective RET inhibitors.

2.6. NTRK

NTRK genes (NTRK1, NTRK2, and NTRK3) encode three TRK proteins (TRKA, TRKB, and TRKC),
which play an important role in the cell growth, differentiation, and apoptosis of peripheral and CNS
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neurons [128]. NTRK1 and NTRK2 rearrangements account for 3–4% of NSCLC cases [129]. Several
clinical trials have shown the efficacy of TRK inhibitor treatment in TRK-positive tumors. Larotrectinib
(LOXO-101), a highly selective pan-TRK inhibitor, was first evaluated in a study of 55 pediatric
and adult patients with various TRK fusion-positive malignancies, four of whom had lung cancer,
and reported an ORR of 75% [10]. Remarkably, responses were shown to be durable with a response
rate of 71% while 51% of patients stayed progression-free at one year. A multicenter analysis of
three major Phase I/II clinical trials—STARTRK-1, STARTRK-2, and ALKA-372-001—investigating
entrectinib in 54 patients diagnosed with advanced or metastatic NTRK-positive tumors demonstrated
an ORR of 57%, a median PFS of 11.2 months, and a median OS of 20.9 months [130]. Larotrectinib
and entrectinib are currently FDA-approved for the treatment of advanced NTRK fusion-positive
NSCLC. Although these clinical trials have shown strong and durable responses to first-generation
TRK TKIs, acquired resistance mutations have been identified in colorectal and mammary analogue
secretory carcinomas, requiring the development of second-generation TKIs [131,132]. LOXO-195,
a second-generation TRK-selective inhibitor, has shown preclinical efficacy and clinical activity in
a Phase I trial of NTRK fusion-positive cancers previously treated with larotrectinib, demonstrating
an ORR of 45% [133,134]. Despite the great clinical response elicited by NTRK-targeted therapies,
NTRK testing rates were shown to range from 0–15% in several community site analyses [69,105].

2.7. BRAF

BRAF mutations represent 7% of NSCLC cases and are more commonly found in current or
former smokers and female patients [117]. The most frequent BRAF activating mutation, V600E,
carries a poorer prognosis and a shorter disease-free survival [135]. A Phase II trial investigated
combination treatments of dabrafenib and trametinib in chemotherapy-pretreated patients diagnosed
with BRAF V600E-mutated NSCLC and reported an ORR of 63% and a median PFS of 9.7 months in
52 evaluable patients [11]. In a Phase II trial of treatment-naïve patients with BRAF V600E-mutated
NSCLC, treatment with dabrafenib and trametinib resulted in an ORR of 64% and a median PFS of 10.9
months, although 69% of patients experienced at least one grade 3/4 adverse event [136]. Currently,
the combination of dabrafenib and trametinib is FDA approved for the treatment of advanced NSCLC
harboring the BRAF V600E mutation regardless of the previous therapy. In an analysis by Gutierrez et al.,
BRAF NGS testing rates in 814 community site patients were reported to be 18%, similar to MET
and RET NGS testing rates [67]. Other analyses demonstrated consistent rates of 12–29% [68,69,105].
Interestingly, rates of BRAF testing were shown to be as low as 0.1% in a larger analysis of 14,461
NSCLC patients treated in the community [106].

2.8. KRAS

Alterations in KRAS, one of the most frequent oncogenes in solid tumor malignancies, represent
up to 32% of lung adenocarcinoma cases [117]. They are generally found in smokers [137] and are
associated with a poor prognosis [138], although recent data have reported that it has a minimal effect
on overall survival in early-stage NSCLC [139]. Therapeutic targeting of KRAS has been notoriously
difficult, thus dubbing the molecular marker as an “undruggable” target. However, research into KRAS
small molecule inhibitors targeting mutational variants of KRAS has shown preclinical and clinical
efficacy. AMG-510, an inhibitor targeting KRAS G12C, which accounts for 13% of KRAS mutant
NSCLC [140], is currently under investigation in a Phase I/II clinical trial of advanced KRAS mutant
solid tumors. Interim results were recently presented and showed that out of the 29 patients, 10 were
diagnosed with NSCLC, of which 90% (N = 9) of patients exhibited either a partial response or stable
disease [16]. Although there are currently no FDA-approved drugs targeting KRAS, small molecule
inhibitors like AMG-510 and JNJ-74699157 continue to demonstrate good clinical activity. Another
drug, MRTX849, has also shown potent efficacy in vitro and in vivo for G12C positive lung cancer,
with pronounced tumor regression in 17 of 26 (65%) KRAS G12C positive cell lines [141]. Preliminary
data from the Phase I trial also showed a ~30% decrease in target lesions in heavily pre-treated lung
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cancer patients [141]. NGS testing of KRAS, although still important now, will become necessary
once targeted therapies become approved. In several studies of molecular testing rates in community
sites, KRAS testing has widely varied, ranging from 0–43% [66,67,69,105]. As more and more targets
such as KRAS become clinically actionable, the landscape of lung cancer therapeutic management
will continue to change. However, a number of actionable alterations are currently FDA approved
and have distinct therapeutic strategies currently available (Figure 1).

The testing rates reported in the community have been rising over the years, and the main
driver of this transformation has been education and dissemination of novel therapeutics available for
the different oncogenes. However, more effort is required as the primary challenge remains that many
newly approved targets face an astronomical hurdle in being implemented in daily community practice
(Table 2). The most distinct example of this is the testing rates of BRAF reported in community practice
at 0.1% in 14,445 patients—the lack of testing also poses a threat towards clinical trial enrollment
and delivery of novel therapeutics to patients [106].

Table 2. Reported testing rates of clinically actionable and clinically relevant oncogenes in
community practice.

Reported Study EGFR ALK ROS1 MET RET NTRK BRAF KRAS PD-L1
Expression

Inal et al. [66] 62% 23% N/A N/A N/A N/A N/A 43% N/A

Gutierrez et al. [67] 69% 65% 25% 15% 14% N/A 18% 34% N/A

Gierman et al. [68] 54% 51% 43% N/A N/A N/A 29% N/A N/A

Presley et al. [69] 100% 95% ~15% ~15% ~15% ~15% ~15% ~15% ~15%

Illei et al. [94] N/A 53.1% N/A N/A N/A N/A N/A N/A N/A

Hussein et al. [95] ~60% ~50% N/A N/A N/A N/A N/A N/A N/A

Mason et al. [29] 94% 92% 85% N/A N/A N/A N/A N/A 56%

Audibert et al. [105] 68% 67% 32% 6% 8% 0% 12% 0% N/A

Khozin et al. [142] 64% 61% N/A N/A N/A N/A N/A N/A 8.3%

Nadler et al. 2018 [143] 37% 35% N/A N/A N/A N/A N/A N/A 1.2%

Nadler et al. 2019 [106] 35.5% 32.9% 5.7% N/A N/A N/A 0.1% N/A 5.7%
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2.9. Immunotherapy

The availability and discovery of more and more targeted therapies makes it a priority that
all advanced NSCLC patients are tested at presentation. However, when an actionable alteration
is not available, treatment decisions may depend on PD-L1 expression, histology, or the onset of
progressive disease. In these situations, immune checkpoint inhibitors have induced response through
interaction with cytotoxic T cells, helper T cells, NK cells, macrophages, and other immune mechanisms.
In 2015, the first results of monoclonal antibodies against programmed death ligand-1 (PD-1) in
the refractory setting showed efficacy of nivolumab, PD-1 inhibitor, with OS (12.2 months) as compared
to second-line chemotherapy (9.5 months) [18–20]. This led to the FDA approval of nivolumab in
advanced NSCLC. Similar approval of pembrolizumab, a PD-1 inhibitor, was contingent upon results
from KEYNOTE-001 that showed ORR of 19.4 in refractory NSCLC patients [21]. Soon after, two PD-L1
inhibitors, atezolizumab for stage IV metastatic disease and durvalumab for stage III disease, were
also approved based on positive ORRs and OS [22,144]. However, the preliminary analysis reported
that PD-L1 expression may be a potential biomarker of response and resistance with only 6.6% of
patients whose tumors were negative to PD-L1 responding to durvalumab [22]. In the front-line
setting, pembrolizumab was the first immune checkpoint inhibitor (ICI) to demonstrate median
PFS of 10.3 months (vs. 6 months) and a response rate of 44.8% (vs. 27.8%) based on the results
of KEYNOTE-024 as compared to chemotherapy [145], and it can be utilized as a monotherapy or
in combination with chemotherapy depending on PD-L1 expression and the performance status
of the patient at presentation [146]. The addition of chemotherapy to pembrolizumab resulted in
an increased OS at 12 months of 69.2% (vs. 49.4%) and a median PFS of 8.8 months (vs. 4.9 months), with
a comparable adverse event rate of 67.2% vs. 65.8% [147]. These results were surprisingly not recreated
when nivolumab was evaluated as a monotherapy, showing a median PFS of 4.2 months with nivolumab
vs. 5.9 months, and a similar OS benefit of 14.4 months vs. 13.2 months in the chemotherapy control
group [23]. However, it did have success in combination with ipilimumab, showing an improvement
in overall survival of 17.1 months vs. 13.9 months with chemotherapy, and a nominal duration of
response of 23.3 months (vs. 6.2 months) for the front line setting [148].

Nivolumab plus ipilimumab remains a controversial choice due to grade 3 and 4 adverse events
in 32.8% of patients [148]. Atezolizumab monotherapy achieved similar approval with incremental
improvements in OS [24], but durvalumab in combination and alone failed to improve survival [149].
While the availability of therapies is beneficial to patients, pembrolizumab is slowly becoming
the first-choice option for front-line immunotherapy, partially due to its favorable toxicity profile
and versatility as a monotherapy and in combination therapy [150]. However, the availability of
therapies has not translated into practice and a retrospective observational study of 55,969 NSCLC
patients from the community showed that only 1,344 patients received nivolumab or pembrolizumab
in the metastatic setting [142]. More surprisingly, only 8% of these patients were tested for PD-L1
expression [142]. More so, an outcomes study of 423 patients with high PD-L1 who received first-line
pembrolizumab monotherapy in the community showed that community clinical outcomes were
comparable to clinical trial results with a median PFS of 6.8 months vs. 6.1 months and a median OS
of 19.1 months vs. 20 months [151]. A larger study of 10,689 patients in the community showed that
utilization of immunotherapy in the first-line is not yet implemented, with <1% of patients treated with
immunotherapy in the first-line, but rates were improved in the second and third-line setting [143].
PD-L1 expression was equally underperformed and was tested in <1% of patients [143]. Furthermore,
in a quality improvement study of 100 patients who received immunotherapy in the community, only
61% fully completed immunotherapy as planned and 81% had immune-related adverse events [152].
While it is concerning that the reported use of immunotherapy in the community practice is limited,
based on experience from melanoma and immunotherapy, the rates are anticipated to slowly increase
over time with more education and acceptance of various immunotherapy options [153].

While PD-L1 remains an imperfect biomarker, several subgroup analyses in the trials mentioned
above show an increased benefit in patients with PD-L1 ≥1% or ≥50%. Therefore, PD-L1 testing should
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be considered in everyday decision-making, and currently four PD-L1 testing types are available:
22C3, 28-8, SP263, and SP142 [154]. The 22C3 IHC assays were developed alongside pembrolizumab in
the Phase I trial as a biomarker for patients who may benefit from treatment [155]. Meanwhile, IHC
28-8 test was developed to be used in conjunction with nivolumab, and SP142 was developed for trial
use with atezolizumab [18,19,156,157]. SP263 is the most recent assay that was developed for use with
durvalumab, especially in the Stage III setting in NSCLC [156]. All four assays are FDA approved
in their individual setting and while testing is not required to initiate treatment, it may support
clinical decision-making [156]. Meta-analysis reports show that there is high concordance between
22C3, 28-8, and SP263 assays, but SP142 detected significantly lower PD-L1 expression [154,156].
At the same time, evidence shows that non-commercial laboratory-developed tests (LDTs) used by
academic centers detect similar overall percentages of PD-L1 (≥1%) at 63% (vs. 22C3 61%), but PD-L1
≥50% were much lower at 23% (vs. 22C3 33%) suggesting LDTs are less sensitive than commercial
tests [158]. LDTs are becoming more and more utilized in practice and offer a potential solution to
the complexity of commercial PD-L1 tests. However, the lack of PD-L1 testing and the difficulty
of immune-related toxicities is a challenge that is more difficult to address, and we believe that
the integration of community practice with the academic site model is one solution to this grave issue.

3. Integration of Personalized Therapy and Molecular Testing in the Community
through an Academic Site to Community Practice Network

Advances in targeted therapy and immunotherapy have lowered the costs of molecular testing,
making it a viable practice in the academic sites and the community [159]. While academic sites have
benefited from a close knowledge of clinical trials and novel therapies, the drive of personalized medicine
has not been uniform, with the majority of patients in the community lacking appropriate testing
and assignment to therapy [66–69,94,95,106,142,143,152]. This is especially concerning as the majority of
patients or approximately 85% with cancer are treated in the community setting and 50% of collaborative
group trial accruals occur in the community [160]. Several models have been proposed to integrate
community oncologists into the academic paradigm of personalized medicine, with the most promising
being the establishment of interpersonal relationships between community oncologists and academic
site physicians through molecular tumor board (MTB) teams [161–165]. The establishment of an MTB
team would allow for the proper evaluation of imaging, histopathology, and genomic information that
is required to make the appropriate therapeutic decision [166]. One reported study involving 1725
patients who were evaluated through a cloud-based virtual molecular tumor board (VMTB) showed
that oncologists chose the VMTB-derived therapies over others, resulting in an increase of matched
therapies [165]. Such a model also allows for the dissemination of information regarding available
CLIA-certified vendors and platforms for both tissue and liquid biopsy testing that are imperative to
improving testing rates and outcomes [167]. The MTB model can be scaled into the community through
virtual or physical collaboration, and would further improve collaboration between community
sites and academic sites through the interactions between pathologists, oncologists, primary care
physicians, radiologists, and pulmonologists in the decision-making process (Figure 2). This team-based
approach can be utilized in all cancers, especially during crises such as the recent pandemic of
novel coronavirus [168]. The improvement in the relationships with various experts and free-flow
of information from the academic site to the community will invariably yield improvements in
patient outcomes.

