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Preface

It is now well established that there is tremendous heterogeneity among cancer cells 
both at the inter- and intra-tumoral levels. Further, a growing body of work high-
lights the importance of targeted therapies and personalized medicine in treating 
cancer patients. In contrast to conventional therapies that are typically administered 
to the average patient regardless of the patient’s genotype, targeted therapies are 
tailored to patients with specific traits. For example, specific mutations, genetic 
alterations, and overexpression of actionable targets, or immune markers, contribute 
to the observed heterogeneity at least in part and may potentially be exploited for 
delivering personalized medicine. Nonetheless, such genetic changes can be 
disease- specific (e.g., small-cell lung cancer versus non-small cell lung cancer) and/
or target-specific (e.g., KRAS versus EGFR). Furthermore, there are also differ-
ences in the frequency with which the genetic variants present in the patient popula-
tion based on ethnic and age differences. Therefore, discerning this information is 
key to guiding the right treatment decisions and, hence, enhancing precision 
medicine.

Targeted Therapies for Lung Cancer addresses these issues manifested in the 
somatically acquired genetic changes of the targeted gene or immune landscape and 
provides an up-to-date progress report in several examples against which therapies 
are currently being targeted in lung cancer. They include small molecules, espe-
cially tyrosine kinase inhibitors, immunotherapy, as well as combination therapies 
such as a receptor tyrosine kinase (RTK) inhibitor together with an immune check-
point blockade. Each chapter is written by a leading medical oncologist specialized 
in thoracic oncology and is devoted to a particular target in lung cancer. Experts 
offer an in-depth review of the literature covering the mechanisms underlying sig-
naling, potential cross talk between the target and downstream signaling, and poten-
tial emergence of drug resistance. Some of the unique features of the book are its 
focus on lung cancer with findings from multiple clinical centers and the most desir-
able candidates for targeted therapy.

The book is intended to serve as a reference for those interested in familiarizing 
themselves with the latest information on the subject, especially with regard to cur-
rent evidence, indications, and clinical trials for the treatment of lung cancer with 
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targeted therapies, immunotherapy, and epigenetic modulators. The book is primar-
ily meant for medical professionals and trainees including students, residents, and 
fellows interested in treating lung cancer. However, we envisage that the book may 
also be well suited for scientists as well as advanced graduate students working on 
lung cancer both in academia and industry.

Duarte, CA, USA  Ravi Salgia
February 2019

Preface
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EGFR Targeted Therapy

Zorawar S. Noor and Jonathan W. Goldman

Abstract The identification of sensitizing mutations in the epidermal growth factor 
receptor (EGFR) gene in patients with non-small cell lung cancer (NSCLC) and the 
development of EGFR-tyrosine kinase inhibitors (EGFR TKIs) to target these muta-
tions have dramatically improved outcomes for this subset of patients. For patients 
with EGFR-mutated NSCLC, the use of EGFR TKIs is associated with improved 
efficacy and quality of life compared to chemotherapy. The latest generation EGFR 
TKI, osimertinib, is highly effective in treating acquired resistance due to the 
T790M mutation as well as treating central nervous system metastases. As first-line 
treatment, its use has led to the longest median progression-free survival to date for 
patients with EGFR-mutated NSCLC. Acquired resistance to osimertinib is caused 
by multiple mechanisms, and numerous trials are currently underway to address 
this. Future studies should also aim to address the historically refractory EGFR 
exon 20 insertions, and current agents under study are promising.

Keywords Epidermal growth factor receptor (EGFR) mutation · Tyrosine kinase 
inhibitor (TKI) · Exon 20 insertions · T790M · Osimertinib resistance

 Background

Somatic activating mutations in the epidermal growth factor receptor (EGFR) gene 
are the most common targetable molecular alteration in non-small cell lung cancer 
(NSCLC) [1]. EGFR mutations are predominantly found in adenocarcinoma, never 
smokers, and those of East Asian descent [2, 3]. In the United States and Europe, 
10–17% of patients with NSCLC harbor an EGFR mutation, and in East Asia the 
frequency is 35–38% [4–8]. Identifying these mutations is of critical clinical impor-
tance given the highly active treatment options available for this subset of patients.

Since the discovery of epidermal growth factor (EGF) in 1962 by Stephen Cohen, 
and the characterization of its cell surface receptor (now known as EGFR) in 1975, 
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extensive studies of the receptor and its family have led to revolutionary insights into 
the fields of growth factor and cancer biology [9–11]. EGFR was one of the first 
receptor tyrosine kinases (RTK) for which ligand-dependent dimerization was pro-
posed as the mechanism of RTK activity [12]. It was also the first cell surface recep-
tor to be proposed as a target for cancer therapy [13] and the first receptor to have a 
monoclonal antibody directed against it to inhibit cancer growth [14, 15].

EGFR (HER1, ErbB1) is an RTK expressed on the surface of cells of mesoder-
mal and ectodermal origin, and it mediates cell growth, proliferation, and differen-
tiation in numerous organs [16, 17]. EGFR belongs to the ErbB family of RTKs, 
which also includes HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4). EGFR 
binds at least seven highly variable growth factor ligands [18]. Upon stimulation, 
EGFR undergoes combinatorial homo- or hetero-dimerization with one of the pro-
teins of the HER family, thereby activating an expansive signaling network [16, 19, 
20]. The EGFR transmembrane protein has a large extracellular component (with 4 
domains, ~620 amino acids) that primarily serves as ligand-binding sites and which 
is anchored by a short helical transmembrane domain to the intracellular tyrosine 
kinase domain (TKD) (Fig. 1) [18].

EGFR is believed to play a role in the pathogenesis of lung cancer and is overex-
pressed in a majority of NSCLCs [21, 22]. However, the clinical importance of 
EGFR expression in the general NSCLC population is unclear. There was some 
suggestion that EGFR expression may serve as a predictive biomarker [21], but this 
has been superseded by mutational analysis after the identification of actionable 
driver mutations in the EGFR gene.

The EGFR gene is located on chromosomal region 7p11.2 [23]. EGFR-mutated 
NSCLC is driven by “activating” gain-of-function mutations which cluster around 

Fig. 1 Schematic representation of the epidermal growth factor receptor (EGFR) and its position 
on the cellular membrane. The extracellular component consists of four large domains which con-
tain ligand-binding sites for growth factors including epidermal growth factor (EGF). The intracel-
lular component consists of the tyrosine kinase domain followed by the regulatory domain. EGFR 
tyrosine kinase inhibitors (TKIs) and ATP compete for binding to the phosphate-binding (P) loop. 
Exon 20 contains two critical features, the alpha-C helix followed by a distal A loop. “ATP” = 
adenosine triphosphate. “PD” = Progression of disease

Z. S. Noor and J. W. Goldman
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the ATP-binding pocket of the TKD and lead to constituent, ligand-independent 
activation of the EGFR receptor. This in turn promotes prosurvival and antiapoptotic 
signals such as phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) and 
extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase 
(MAPK) [24]. Approximately 85–90% of activating mutations are either exon 19 
in-frame deletions affecting amino acids 747–750 (40–45%) or the point mutation 
L858R in exon 21 [7, 8, 24, 25]. These mutations are associated with hypersensitiv-
ity to small molecule tyrosine kinase inhibitors (TKIs) and are thus termed “sensi-
tizing” EGFR mutations, with the exon 19 deletion consistently associated with 
better survival outcomes with therapy [26–30]. The remaining 10–15% involve 
exons 18, 20, and 21. Many, but not all, of these mutations have been found to be 
sensitive to targeted therapy.

 First-Generation TKIs and Early Trials in Lung Cancer

EGFR TKIs entered clinical development in late 1990s. First-generation inhibitors, 
erlotinib, gefitinib, and icotinib [31] bind competitively and reversibly to the ATP- 
binding site (Fig.  1), preventing autophosphorylation and downstream signaling, 
thereby preventing EGFR-dependent cell proliferation [32–34]. In 2003, two single- 
arm phase II trials (IDEAL1 and IDEAL2) demonstrated clinical efficacy of gefi-
tinib in patients with previously treated NSCLC, with response rates of approximately 
15% [35, 36]. Of note, more responses were observed in women, patients with 
adenocarcinoma, never smokers, and those of Asian descent. This compared favor-
ably to chemotherapy, which had an approximately 5% response rate in this popula-
tion [36]. In 2003, gefitinib became the first US Food and Drug Administration 
(FDA) approved EGFR TKI for NSCLC.