Another available tool in building the community and academic network is the incorporation of
guidelines and pathways into everyday practice. As the majority of oncologists in the community see
a number of patients with varying histologies, it is often difficult to keep track of various therapies
available, especially for lung cancer. While guidelines such as the National Comprehensive Cancer
Network (NCCN) and the American Society of Clinical Oncology provide guidelines regarding
the use of immunotherapy and targeted therapy, as well as genomic testing for FDA approved
alterations [169], the results in our review show that the gaps in testing rates still remain prevalent
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and these guidelines are often difficult to interpret during a busy community practice. One proposed
solution to this challenge is the implementation of vendor-based oncology clinical pathways (OCPs) that
guide physicians in their decision-making based on query questions regarding the patient case [170].
A number of studies have shown that the use of OCPs not only maintains or improves outcomes,
but they lower overhead costs for community practice [171–174]. While guidelines offer multiple
recommendations that are difficult to interpret, clinical pathways create a local structure and framework
from guidelines or evidence, with the goal of providing the single best therapeutic decision that
provides value to the patient (Figure 3) [175]. The advantage of OCPs is not only the availability
of decision-making support but the collection of analytics data that can be analyzed for research
purposes and continuous quality improvement [176]. An OCP implemented in the community not
only evaluates the performance of the community practice, but gives the tools to the community
to drive improvements in testing rates and personalized therapy. The wide majority of community
practice patients do not consider enrollment in clinical trials, as they are unaware of the option [177].
The pathways incorporate the clinical trials open within the entire enterprise, where trial decisions
are placed ahead of other recommendations and always count as on-pathway, which encourages trial
enrollment and integrates clinical trials into community practice. Our community practice utilizes
the ClinicaPath (formerly ViaOncology) pathway systems in the decision-making process, but there
are several vendors available [170].
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One recent development in our enterprise is the implementation of a standardized electronic
health record (EHR) system in the community that mirrors the academic site medical records in
a single system and allows for optimization of testing results and physician referrals for clinical
trials. The standardization of molecular testing results and reporting in a fast and reliable manner
through the medical record is an important barrier for community oncology practice towards improving
testing rates [178]. The cohesiveness of a singular EHR not only results in clinical decision support,
but allows the community oncologists to participate in the clinical and translational research process
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through the evaluation of retrospective patient cohorts in a collaborative model that encompasses
a multi-disciplinary team of pathologists, radiologists, and other specialties. The seamless amalgamation
of high level genomic and treatment data from the community can be quickly extrapolated from
the EHR and utilized in translational studies including evaluation of testing rates and therapy outcomes.
This also helps in identifying patients that would be eligible for enrollment in clinical trials available
at partnering academic sites, as evidenced by the top accrual rates of the adjuvant EVEREST study
in renal cell carcinoma at City of Hope [179]. This is an especially significant strategy to implement
in order to enroll and treat older cancer patients who are primarily seen at community sites [180].
Furthermore, the establishment of integrated clinical research has been shown to translate to wider
awareness and acceptance of research results, and in 2013, the NCI formed the NCI Community Oncology
Research Program (NCORP) [181]. First-cycle results showed that NCORP improved cancer care delivery
and access in the community, but challenges remain in growing the program to more organizations
across the nation [182]. The evolution of cancer care has to be met with advancements in cancer care
and genomic testing access and delivery in community practice. However, the ultimate development
of a successful community-based research program requires funding to empower local physicians,
infrastructure to support implementation, collaboration between academic and community investigators,
and flexibility in operations and organizations.
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4. Conclusions

The advancements in lung cancer therapy and genomic testing have transformed the lung cancer
decision-making process in the last decade. Next-generation sequencing has expanded from a few
genes tested with routine testing to broad-based sequencing that has identified a plethora of oncogenes
that are involved in driving the progression of NSCLC [183–185]. While targeted therapy was initially
implemented in the first-line setting, the availability of a number of second- and third-generation
TKIs has transitioned from a model of systemic therapy in the refractory setting to a framework of
a number of TKIs administered in sequence based on resistance mechanisms and clinical progression
of the individual patient [186]. The promise of personalized medicine continues to be realized through
the development of ground-breaking immune checkpoint inhibitors and upcoming trials show promise
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for chimeric antigen receptor (CAR) T-cell therapy [187]. To further realize this mission of precision
medicine and to deliver improved outcomes, rigorous clinical data science, and translational research
of the care delivery model and access have to be expanded beyond academic sites and into community
practice. As we have brought to attention in this review, the community practice, while currently
lagging behind academic sites in delivery oncology care, can be systematically and procedurally
integrated with academic centers in a unified model for lung cancer decision-making and clinical
collaboration. Our identified tools and collaborative concepts, including pathways and MTBs, can be
realized in any community setting to enhance communication and trial enrollment.

Author Contributions: Conceptualization, R.S., S.R., P.K, I.M.; Writing—original draft preparation, S.R., I.M., R.P.,
R.S., P.K.; Writing—review and editing, S.R., I.M., R.P., R.S., P.K., B.L. and T.T. All authors have read and agreed to
the published version of the manuscript.

Funding: The work was supported by the National Cancer Institute of Health under award numbers P30CA033572,
U54CA209978, R01CA247471 and R01CA218545

Acknowledgments: We would like to express our deepest gratitude for philanthropic funding by
the Tenenblatt Family.

Conflicts of Interest: S.R: Speaker for Boehringer Ingelheim Pharmaceuticals Inc., Puma Biotechnology Inc.; I.M.,
R.P., B.L., T.T., P.K. and R.S. declare no conflict of interest.

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA A Cancer J. Clin. 2020, 70, 7–30. [CrossRef]
2. Molina, J.R.; Yang, P.; Cassivi, S.D.; Schild, S.E.; Adjei, A.A. Non-small cell lung cancer: Epidemiology, risk

factors, treatment, and survivorship. Mayo Clin. Proc. 2008, 83, 584–594. [CrossRef]
3. Cancer Stat Facts: Lung and Bronchus Cancer, Statistics at a Glance. Available online: https://seer.cancer.gov/

statfacts/html/lungb.html (accessed on 20 May 2020).
4. Zhou, C.; Wu, Y.L.; Chen, G.; Feng, J.; Liu, X.Q.; Wang, C.; Zhang, S.; Wang, J.; Zhou, S.; Ren, S.; et al.

Erlotinib versus chemotherapy as first-line treatment for patients with advanced EGFR mutation-positive
non-small-cell lung cancer (OPTIMAL, CTONG-0802): A multicentre, open-label, randomised, phase 3 study.
Lancet Oncol. 2011, 12, 735–742. [CrossRef]

5. Shaw, A.T.; Kim, D.W.; Nakagawa, K.; Seto, T.; Crino, L.; Ahn, M.J.; De Pas, T.; Besse, B.; Solomon, B.J.;
Blackhall, F.; et al. Crizotinib versus chemotherapy in advanced ALK-positive lung cancer. N. Engl. J. Med.
2013, 368, 2385–2394. [CrossRef] [PubMed]

6. Mok, T.S.; Wu, Y.-L.; Ahn, M.-J.; Garassino, M.C.; Kim, H.R.; Ramalingam, S.S.; Shepherd, F.A.; He, Y.;
Akamatsu, H.; Theelen, W.S.M.E.; et al. Osimertinib or Platinum–Pemetrexed in EGFR T790M–Positive Lung
Cancer. N. Engl. J. Med. 2016, 376, 629–640. [CrossRef]

7. Shaw, A.T.; Riely, G.J.; Bang, Y.J.; Kim, D.W.; Camidge, D.R.; Solomon, B.J.; Varella-Garcia, M.; Iafrate, A.J.;
Shapiro, G.I.; Usari, T.; et al. Crizotinib in ROS1-rearranged advanced non-small-cell lung cancer (NSCLC):
Updated results, including overall survival, from PROFILE 1001. Ann. Oncol. 2019, 30, 1121–1126. [CrossRef]

8. Drilon, A.; Oxnard, G.; Wirth, L.; Besse, B.; Gautschi, O.; Tan, S.W.D.; Loong, H.; Bauer, T.; Kim, Y.J.;
Horiike, A.; et al. PL02.08 Registrational Results of LIBRETTO-001: A Phase 1/2 Trial of LOXO-292 in Patients
with RET Fusion-Positive Lung Cancers. J. Thoracic Oncol. 2019, 14, S6–S7. [CrossRef]

9. Drilon, A.; Siena, S.; Dziadziuszko, R.; Barlesi, F.; Krebs, M.G.; Shaw, A.T.; de Braud, F.; Rolfo, C.; Ahn, M.-J.;
Wolf, J.; et al. Entrectinib in ROS1 fusion-positive non-small-cell lung cancer: Integrated analysis of three
phase 1–2 trials. Lancet Oncol. 2020, 21, 261–270. [CrossRef]

10. Drilon, A.; Laetsch, T.W.; Kummar, S.; DuBois, S.G.; Lassen, U.N.; Demetri, G.D.; Nathenson, M.; Doebele, R.C.;
Farago, A.F.; Pappo, A.S.; et al. Efficacy of Larotrectinib in TRK Fusion–Positive Cancers in Adults
and Children. N. Engl. J. Med. 2018, 378, 731–739. [CrossRef]

11. Planchard, D.; Besse, B.; Groen, H.J.M.; Souquet, P.J.; Quoix, E.; Baik, C.S.; Barlesi, F.; Kim, T.M.; Mazieres, J.;
Novello, S.; et al. Dabrafenib plus trametinib in patients with previously treated BRAF(V600E)-mutant
metastatic non-small cell lung cancer: An open-label, multicentre phase 2 trial. Lancet Oncol. 2016, 17,
984–993. [CrossRef]

http://dx.doi.org/10.3322/caac.21590
http://dx.doi.org/10.1016/S0025-6196(11)60735-0
https://seer.cancer.gov/statfacts/html/lungb.html
https://seer.cancer.gov/statfacts/html/lungb.html
http://dx.doi.org/10.1016/S1470-2045(11)70184-X
http://dx.doi.org/10.1056/NEJMoa1214886
http://www.ncbi.nlm.nih.gov/pubmed/23724913
http://dx.doi.org/10.1056/NEJMoa1612674
http://dx.doi.org/10.1093/annonc/mdz131
http://dx.doi.org/10.1016/j.jtho.2019.08.059
http://dx.doi.org/10.1016/S1470-2045(19)30690-4
http://dx.doi.org/10.1056/NEJMoa1714448
http://dx.doi.org/10.1016/S1470-2045(16)30146-2


J. Clin. Med. 2020, 9, 1870 16 of 26

12. Wolf, J.; Seto, T.; Han, J.-Y.; Reguart, N.; Garon, E.B.; Groen, H.J.M.; Tan, D.S.-W.; Hida, T.; Jonge, M.J.D.;
Orlov, S.V.; et al. Capmatinib (INC280) in MET∆ex14-mutated advanced non-small cell lung cancer (NSCLC):
Efficacy data from the phase II GEOMETRY mono-1 study. J. Clin. Oncol. 2019, 37, 9004. [CrossRef]

13. Soria, J.-C.; Ohe, Y.; Vansteenkiste, J.; Reungwetwattana, T.; Chewaskulyong, B.; Lee, K.H.; Dechaphunkul, A.;
Imamura, F.; Nogami, N.; Kurata, T.; et al. Osimertinib in Untreated EGFR-Mutated Advanced
Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 378, 113–125. [CrossRef] [PubMed]

14. Camidge, D.R.; Kim, H.R.; Ahn, M.-J.; Yang, J.C.-H.; Han, J.-Y.; Lee, J.-S.; Hochmair, M.J.; Li, J.Y.-C.;
Chang, G.-C.; Lee, K.H.; et al. Brigatinib versus Crizotinib in ALK-Positive Non–Small-Cell Lung Cancer.
N. Engl. J. Med. 2018, 379, 2027–2039. [CrossRef]

15. Kuan, F.-C.; Kuo, L.-T.; Chen, M.-C.; Yang, C.-T.; Shi, C.-S.; Teng, D.; Lee, K.-D. Overall survival benefits of
first-line EGFR tyrosine kinase inhibitors in EGFR-mutated non-small-cell lung cancers: A systematic review
and meta-analysis. Br. J. Cancer 2015, 113, 1519–1528. [CrossRef] [PubMed]

16. Govindan, R.; Fakih, M.; Price, T.; Falchook, G.; Desai, J.; Kuo, J.; Strickler, J.; Krauss, J.; Li, B.; Denlinger, C.; et al.
Phase 1 Study of AMG 510, a Novel Molecule Targeting KRAS G12C Mutant Solid Tumors. ESMO 2019
Congress 2019, 30 (Suppl. 5), 159–193. [CrossRef]

17. Jänne, P. A phase 1 clinical trial evaluating the pharmacokinetics (PK), safety, and clinical activity of MRTX849,
a mutant-selective small molecule KRAS G12C inhibitor, in advanced solid tumors. In Proceedings of
the AACR-NCI-EORTC International Conference on Molecular Targets and Cancer Therapeutics, Boston,
MA, USA, 26–30 October 2019.