Soon after, the double-blind placebo-controlled randomized phase III trial (ISEL) 
failed to find overall survival benefit for gefitinib with best supportive care (BSC) 
compared to placebo with BSC in unselected NSCLC patients [37]. Considering 
these results as well as those form IBREESE (gefitinib with BSC vs placebo with 
BSC), which terminated early and INTEREST (non-inferiority trial of gefitinib vs 
docetaxel), the FDA withdrew its original approval for gefitinib in 2005 [38, 39]. 
However, there were already clues to a yet unidentified subset of responders in the 
trial because the Kaplan-Meier survival curves crossed. There was an early drop off 
in non-responders, and a clear separation of survival curves at approximately 
four months. Several follow-up trials evaluated the benefit of adding an EGFR TKI 
to standard first-line chemotherapy. At least four large randomized controlled trials 
in unselected, advanced NSCLC patients showed no benefit of the addition of EGFR 
TKI to standard chemotherapy [40–43]. Once again, these trials were conducted in 
an unselected group of patients.

The publication of two landmark analyses in 2004 by Lynch et al. and Paez et al. 
demonstrated that the subset of patients who responded to gefitinib harbored activat-
ing EGFR mutations (namely, L858R and exon 19 deletions) [7, 8]. This led to a 
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paradigm shift for future trial development, and the history of EGFR TKI clinical 
trials should be interpreted by differentiating the era of unselected patient enrollment 
versus the era incorporating EGFR mutation testing. The trial that ushered in this 
modern era and transformed targeted therapy for NSCLC is the IPASS trial.

 EGFR TKIs for Patients with Mutations in EGFR

For the first time, the 2009 IPASS trial prospectively demonstrated in a randomized 
controlled trial that EGFR TKIs were superior to chemotherapy as first-line therapy 
for patients with EGFR mutations [44]. The biomarker analysis was a preplanned 
subset analysis of 40% of the 683 randomly assigned patients for whom EGFR 
mutation status could be evaluated, and found an objective response rate (ORR) of 
71% and a PFS of 9.5 months for the gefitinib arm compared to 6.3 months for the 
chemotherapy arm (Table 1) [45]. Over the next half decade, several large trials 
would be undertaken to look at the efficacy of EGFR TKI vs chemotherapy (Table 1). 
IFUM fulfilled the European Medicines Agency (EMA) requirement for a single- 
arm validation trial in Caucasians, confirming the efficacy of gefitinib in Caucasian 
patients with sensitizing EGFR mutations [46]. On July 13, 2015, gefitinib was 
approved for first-line treatment of patients with metastatic NSCLC with exon 19 
deletions or L858R mutations. Erlotinib and gefitinib have both been approved and 
marketed in numerous countries, whereas icotinib has been approved and widely 
prescribed only in China [47].

Table 1 Selected trials prospectively comparing first or second generation EGFR TKIs to 
chemotherapy in EGFR-mutated non-small cell lung cancer

Study

Patients 
(EGFR 
mutated)

EGFR 
TKI Chemotherapy

Response 
rate

Median 
PFS 
(mo.)

Hazard 
ratio (P)

IPASS (2009) 261 Gefitinib Carboplatin + 
paclitaxel

71% vs 
47%

9.5 vs 6.3 0.48 
(<0.0001)

WJTOG3405 
(2009)

172 Gefitinib Cisplatin + 
docetaxel

62% vs 
32%

9.2 vs 6.3 0.48 
(<0.001)

NEJGSG002 
(2010)

224 Gefitinib Carboplatin + 
paclitaxel

73% vs 
31%

10.8 vs 
5.4

0.36 
(<0.001)

ENSURE 
(2013)

217 Erlotinib Cisplatin + 
gemcitabine

63% vs 
34%

11.0 vs 
5.5

0.34 
(<0.0001)

EURTAC 
(2012)

173 Erlotinib Cisplatin + 
docetaxel

58% vs 
15%

9.7 vs 5.2 0.42 
(<0.0001)

OPTIMAL 
(2011)

154 Erlotinib Carboplatin + 
gemcitabine

83% vs 
36%

13.7 vs 
4.6

0.16 
(<0.0001)

LUX-Lung 3 
(2013)

345 Afatinib Cisplatin + 
pemetrexed

56% vs 
23%

11.1 vs 
6.9

0.47 
(<0.0001)

LUX-Lung 6 
(2014)

364 Afatinib Cisplatin + 
gemcitabine

67% vs 
23%

11.0 vs 
5.6

0.28 
(<0.0001)

Z. S. Noor and J. W. Goldman
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Individual trials and meta-analyses have consistently found that EGFR TKIs  
prolong PFS compared to chemotherapy in patients with EGFR-mutated NSCLC; 
however, until recently, trials have not shown an improvement in OS [48–50]. With 
good consistency across trials of erlotinib or gefitinib versus chemotherapy, the 
median PFS is estimated as 11.0 months vs 5.6 months for chemotherapy (HR 0.37, 
P < 0.001) [51]. Randomized phase III trials comparing erlotinib to gefitinib for 
EGFR-mutated NSCLC patients have demonstrated similar efficacy of both [52, 
53]. As front-line therapy in patients with EGFR-mutated disease, the TKI response 
rate is 67%, as compared to 30% for chemotherapy (RR 5.68, P < 0.001) [50]. The 
lack of OS benefit has been ascribed to crossover from the chemotherapy arm to an 
appropriate TKI, within or outside of the clinical trial [51, 54, 55]. Even without the 
OS benefit, first-line TKI has been the preferred treatment option for EGFR-mutated 
NSCLC due to the ease of an oral therapy, the higher response rate, and an improved 
quality of life (QOL) [51, 56, 57].

Despite an average of nearly a year of PFS with an EGFR TKI, it was seen that 
nearly all patients would eventually progress. At the time of progression, continuing 
gefitinib into subsequent lines of therapy was shown to be detrimental. In the phase 
III IMPRESS trial, chemotherapy-naïve EGFR-mutated patients who progressed on 
first-line gefitinib were randomized to receive either cisplatin and pemetrexed ver-
sus the same chemotherapy plus gefitinib [58]. The study found that continuing 
gefitinib had a detrimental effect on survival with an OS of 13.4 months compared 
to 19.5 months for the chemotherapy arm (HR = 1.44, P = 0.016) [59]. Data from 
IMPRESS warns that continuing an EGFR TKI at progression may cause harm, and 
interestingly, this detriment was associated with a specific secondary mutation, 
T790M (HR 1.49, P = 0.043 for T790M+ patients vs HR 1.15, P = 0.609 in T790M- 
patients) [58, 59].

 Second-Generation TKIs

The second-generation inhibitors, afatinib and dacomitinib, were introduced as a 
treatment for those who progressed on a prior generation TKI.  Unlike the first- 
generation inhibitors, the second-generation EGFR TKIs bind covalently and irre-
versibly [60]. These drugs also tend to have less selective activity, inhibiting other 
HER family proteins including HER2. Preclinical data of second-generation TKIs 
was promising, demonstrating potent activity in lung cancer models resistant to 
first-generation inhibitors [60–63]. The phase IIb/III trial, LUX-Lung 1, random-
ized patients who had progressive disease after at least three months of treatment on 
erlotinib or gefitinib to either afatinib or placebo [64]. There was no overall survival 
benefit (HR 1.08, P  =  0.74), the ORR on afatinib was 7%, and the PFS was 
3.3 months vs 1.1 months (HR 0.38, P < 0.0001). The phase II trial of dacomitinib 
in patients who progressed on chemotherapy and an EGFR TKI was similarly sober-
ing, with an ORR of only 5.2% [65].

EGFR Targeted Therapy
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Both afatinib and dacomitinib were associated with significant on-target toxicity, 
primarily rash and diarrhea [64, 65]. Pooled analysis from 21 trials of 1468 patients 
found statistically higher grade 3 or greater rash with afatinib than with erlotinib or 
gefitinib (15% vs 8.8% vs 3.5%, respectively) [66]. Grade 3 or higher diarrhea was 
also more frequent in patients on afatinib than in those on erlotinib or gefitinib 
(9.6% vs 2.7% vs 1.1%, respectively; odds ratio 3.80 for afatinib vs erlotinib, 
P  <  0.0001). More patients discontinued treatment because of an adverse event 
(AE) on afatinib than erlotinib (7.2% vs 4.1%, P = 0.040), but discontinuation rates 
were similar for afatinib and gefitinib (7.2% vs 7.6%). The treatment interruption 
rate in trials due to an AE did not vary significantly between afatinib and gefitinib 
or erlotinib and ranged from 11% to 28% [67]. However, more patients on afatinib 
required dose reductions. Across trials, discontinuation rates on gefitinib or erlo-
tinib ranged from 6% to 21% (IPASS, OPTIMAL, and EURTAC) [68] as compared 
to 28.0–53.5% on afatinib (LUX-Lung 3 and LUX-Lung 6) [69]. In the head-to-
head phase II trial LUX-Lung 7 randomizing patients to afatinib or gefitinib, 42% 
of patients required a dose reduction on afatinib, as compared to only 2% with 
gefitinib [70].