18. Brahmer, J.; Reckamp, K.L.; Baas, P.; Crinò, L.; Eberhardt, W.E.E.; Poddubskaya, E.; Antonia, S.; Pluzanski, A.;
Vokes, E.E.; Holgado, E.; et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell Non–Small-Cell
Lung Cancer. N. Engl. J. Med. 2015, 373, 123–135. [CrossRef]

19. Borghaei, H.; Paz-Ares, L.; Horn, L.; Spigel, D.R.; Steins, M.; Ready, N.E.; Chow, L.Q.; Vokes, E.E.; Felip, E.;
Holgado, E.; et al. Nivolumab versus Docetaxel in Advanced Nonsquamous Non-Small-Cell Lung Cancer.
N. Engl. J. Med. 2015, 373, 1627–1639. [CrossRef] [PubMed]

20. Horn, L.; Spigel, D.R.; Vokes, E.E.; Holgado, E.; Ready, N.; Steins, M.; Poddubskaya, E.; Borghaei, H.;
Felip, E.; Paz-Ares, L.; et al. Nivolumab Versus Docetaxel in Previously Treated Patients With Advanced
Non-Small-Cell Lung Cancer: Two-Year Outcomes From Two Randomized, Open-Label, Phase III Trials
(CheckMate 017 and CheckMate 057). J. Clin. Oncol. 2017, 35, 3924–3933. [CrossRef] [PubMed]

21. Herbst, R.S.; Baas, P.; Kim, D.W.; Felip, E.; Pérez-Gracia, J.L.; Han, J.Y.; Molina, J.; Kim, J.H.; Arvis, C.D.;
Ahn, M.J.; et al. Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced
non-small-cell lung cancer (KEYNOTE-010): A randomised controlled trial. Lancet 2016, 387, 1540–1550.
[CrossRef]

22. Garassino, M.C.; Cho, B.C.; Kim, J.H.; Mazières, J.; Vansteenkiste, J.; Lena, H.; Corral Jaime, J.; Gray, J.E.;
Powderly, J.; Chouaid, C.; et al. Durvalumab as third-line or later treatment for advanced non-small-cell lung
cancer (ATLANTIC): An open-label, single-arm, phase 2 study. Lancet Oncol. 2018, 19, 521–536. [CrossRef]

23. Carbone, D.P.; Reck, M.; Paz-Ares, L.; Creelan, B.; Horn, L.; Steins, M.; Felip, E.; van den Heuvel, M.M.;
Ciuleanu, T.-E.; Badin, F.; et al. First-Line Nivolumab in Stage IV or Recurrent Non–Small-Cell Lung Cancer.
N. Engl. J. Med. 2017, 376, 2415–2426. [CrossRef] [PubMed]

24. Spigel, D.; de Marinis, F.; Giaccone, G.; Reinmuth, N.; Vergnenegre, A.; Barrios, C.H.; Morise, M.; Felip, E.;
Andric, Z.G.; Geater, S.; et al. LBA78-IMpower110: Interim overall survival (OS) analysis of a phase III
study of atezolizumab (atezo) vs platinum-based chemotherapy (chemo) as first-line (1L) treatment (tx) in
PD-L1–selected NSCLC. Ann. Oncol. 2019, 30, v915. [CrossRef]

25. Cottrell, T.R.; Taube, J.M. PD-L1 and Emerging Biomarkers in Immune Checkpoint Blockade Therapy.
Cancer J. 2018, 24, 41–46. [CrossRef] [PubMed]

26. Davis, A.A.; Patel, V.G. The role of PD-L1 expression as a predictive biomarker: An analysis of all US Food
and Drug Administration (FDA) approvals of immune checkpoint inhibitors. J. Immunother. Cancer 2019, 7,
278. [CrossRef] [PubMed]

27. Lantuejoul, S.; Sound-Tsao, M.; Cooper, W.A.; Girard, N.; Hirsch, F.R.; Roden, A.C.; Lopez-Rios, F.; Jain, D.;
Chou, T.-Y.; Motoi, N.; et al. PD-L1 Testing for Lung Cancer in 2019: Perspective From the IASLC Pathology
Committee. J. Thorac. Oncol. 2020, 15, 499–519. [CrossRef]

http://dx.doi.org/10.1200/JCO.2019.37.15_suppl.9004
http://dx.doi.org/10.1056/NEJMoa1713137
http://www.ncbi.nlm.nih.gov/pubmed/29151359
http://dx.doi.org/10.1056/NEJMoa1810171
http://dx.doi.org/10.1038/bjc.2015.356
http://www.ncbi.nlm.nih.gov/pubmed/26461059
http://dx.doi.org/10.1093/annonc/mdz244
http://dx.doi.org/10.1056/NEJMoa1504627
http://dx.doi.org/10.1056/NEJMoa1507643
http://www.ncbi.nlm.nih.gov/pubmed/26412456
http://dx.doi.org/10.1200/JCO.2017.74.3062
http://www.ncbi.nlm.nih.gov/pubmed/29023213
http://dx.doi.org/10.1016/S0140-6736(15)01281-7
http://dx.doi.org/10.1016/S1470-2045(18)30144-X
http://dx.doi.org/10.1056/NEJMoa1613493
http://www.ncbi.nlm.nih.gov/pubmed/28636851
http://dx.doi.org/10.1093/annonc/mdz293
http://dx.doi.org/10.1097/PPO.0000000000000301
http://www.ncbi.nlm.nih.gov/pubmed/29360727
http://dx.doi.org/10.1186/s40425-019-0768-9
http://www.ncbi.nlm.nih.gov/pubmed/31655605
http://dx.doi.org/10.1016/j.jtho.2019.12.107


J. Clin. Med. 2020, 9, 1870 17 of 26

28. Garon, E.B.; Hellmann, M.D.; Rizvi, N.A.; Carcereny, E.; Leighl, N.B.; Ahn, M.J.; Eder, J.P.; Balmanoukian, A.S.;
Aggarwal, C.; Horn, L.; et al. Five-Year Overall Survival for Patients With Advanced Non-Small-Cell Lung
Cancer Treated With Pembrolizumab: Results From the Phase I KEYNOTE-001 Study. J. Clin. Oncol. 2019,
37, 2518–2527. [CrossRef] [PubMed]

29. Mason, C.; Ellis, P.G.; Lokay, K.; Barry, A.; Dickson, N.; Page, R.; Polite, B.; Salgia, R.; Savin, M.; Shamah, C.; et al.
Patterns of Biomarker Testing Rates and Appropriate Use of Targeted Therapy in the First-Line, Metastatic
Non-Small Cell Lung Cancer Treatment Setting. J. Clin. Pathw. 2018, 4, 49–54. [CrossRef]

30. Dillman, R.O.; Seagren, S.L.; Propert, K.J.; Guerra, J.; Eaton, W.L.; Perry, M.C.; Carey, R.W.; Frei, E.F., 3rd;
Green, M.R. A randomized trial of induction chemotherapy plus high-dose radiation versus radiation alone
in stage III non-small-cell lung cancer. N. Engl. J. Med. 1990, 323, 940–945. [CrossRef] [PubMed]

31. Curran, W.J., Jr.; Paulus, R.; Langer, C.J.; Komaki, R.; Lee, J.S.; Hauser, S.; Movsas, B.; Wasserman, T.;
Rosenthal, S.A.; Gore, E.; et al. Sequential vs. concurrent chemoradiation for stage III non-small cell lung
cancer: Randomized phase III trial RTOG 9410. J. Natl. Cancer Inst. 2011, 103, 1452–1460. [CrossRef]
[PubMed]

32. Schiller, J.H.; Harrington, D.; Belani, C.P.; Langer, C.; Sandler, A.; Krook, J.; Zhu, J.; Johnson, D.H. Comparison
of four chemotherapy regimens for advanced non-small-cell lung cancer. N. Engl. J. Med. 2002, 346, 92–98.
[CrossRef]

33. Evans, J.P. The Human Genome Project at 10 years: A teachable moment. Genet. Med. 2010, 12, 477.
[CrossRef] [PubMed]

34. Salgia, R. Mutation testing for directing upfront targeted therapy and post-progression combination therapy
strategies in lung adenocarcinoma. Expert Rev. Mol. Diagn. 2016, 16, 737–749. [CrossRef] [PubMed]

35. Ashley, E.A. Towards precision medicine. Nat. Rev. Genet. 2016, 17, 507–522. [CrossRef] [PubMed]
36. Kris, M.G.; Natale, R.B.; Herbst, R.S.; Lynch, T.J., Jr.; Prager, D.; Belani, C.P.; Schiller, J.H.; Kelly, K.;

Spiridonidis, H.; Sandler, A.; et al. Efficacy of gefitinib, an inhibitor of the epidermal growth factor receptor
tyrosine kinase, in symptomatic patients with non-small cell lung cancer: A randomized trial. Jama 2003,
290, 2149–2158. [CrossRef]

37. Fukuoka, M.; Yano, S.; Giaccone, G.; Tamura, T.; Nakagawa, K.; Douillard, J.Y.; Nishiwaki, Y.; Vansteenkiste, J.;
Kudoh, S.; Rischin, D.; et al. Multi-institutional randomized phase II trial of gefitinib for previously treated
patients with advanced non-small-cell lung cancer (The IDEAL 1 Trial) [corrected]. J. Clin. Oncol. 2003, 21,
2237–2246. [CrossRef] [PubMed]

38. Lindeman, N.I.; Cagle, P.T.; Beasley, M.B.; Chitale, D.A.; Dacic, S.; Giaccone, G.; Jenkins, R.B.;
Kwiatkowski, D.J.; Saldivar, J.S.; Squire, J.; et al. Molecular testing guideline for selection of lung cancer
patients for EGFR and ALK tyrosine kinase inhibitors: Guideline from the College of American Pathologists,
International Association for the Study of Lung Cancer, and Association for Molecular Pathology. J. Thorac.
Oncol. 2013, 8, 823–859. [CrossRef]

39. Blumenthal, G.M.; Karuri, S.W.; Zhang, H.; Zhang, L.; Khozin, S.; Kazandjian, D.; Tang, S.; Sridhara, R.;
Keegan, P.; Pazdur, R. Overall response rate, progression-free survival, and overall survival with targeted
and standard therapies in advanced non-small-cell lung cancer: US Food and Drug Administration trial-level
and patient-level analyses. J. Clin. Oncol. 2015, 33, 1008–1014. [CrossRef]

40. Simeone, J.C.; Nordstrom, B.L.; Patel, K.; Klein, A.B. Treatment patterns and overall survival in metastatic
non-small-cell lung cancer in a real-world, US setting. Future Oncol. 2019, 15, 3491–3502. [CrossRef]

41. Arbour, K.C.; Riely, G.J. Systemic Therapy for Locally Advanced and Metastatic Non-Small Cell Lung Cancer:
A Review. Jama 2019, 322, 764–774. [CrossRef]

42. Buyse, M.E.; Squifflet, P.; Laporte, S.; Fossella, F.V.; Georgoulias, V.; Pujol, J.; Kubota, K.; Monnier, A.;
Kudoh, S.; Douillard, J. Prediction of survival benefits from progression-free survival in patients with
advanced non small cell lung cancer: Evidence from a pooled analysis of 2,838 patients randomized in 7
trials. J. Clin. Oncol. 2008, 26, 8019. [CrossRef]

43. Ramalingam, S.S.; Vansteenkiste, J.; Planchard, D.; Cho, B.C.; Gray, J.E.; Ohe, Y.; Zhou, C.;
Reungwetwattana, T.; Cheng, Y.; Chewaskulyong, B.; et al. Overall Survival with Osimertinib in Untreated,
EGFR-Mutated Advanced NSCLC. N. Engl. J. Med. 2020, 382, 41–50. [CrossRef] [PubMed]

44. Pacheco, J.M.; Gao, D.; Smith, D.; Purcell, T.; Hancock, M.; Bunn, P.; Robin, T.; Liu, A.; Karam, S.;
Gaspar, L.; et al. Natural History and Factors Associated with Overall Survival in Stage IV ALK-Rearranged
Non-Small Cell Lung Cancer. J. Thorac Oncol. 2019, 14, 691–700. [CrossRef] [PubMed]

http://dx.doi.org/10.1200/JCO.19.00934
http://www.ncbi.nlm.nih.gov/pubmed/31154919
http://dx.doi.org/10.25270/jcp.2018.02.00001
http://dx.doi.org/10.1056/NEJM199010043231403
http://www.ncbi.nlm.nih.gov/pubmed/2169587
http://dx.doi.org/10.1093/jnci/djr325
http://www.ncbi.nlm.nih.gov/pubmed/21903745
http://dx.doi.org/10.1056/NEJMoa011954
http://dx.doi.org/10.1097/GIM.0b013e3181ef16b6
http://www.ncbi.nlm.nih.gov/pubmed/20703139
http://dx.doi.org/10.1080/14737159.2016.1181545
http://www.ncbi.nlm.nih.gov/pubmed/27139190
http://dx.doi.org/10.1038/nrg.2016.86
http://www.ncbi.nlm.nih.gov/pubmed/27528417
http://dx.doi.org/10.1001/jama.290.16.2149
http://dx.doi.org/10.1200/JCO.2003.10.038
http://www.ncbi.nlm.nih.gov/pubmed/12748244
http://dx.doi.org/10.1097/JTO.0b013e318290868f
http://dx.doi.org/10.1200/JCO.2014.59.0489
http://dx.doi.org/10.2217/fon-2019-0348
http://dx.doi.org/10.1001/jama.2019.11058
http://dx.doi.org/10.1200/jco.2008.26.15_suppl.8019
http://dx.doi.org/10.1056/NEJMoa1913662
http://www.ncbi.nlm.nih.gov/pubmed/31751012
http://dx.doi.org/10.1016/j.jtho.2018.12.014
http://www.ncbi.nlm.nih.gov/pubmed/30599201