Other trials investigated the possible benefit from a second-generation TKI for 
front-line therapy. The PFS benefit of afatinib over platinum doublet chemotherapy 
in the LUX-Lung 3 and LUX-Lung 6 randomized phase III trials (Table 1) is similar 
to that seen with erlotinib or gefitinib (approximately 11 vs 6 months) [71, 72]. 
Although there was no OS advantage in the overall population of either trial, pre-
planned subgroup analyses in both trials found an OS advantage of the TKI over 
chemotherapy in patients with an exon 19 deletion [27]. The OS benefit is notewor-
thy given the lack of OS benefit with TKIs in prior studies.

Two large head-to-head trials have compared second-generation to first- 
generation TKIs. In LUX-Lung 7, patients with EGFR-mutated NSCLC were ran-
domized to afatinib or gefitinib. The trial failed to find an OS improvement, and 
reported a statistically significant PFS benefit with a difference in the medians of a 
meager three days (HR 0.74, P = 0.0178) [73]. On the other hand, ARCHER 1050, 
the phase III randomized controlled trial of dacomitinib versus gefitinib as first-line 
treatment for patients with activating EGFR mutations, showed a PFS improvement 
of 14.7 vs 9.2 months (HR 0.59, P < 0.0001) [74]. More strikingly, there was a sig-
nificant OS advantage for the dacomitinib arm (34.1 vs 26.8  months, HR 0.76, 
P = 0.044) [75]. This is the first head-to-head randomized trial of two TKIs to show 
an OS advantage. Of note, patients with central nervous system (CNS) metastases 
and rare EGFR mutations were excluded from the trial. In addition, there was sig-
nificantly higher toxicity, with 51% of subjects experiencing a grade 3 adverse event 
in the dacomitinib arm (most commonly rash or diarrhea) compared to 30% in the 
gefitinib arm [74]. Given these factors, the clinical utility of dacomitinib has been 
questioned, but remains an option. In 2018, dacomitinib was approved by the FDA 
for the first-line treatment of patients with NSCLC harboring an EGFR exon 19 
deletion or L858R mutation [76]. With the recent arrival of the third-generation 
TKIs, some have said that the second generation has been altogether bypassed, 
referring to it as the “lost generation” [77, 78].

Z. S. Noor and J. W. Goldman
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 T790M Mutation

Despite the dramatic responses seen in patients with activating EGFR mutations on 
first- and second-generation EGFR TKIs, unfortunately nearly all patients will 
eventually develop resistant and progressive cancer. Initial insights into the mecha-
nism of resistance came from analysis of tumor biopsies from a patient who relapsed 
after two years of complete remission on an EGFR TKI [79]. Tumor DNA sequenc-
ing before treatment and at the time of relapse revealed the acquisition of a second 
mutation, T790M in exon 20, which replaces threonine with methionine at position 
790. Here, threonine is a “gatekeeper” amino acid because it lies at the entrance to 
a hydrophobic pocket in the ATP-binding cleft of the EGFR protein, critically deter-
mining the specificity of inhibitors.

Initial crystallographic evidence suggested that incorporation of the bulkier 
methionine side chain sterically hindered the interaction of the first- and second- 
generation EGFR TKIs [79]. Subsequent analysis showed that the effect was medi-
ated by two factors; not only did methionine block drug binding, it also caused 
increased ATP affinity at the binding pocket, thereby outcompeting the therapeutic 
drug [80]. Although second-generation TKIs bind more avidly and irreversibly, and 
can inhibit T790M-positive clones in vitro, the necessary drug concentrations were 
not clinically achievable due to skin and gastrointestinal toxicity [81]. In patients 
treated with first- and second-generation inhibitors, the T790M resistance mutation 
is detected in approximately 50–60% of patients at the time of progression [82–84]. 
T790M has generally been associated with a slower rate of growth and an improved 
prognosis. In a retrospective analysis of 97 patients treated with EGFR TKIs, the 
PFS was 12.0 months on initial TKI in those who acquired the T790M mutation, as 
compared to 9.0 months for those who were T790M-negative (P = 0.021) [85].

 Third-Generation TKIs

Understanding this mechanism of acquired resistance led to the development of 
third-generation EGFR TKIs. These include rociletinib [86, 87], olmutinib [88], 
nazartinib [89], avitinib [90], ASP8273 [91], PF-06747775 [92], and osimertinib 
(AZD9291), the only third-generation EGFR TKI approved for clinical use. 
Osimertinib is active against exon 19 deletions, exon 21 mutations, and also the 
exon 20 T790M mutations. It is preferentially selective for mutated EGFR, and 
therefore toxicity at therapeutic doses is lower than for first- and second-generation 
agents. Notably, osimertinib is able to cross the blood-brain barrier, making it active 
against disease in the CNS [93].

The safety and tolerability of osimertinib was studied in the phase I trial, 
AURA. Among 253 patients there were no dose-limiting toxicities observed across 
all dose levels (20–240 mg) [94]. The most common adverse event was diarrhea 
(47%), followed by rash, nausea, and decreased appetite. Only 6% of patients 
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 discontinued treatment because of a treatment-related adverse event. The phase II 
AURA extension and AURA2 trial both demonstrated similar tolerability [94]. In 
the phase III trial (AURA3), grade 3 or higher adverse events occurred in 23% of 
patients, half of what was experienced in the chemotherapy arm (47%) [95]. 
Osimertinib toxicity is dose-dependent and is associated with fewer gastrointestinal 
and dermatologic adverse events than with other approved EGFR TKIs.

The phase III trial of osimertinib (AURA3) randomly assigned 419 patients with 
advanced T790M-positive NSCLC who had progressed on prior EGFR TKIs to 
receive either osimertinib or chemotherapy with a platinum agent and pemetrexed 
[95]. Osimertinib more than doubled PFS when compared to chemotherapy (10.1 vs 
4.4 months, HR of 0.30 P < 0.001) with an unprecedented response rate of 71% in 
this resistant population [95]. This led to the FDA granting approval of osimertinib 
for NSCLC after progression on a prior EGFR TKI with the demonstration of the 
T790M mutation [96]. Additional data from the United Kingdom confirmed the 
cost-effectiveness of osimertinib over chemotherapy for this patient population [97].

Even during the initial phase I AURA trial, osimertinib was studied as a potential 
first-line treatment [98]. In a double-blind randomized controlled trial of untreated 
EGFR-mutated NSCLC patients (FLAURA), the use of osimertinib led to a median 
PFS of 18.9 months compared to 10.3 months for those treated with first-generation 
EGFR TKIs, erlotinib or gefitinib. The HR for PD or death was 0.46 (P < 0.001), 
and the benefit of osimertinib over the first-generation EGFR TKI persisted in all 
subgroup analyses [99]. Patients on osimertinib reported fewer grade 3 or higher 
adverse events than those on erlotinib or gefitinib (34% vs 45%), and fewer patients 
experienced rashes (58% vs 78% on erlotinib or gefitinib). On April 18, 2018, the 
FDA approved osimertinib as first-line therapy for patients with metastatic NSCLC 
harboring a driver EGFR mutation [100]. At the time of publication of the FLAURA 
dataset, only 18-month OS was available, reported as 83% for the osimertinib arm 
compared to 71% for first-generation TKIs (HR = 0.63, P = 0.007). It remains to be 
seen if this will result in a significant long-term OS advantage.

 Liquid Biopsy to Detect Mutations in EGFR

Detection of EGFR mutations such as T790M is critical to precision treatment for 
patients with NSCLC in the era of targeted therapy. “Liquid biopsy” is the method 
of detecting molecular alterations in circulating tumor DNA (ctDNA) or other 
nucleic acids from blood or other body fluids. Lack of available tissue for molecular 
profiling [38, 44, 101–103], risk of biopsy complications [104], significant delay 
with tissue biopsy [105], and increased cost of biopsy [106], all lead to potential 
advantages of liquid biopsy. More so, single-site tissue biopsies may not represent 
the predominant resistance mechanisms in a patient and may miss the emergence of 
a clinically significant clone [107, 108]. This is due to the marked tumor heteroge-
neity that has been seen in NSCLC [28, 109–112].
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Next-generation sequencing has led to methods which allow ultra-deep sequencing 
for detection of actionable mutations in EGFR [113], de novo resistance mutations 
[114], and the emergence of acquired resistance during treatment [108, 115, 116]. In 
January 2015, the EMA approved the use of the therascreen liquid biopsy assay for 
detection of EGFR mutations in patients for whom tissue biopsy is not possible. In 
June 2016, the Cobas EGFR mutation test v2 was approved by the FDA to detect exon 
19 deletions and the L858R mutation in plasma, and was extended in September 2016 
to cover the T790M resistance mutation as well.