J. Clin. Med. 2020, 9, 1870 18 of 26

45. Gadgeel, S.; Rodríguez-Abreu, D.; Speranza, G.; Esteban, E.; Felip, E.; Dómine, M.; Hui, R.; Hochmair, M.J.;
Clingan, P.; Powell, S.F.; et al. Updated Analysis From KEYNOTE-189: Pembrolizumab or Placebo Plus
Pemetrexed and Platinum for Previously Untreated Metastatic Nonsquamous Non-Small-Cell Lung Cancer.
J. Clin. Oncol. 2020, 38, 1505–1517. [CrossRef] [PubMed]

46. Mambetsariev, I.; Wang, Y.; Chen, C.; Nadaf, S.; Pharaon, R.; Fricke, J.; Amanam, I.; Amini, A.; Bild, A.;
Chu, P.; et al. Precision medicine and actionable alterations in lung cancer: A single institution experience.
PLoS ONE 2020, 15, e0228188. [CrossRef] [PubMed]

47. Dietel, M.; Savelov, N.; Salanova, R.; Micke, P.; Bigras, G.; Hida, T.; Piperdi, B.; Burke, T.; Khambata-Ford, S.;
Deitz, A. 130O Real-world prevalence of PD-L1 expression in locally advanced or metastatic non-small cell
lung cancer (NSCLC): The global, multicentre EXPRESS study. J. Thorac. Oncol. 2018, 13, S74–S75. [CrossRef]

48. Gómez, X.E.; Soto, A.; Gómez, M.A. Survival and prognostic factors in non-small cell lung cancer patients
with mutation of the EGFR gene treated with tyrosine kinase inhibitors in a peruvian hospital. Am. J. Cancer
Res. 2019, 9, 1009–1016.

49. Ciardiello, F.; Tortora, G. EGFR Antagonists in Cancer Treatment. N. Engl. J. Med. 2008, 358, 1160–1174.
[CrossRef]

50. Lynch, T.J.; Bell, D.W.; Sordella, R.; Gurubhagavatula, S.; Okimoto, R.A.; Brannigan, B.W.; Harris, P.L.;
Haserlat, S.M.; Supko, J.G.; Haluska, F.G.; et al. Activating mutations in the epidermal growth factor receptor
underlying responsiveness of non-small-cell lung cancer to gefitinib. N. Engl. J. Med. 2004, 350, 2129–2139.
[CrossRef]

51. Paez, J.G.; Jänne, P.A.; Lee, J.C.; Tracy, S.; Greulich, H.; Gabriel, S.; Herman, P.; Kaye, F.J.; Lindeman, N.;
Boggon, T.J.; et al. EGFR mutations in lung cancer: Correlation with clinical response to gefitinib therapy.
Science 2004, 304, 1497–1500. [CrossRef]

52. Pao, W.; Miller, V.; Zakowski, M.; Doherty, J.; Politi, K.; Sarkaria, I.; Singh, B.; Heelan, R.; Rusch, V.;
Fulton, L.; et al. EGF receptor gene mutations are common in lung cancers from "never smokers" and are
associated with sensitivity of tumors to gefitinib and erlotinib. Proc. Natl. Acad. Sci. USA 2004, 101,
13306–13311. [CrossRef]

53. Rosell, R.; Carcereny, E.; Gervais, R.; Vergnenegre, A.; Massuti, B.; Felip, E.; Palmero, R.; Garcia-Gomez, R.;
Pallares, C.; Sanchez, J.M.; et al. Erlotinib versus standard chemotherapy as first-line treatment for European
patients with advanced EGFR mutation-positive non-small-cell lung cancer (EURTAC): A multicentre,
open-label, randomised phase 3 trial. Lancet Oncol. 2012, 13, 239–246. [CrossRef]

54. Wu, Y.L.; Zhou, C.; Liam, C.K.; Wu, G.; Liu, X.; Zhong, Z.; Lu, S.; Cheng, Y.; Han, B.; Chen, L.; et al. First-line
erlotinib versus gemcitabine/cisplatin in patients with advanced EGFR mutation-positive non-small-cell
lung cancer: Analyses from the phase III, randomized, open-label, ENSURE study. Ann. Oncol. 2015, 26,
1883–1889. [CrossRef] [PubMed]

55. Wu, Y.L.; Zhou, C.; Hu, C.P.; Feng, J.; Lu, S.; Huang, Y.; Li, W.; Hou, M.; Shi, J.H.; Lee, K.Y.; et al. Afatinib
versus cisplatin plus gemcitabine for first-line treatment of Asian patients with advanced non-small-cell
lung cancer harbouring EGFR mutations (LUX-Lung 6): An open-label, randomised phase 3 trial. Lancet
Oncol. 2014, 15, 213–222. [CrossRef]

56. Yang, J.C.; Wu, Y.L.; Schuler, M.; Sebastian, M.; Popat, S.; Yamamoto, N.; Zhou, C.; Hu, C.P.; O’Byrne, K.;
Feng, J.; et al. Afatinib versus cisplatin-based chemotherapy for EGFR mutation-positive lung adenocarcinoma
(LUX-Lung 3 and LUX-Lung 6): Analysis of overall survival data from two randomised, phase 3 trials.
Lancet Oncol. 2015, 16, 141–151. [CrossRef]

57. Kazandjian, D.; Blumenthal, G.M.; Yuan, W.; He, K.; Keegan, P.; Pazdur, R. FDA Approval of Gefitinib for
the Treatment of Patients with Metastatic EGFR Mutation-Positive Non-Small Cell Lung Cancer. Clin. Cancer Res.
2016, 22, 1307–1312. [CrossRef]

58. Han, J.Y.; Park, K.; Kim, S.W.; Lee, D.H.; Kim, H.Y.; Kim, H.T.; Ahn, M.J.; Yun, T.; Ahn, J.S.; Suh, C.; et al.
First-SIGNAL: First-line single-agent iressa versus gemcitabine and cisplatin trial in never-smokers with
adenocarcinoma of the lung. J. Clin. Oncol. 2012, 30, 1122–1128. [CrossRef]

59. Sequist, L.V.; Yang, J.C.; Yamamoto, N.; O’Byrne, K.; Hirsh, V.; Mok, T.; Geater, S.L.; Orlov, S.; Tsai, C.M.;
Boyer, M.; et al. Phase III study of afatinib or cisplatin plus pemetrexed in patients with metastatic lung
adenocarcinoma with EGFR mutations. J. Clin. Oncol. 2013, 31, 3327–3334. [CrossRef]

http://dx.doi.org/10.1200/JCO.19.03136
http://www.ncbi.nlm.nih.gov/pubmed/32150489
http://dx.doi.org/10.1371/journal.pone.0228188
http://www.ncbi.nlm.nih.gov/pubmed/32045431
http://dx.doi.org/10.1016/S1556-0864(18)30404-0
http://dx.doi.org/10.1056/NEJMra0707704
http://dx.doi.org/10.1056/NEJMoa040938
http://dx.doi.org/10.1126/science.1099314
http://dx.doi.org/10.1073/pnas.0405220101
http://dx.doi.org/10.1016/S1470-2045(11)70393-X
http://dx.doi.org/10.1093/annonc/mdv270
http://www.ncbi.nlm.nih.gov/pubmed/26105600
http://dx.doi.org/10.1016/S1470-2045(13)70604-1
http://dx.doi.org/10.1016/S1470-2045(14)71173-8
http://dx.doi.org/10.1158/1078-0432.CCR-15-2266
http://dx.doi.org/10.1200/JCO.2011.36.8456
http://dx.doi.org/10.1200/JCO.2012.44.2806


J. Clin. Med. 2020, 9, 1870 19 of 26

60. Mok, T.; Ahn, M.-J.; Han, J.-Y.; Kang, J.H.; Katakami, N.; Kim, H.; Hodge, R.; Ghiorghiu, D.C.; Cantarini, M.;
Wu, Y.-L.; et al. CNS response to osimertinib in patients (pts) with T790M-positive advanced NSCLC:
Data from a randomized phase III trial (AURA3). J. Clin. Oncol. 2017, 35, 9005. [CrossRef]

61. Sun, M.; Behrens, C.; Feng, L.; Ozburn, N.; Tang, X.; Yin, G.; Komaki, R.; Varella-Garcia, M.; Hong, W.K.;
Aldape, K.D.; et al. HER family receptor abnormalities in lung cancer brain metastases and corresponding
primary tumors. Clin. Cancer Res. 2009, 15, 4829–4837. [CrossRef]

62. Daniele, L.; Cassoni, P.; Bacillo, E.; Cappia, S.; Righi, L.; Volante, M.; Tondat, F.; Inghirami, G.; Sapino, A.;
Scagliotti, G.V.; et al. Epidermal growth factor receptor gene in primary tumor and metastatic sites from
non-small cell lung cancer. J. Thorac Oncol. 2009, 4, 684–688. [CrossRef]

63. Leonetti, A.; Sharma, S.; Minari, R.; Perego, P.; Giovannetti, E.; Tiseo, M. Resistance mechanisms to osimertinib
in EGFR-mutated non-small cell lung cancer. Br. J. Cancer 2019, 121, 725–737. [CrossRef] [PubMed]

64. Yang, J.C.; Schuler, M.; Popat, S.; Miura, S.; Heeke, S.; Park, K.; Märten, A.; Kim, E.S. Afatinib for the Treatment
of NSCLC Harboring Uncommon EGFR Mutations: A Database of 693 Cases. J. Thorac Oncol. 2020, 15,
803–815. [CrossRef] [PubMed]

65. Heymach, J.; Negrao, M.; Robichaux, J.; Carter, B.; Patel, A.; Altan, M.; Gibbons, D.; Fossella, F.; Simon, G.;
Lam, V.; et al. OA02.06 A Phase II Trial of Poziotinib in EGFR and HER2 exon 20 Mutant Non-Small Cell
Lung Cancer (NSCLC). J. Thoracic Oncol. 2018, 13, S323–S324. [CrossRef]

66. Inal, C.; Yilmaz, E.; Cheng, H.; Zhu, C.; Pullman, J.; Gucalp, R.A.; Keller, S.M.; Perez-Soler, R.; Piperdi, B.
Effect of reflex testing by pathologists on molecular testing rates in lung cancer patients: Experience from
a community-based academic center. J. Clin. Oncol. 2014, 32, 8098. [CrossRef]

67. Gutierrez, M.E.; Choi, K.; Lanman, R.B.; Licitra, E.J.; Skrzypczak, S.M.; Pe Benito, R.; Wu, T.; Arunajadai, S.;
Kaur, S.; Harper, H.; et al. Genomic Profiling of Advanced Non-Small Cell Lung Cancer in Community
Settings: Gaps and Opportunities. Clin. Lung Cancer 2017, 18, 651–659. [CrossRef]

68. Gierman, H.J.; Goldfarb, S.; Labrador, M.; Weipert, C.M.; Getty, B.; Skrzypczak, S.M.; Catasus, C.; Carbral, S.;
Singaraju, M.; Singleton, N.; et al. Genomic testing and treatment landscape in patients with advanced
non-small cell lung cancer (aNSCLC) using real-world data from community oncology practices. J. Clin.
Oncol. 2019, 37, 1585. [CrossRef]

69. Presley, C.J.; Tang, D.; Soulos, P.R.; Chiang, A.C.; Longtine, J.A.; Adelson, K.B.; Herbst, R.S.; Zhu, W.;
Nussbaum, N.C.; Sorg, R.A.; et al. Association of Broad-Based Genomic Sequencing With Survival Among
Patients With Advanced Non-Small Cell Lung Cancer in the Community Oncology Setting. Jama 2018, 320,
469–477. [CrossRef]

70. Soda, M.; Choi, Y.L.; Enomoto, M.; Takada, S.; Yamashita, Y.; Ishikawa, S.; Fujiwara, S.; Watanabe, H.;
Kurashina, K.; Hatanaka, H.; et al. Identification of the transforming EML4-ALK fusion gene in non-small-cell
lung cancer. Nature 2007, 448, 561–566. [CrossRef]

71. Shaw, A.T.; Yeap, B.Y.; Mino-Kenudson, M.; Digumarthy, S.R.; Costa, D.B.; Heist, R.S.; Solomon, B.; Stubbs, H.;
Admane, S.; McDermott, U.; et al. Clinical features and outcome of patients with non-small-cell lung cancer
who harbor EML4-ALK. J. Clin. Oncol. 2009, 27, 4247–4253. [CrossRef]

72. Koivunen, J.P.; Mermel, C.; Zejnullahu, K.; Murphy, C.; Lifshits, E.; Holmes, A.J.; Choi, H.G.; Kim, J.;
Chiang, D.; Thomas, R.; et al. EML4-ALK fusion gene and efficacy of an ALK kinase inhibitor in lung cancer.
Clin. Cancer Res. 2008, 14, 4275–4283. [CrossRef]

73. Liao, B.C.; Lin, C.C.; Shih, J.Y.; Yang, J.C. Treating patients with ALK-positive non-small cell lung cancer:
Latest evidence and management strategy. Ther. Adv. Med. Oncol. 2015, 7, 274–290. [CrossRef] [PubMed]