Prospective studies have demonstrated that plasma T790M can predict respond-
ers to osimertinib or rociletinib as well as tissue biopsy [113, 117, 118], and even 
detection of very low allele fractions of T790M in ctDNA may be clinically relevant 
[113]. Given the advantages over tissue biopsy, liquid biopsy can be considered one 
of the standard options for detecting acquired resistance mutations [108].

 Patients with Brain Metastases

Patients with EGFR-mutated NSCLC have a higher risk for developing brain metas-
tasis [119–121]. Historically, whole brain radiation therapy (WBRT) and stereotac-
tic radiosurgery (SRS) have been the standard of care treatment for NSCLC patients 
with brain metastases. In the era prior to osimertinib use, the median OS after radio-
therapy for patients with brain metastases was approximately 14 months [122]. Data 
regarding the efficacy of EGFR TKI for NSCLC with previously untreated brain 
metastases is limited since most trials have required prior radiation treatment of 
brain lesions [123].

A retrospective multi-institutional analysis studied 351 patients with EGFR TKI- 
naive EGFR-mutant NSCLC who developed brain metastases. Patients either 
received SRS followed by EGFR TKI, WBRT followed by EGFR TKI, or upfront 
EGFR TKI followed by SRS or WBRT as needed. The OS for the upfront SRS, 
WBRT, and EGFR TKI cohorts was 46, 30, and 25 months, respectively (P < 0.001) 
[124]. SRS does appear to be a valid option for front-line therapy; however, this 
approach may vary in the era of osimertinib, which has high efficacy against CNS 
disease.

In light of cognitive decline and radiation necrosis associated with brain radia-
tion, the use of upfront radiotherapy has been questioned with the availability of 
osimertinib. In the BLOOM trial, 32 patients who had progressed on prior EGFR 
TKI therapy and had positive cerebrospinal fluid demonstrating leptomeningeal 
metastases were treated with 160 mg osimertinib daily [125]. Of 8 patients with 
neurologic symptoms, 7 had improvement, and one had stable disease. Out of 15 
asymptomatic patients, 87% remained asymptomatic. In patients with parenchymal 
brain metastases, the intracranial ORR was 63% [126].

Although the BLOOM study used a 160 mg dose of osimertinib, both preclinical 
and clinical data suggest that low-dose osimertinib may have meaningful CNS 
activity as well [81, 94]. Of 144 patients in AURA3 with CNS metastases, the 
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median PFS was twice as long in the osimertinib cohort vs the chemotherapy cohort 
(8.5 vs 4.2 months, HR 0.32, CI 0.21–0.49) with an overall response rate of 70% vs 
31% (P = 0.015) [93, 95]. In the 116 patients with brain metastases in FLAURA, the 
median PFS was 15.2 with osimertinib compared to 9.6 months with erlotinib or 
gefitinib (HR 0.47, P  =  0.0009). Osimertinib’s efficacy for brain metastasis and 
leptomeningeal disease, one of the poorest prognostic groups of NSCLC, further 
solidifies its role in the treatment of EGFR-mutated disease. At this point, there is 
no clear consensus on whether osimertinib alone should be used upfront for brain 
metastases or whether WBRT or SRS should be incorporated into the treatment 
regimen, although many defer WBRT if possible. Further prospective studies are 
required for these clinically important questions.

 Special Populations: Elderly or Poor Performance Status

Since no trials have exclusively enrolled elderly patients, most data is retrospective. 
One study from 20 centers (OCTOMUT) looked at patients aged 80 or older treated 
with front-line EGFR TKIs and found that the clinical outcomes and toxicity profile 
were comparable to those published in the literature [127]. A large retrospective 
analysis of Japanese patients in the phase IV POLARSTAR study of erlotinib in 
previously treated NSCLC patients included 7848 patients less than 75 years old, 
1911 patients aged 75–84, and 148 patients 85 years or older. It found non-inferior 
tolerability and efficacy of erlotinib in elderly patients [128]. A meta-analysis actu-
ally suggests that EGFR TKIs may have more PFS benefit in elderly patients (HR 
0.39, P = 0.008) than in younger patients (HR 0.48, P = 0.04) [129]. A pooled analy-
sis of NEJ001, NEJ002, and NEJ003 studying first-line gefitinib found that in 
patients >70 with a good performance status (PS) the median PFS was 14.3 com-
pared to 5.7 months with chemotherapy (P < 0.001) [130].

Studies have consistently demonstrated that EGFR TKIs are better tolerated than 
chemotherapy, although the vast majority of these trials only enrolled patients with 
an Eastern Cooperative Oncology Group (ECOG) PS of 0 to 2. A single-arm phase 
II trial of 72 patients with untreated advanced NSCLC and poor PS (2 or 3) found 
that with gefitinib, 82% reported improvement or no worsening in QOL [131]. The 
double-blind, placebo-controlled, phase III TOPICAL trial randomized patients 
with advanced NSCLC deemed unsuitable for chemotherapy because of an ECOG 
PS >2 or several comorbidities with an estimated life expectancy of at least 8 weeks 
to erlotinib or placebo. Other than the incidence of rash and diarrhea, adverse events 
were similar in the two groups, and they concluded that erlotinib could be an option 
for those for whom chemotherapy is deemed unsuitable [132]. Patients on erlotinib 
had significantly improved QOL for a cognitive scale (P = 0.0072) and physical 
functioning (P = 0.0024) as well as statistically significant improvements in pain, 
dyspnea, chest pain, hoarseness, and constipation. If only patients with an EGFR 
mutation were enrolled, it would be expected that the benefit would be even more 
apparent. EGFR TKIs remain a good option for patients with an EGFR mutation 
and poor performance status.
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 Exon 20 Insertions and Other Rare EGFR Mutations

In contrast to sensitizing mutations such as exon 19 deletion and the L858R substi-
tution, in-frame insertions within exon 20 of EGFR have been associated with resis-
tance to EGFR TKIs, with response rates <5% to available EGFR TKIs, including 
the third-generation EGFR TKIs [25, 133–136]. Exon 20 insertions are the third 
most common type of EGFR mutation and account for 4–9% of EGFR mutations in 
NSCLC patients [25, 135, 137]. This is a heterogeneous group of about 44 muta-
tions which vary in position and size [137], and three-dimensional structural model-
ing predicts variable effects on EGFR TKI binding [135]. EGFR exon 20 contains 
an alpha-C helix followed by a loop (Fig. 1). The conformation of the alpha-C helix 
and the P-loop is altered by exon 20 insertions, leading to steric hindrance and a 
confined binding pocket [138]. The most deleterious “hot spot” mutations tend to 
occur distal to the C helix, and represent 80–90% of exon 20 insertions [25, 135].

Few therapies have shown efficacy for patients with EGFR exon 20 insertions. 
The second-generation heat shock protein 90 (HSP90) inhibitors (e.g., ganetespib 
and luminespib) have had limited success in patients with NSCLC [139–143]. 
However, luminespib may have clinical activity in patients with exon 20 insertions 
[144, 145], with a median PFS of 6.1 months in one single arm phase II trial [146], 
but is associated with ocular toxicity.

Poziotinib is a TKI that covalently and irreversibly inhibits EGFR and HER2, 
and is unique because of its small terminal group and flexible quinazoline core. Its 
small size and flexibility allow it to evade the steric hindrance which affects other 
EGFR TKIs [138]. In a phase II trial of poziotinib, in patients with NSCLC harbor-
ing an EGFR exon 20 insertion, the ORR at 8 weeks was 58%, and the confirmed 
ORR at the time of the most recent interim analysis was 38% [147]. The median 
PFS was 5.6 months. Notably, this was a heavily pretreated group of patients, and 
the ORR was 62% among those who were previously treated with an EGFR TKI. A 
multicenter phase II trial of poziotinib is ongoing. Another TKI, AP32788 (TAK- 
788), was tested in a phase I/II trial of patients with an EGFR mutation. Out of 14 
evaluable patients, the 9 patients (64%) who achieved a PR or had SD also had an 
exon 20 insertion [148], demonstrating promising clinical activity for this subset of 
patients. Poziotinib and AP32788 may represent important future drug options for 
EGFR exon 20 mutation-positive patients.

The incorporation of next-generation sequencing technologies has aided in the 
characterization of rare mutations in EGFR. G719X, deletion 18, and E709X are 
found in 3.1%, 0.3%, and 0.3% of patients with lung cancer (X connotes one of sev-
eral possible amino acids). The G719X mutations can be found in combination with 
S768I and L861Q mutations which account for 1.1% and 0.9% of cases, respectively 
[137]. In an analysis of 32 patients with metastatic NSCLC with the uncommon 
EGFR mutations S68I, L861Q, and/or G719X (originally enrolled in LUX-Lung 2, 
LUX-Lung 3, and LUX-Lung 6), the ORR by independent radiology review was 
66%. Among the 21 responders, 52% responded for a year or longer [149, 150]. This 
led to the FDA expanding its approval of afatinib to cover these uncommon non-
resistant EGFR mutations in January 2018. There is some preclinical data suggesting 
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osimertinib activity for some of these mutations, as well [137]. There are a range of 
EGFR mutations with varying sensitivity to EGFR TKIs, and the precise detection of 
these mutations will help to further refine EGFR targeted therapy.