74. Choi, Y.L.; Soda, M.; Yamashita, Y.; Ueno, T.; Takashima, J.; Nakajima, T.; Yatabe, Y.; Takeuchi, K.; Hamada, T.;
Haruta, H.; et al. EML4-ALK mutations in lung cancer that confer resistance to ALK inhibitors. N. Engl.
J. Med. 2010, 363, 1734–1739. [CrossRef] [PubMed]

75. Sasaki, T.; Koivunen, J.; Ogino, A.; Yanagita, M.; Nikiforow, S.; Zheng, W.; Lathan, C.; Marcoux, J.P.; Du, J.;
Okuda, K.; et al. A novel ALK secondary mutation and EGFR signaling cause resistance to ALK kinase
inhibitors. Cancer Res. 2011, 71, 6051–6060. [CrossRef]

76. Lovly, C.M.; Pao, W. Escaping ALK inhibition: Mechanisms of and strategies to overcome resistance.
Sci. Transl. Med. 2012, 4, 120ps122. [CrossRef] [PubMed]

77. Katayama, R.; Shaw, A.T.; Khan, T.M.; Mino-Kenudson, M.; Solomon, B.J.; Halmos, B.; Jessop, N.A.; Wain, J.C.;
Yeo, A.T.; Benes, C.; et al. Mechanisms of acquired crizotinib resistance in ALK-rearranged lung Cancers. Sci.
Transl. Med. 2012, 4, 120ra117. [CrossRef]

http://dx.doi.org/10.1200/JCO.2017.35.15_suppl.9005
http://dx.doi.org/10.1158/1078-0432.CCR-08-2921
http://dx.doi.org/10.1097/JTO.0b013e3181a52359
http://dx.doi.org/10.1038/s41416-019-0573-8
http://www.ncbi.nlm.nih.gov/pubmed/31564718
http://dx.doi.org/10.1016/j.jtho.2019.12.126
http://www.ncbi.nlm.nih.gov/pubmed/31931137
http://dx.doi.org/10.1016/j.jtho.2018.08.243
http://dx.doi.org/10.1200/jco.2014.32.15_suppl.8098
http://dx.doi.org/10.1016/j.cllc.2017.04.004
http://dx.doi.org/10.1200/JCO.2019.37.15_suppl.1585
http://dx.doi.org/10.1001/jama.2018.9824
http://dx.doi.org/10.1038/nature05945
http://dx.doi.org/10.1200/JCO.2009.22.6993
http://dx.doi.org/10.1158/1078-0432.CCR-08-0168
http://dx.doi.org/10.1177/1758834015590593
http://www.ncbi.nlm.nih.gov/pubmed/26327925
http://dx.doi.org/10.1056/NEJMoa1007478
http://www.ncbi.nlm.nih.gov/pubmed/20979473
http://dx.doi.org/10.1158/0008-5472.CAN-11-1340
http://dx.doi.org/10.1126/scitranslmed.3003728
http://www.ncbi.nlm.nih.gov/pubmed/22323827
http://dx.doi.org/10.1126/scitranslmed.3003316


J. Clin. Med. 2020, 9, 1870 20 of 26

78. Katayama, R.; Khan, T.M.; Benes, C.; Lifshits, E.; Ebi, H.; Rivera, V.M.; Shakespeare, W.C.; Iafrate, A.J.;
Engelman, J.A.; Shaw, A.T. Therapeutic strategies to overcome crizotinib resistance in non-small cell lung
cancers harboring the fusion oncogene EML4-ALK. Proc. Natl. Acad. Sci. USA 2011, 108, 7535–7540.
[CrossRef]

79. Doebele, R.C.; Pilling, A.B.; Aisner, D.L.; Kutateladze, T.G.; Le, A.T.; Weickhardt, A.J.; Kondo, K.L.;
Linderman, D.J.; Heasley, L.E.; Franklin, W.A.; et al. Mechanisms of resistance to crizotinib in patients with
ALK gene rearranged non-small cell lung cancer. Clin. Cancer Res. 2012, 18, 1472–1482. [CrossRef]

80. Shaw, A.T.; Kim, D.-W.; Mehra, R.; Tan, D.S.W.; Felip, E.; Chow, L.Q.M.; Camidge, D.R.; Vansteenkiste, J.;
Sharma, S.; De Pas, T.; et al. Ceritinib in ALK-Rearranged Non–Small-Cell Lung Cancer. N. Engl. J. Med.
2014, 370, 1189–1197. [CrossRef]

81. Camidge, D.R.; Dziadziuszko, R.; Peters, S.; Mok, T.; Noe, J.; Nowicka, M.; Gadgeel, S.M.; Cheema, P.;
Pavlakis, N.; de Marinis, F.; et al. Updated Efficacy and Safety Data and Impact of the EML4-ALK Fusion
Variant on the Efficacy of Alectinib in Untreated ALK-Positive Advanced Non-Small Cell Lung Cancer in
the Global Phase III ALEX Study. J. Thorac Oncol. 2019, 14, 1233–1243. [CrossRef]

82. Hida, T.; Nokihara, H.; Kondo, M.; Kim, Y.H.; Azuma, K.; Seto, T.; Takiguchi, Y.; Nishio, M.; Yoshioka, H.;
Imamura, F.; et al. Alectinib versus crizotinib in patients with ALK-positive non-small-cell lung cancer
(J-ALEX): An open-label, randomised phase 3 trial. Lancet 2017, 390, 29–39. [CrossRef]

83. Peters, S.; Camidge, D.R.; Shaw, A.T.; Gadgeel, S.; Ahn, J.S.; Kim, D.-W.; Ou, S.-H.I.; Pérol, M.; Dziadziuszko, R.;
Rosell, R.; et al. Alectinib versus Crizotinib in Untreated ALK-Positive Non–Small-Cell Lung Cancer. N. Engl.
J. Med. 2017, 377, 829–838. [CrossRef] [PubMed]

84. Zhang, S.; Anjum, R.; Squillace, R.; Nadworny, S.; Zhou, T.; Keats, J.; Ning, Y.; Wardwell, S.D.; Miller, D.;
Song, Y.; et al. The Potent ALK Inhibitor Brigatinib (AP26113) Overcomes Mechanisms of Resistance to
First- and Second-Generation ALK Inhibitors in Preclinical Models. Clin. Cancer Res. 2016, 22, 5527–5538.
[CrossRef] [PubMed]

85. Amanam, I.; Gupta, R.; Mambetsariev, I.; Salgia, R. The brigatinib experience: A new generation of therapy
for ALK-positive non-small-cell lung cancer. Future Oncol. 2018, 14, 1897–1908. [CrossRef]

86. Kim, D.W.; Tiseo, M.; Ahn, M.J.; Reckamp, K.L.; Hansen, K.H.; Kim, S.W.; Huber, R.M.; West, H.L.;
Groen, H.J.M.; Hochmair, M.J.; et al. Brigatinib in Patients With Crizotinib-Refractory Anaplastic Lymphoma
Kinase-Positive Non-Small-Cell Lung Cancer: A Randomized, Multicenter Phase II Trial. J. Clin. Oncol. 2017,
35, 2490–2498. [CrossRef] [PubMed]

87. Sakamoto, H.; Tsukaguchi, T.; Hiroshima, S.; Kodama, T.; Kobayashi, T.; Fukami, T.A.; Oikawa, N.; Tsukuda, T.;
Ishii, N.; Aoki, Y. CH5424802, a selective ALK inhibitor capable of blocking the resistant gatekeeper mutant.
Cancer Cell. 2011, 19, 679–690. [CrossRef]

88. Rivera, V.M.; Wang, F.; Anjum, R.; Zhang, S.; Squillace, R.; Keats, J.; Miller, D.; Ning, Y.; Wardwell, S.D.;
Moran, L.; et al. Abstract 1794: AP26113 is a dual ALK/EGFR inhibitor: Characterization against EGFR
T790M in cell and mouse models of NSCLC. Cancer Res. 2012, 72, 1794. [CrossRef]

89. Camidge, R.; Kim, H.R.; Ahn, M.J.; Yang, J.C.H.; Han, J.Y.; Hochmair, M.J.; Lee, K.H.; Delmonte, A.; Garcia
Campelo, M.R.; Kim, D.W.; et al. Brigatinib vs crizotinib in patients with ALK inhibitor-naive advanced ALK+

NSCLC: Updated results from the phase III ALTA-1L trial. Ann. Oncol. 2019, 30, ix195–ix196. [CrossRef]
90. Horn, L.; Infante, J.R.; Reckamp, K.L.; Blumenschein, G.R.; Leal, T.A.; Waqar, S.N.; Gitlitz, B.J.; Sanborn, R.E.;

Whisenant, J.G.; Du, L.; et al. Ensartinib (X-396) in ALK-Positive Non–Small Cell Lung Cancer: Results from
a First-in-Human Phase I/II, Multicenter Study. Clin. Cancer Res. 2018, 24, 2771–2779. [CrossRef]

91. Shaw, A.T.; Solomon, B.J.; Besse, B.; Bauer, T.M.; Lin, C.C.; Soo, R.A.; Riely, G.J.; Ou, S.I.; Clancy, J.S.; Li, S.; et al.
ALK Resistance Mutations and Efficacy of Lorlatinib in Advanced Anaplastic Lymphoma Kinase-Positive
Non-Small-Cell Lung Cancer. J. Clin. Oncol. 2019, 37, 1370–1379. [CrossRef]

92. Barrows, S.M.; Wright, K.; Copley-Merriman, C.; Kaye, J.A.; Chioda, M.; Wiltshire, R.; Torgersen, K.M.;
Masters, E.T. Systematic review of sequencing of ALK inhibitors in ALK-positive non-small-cell lung cancer.
Lung Cancer (Auckl) 2019, 10, 11–20. [CrossRef]

93. Xu, H.; Ma, D.; Yang, G.; Li, J.; Hao, X.; Xing, P.; Yang, L.; Xu, F.; Wang, Y. Sequential therapy according to
distinct disease progression patterns in advanced ALK-positive non-small-cell lung cancer after crizotinib
treatment. Chin. J. Cancer Res. 2019, 31, 349–356. [CrossRef]

94. Illei, P.B.; Wong, W.; Wu, N.; Chu, L.; Gupta, R.; Schulze, K.; Gubens, M.A. ALK Testing Trends and Patterns
Among Community Practices in the United States. JCO Precis. Oncol. 2018, 2, 1–11. [CrossRef]

http://dx.doi.org/10.1073/pnas.1019559108
http://dx.doi.org/10.1158/1078-0432.CCR-11-2906
http://dx.doi.org/10.1056/NEJMoa1311107
http://dx.doi.org/10.1016/j.jtho.2019.03.007
http://dx.doi.org/10.1016/S0140-6736(17)30565-2
http://dx.doi.org/10.1056/NEJMoa1704795
http://www.ncbi.nlm.nih.gov/pubmed/28586279
http://dx.doi.org/10.1158/1078-0432.CCR-16-0569
http://www.ncbi.nlm.nih.gov/pubmed/27780853
http://dx.doi.org/10.2217/fon-2017-0545
http://dx.doi.org/10.1200/JCO.2016.71.5904
http://www.ncbi.nlm.nih.gov/pubmed/28475456
http://dx.doi.org/10.1016/j.ccr.2011.04.004
http://dx.doi.org/10.1158/1538-7445.Am2012-1794
http://dx.doi.org/10.1093/annonc/mdz446
http://dx.doi.org/10.1158/1078-0432.CCR-17-2398
http://dx.doi.org/10.1200/JCO.18.02236
http://dx.doi.org/10.2147/LCTT.S179349
http://dx.doi.org/10.21147/j.issn.1000-9604.2019.02.09
http://dx.doi.org/10.1200/PO.18.00159


J. Clin. Med. 2020, 9, 1870 21 of 26

95. Hussein, M.; Richards, D.A.; Ulrich, B.; Korytowsky, B.; Pandya, D.; Cogswell, J.; Batenchuk, C.; Burns, V.
ORAL01.02: Biopsies in Initial Diagnosis of Non–Small Cell Lung Cancer in US Community Oncology
Practices: Implications for First-Line Immunotherapy: Topic: Medical Oncology. J. Thorac. Oncol. 2016, 11,
S249–S250. [CrossRef]

96. Leighl, N.B.; Page, R.D.; Raymond, V.M.; Daniel, D.B.; Divers, S.G.; Reckamp, K.L.; Villalona-Calero, M.A.;
Dix, D.; Odegaard, J.I.; Lanman, R.B.; et al. Clinical Utility of Comprehensive Cell-Free DNA Analysis to
Identify Genomic Biomarkers in Patients with Newly Diagnosed Metastatic Non-Small Cell Lung Cancer.
Clin. Cancer Res. 2019. [CrossRef] [PubMed]

97. Rikova, K.; Guo, A.; Zeng, Q.; Possemato, A.; Yu, J.; Haack, H.; Nardone, J.; Lee, K.; Reeves, C.; Li, Y.; et al.
Global survey of phosphotyrosine signaling identifies oncogenic kinases in lung cancer. Cell 2007, 131,
1190–1203. [CrossRef] [PubMed]

98. Korpanty, G.J.; Graham, D.M.; Vincent, M.D.; Leighl, N.B. Biomarkers That Currently Affect Clinical Practice
in Lung Cancer: EGFR, ALK, MET, ROS-1, and KRAS. Front. Oncol. 2014, 4, 204. [CrossRef] [PubMed]

99. Gainor, J.F.; Tseng, D.; Yoda, S.; Dagogo-Jack, I.; Friboulet, L.; Lin, J.J.; Hubbeling, H.G.; Dardaei, L.;
Farago, A.F.; Schultz, K.R.; et al. Patterns of Metastatic Spread and Mechanisms of Resistance to Crizotinib in
ROS1-Positive Non-Small-Cell Lung Cancer. JCO Precis Oncol. 2017, 2017. [CrossRef] [PubMed]