 Anti-EGFR Monoclonal Antibodies

In comparison to EGFR TKIs, anti-EGFR monoclonal antibodies have had little 
role in the treatment of NSCLC. The humanized IgG1 anti-EGFR monoclonal anti-
body, cetuximab, has been tested in several combinations and has generally demon-
strated meager clinical success for an unselected NSCLC population. In patients 
with stage III NSCLC, the addition of cetuximab to concurrent chemoradiation and 
consolidation carboplatin plus paclitaxel provided no OS benefit and was associated 
with more grade 3 or greater toxic effects (86% vs 70%, P < 0.0001) [151]. The 
addition of cetuximab to platinum-based chemotherapy for advanced NSCLC was 
examined in two large randomized phase III trials: FLEX in patients with “EGFR- 
expressing” tumors by histology or cytology and BMS099 in unselected patients. 
There was no change in PFS, and the OS advantage was 1.3 months (P = 0.04 for 
FLEX, and P = 0.169 for BMS099) [152, 153]. More recently, in the randomized 
phase III SWOG S0819 trial of 1313 treatment-naive patients with advanced 
NSCLC, the addition of cetuximab to carboplatin plus paclitaxel (and if appropri-
ate, bevacizumab) failed to add an improvement in OS [154]. Subset analysis of 
patients with tumors with EGFR high copy number or amplification by fluorescence 
in situ hybridization (FISH) also failed to find any OS benefit. Weekly administra-
tion, additional cost, minimal or no survival advantage, and side effects (primarily 
grade 3 rash) led to cetuximab not being approved by either the EMA or FDA [155].

Despite their lack of success in unselected NSCLC patients, anti-EGFR mono-
clonal antibodies have shown some efficacy in squamous NSCLC. Although squa-
mous NSCLC harbor a low frequency of EGFR mutations, they tend to have higher 
rates of EGFR overexpression compared to lung adenocarcinoma [156]. In fact, the 
EGFR TKIs, erlotinib and afatinib, have also demonstrated efficacy in squamous 
NSCLC, and afatinib has an FDA approval for pretreated squamous cell carcinoma 
of the lung [157, 158]. In a prespecified subset analysis of 111 patients in SWOG 
S0819 with squamous histology, the median overall survival was 11.8 months in the 
cetuximab arm vs 6.1  months for carboplatin and paclitaxel arm (HR  =  0.58, 
P = 0.007) [154].

The second-generation fully humanized IgG1 anti-EGFR monoclonal antibody, 
necitumumab, was added to gemcitabine/cisplatin for patients with advanced 
 squamous NSCLC in the randomized phase III trial, SQUIRE. There was a slight 
OS advantage (11.5 vs 9.9  months for the gemcitabine/cisplatin, HR 0.84, 
P = 0.01), at the expense of more grade 3 adverse events reported in patients receiv-
ing necitumumab (72% vs 62%) [159]. In 2015, the FDA approved necitumumab 
in combination with gemcitabine and cisplatin for squamous NSCLC [160]. In 
light of other therapies such as combination chemoimmunotherapy or docetaxel 
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plus ramucirumab [161, 162], the role of anti-EGFR therapy for squamous NSCLC 
has been debated [163, 164]. Recently, the National Comprehensive Cancer 
Network Panel unanimously voted to delete necitumumab plus gemcitabine and 
cisplatin from its list of recommended therapies, citing “toxicity, cost, and limited 
improvement in efficacy when compared to cisplatin/gemcitabine” [165].

The most significant area of clinical success of EGFR monoclonal antibodies for 
NSCLC is in combination with EGFR TKIs. In a phase Ib study of 126 heavily pre-
treated patients who had acquired resistance to erlotinib or gefitinib, the combination 
of afatinib with cetuximab led to an ORR of 29% and median PFS 4.7 months (regard-
less of T790M mutation status) [166, 167]. This suggests that at the time of acquired 
resistance a certain proportion of patients retain dependence on EGFR- mediated sig-
naling that may be overcome with dual EGFR blockade. Given the improved efficacy 
and toxicity profile of osimertinib compared to afatinib across trials, there are at least 
three ongoing phase I trials of osimertinib in combination with necitumumab [168].

 Addition of Chemotherapy to First-Line EGFR TKI

It has been hypothesized that the addition of chemotherapy to EGFR TKI could 
postpone the emergence of acquired resistance. The first trial to assess an EGFR 
TKI plus chemotherapy compared to an EGFR TKI alone in an exclusively EGFR 
mutation-positive population was a randomized phase II trial conducted in Asia of 
191 patients with advanced NSCLC with activating EGFR mutations who received 
pemetrexed with gefitinib or gefitinib alone [169]. The combination prolonged PFS 
to 15.8 months vs 10.9 months, which was intriguing but did not reach statistical 
significance (HR  =  0.68, P  =  0.18). There is an ongoing confirmatory phase III 
study, AGAIN (JCOG1404/WJOG8214L), in which patients are randomized to 
gefitinib or gefitinib with cisplatin and pemetrexed as first-line treatment. Currently, 
it is unclear whether the addition of chemotherapy to an EGFR TKI offers benefit, 
and single-agent EGFR TKI remains the standard of care first-line treatment [165].

 Bevacizumab Added to EGFR TKI

Bevacizumab is a humanized monoclonal antibody against the vascular endothelial 
growth factor receptor (VEGFR). The addition of bevacizumab to chemotherapy has 
been shown to improve OS and PFS in patients with NSCLC [170, 171]. In unselected 
patients with advanced, pretreated NSCLC, the double-blind phase III trial (BeTa) 
randomized patients to bevacizumab and erlotinib or erlotinib alone. Addition of 
bevacizumab to erlotinib resulted in a minimal PFS advantage of 3.4 months as com-
pared to 1.7 months with erlotinib alone (HR 0.62, 95% CI 0.52–0.75), without any 
OS advantage [172]. Post hoc subset analysis failed to demonstrate any PFS or OS 
benefit among patients harboring EGFR mutations in this population [172].
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More recent trials prospectively examining the use of bevacizumab with an 
EGFR TKI in patients selected for EGFR mutations have shown more promising 
results. In the randomized phase II study (JO25567) of upfront bevacizumab with 
erlotinib in patients with activating EGFR mutations, the PFS was 16.0 months in 
the erlotinib plus bevacizumab group compared to 9.7 months in the erlotinib group 
(HR 0.54, P = 0.0015) [30]. The most common grade 3 adverse reactions included 
hypertension (60% vs 10%), rash (25% vs 19%), and proteinuria (8% vs 0). In 
another randomized phase III trial (NEJ026) of patients with treatment-naive 
EGFR-mutated NSCLC, the study met its primary endpoint for PFS at the interim 
analysis with a PFS of 16.9 months in the bevacizumab and erlotinib arm compared 
to 13.3 months in the erlotinib arm (HR = 0.605, P = 0.0157) [173]. Both random-
ized trials provide evidence for combining an EGFR TKI with bevacizumab as first- 
line therapy, and in 2016 the European Medicines Agency (EMA) approved the 
combination, although no OS benefit has been found at this time.

Current combination studies are evaluating similar strategies, including some with 
osimertinib as the TKI and others with ramucirumab as a VEGFR monoclonal anti-
body. Randomized phase II trials of osimertinib and bevacizumab versus osimertinib 
are ongoing (BOOSTER; NCT03133546) as is the phase III CAURAL trial with an 
arm of osimertinib with bevacizumab (NCT02454933). The RELAY study 
(NCT02411448) is a randomized phase Ib/III study to investigate the safety and effi-
cacy of ramucirumab and erlotinib, and it has a substudy arm looking at combination 
treatment with osimertinib. These trials may help define a potential role for VEGF 
pathway inhibitors in the first-line treatment for EGFR-mutated patients.

 Immune Checkpoint Inhibition

Immune checkpoint inhibitors (ICIs) have dramatically changed the treatment land-
scape and prognosis of advanced NSCLC [174, 175], yet response rates to mono-
therapy in unselected patients are generally less than 20%. Therefore, there is a 
critical need to define those patients who are most likely to benefit. Blocking the 
programmed-death ligand 1 (PD-L1) or its receptor (PD-1) has demonstrated less 
success in patients with EGFR mutations compared to those with wild-type EGFR. 
A recent analysis of 1588 patients with NSCLC who had progressed on at least one 
prior therapy and were treated with nivolumab showed a lower ORR in the those 
with EGFR-mutated disease of 8.8%, compared to 19.6% for those with wild-type 
EGFR (P = 0.007) [176]. A meta-analysis of ICIs in metastatic NSCLC disease 
showed no benefit of an ICI compared to docetaxel for EGFR-mutated patients 
[177], further dampening the excitement for using ICIs in this population.

The combination of PD-L1 blockade and EGFR TKI has also been explored. 
However, this appears to be associated with significant toxicity. In the phase Ib 
TATTON trial, the combination of osimertinib and durvalumab was associated with 
interstitial lung disease in 38% of patients [178]. The study arm was closed prema-
turely as was the phase III CAURAL trial (NCT02454933) of osimertinib plus dur-
valumab [179].
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In general, immune checkpoint inhibition for EGFR-mutated NSCLC has been 
disappointing, reflecting the different pathogenesis of this oncogene-driven subset 
of NSCLC. In part, this may be due to low tobacco exposure and the low resultant 
mutation burden and neo-antigen expression seen in EGFR-positive disease. One 
exception is the IMpower 150 trial of carboplatin, paclitaxel, and bevacizumab 
(BCP) compared to the same regimen with the PDL1 inhibitor, atezolizumab 
(ABCP) for patients with non-squamous NSCLC [180]. In patients without an 
EGFR or ALK mutation, there was a 4.5 month OS benefit (median OS 19.2 months 
vs 14.7 months, HR = 0.78, P = 0.016) in the ABCP arm. The combination is FDA 
approved for patients with non-squamous NSCLC without EGFR or ALK mutations 
[181]. This trial included 80 patients with an EGFR mutation and 34 with EML4- 
ALK fusion, another actionable NSCLC mutation; among these patients taken as a 
group, PFS was longer with ABCP than with BCP (median, 9.7  months vs 
6.1 months; unstratified hazard ratio, 0.59; 95% CI, 0.37–0.94). Although this data-
set contains relatively few patients, ABCP does offer a treatment option for EGFR- 
mutated NSCLC, particularly at the point that EGFR-targeted therapy options have 
been exhausted.

 Resistance to Osimertinib and Future Directions

There are multiple causes of resistance to third-generation inhibitors, including 
EGFR or mesenchymal–epithelial transition factor (MET) amplification [182]; 
acquisition of resistance mutations such as C797S, L718X, and L792X [183]; and 
small cell transformation [168, 184, 185]. At the time of progression on osimertinib, 
approximately 22–40% of patients can be found to have the C797S point mutation 
in exon 20, a tertiary mutation that removes an important cysteine residue [114, 
186]. Unlike the reversible EGFR TKIs, a defining feature of second- and third- 
generation inhibitors is covalent bonding to the cysteine at the 797 position, a resi-
due at the edge of the EGFR ATP-binding cleft [80]. Due to a mutation changing the 
cysteine to a serine, covalent inhibitors can no longer bind to the protein. The 
T790M and C797S can exist in a cis position, in which a single allele has both the 
T790M and the C797S mutations, or in a trans position, with T790M and C797S on 
different alleles. Preclinical data and some clinical data suggest that the cis relation-
ship is predominant and would be resistant to all known EGFR TKIs [187–189]. In 
contrast, if C797S and T790M are in the trans position, combined or alternating 
first-generation and third-generation inhibitors may be beneficial [190, 191].

The C797S mutation prevents binding of covalent inhibitors to EGFR at the 
ATP-binding pocket, but this may theoretically be circumvented by binding to a 
different site than the catalytic active site. EAI045 is one such selective allosteric 
inhibitor that was identified in high-throughput screens. It binds tightly to an allo-
steric site created by displacement of the C helix in the inactive confirmation of 
EGFR [192, 193]. EAI045 demonstrates selectivity and efficacy in mouse models 
harboring the EGFR C797S mutation (L858R/T790M/C797S) in combination with 
cetuximab [193]. The synergy with cetuximab seems critical to EAI045’s activity 

EGFR Targeted Therapy



16

against C797S-mutated NSCLC.  It remains to be seen whether other ongoing  
high- throughput screens will identify other potent allosteric inhibitors of EGFR and 
whether they will rely on the use of combination EGFR blockade as well [194].

Brigatinib is a small molecule inhibitor of both ALK and EGFR [195]. In pre-
clinical models, “triple-mutant EGFR”-positive cells (activating EGFR mutation/
T790M/C797S) responded to the combination of brigatinib with an anti-EGFR 
monoclonal antibody, cetuximab or panitumumab [196]. Single-agent activity of 
brigatinib in a phase I/II trial was only 5% [197], possibly compounded by low 
plasma concentrations [196], but the addition of an anti-EGFR monoclonal anti-
body remains to be clinically tested. The preclinical data with brigatinib and 
EAI045 in laboratory models with a C797S mutation demonstrate that combination 
therapies with an anti-EGFR monoclonal antibody may lead to overcoming resis-
tance to osimertinib.

HER2 and MET amplification have been recognized as EGFR-independent 
mechanisms of acquired resistance to osimertinib, and result in continued activation 
of ERK and AKT [168, 198]. In patients with MET activation, the MET inhibitor, 
crizotinib, shows activity in preclinical models and case reports [182, 199, 200]. In 
the phase Ib/II TATTON trial, the combination of osimertinib with the MET inhibi-
tor savolitinib was studied in patients with T790M EGFR-mutated NSCLC and 
MET amplification. In those who had not previously received a third-generation 
EGFR TKI, 43% of patients achieved a PR. In those previously treated with a third- 
generation EGFR TKI the PR rate was 20% [201]. To target both MET and EGFR, 
the bispecific antibody, LY3164530, was tested in a phase I trial in patients with 
advanced and metastatic cancer [202]. The authors concluded that the significant 
toxicities along with a lack of potential predictive biomarkers limited future devel-
opment, but other dual-targeted agents are under development, including 
JNJ-61186372.

In HER2 amplified cells with acquired resistance to osimertinib, trastuzumab 
emtansine has shown preclinical activity [203]. In an animal tumor model that ini-
tially responds to osimertinib but eventually relapses, the addition of cetuximab and 
trastuzumab to osimertinib resulted in rapid and durable inhibition of tumor recur-
rence [204]. The authors also demonstrated benefit with the addition of an anti- 
HER3 antibody. There is an ongoing phase I trial of the HER3-targeting antibody 
drug conjugate, U3-1402, in patients with NSCLC and an activating EGFR muta-
tion who either progressed on osimertinib or are T790M negative at the time of 
disease progression [205].

 Conclusion

The discovery of EGFR mutations in NSCLC and the development of EGFR TKIs 
to target them have helped define the modern era of precision medicine. Our under-
standing of the molecular mechanisms of disease and resistance has allowed us to 
deliver innovative ways of targeting this disease, and expanded our ability to treat 
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patients. The latest generation of EGFR TKI, osimertinib, has shown dramatic  
benefits, first in overcoming T790M-mediated resistance, and more recently as the 
first- line therapy with the longest PFS. Given its efficacy in treating CNS metasta-
ses, we are likely to redefine the optimal sequence of treatment for this special 
population of patients while optimizing quality of life. We have already embarked 
upon the next challenge of treating acquired resistance to third-generation inhibitors 
with several new compounds in clinical trials. Multiple mechanisms occur in 
acquired resistance, and future directions to overcome this might involve combina-
tion therapy targeted to the specific resistance genotype. Whereas no effective 
options have been available for patients with the exon 20 insertion, early clinical 
data show promising results for poziotinib and AP32788. We await further reports 
on these agents as well as others to target rare mutations in EGFR. The story of the 
discovery of targeted treatment for EGFR-mutated NSCLC has taught us that a deep 
understanding of the molecular mechanisms of disease can lead to powerful person-
alized treatment.
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Anaplastic Lymphoma Kinase

Nicolas A. Villanueva, Nicholas P. Giustini, and Lyudmila A. Bazhenova

Abstract Anaplastic lymphoma kinase (ALK) is a transmembrane receptor tyro-
sine kinase, which is a member of the insulin receptor superfamily. Fusions in ALK 
result in constitutively activated signaling which is susceptible to inhibition by ALK 
tyrosine kinase inhibitors (TKIs). In this chapter we are describing management of 
patients with ALK-fused lung cancer. We will discuss molecular basis of ALK 
fusion including different fusion partners and variants, testing for ALK, targeting 
ALK with TKI, and managing resistance. Targeting ALK oncogenic driver has been 
an example of rapid drug development with the first ALK inhibitor approved in 
2011 just 4 years after the first publication of ALK discovery by Soda et al. In the 
following years, we have discovered second- and third-generation ALK inhibitors 
which are able to circumvent ALK resistance and distinguished by better CNS 
penetration.