100. Dagogo-Jack, I.; Shaw, A.T. Expanding the Roster of ROS1 Inhibitors. J. Clin. Oncol. 2017, 35, 2595–2597.
[CrossRef]

101. Shaw, A.T.; Ou, S.H.; Bang, Y.J.; Camidge, D.R.; Solomon, B.J.; Salgia, R.; Riely, G.J.; Varella-Garcia, M.;
Shapiro, G.I.; Costa, D.B.; et al. Crizotinib in ROS1-rearranged non-small-cell lung cancer. N. Engl. J. Med.
2014, 371, 1963–1971. [CrossRef]

102. Lim, S.M.; Kim, H.R.; Lee, J.S.; Lee, K.H.; Lee, Y.G.; Min, Y.J.; Cho, E.K.; Lee, S.S.; Kim, B.S.; Choi, M.Y.; et al.
Open-Label, Multicenter, Phase II Study of Ceritinib in Patients With Non-Small-Cell Lung Cancer Harboring
ROS1 Rearrangement. J. Clin. Oncol. 2017, 35, 2613–2618. [CrossRef]

103. Doebele, R.; Ahn, M.; Siena, S.; Drilon, A.; Krebs, M.; Lin, C.; De Braud, F.; John, T.; Tan, D.; Seto, T.; et al.
OA02.01 Efficacy and Safety of Entrectinib in Locally Advanced or Metastatic ROS1 Fusion-Positive
Non-Small Cell Lung Cancer (NSCLC). J. Thorac. Oncol. 2018, 13, S321–S322. [CrossRef]

104. Ou, S.; Shaw, A.; Riely, G.; Chiari, R.; Bauman, J.; Clancy, J.; Thurm, H.; Peltz, G.; Abbattista, A.; Solomon, B.
OA02.03 Clinical Activity of Lorlatinib in Patients with ROS1+ Advanced Non-Small Cell Lung Cancer:
Phase 2 Study Cohort EXP-6. J. Thorac. Oncol. 2018, 13, S322–S323. [CrossRef]

105. Research, F.o.C. Trends in the Molecular Diagnosis of Lung Cancer, Results from an Online Market
Research Survey. Available online: https://www.focr.org/sites/default/files/pdf/FINAL%202017%20Friends%
20NSCLC%20White%20Paper.pdf (accessed on 20 May 2020).

106. Nadler, E.; Pavilack, M.; Clark, J.; Espirito, J.; Fernandes, A. Biomarker Testing Rates in Patients with
Advanced Non-Small Cell Lung Cancer Treated in the Community. J. Cancer Ther. 2019, 10, 971–984.
[CrossRef]

107. Rijavec, E.; Coco, S.; Genova, C.; Rossi, G.; Longo, L.; Grossi, F. Liquid Biopsy in Non-Small Cell Lung Cancer:
Highlights and Challenges. Cancers (Basel) 2019, 12, 17. [CrossRef] [PubMed]

108. de Melo Gagliato, D.; Jardim, D.L.F.; Falchook, G.; Tang, C.; Zinner, R.; Wheler, J.J.; Janku, F.; Subbiah, V.;
Piha-Paul, S.A.; Fu, S.; et al. Analysis of MET genetic aberrations in patients with breast cancer at MD
Anderson Phase I unit. Clin. Breast Cancer 2014, 14, 468–474. [CrossRef] [PubMed]

109. Cappuzzo, F.; Marchetti, A.; Skokan, M.; Rossi, E.; Gajapathy, S.; Felicioni, L.; Del Grammastro, M.;
Sciarrotta, M.G.; Buttitta, F.; Incarbone, M.; et al. Increased MET gene copy number negatively affects
survival of surgically resected non-small-cell lung cancer patients. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol.
2009, 27, 1667–1674. [CrossRef] [PubMed]

110. Carracedo, A.; Egervari, K.; Salido, M.; Rojo, F.; Corominas, J.M.; Arumi, M.; Corzo, C.; Tusquets, I.;
Espinet, B.; Rovira, A.; et al. FISH and immunohistochemical status of the hepatocyte growth factor receptor
(c-Met) in 184 invasive breast tumors. Breast Cancer Res. 2009, 11, 402. [CrossRef]

111. Drilon, A.; Cappuzzo, F.; Ou, S.-H.I.; Camidge, D.R. Targeting MET in Lung Cancer: Will Expectations
Finally Be MET? J. Thorac. Oncol. 2017, 12, 15–26. [CrossRef]

112. Ghadjar, P.; Blank-Liss, W.; Simcock, M.; Hegyi, I.; Beer, K.T.; Moch, H.; Aebersold, D.M.; Zimmer, Y. MET
Y1253D-activating point mutation and development of distant metastasis in advanced head and neck cancers.
Clin. Exp. Metastasis 2009, 26, 809–815. [CrossRef]

http://dx.doi.org/10.1016/j.jtho.2016.09.007
http://dx.doi.org/10.1158/1078-0432.CCR-19-0624
http://www.ncbi.nlm.nih.gov/pubmed/30988079
http://dx.doi.org/10.1016/j.cell.2007.11.025
http://www.ncbi.nlm.nih.gov/pubmed/18083107
http://dx.doi.org/10.3389/fonc.2014.00204
http://www.ncbi.nlm.nih.gov/pubmed/25157335
http://dx.doi.org/10.1200/PO.17.00063
http://www.ncbi.nlm.nih.gov/pubmed/29333528
http://dx.doi.org/10.1200/JCO.2017.73.2586
http://dx.doi.org/10.1056/NEJMoa1406766
http://dx.doi.org/10.1200/JCO.2016.71.3701
http://dx.doi.org/10.1016/j.jtho.2018.08.239
http://dx.doi.org/10.1016/j.jtho.2018.08.241
https://www.focr.org/sites/default/files/pdf/FINAL%202017%20Friends%20NSCLC%20White%20Paper.pdf
https://www.focr.org/sites/default/files/pdf/FINAL%202017%20Friends%20NSCLC%20White%20Paper.pdf
http://dx.doi.org/10.4236/jct.2019.1012083
http://dx.doi.org/10.3390/cancers12010017
http://www.ncbi.nlm.nih.gov/pubmed/31861557
http://dx.doi.org/10.1016/j.clbc.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25065564
http://dx.doi.org/10.1200/JCO.2008.19.1635
http://www.ncbi.nlm.nih.gov/pubmed/19255323
http://dx.doi.org/10.1186/bcr2239
http://dx.doi.org/10.1016/j.jtho.2016.10.014
http://dx.doi.org/10.1007/s10585-009-9280-9


J. Clin. Med. 2020, 9, 1870 22 of 26

113. Cipriani, N.A.; Abidoye, O.O.; Vokes, E.; Salgia, R. MET as a target for treatment of chest tumors. Lung Cancer
2009, 63, 169–179. [CrossRef]

114. Schmidt, L.; Duh, F.M.; Chen, F.; Kishida, T.; Glenn, G.; Choyke, P.; Scherer, S.W.; Zhuang, Z.; Lubensky, I.;
Dean, M.; et al. Germline and somatic mutations in the tyrosine kinase domain of the MET proto-oncogene
in papillary renal carcinomas. Nat. Genet. 1997, 16, 68–73. [CrossRef] [PubMed]

115. Ma, P.C.; Jagadeeswaran, R.; Jagadeesh, S.; Tretiakova, M.S.; Nallasura, V.; Fox, E.A.; Hansen, M.; Schaefer, E.;
Naoki, K.; Lader, A.; et al. Functional expression and mutations of c-Met and its therapeutic inhibition with
SU11274 and small interfering RNA in non-small cell lung cancer. Cancer Res. 2005, 65, 1479–1488. [CrossRef]

116. Ma, P.C.; Kijima, T.; Maulik, G.; Fox, E.A.; Sattler, M.; Griffin, J.D.; Johnson, B.E.; Salgia, R. c-MET mutational
analysis in small cell lung cancer: Novel juxtamembrane domain mutations regulating cytoskeletal functions.
Cancer Res. 2003, 63, 6272–6281. [PubMed]

117. Comprehensive molecular profiling of lung adenocarcinoma. Nature 2014, 511, 543–550. [CrossRef] [PubMed]
118. Comprehensive genomic characterization of squamous cell lung cancers. Nature 2012, 489, 519–525.

[CrossRef]
119. Paik, P.K.; Drilon, A.; Fan, P.-D.; Yu, H.; Rekhtman, N.; Ginsberg, M.S.; Borsu, L.; Schultz, N.; Berger, M.F.;

Rudin, C.M.; et al. Response to MET Inhibitors in Patients with Stage IV Lung Adenocarcinomas Harboring
MET Mutations Causing Exon 14 Skipping. Cancer Discov. 2015, 5, 842–849. [CrossRef]

120. Drilon, A.; Clark, J.W.; Weiss, J.; Ou, S.I.; Camidge, D.R.; Solomon, B.J.; Otterson, G.A.; Villaruz, L.C.;
Riely, G.J.; Heist, R.S.; et al. Antitumor activity of crizotinib in lung cancers harboring a MET exon 14
alteration. Nat. Med. 2020, 26, 47–51. [CrossRef]

121. Felip, E.; Horn, L.; Patel, J.D.; Sakai, H.; Scheele, J.; Bruns, R.; Paik, P.K. Tepotinib in patients with advanced
non-small cell lung cancer (NSCLC) harboring MET exon 14-skipping mutations: Phase II trial. J. Clin. Oncol.
2018, 36, 9016. [CrossRef]

122. Nakamura, Y.; Niki, T.; Goto, A.; Morikawa, T.; Miyazawa, K.; Nakajima, J.; Fukayama, M. c-Met activation in
lung adenocarcinoma tissues: An immunohistochemical analysis. Cancer Sci 2007, 98, 1006–1013. [CrossRef]

123. Cappuzzo, F.; Janne, P.A.; Skokan, M.; Finocchiaro, G.; Rossi, E.; Ligorio, C.; Zucali, P.A.; Terracciano, L.;
Toschi, L.; Roncalli, M.; et al. MET increased gene copy number and primary resistance to gefitinib therapy
in non-small-cell lung cancer patients. Ann. Oncol. 2009, 20, 298–304. [CrossRef]

124. Strickler, J.H.; Weekes, C.D.; Nemunaitis, J.; Ramanathan, R.K.; Heist, R.S.; Morgensztern, D.; Angevin, E.;
Bauer, T.M.; Yue, H.; Motwani, M.; et al. First-in-Human Phase I, Dose-Escalation and -Expansion Study of
Telisotuzumab Vedotin, an Antibody-Drug Conjugate Targeting c-Met, in Patients With Advanced Solid
Tumors. J. Clin. Oncol. 2018, 36, 3298–3306. [CrossRef] [PubMed]

125. Wang, R.; Hu, H.; Pan, Y.; Li, Y.; Ye, T.; Li, C.; Luo, X.; Wang, L.; Li, H.; Zhang, Y.; et al. RET fusions define
a unique molecular and clinicopathologic subtype of non-small-cell lung cancer. J. Clin. Oncol. 2012, 30,
4352–4359. [CrossRef] [PubMed]

126. Drilon, A.; Rekhtman, N.; Arcila, M.; Wang, L.; Ni, A.; Albano, M.; Van Voorthuysen, M.; Somwar, R.;
Smith, R.S.; Montecalvo, J.; et al. Cabozantinib in patients with advanced RET-rearranged non-small-cell lung
cancer: An open-label, single-centre, phase 2, single-arm trial. Lancet Oncol. 2016, 17, 1653–1660. [CrossRef]

127. Gainor, J.F.; Lee, D.H.; Curigliano, G.; Doebele, R.C.; Kim, D.-W.; Baik, C.S.; Tan, D.S.-W.; Lopes, G.;
Gadgeel, S.M.; Cassier, P.A.; et al. Clinical activity and tolerability of BLU-667, a highly potent and selective
RET inhibitor, in patients (pts) with advanced RET-fusion+ non-small cell lung cancer (NSCLC). J. Clin.
Oncol. 2019, 37, 9008. [CrossRef]

128. Nakagawara, A. Trk receptor tyrosine kinases: A bridge between cancer and neural development. Cancer Lett. 2001,
169, 107–114. [CrossRef]

129. Vaishnavi, A.; Capelletti, M.; Le, A.T.; Kako, S.; Butaney, M.; Ercan, D.; Mahale, S.; Davies, K.D.; Aisner, D.L.;
Pilling, A.B.; et al. Oncogenic and drug-sensitive NTRK1 rearrangements in lung cancer. Nat. Med. 2013, 19,
1469–1472. [CrossRef]

130. Doebele, R.C.; Drilon, A.; Paz-Ares, L.; Siena, S.; Shaw, A.T.; Farago, A.F.; Blakely, C.M.; Seto, T.; Cho, B.C.;
Tosi, D.; et al. Entrectinib in patients with advanced or metastatic NTRK fusion-positive solid tumours:
Integrated analysis of three phase 1-2 trials. Lancet Oncol. 2020, 21, 271–282. [CrossRef]

http://dx.doi.org/10.1016/j.lungcan.2008.06.011
http://dx.doi.org/10.1038/ng0597-68
http://www.ncbi.nlm.nih.gov/pubmed/9140397
http://dx.doi.org/10.1158/0008-5472.CAN-04-2650
http://www.ncbi.nlm.nih.gov/pubmed/14559814
http://dx.doi.org/10.1038/nature13385
http://www.ncbi.nlm.nih.gov/pubmed/25079552
http://dx.doi.org/10.1038/nature11404
http://dx.doi.org/10.1158/2159-8290.CD-14-1467
http://dx.doi.org/10.1038/s41591-019-0716-8
http://dx.doi.org/10.1200/JCO.2018.36.15_suppl.9016
http://dx.doi.org/10.1111/j.1349-7006.2007.00493.x
http://dx.doi.org/10.1093/annonc/mdn635
http://dx.doi.org/10.1200/JCO.2018.78.7697
http://www.ncbi.nlm.nih.gov/pubmed/30285518
http://dx.doi.org/10.1200/JCO.2012.44.1477
http://www.ncbi.nlm.nih.gov/pubmed/23150706
http://dx.doi.org/10.1016/S1470-2045(16)30562-9
http://dx.doi.org/10.1200/JCO.2019.37.15_suppl.9008
http://dx.doi.org/10.1016/S0304-3835(01)00530-4
http://dx.doi.org/10.1038/nm.3352
http://dx.doi.org/10.1016/S1470-2045(19)30691-6


J. Clin. Med. 2020, 9, 1870 23 of 26

131. Drilon, A.; Li, G.; Dogan, S.; Gounder, M.; Shen, R.; Arcila, M.; Wang, L.; Hyman, D.M.; Hechtman, J.;
Wei, G.; et al. What hides behind the MASC: Clinical response and acquired resistance to entrectinib after
ETV6-NTRK3 identification in a mammary analogue secretory carcinoma (MASC). Ann. Oncol. 2016, 27,
920–926. [CrossRef]

132. Russo, M.; Misale, S.; Wei, G.; Siravegna, G.; Crisafulli, G.; Lazzari, L.; Corti, G.; Rospo, G.; Novara, L.;
Mussolin, B.; et al. Acquired Resistance to the TRK Inhibitor Entrectinib in Colorectal Cancer. Cancer Discov.
2016, 6, 36–44. [CrossRef]

133. Drilon, A.; Nagasubramanian, R.; Blake, J.F.; Ku, N.; Tuch, B.B.; Ebata, K.; Smith, S.; Lauriault, V.;
Kolakowski, G.R.; Brandhuber, B.J.; et al. A Next-Generation TRK Kinase Inhibitor Overcomes Acquired
Resistance to Prior TRK Kinase Inhibition in Patients with TRK Fusion–Positive Solid Tumors. Cancer Discov.
2017, 7, 963–972. [CrossRef]

134. Hyman, D.; Kummar, S.; Farago, A.; Geoerger, B.; Mau-Sorensen, M.; Taylor, M.; Garralda, E.;
Nagasubramanian, R.; Natheson, M.; Song, L.; et al. Abstract CT127: Phase I and expanded access
experience of LOXO-195 (BAY 2731954), a selective next-generation TRK inhibitor (TRKi). Cancer Res. 2019,
79, CT127. [CrossRef]

135. Marchetti, A.; Felicioni, L.; Malatesta, S.; Sciarrotta, M.G.; Guetti, L.; Chella, A.; Viola, P.; Pullara, C.; Mucilli, F.;
Buttitta, F. Clinical Features and Outcome of Patients With Non–Small-Cell Lung Cancer Harboring BRAF
Mutations. J. Clin. Oncol. 2011, 29, 3574–3579. [CrossRef] [PubMed]

136. Planchard, D.; Smit, E.F.; Groen, H.J.M.; Mazieres, J.; Besse, B.; Helland, Å.; Giannone, V.; D’Amelio, A.M., Jr.;
Zhang, P.; Mookerjee, B.; et al. Dabrafenib plus trametinib in patients with previously untreated
BRAF(V600E)-mutant metastatic non-small-cell lung cancer: An open-label, phase 2 trial. Lancet Oncol. 2017,
18, 1307–1316. [CrossRef]

137. Mao, C.; Qiu, L.X.; Liao, R.Y.; Du, F.B.; Ding, H.; Yang, W.C.; Li, J.; Chen, Q. KRAS mutations and resistance to
EGFR-TKIs treatment in patients with non-small cell lung cancer: A meta-analysis of 22 studies. Lung Cancer
2010, 69, 272–278. [CrossRef] [PubMed]

138. Johnson, M.L.; Sima, C.S.; Chaft, J.; Paik, P.K.; Pao, W.; Kris, M.G.; Ladanyi, M.; Riely, G.J. Association of
KRAS and EGFR mutations with survival in patients with advanced lung adenocarcinomas. Cancer 2013,
119, 356–362. [CrossRef]

139. Shepherd, F.A.; Lacas, B.; Le Teuff, G.; Hainaut, P.; Janne, P.A.; Pignon, J.P.; Le Chevalier, T.; Seymour, L.;
Douillard, J.Y.; Graziano, S.; et al. Pooled Analysis of the Prognostic and Predictive Effects of TP53 Comutation
Status Combined With KRAS or EGFR Mutation in Early-Stage Resected Non-Small-Cell Lung Cancer in
Four Trials of Adjuvant Chemotherapy. J. Clin. Oncol. 2017, 35, 2018–2027. [CrossRef]

140. AACR Project GENIE: Powering Precision Medicine through an International Consortium. Cancer Discov.
2017, 7, 818–831. [CrossRef]

141. Christensen, J.G.; Hallin, J.; Engstrom, L.D.; Hargis, L.; Calinisan, A.; Aranda, R.; Briere, D.M.; Sudhakar, N.;
Bowcut, V.; Baer, B.R.; et al. The KRASG12C Inhibitor, MRTX849, Provides Insight Toward Therapeutic
Susceptibility of KRAS Mutant Cancers in Mouse Models and Patients. Cancer Discov. 2019, 10, 54–71.
[CrossRef]

142. Khozin, S.; Abernethy, A.P.; Nussbaum, N.C.; Zhi, J.; Curtis, M.D.; Tucker, M.; Lee, S.E.; Light, D.E.; Gossai, A.;
Sorg, R.A.; et al. Characteristics of Real-World Metastatic Non-Small Cell Lung Cancer Patients Treated
with Nivolumab and Pembrolizumab During the Year Following Approval. Oncologist 2018, 23, 328–336.
[CrossRef]

143. Nadler, E.; Espirito, J.L.; Pavilack, M.; Boyd, M.; Vergara-Silva, A.; Fernandes, A. Treatment Patterns
and Clinical Outcomes Among Metastatic Non-Small-Cell Lung Cancer Patients Treated in the Community
Practice Setting. Clin. Lung Cancer 2018, 19, 360–370. [CrossRef] [PubMed]

144. Fehrenbacher, L.; Spira, A.; Ballinger, M.; Kowanetz, M.; Vansteenkiste, J.; Mazieres, J.; Park, K.; Smith, D.;
Artal-Cortes, A.; Lewanski, C.; et al. Atezolizumab versus docetaxel for patients with previously treated
non-small-cell lung cancer (POPLAR): A multicentre, open-label, phase 2 randomised controlled trial. Lancet
2016, 387, 1837–1846. [CrossRef]

145. Reck, M.; Rodríguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csőszi, T.; Fülöp, A.; Gottfried, M.; Peled, N.;
Tafreshi, A.; Cuffe, S.; et al. Updated Analysis of KEYNOTE-024: Pembrolizumab Versus Platinum-Based
Chemotherapy for Advanced Non-Small-Cell Lung Cancer With PD-L1 Tumor Proportion Score of 50% or
Greater. J. Clin. Oncol. 2019, 37, 537–546. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/annonc/mdw042
http://dx.doi.org/10.1158/2159-8290.CD-15-0940
http://dx.doi.org/10.1158/2159-8290.CD-17-0507
http://dx.doi.org/10.1158/1538-7445.Am2019-ct127
http://dx.doi.org/10.1200/JCO.2011.35.9638
http://www.ncbi.nlm.nih.gov/pubmed/21825258
http://dx.doi.org/10.1016/S1470-2045(17)30679-4
http://dx.doi.org/10.1016/j.lungcan.2009.11.020
http://www.ncbi.nlm.nih.gov/pubmed/20022659
http://dx.doi.org/10.1002/cncr.27730
http://dx.doi.org/10.1200/JCO.2016.71.2893
http://dx.doi.org/10.1158/2159-8290.CD-17-0151
http://dx.doi.org/10.1158/2159-8290.cd-19-1167
http://dx.doi.org/10.1634/theoncologist.2017-0353
http://dx.doi.org/10.1016/j.cllc.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29576407
http://dx.doi.org/10.1016/S0140-6736(16)00587-0
http://dx.doi.org/10.1200/JCO.18.00149
http://www.ncbi.nlm.nih.gov/pubmed/30620668


J. Clin. Med. 2020, 9, 1870 24 of 26

146. Zhou, Y.; Lin, Z.; Zhang, X.; Chen, C.; Zhao, H.; Hong, S.; Zhang, L. First-line treatment for patients with
advanced non-small cell lung carcinoma and high PD-L1 expression: Pembrolizumab or pembrolizumab
plus chemotherapy. J. Immunother. Cancer 2019, 7, 120. [CrossRef] [PubMed]

147. Gandhi, L.; Rodríguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; De Angelis, F.; Domine, M.; Clingan, P.;
Hochmair, M.J.; Powell, S.F.; et al. Pembrolizumab plus Chemotherapy in Metastatic Non–Small-Cell Lung
Cancer. N. Engl. J. Med. 2018, 378, 2078–2092. [CrossRef]

148. Hellmann, M.D.; Paz-Ares, L.; Bernabe Caro, R.; Zurawski, B.; Kim, S.-W.; Carcereny Costa, E.; Park, K.;
Alexandru, A.; Lupinacci, L.; de la Mora Jimenez, E.; et al. Nivolumab plus Ipilimumab in Advanced
Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2019, 381, 2020–2031. [CrossRef]

149. Rizvi, N.A.; Cho, B.C.; Reinmuth, N.; Lee, K.H.; Luft, A.; Ahn, M.J.; van den Heuvel, M.M.; Cobo, M.;
Vicente, D.; Smolin, A.; et al. Durvalumab With or Without Tremelimumab vs Standard Chemotherapy in
First-line Treatment of Metastatic Non-Small Cell Lung Cancer: The MYSTIC Phase 3 Randomized Clinical
Trial. JAMA Oncol. 2020, 6, 661–674. [CrossRef]

150. Theelen, W.S.M.E.; Baas, P. Pembrolizumab monotherapy for PD-L1 ≥50% non-small cell lung cancer,
undisputed first choice? Ann. Transl. Med. 2019, 7, S140. [CrossRef]

151. Velcheti, V.; Chandwani, S.; Chen, X.; Pietanza, M.C.; Piperdi, B.; Burke, T. Outcomes of first-line
pembrolizumab monotherapy for PD-L1-positive (TPS ≥50%) metastatic NSCLC at US oncology practices.
Immunotherapy 2019, 11, 1541–1554. [CrossRef]

152. Shivakumar, L.; Weldon, C.B.; Lucas, L.; Perloff, T. Identifying obstacles to optimal integration of cancer
immunotherapies in the community setting. J. Clin. Oncol. 2019, 37, 87. [CrossRef]

153. Krimphove, M.J.; Tully, K.H.; Friedlander, D.F.; Marchese, M.; Ravi, P.; Lipsitz, S.R.; Kilbridge, K.L.; Kibel, A.S.;
Kluth, L.A.; Ott, P.A.; et al. Adoption of immunotherapy in the community for patients diagnosed with
metastatic melanoma. J. Immunother. Cancer 2019, 7, 289. [CrossRef]

154. Ancevski Hunter, K.; Socinski, M.A.; Villaruz, L.C. PD-L1 Testing in Guiding Patient Selection for PD-1/PD-L1
Inhibitor Therapy in Lung Cancer. Mol. Diagn. Ther. 2018, 22, 1–10. [CrossRef] [PubMed]

155. Roach, C.; Zhang, N.; Corigliano, E.; Jansson, M.; Toland, G.; Ponto, G.; Dolled-Filhart, M.; Emancipator, K.;
Stanforth, D.; Kulangara, K. Development of a Companion Diagnostic PD-L1 Immunohistochemistry Assay
for Pembrolizumab Therapy in Non-Small-cell Lung Cancer. Appl. Immunohistochem. Mol. Morphol. AIMM
2016, 24, 392–397. [CrossRef] [PubMed]

156. Büttner, R.; Gosney, J.R.; Skov, B.G.; Adam, J.; Motoi, N.; Bloom, K.J.; Dietel, M.; Longshore, J.W.; López-Ríos, F.;
Penault-Llorca, F.; et al. Programmed Death-Ligand 1 Immunohistochemistry Testing: A Review of Analytical
Assays and Clinical Implementation in Non-Small-Cell Lung Cancer. J. Clin. Oncol. 2017, 35, 3867–3876.
[CrossRef]

157. Rittmeyer, A.; Barlesi, F.; Waterkamp, D.; Park, K.; Ciardiello, F.; von Pawel, J.; Gadgeel, S.M.; Hida, T.;
Kowalski, D.M.; Dols, M.C.; et al. Atezolizumab versus docetaxel in patients with previously treated
non-small-cell lung cancer (OAK): A phase 3, open-label, multicentre randomised controlled trial. Lancet
2017, 389, 255–265. [CrossRef]

158. Velcheti, V.; Patwardhan, P.D.; Liu, F.X.; Chen, X.; Cao, X.; Burke, T. Real-world PD-L1 testing and distribution
of PD-L1 tumor expression by immunohistochemistry assay type among patients with metastatic non-small
cell lung cancer in the United States. PLoS ONE 2018, 13, e0206370. [CrossRef]