Keywords Anaplastic lymphoma kinase · Insulin receptor superfamily · Lung cancer 
· Echinoderm microtubule-associated protein-like 4 · EML4-ALK fusion gene

 Anaplastic Lymphoma Kinase

Anaplastic lymphoma kinase (ALK) fusion in non-small cell lung cancer (NSCLC) 
was first described by Soda and colleagues in 2007. Using a retrovirus-mediated 
complementary DNA expression system, they discovered that a small inversion in 
the chromosome 2p results in a product consisting of portions of the echinoderm 
microtubule-associated protein-like 4 (EML4) gene and the ALK gene. The fusion 
had transforming properties in mouse 3T3 fibroblast model and was targetable by 
ALK inhibitor WHI-P154 [1].
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 The Structure of ALK Gene and Gene Fusions

The human ALK gene is located at chromosome region 2p23.2–p23.1. As one of the 
members of the receptor tyrosine kinase (RTK) family, ALK contains an extracel-
lular domain (ECD), a transmembrane domain, and an intracellular domain (ICD) 
[2]. In mice, alk is expressed in the nervous system [3, 4]. Therefore, it has been 
postulated that the biological functions of mammalian ALK are related to the devel-
opment and function of the nervous system. The precise activation mechanism of 
wild-type ALK is not known with the canonical RTK activation mechanism though 
ligand binding thought to be the most likely.

The oncogenic EML4-ALK fusion gene results from chromosomal translocation 
within the short arm of chromosome 2, where EML4 and ALK genes are located 
12  Mb apart with opposite orientation. Other reported fusion partners include 
KIF5B and KLC1-ALK [5, 6]. ALK fusion partner may cause dimerization (or 
oligomerization) of the ALK fusion protein independent of ligand binding, causing 
oncogenic ALK activation.

The break points for the translocations of ALK genes are typically located at 
exons 19–20 or exons 20–21. ALK fusion proteins usually contain the complete 
ALK kinase domain which is placed under promoter control of another gene as a 
result of a fusion. The break point in a partner gene is variable generating several 
ALK fusion variants [7]. The break point of ALK is constantly located before the 
5′-end of exon 20 at the start of the kinase domain. The most commonly reported 
variant is variant 1 which is detected in a third of ALK-fused NSCLC patients. 
Overall, the three major variants (v1: E13;A20, v2: E20;A20, and v3: E6;A20) 
account for more than 90% of lung cancers associated with EML4-ALK.The sig-
nificance of different variants is not clear. Preclinical data points to differential sen-
sitivity of ALK variants to ALK inhibitors which may be explained by differences 
in protein stability in EML4-ALK-expressing cells [8, 9].

In a single institution retrospective analysis of 35 patients treated with crizotinib, 
longer progression-free survival (PFS) has been reported in variant 1 patients com-
pared to non-variant 1 (11 vs. 4.2 months, respectively; P < 0.05). Response rates 
were similar (74% and 63%, respectively; P < 0.0318) [10]. In another retrospective 
study of 92 patients, a differential in PFS between variant 1 and non-variant 1 was 
not confirmed (12.3 vs. 15.8 months, respectively, P = 0.482). However, variant 2 
showed improved PFS compared to non-variant 2 (34.53 vs 12.30 months, respec-
tively, P  =  0.021) [11]. Yet, a third retrospective study of 51 patients separated 
patients into variant 3 vs. other groups and showed improved 2-year PFS at 2 year 
in non-variant 3 patients (76% vs. 26.4% respectively, P 0.034) [12]. This is cor-
roborated by a dataset by Lin who showed that ALK variant 3 patients were more 
likely to develop resistance mutations especially G1202R (57% vs. 30%; P = 0.023 
for all resistant mutations and 32% vs. 0%; P = 0.001 for G1202R) [13]. The main 
weakness of all those studies is its retrospective nature which is probably responsi-
ble for contradicting results. In this light, results of the ALEX trial provide a tie 
breaker. ALEX trial was a randomized trial comparing alectinib to crizotinib in 

N. A. Villanueva et al.



33

treatment-naïve ALK-positive NSCLC patients [14]. There was no significant PFS 
difference across variant types for patients treated with crizotinib or alectinib using 
either plasma or tissue [15].

 Frequency of ALK Fusions in NSCLC

ALK fusion oncogene happens in about 3–13% of patients with NSCLC [1, 16–18]. 
In the lung cancer mutational consortium dataset, the frequency of ALK alteration 
was reported to be 8% [19]. ALK fusions commonly occur in nonsmokers and with 
rare exceptions are mutually exclusive with other driver mutations [20]. ALK 
fusions have been described in other cancers such as colorectal, breast, renal cell, 
esophageal, and ovarian, anaplastic thyroid carcinoma, and diffuse large B-cell lym-
phoma at low frequencies [21].

 Diagnosis of EML4-ALK Fusion

 Fluorescent In Situ Hybridization

Fluorescent in situ hybridization (FISH) assay using a break-apart probe (Abbott 
Molecular Diagnostics) was the first assay used to select patients for ALK therapy. 
ALK positivity was defined as 15 or more cells showing a split signal.

 Immunohistochemistry

Immunohistochemistry (IHC) is an easier and more economical testing alternative. 
Potentially IHC can be interpreted with a smaller biopsy size and variety of samples 
such as fluid or cytology cell blocks in addition to tissue blocks. The ALK (D5F3) 
CDx Assay (Ventana) has been approved by the US FDA as a stand-alone test.

 RT-PCR and Non-multiplexed Platforms

RT-PCR is a very sensitive method which provides information about fusion part-
ners. However, the high sensitivity of the test is achieved only when the fusion pat-
tern is within a detectable range of primer pairs, requiring a comprehensive primer 
dataset. The main downside of RT-PCR is not being able to detect irregular variants 
with deletions in the annealing site of the primers or non-EML4 fusions unless 
primers for non-EML4 fusions are specifically designed. Comparative quantitative 
RT-PCR which is based on differential expression of 3′ and 5′ transcript in ALK 
fusions is immune to problems arising from not knowing an exact fusion partner.
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 Next-Generation Sequencing

Next-generation sequencing (NGS) and massively parallel or deep sequencing are 
related terms that describe a DNA sequencing technology which has revolutionized 
genomic research. NGS platforms perform sequencing of millions of small frag-
ments of DNA in parallel. Bioinformatics analyses are used to piece together these 
fragments by mapping the individual reads to the human reference genome. Hybrid 
capture-based NGS gene panels have been shown to have utility in detecting ALK 
fusions including complex fusions that can be missed by FISH or IHC [22, 23].

 Clinical Efficacy of ALK Inhibitors

There has been a rapid expansion of ALK inhibitors since crizotinib was designated 
for breakthrough approval by the FDA in 2011. Currently, there are three genera-
tions of ALK inhibitors, with each class possessing a higher affinity against the 
ALK gene, improved central nervous system (CNS) activity, and the capability of 
overcoming select acquired mutations. These ALK inhibitors are small molecule 
ATP-competitive inhibitors of the ALK tyrosine kinase domain [24]. Below we 
describe their clinical efficacy, current indications, and associated toxicities.

 First-Generation ALK Inhibitor

Crizotinib was initially discovered as a potent selective inhibitor of MET proto- 
oncogene, receptor tyrosine kinase (c-MET), but was also found to have activity 
against ALK [24]. Preclinical trials demonstrated that crizotinib interrupted tyrosine 
phosphorylation in cells containing the ALK fusion protein, resulting in downstream 
cell cycle arrest and apoptosis. The subsequent phase I study of crizotinib in ALK-
positive solid tumors refractory to standard treatments revealed activity in two patients 
with NSCLC during the dose-escalation phase, prompting an expanded cohort of 
these patients [25]. Eighty-two patients with ALK-rearranged NSCLC were treated 
with crizotinib 250 mg twice daily and produced an overall response rate (ORR) of 
57% (95% CI, 46–68%). Treatment was well-tolerated with the most common toxici-
ties being nausea, diarrhea, lower extremity edema, elevated transaminases, and visual 
disturbances; these effects were reversible with dose interruption. It should be noted 
that interstitial lung disease (ILD) was a rare adverse event (AE) associated with 
crizotinib occurring in 1.0% of patients. Subsequent studies evaluated crizotinib in 
ALK-positive NSCLC and are summarized in Table 1 [26–31].