159. Gong, J.; Pan, K.; Fakih, M.; Pal, S.; Salgia, R. Value-based genomics. Oncotarget Adv. Publ. 2018, 9, 15792.
[CrossRef] [PubMed]

160. Ellis, L.M.; Bernstein, D.S.; Voest, E.E.; Berlin, J.D.; Sargent, D.; Cortazar, P.; Garrett-Mayer, E.; Herbst, R.S.;
Lilenbaum, R.C.; Sima, C.; et al. American Society of Clinical Oncology perspective: Raising the bar for
clinical trials by defining clinically meaningful outcomes. J. Clin. Oncol. 2014, 32, 1277–1280. [CrossRef]

161. Chu, L.; Kelly, K.; Gandara, D.; Lara, P.; Borowsky, A.; Meyers, F.; McPherson, J.; Erlich, R.; Almog, N.;
Schrock, A.; et al. P3.13-26 Outcomes of Patients with Metastatic Lung Cancer Presented in a Multidisciplinary
Molecular Tumor Board. J. Thoracic Oncol. 2018, 13, S986. [CrossRef]

162. Koopman, B.; Wekken, A.J.v.d.; Elst, A.t.; Hiltermann, T.J.N.; Vilacha, J.F.; Groves, M.R.; Berg, A.v.d.;
Hiddinga, B.I.; Hijmering-Kappelle, L.B.M.; Stigt, J.A.; et al. Relevance and Effectiveness of Molecular Tumor
Board Recommendations for Patients With Non–Small-Cell Lung Cancer With Rare or Complex Mutational
Profiles. JCO Precis. Oncol. 2020, 4, 393–410. [CrossRef]

http://dx.doi.org/10.1186/s40425-019-0600-6
http://www.ncbi.nlm.nih.gov/pubmed/31053172
http://dx.doi.org/10.1056/NEJMoa1801005
http://dx.doi.org/10.1056/NEJMoa1910231
http://dx.doi.org/10.1001/jamaoncol.2020.0237
http://dx.doi.org/10.21037/atm.2019.06.35
http://dx.doi.org/10.2217/imt-2019-0177
http://dx.doi.org/10.1200/JCO.2019.37.8_suppl.87
http://dx.doi.org/10.1186/s40425-019-0782-y
http://dx.doi.org/10.1007/s40291-017-0308-6
http://www.ncbi.nlm.nih.gov/pubmed/29119407
http://dx.doi.org/10.1097/PAI.0000000000000408
http://www.ncbi.nlm.nih.gov/pubmed/27333219
http://dx.doi.org/10.1200/JCO.2017.74.7642
http://dx.doi.org/10.1016/S0140-6736(16)32517-X
http://dx.doi.org/10.1371/journal.pone.0206370
http://dx.doi.org/10.18632/oncotarget.24353
http://www.ncbi.nlm.nih.gov/pubmed/29644010
http://dx.doi.org/10.1200/JCO.2013.53.8009
http://dx.doi.org/10.1016/j.jtho.2018.08.1867
http://dx.doi.org/10.1200/PO.20.00008


J. Clin. Med. 2020, 9, 1870 25 of 26

163. Planchard, D.; Faivre, L.; Sullivan, I.; Kahn-charpy, V.; Lacroix, L.; Auger, N.; Adam, J.; De Montpreville, V.T.;
Dorfmuller, P.; Pechoux, C.L.; et al. 3081 Molecular Tumor Board (MTB) in non-small cell lung cancers
(NSCLC) to optimize targeted therapies: 4 years’ experience at Gustave Roussy. Eur. J. Cancer 2015, 51, S624.
[CrossRef]

164. Rolfo, C.; Manca, P.; Salgado, R.; Van Dam, P.; Dendooven, A.; Machado Coelho, A.; Ferri Gandia, J.;
Rutten, A.; Lybaert, W.; Vermeij, J.; et al. Multidisciplinary molecular tumour board: A tool to improve
clinical practice and selection accrual for clinical trials in patients with cancer. ESMO Open 2018, 3, e000398.
[CrossRef]

165. Pishvaian, M.J.; Blais, E.M.; Bender, R.J.; Rao, S.; Boca, S.M.; Chung, V.; Hendifar, A.E.; Mikhail, S.; Sohal, D.P.S.;
Pohlmann, P.R.; et al. A virtual molecular tumor board to improve efficiency and scalability of delivering
precision oncology to physicians and their patients. JAMIA Open 2019, 2, 505–515. [CrossRef]

166. Lesslie, M.; Parikh, J.R. Implementing a Multidisciplinary Tumor Board in the Community Practice Setting.
Diagnostics (Basel) 2017, 7, 55. [CrossRef] [PubMed]

167. El-Deiry, W.S.; Goldberg, R.M.; Lenz, H.-J.; Shields, A.F.; Gibney, G.T.; Tan, A.R.; Brown, J.; Eisenberg, B.;
Heath, E.I.; Phuphanich, S.; et al. The current state of molecular testing in the treatment of patients with
solid tumors, 2019. CA A Cancer J. Clin. 2019, 69, 305–343. [CrossRef] [PubMed]

168. Wang, T.; Liu, S.; Joseph, T.; Lyou, Y. Managing Bladder Cancer Care during the COVID-19 Pandemic Using
a Team-Based Approach. J. Clin. Med. 2020, 9, 1574. [CrossRef] [PubMed]

169. Bironzo, P.; Di Maio, M. A review of guidelines for lung cancer. J. Thorac Dis. 2018, 10, S1556–S1563.
[CrossRef]

170. Daly, B.; Zon, R.T.; Page, R.D.; Edge, S.B.; Lyman, G.H.; Green, S.R.; Wollins, D.S.; Bosserman, L.D. Oncology
Clinical Pathways: Charting the Landscape of Pathway Providers. J. Oncol. Pract. 2018, 14, e194–e200.
[CrossRef]

171. Neubauer, M.A.; Hoverman, J.R.; Kolodziej, M.; Reisman, L.; Gruschkus, S.K.; Hoang, S.; Alva, A.A.;
McArthur, M.; Forsyth, M.; Rothermel, T.; et al. Cost effectiveness of evidence-based treatment guidelines
for the treatment of non-small-cell lung cancer in the community setting. J. Oncol. Pract. 2010, 6, 12–18.
[CrossRef]

172. Hoverman, J.R.; Cartwright, T.H.; Patt, D.A.; Espirito, J.L.; Clayton, M.P.; Garey, J.S.; Kopp, T.J.; Kolodziej, M.;
Neubauer, M.A.; Fitch, K.; et al. Pathways, outcomes, and costs in colon cancer: Retrospective evaluations in
two distinct databases. J. Oncol. Pract. 2011, 7, 52s–59s. [CrossRef]

173. Kreys, E.D.; Koeller, J.M. Documenting the benefits and cost savings of a large multistate cancer pathway
program from a payer’s perspective. J. Oncol. Pract. 2013, 9, e241–e247. [CrossRef] [PubMed]

174. Jackman, D.M.; Zhang, Y.; Dalby, C.; Nguyen, T.; Nagle, J.; Lydon, C.A.; Rabin, M.S.; McNiff, K.K.; Fraile, B.;
Jacobson, J.O. Cost and Survival Analysis Before and After Implementation of Dana-Farber Clinical Pathways
for Patients With Stage IV Non-Small-Cell Lung Cancer. J. Oncol. Pract. 2017, 13, e346–e352. [CrossRef]

175. Lawal, A.K.; Rotter, T.; Kinsman, L.; Machotta, A.; Ronellenfitsch, U.; Scott, S.D.; Goodridge, D.; Plishka, C.;
Groot, G. What is a clinical pathway? Refinement of an operational definition to identify clinical pathway
studies for a Cochrane systematic review. BMC Med. 2016, 14, 35. [CrossRef] [PubMed]

176. Zon, R.T.; Edge, S.B.; Page, R.D.; Frame, J.N.; Lyman, G.H.; Omel, J.L.; Wollins, D.S.; Green, S.R.;
Bosserman, L.D. American Society of Clinical Oncology Criteria for High-Quality Clinical Pathways
in Oncology. J. Oncol. Pract. 2017, 13, 207–210. [CrossRef] [PubMed]

177. Comis, R.L.; Miller, J.D.; Aldigé, C.R.; Krebs, L.; Stoval, E. Public attitudes toward participation in cancer
clinical trials. J. Clin. Oncol. 2003, 21, 830–835. [CrossRef] [PubMed]

178. Ohno-Machado, L.; Kim, J.; Gabriel, R.A.; Kuo, G.M.; Hogarth, M.A. Genomics and electronic health record
systems. Hum. Mol. Genet. 2018, 27, R48–R55. [CrossRef] [PubMed]

179. Salgia, N.; Philip, E.; Ziari, M.; Yap, K.; Pal, S. Advancing the Science and Management of Renal Cell
Carcinoma: Bridging the Divide between Academic and Community Practices. J. Clin. Med. 2020, 9, 1508.
[CrossRef]

180. Liu, J.; Gutierrez, E.; Tiwari, A.; Padam, S.; Li, D.; Dale, W.; Pal, S.; Stewart, D.; Subbiah, S.; Bosserman, L.; et al.
Strategies to Improve Participation of Older Adults in Cancer Research. J. Clin. Med. 2020, 9, 1571. [CrossRef]

181. Zon, R.T.; Bruinooge, S.S.; Lyss, A.P. The Changing Face of Research in Community Practice. J. Oncol. Pract.
2014, 10, 155–160. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0959-8049(16)31722-1
http://dx.doi.org/10.1136/esmoopen-2018-000398
http://dx.doi.org/10.1093/jamiaopen/ooz045
http://dx.doi.org/10.3390/diagnostics7040055
http://www.ncbi.nlm.nih.gov/pubmed/29039744
http://dx.doi.org/10.3322/caac.21560
http://www.ncbi.nlm.nih.gov/pubmed/31116423
http://dx.doi.org/10.3390/jcm9051574
http://www.ncbi.nlm.nih.gov/pubmed/32455894
http://dx.doi.org/10.21037/jtd.2018.03.54
http://dx.doi.org/10.1200/JOP.17.00033
http://dx.doi.org/10.1200/JOP.091058
http://dx.doi.org/10.1200/JOP.2011.000318
http://dx.doi.org/10.1200/JOP.2012.000871
http://www.ncbi.nlm.nih.gov/pubmed/23943896
http://dx.doi.org/10.1200/JOP.2017.021741
http://dx.doi.org/10.1186/s12916-016-0580-z
http://www.ncbi.nlm.nih.gov/pubmed/26904977
http://dx.doi.org/10.1200/JOP.2016.019836
http://www.ncbi.nlm.nih.gov/pubmed/28282276
http://dx.doi.org/10.1200/JCO.2003.02.105
http://www.ncbi.nlm.nih.gov/pubmed/12610181
http://dx.doi.org/10.1093/hmg/ddy104
http://www.ncbi.nlm.nih.gov/pubmed/29741693
http://dx.doi.org/10.3390/jcm9051508
http://dx.doi.org/10.3390/jcm9051571
http://dx.doi.org/10.1200/JOP.2014.001424
http://www.ncbi.nlm.nih.gov/pubmed/24839272


J. Clin. Med. 2020, 9, 1870 26 of 26

182. Geiger, A.M.; O’Mara, A.M.; McCaskill-Stevens, W.J.; Adjei, B.; Tuovenin, P.; Castro, K.M. Evolution of
Cancer Care Delivery Research in the NCI Community Oncology Research Program. JNCI J. Natl. Cancer Inst.
2019. [CrossRef]

183. Herbst, R.S.; Morgensztern, D.; Boshoff, C. The biology and management of non-small cell lung cancer.
Nature 2018, 553, 446–454. [CrossRef]

184. Aggarwal, C.; Thompson, J.C.; Black, T.A.; Katz, S.I.; Fan, R.; Yee, S.S.; Chien, A.L.; Evans, T.L.; Bauml, J.M.;
Alley, E.W.; et al. Clinical Implications of Plasma-Based Genotyping With the Delivery of Personalized
Therapy in Metastatic Non-Small Cell Lung Cancer. JAMA Oncol. 2019, 5, 173–180. [CrossRef] [PubMed]

185. Jonna, S.; Subramaniam, D.S. Molecular diagnostics and targeted therapies in non-small cell lung cancer
(NSCLC): An update. Discov. Med. 2019, 27, 167–170. [PubMed]

186. Doroshow, D.B.; Herbst, R.S. Treatment of Advanced Non-Small Cell Lung Cancer in 2018. JAMA Oncol.
2018, 4, 569–570. [CrossRef] [PubMed]

187. Zeltsman, M.; Dozier, J.; McGee, E.; Ngai, D.; Adusumilli, P.S. CAR T-cell therapy for lung cancer
and malignant pleural mesothelioma. Transl. Res. 2017, 187, 1–10. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/jnci/djz234
http://dx.doi.org/10.1038/nature25183
http://dx.doi.org/10.1001/jamaoncol.2018.4305
http://www.ncbi.nlm.nih.gov/pubmed/30325992
http://www.ncbi.nlm.nih.gov/pubmed/31095926
http://dx.doi.org/10.1001/jamaoncol.2017.5190
http://www.ncbi.nlm.nih.gov/pubmed/29494728
http://dx.doi.org/10.1016/j.trsl.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28502785
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Advances in Genomic Testing and Personalized Therapy 
	EGFR 
	ALK 
	ROS1 
	MET 
	RET 
	NTRK 
	BRAF 
	KRAS 
	Immunotherapy 

	Integration of Personalized Therapy and Molecular Testing in the Community through an Academic Site to Community Practice Network 
	Conclusions 
	References