Two subsequent phase III studies were conducted in previously treated (PROFILE 
1007) and treatment-naïve (PROFILE 1014) NSCLC that compared crizotinib to 
chemotherapy [28, 29]. Both studies met their primary endpoints of PFS, but an 
overall survival (OS) advantage was not seen due to the allowance of crossover of 

N. A. Villanueva et al.



35

the chemotherapy arms to receive crizotinib upon disease progression. The phase III 
PROFILE 1014 study randomized 343 treatment-naïve ALK-positive NSCLC 
patients to crizotinib or platinum doublet chemotherapy [29]. The median PFS was 
longer with crizotinib at 10.9 months vs. 7.0 months (HR 0.45, 95% CI, 0.35–0.60, 
p < 0.001). Additionally, crizotinib was associated with a higher ORR (74% vs. 
45%), duration of response (DOR) (11.3 months vs. 5.3 months), improved quality 
of life (QoL), and cancer-related symptoms. Recently, long-term follow-up reported 
an OS benefit when adjusted for crossover with a median OS of 59.8 months vs. 
19.2 months (HR 0.345, 95% bootstrap CI, 0.081–0.718) [32]. This trial established 
crizotinib as the standard frontline treatment for ALK-positive NSCLC.

 Second-Generation ALK Inhibitors

Ceritinib, alectinib, and brigatinib are second-generation ALK inhibitors with 
increased affinity against the ALK fusion gene and have improved CNS efficacy as 
compared to crizotinib. All three agents are currently FDA-approved for patients 
intolerant to or who experience disease progression with crizotinib. Ceritinib is 
20-fold more potent as compared to crizotinib and also overcomes select resistance 

Table 1 Crizotinib trials for ALK-positive NSCLC

Crizotinib

Trial name 
(phase, line of 
therapy)

PROFILE 
1001 [26] 
(phase I, 2L)

PROFILE 1005 [27] 
(phase II, 2L)

PROFILE 1007 
[28] (phase III, 2L)

PROFILE 1014 
[29] (phase III, 
1L)

Comparator 
arm

N/A N/A Pemetrexed or 
docetaxel (1:1)

Platinum 
doublet (1:1)

N 149 1066 347 343
ORR (%) 60.8 (95% CI 

52.3–68.9)
54 (95% CI, 51–57)a, 
41 (95% CI, 33–49)b

65 vs. 20 74 vs. 45

Median DOR 49.1 weeks 
(95% CI 
39.3–75.4)

11.8 months (95% CI, 
10.4–12.8)a, 
9.5 months (95% CI 
6.9–15.2)b

32.1 weeks vs. 
24.4 weeks

11.3 months vs. 
5.3 months

Median PFS 
(months)

9.7 (95% CI 
7.7–12.8)

8.4 (95% CI, 
7.1–9.7)a, 6.9 (95% 
CI, 5.6–9.4)

7.7 vs. 3.0 (HR 
0.49, 95% CI, 
0.37–0.64, 
p < 0.001)

10.9 vs. 7.0 (HR 
0.45, 95% CI, 
0.35–0.60, 
p < 0.001)

N baseline BM N/A 275/888 (31%) pooled patients [30] 79 (23%) [31]
IC-ORR (%) 
ITT population

N/A 18 (95% CI, 5–40) = untreated BM
33 (95% 13–59) = previously treated BM

77 vs. 28 
(treated BM)

BM Brain metastases, DOR duration of response, IC-ORR intracranial objective response rate, ITT 
intention-to-treat, N/A non-applicable, ORR objective response rate, PFS progression-free sur-
vival, 1L first line, 2L second line
aCentral ALK tested
bLocal ALK tested
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mutations associated with prior crizotinib treatment [33]. It was the first in its class 
to be FDA-approved for crizotinib-resistance ALK-positive NSCLC based upon the 
phase III ASCEND-5 study. The study randomized 231 previously treated patients 
with advanced ALK-positive NSCLC and gave certinib 750 mg once daily or single- 
agent chemotherapy [34]. Crossover was allowed following disease progression. 
Certinib resulted in a significantly longer PFS (5.4 months vs. 1.6 months, HR 0.49, 
95% CI, 0.36–0.67, p < 0.0001), higher ORR (39.1% vs. 6.9%) with a median DOR 
of 6.9 months (95% CI, 5.4–8.9 months), and improved cancer-related symptoms. 
The most common AE of any grade were diarrhea, nausea, vomiting, decreased 
appetite, and elevations in alanine aminotransferase (ALT) and aspartate amino-
transferase (AST). Dose adjustments or interruptions occurred in 80% of patients in 
the ceritinib group. Similar to crizotinib, ILD was rarely seen; there were 15 deaths 
(13%) in the certinib arm but none were treatment-related. Ceritinib was then tested 
in the frontline space with the phase III ASCEND-4 study comparing certinib to 
platinum doublet chemotherapy in treatment-naïve ALK-positive NSCLC [35]. As 
with crizotinib in the PROFILE 1014 study, certinib was associated with a longer 
median PFS (16.6 months vs. 8.1 months, HR 0.55, 95% CI 0.42–0.73, p < 0.00001), 
ORR (72.5% vs. 26.7%), DOR (23.9 months vs. 11.1 months), and cancer-related 
symptoms over upfront chemotherapy. Gastrointestinal toxicities remained a promi-
nent AE with ceritinib, prompting evaluation with a lower dose. The ongoing phase 
I ASCEND-8 study is comparing lower doses of 450 mg and 600 mg once daily 
with a low-fat meal compared to the standard 750 mg once daily fasted dose [36]. 
Currently reported results are encouraging, showing that the 450  mg once daily 
dose produces similar systemic concentrations, comparable ORR, and improved 
tolerability compared with the standard 750 mg once daily fasted dose [36, 37].

Alectinib is another selective ALK inhibitor that is able to overcome resistance 
mutations from prior crizotinib exposure [38]. The phase II, single-arm study in 
North America enrolled 87 patients with advanced ALK-positive NSCLC who pro-
gressed on crizotinib [39]. Alectinib 600 mg twice daily resulted in an ORR of 52% 
(95% CI, 40–61%), median DOR of 13.5 months (95% CI, 6.7–NR months), and 
median PFS of 8.1 months (95% CI, 6.2–12.6 months). The most common AE of 
any grade were constipation, fatigue, myalgia, and peripheral edema. Grade 3–4 
elevations in ALT, AST, and creatinine phosphokinase (CPK) were most common 
but occurred in <10% of patients. There was one alectinib-related death due to hem-
orrhage in a patient taking anticoagulation. Overall, alectinib was very well- tolerated 
with dose interruptions, reductions, and discontinuations occurring in 36%, 16%, 
and 2% of patients, respectively. Alectinib was further evaluated in the frontline set-
ting compared to the standard of care crizotinib in the phase III J-ALEX and ALEX 
studies [14, 40]. Both trials randomized treatment-naïve ALK-positive NSCLC 
patients 1:1 to alectinib or crizotinib. The J-ALEX study only recruited patients 
from Japan and used a lower alectinib dose of 300 mg twice daily, based upon their 
phase I AF-001JP Japanese study [41]. The ALEX study recruited 303 patients from 
98 centers internationally and used the standard alectinib dose of 600  mg twice 
daily. The inclusion criteria were similar between studies; the ALEX study 
 additionally stratified patients based upon ECOG performance status (0 or 1 vs. 2), 
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race (Asian vs. non-Asian), and the presence or absence of baseline brain metasta-
ses. The primary endpoint of PFS for both studies was significantly higher with 
alectinib. The investigator-assessed PFS was significantly longer in the alectinib 
arm (not reached vs. 11.1 months, HR 0.47, 95% CI, 0.34–0.65, p < 0.001). All 
subgroups benefited from alectinib. The ORR were similar between arms (82.9% 
vs. 75.5%, p = 0.09) and responses were durable; the 12-month event-free rate was 
72.5% and 44.1%, respectively. The median OS was not estimable at the time of 
initial data analysis; the 12-month OS rate was 84.3% and 82.5% (HR 0.76, 95% CI, 
0.48–1.20), respectively. Consistent with the phase I study, alectinib was well- 
tolerated; as compared to crizotinib, alectinib was associated with more anemia 
(20% vs. 5%), myalgia (16% vs. 2%), weight gain (10% vs. 0%), and photosensitiv-
ity reaction (5% vs. 0%). Crizotinib was associated with more gastrointestinal tox-
icities. There were similar grade 5 toxicities between crizotinib and alectinib (3% 
vs. 5%), and two were related to crizotinib but none were related to alectinib. 
Treatment reduction, interruption, and discontinuation were similar between arms, 
occurring with alectinib in 16%, 19%, and 11%, respectively. Following the results 
of the ALEX study, alectinib was granted regular approval by the FDA in November 
2017 and became another frontline option for treatment-naïve ALK-positive 
NSCLC.

Brigatinib is the last second-generation ALK inhibitor, similarly more potent as 
compared to crizotinib and, like the other drugs in its class, can overcome select 
resistance mutations [42]. It was granted accelerated FDA approval in April 2017 
for patients who progress or are intolerant to crizotinib, joining ceritinib and alec-
tinib in this indication. Approval was based upon the results of the phase II ALTA 
study which included 222 patients who developed disease progression on crizotinib, 
randomized 1:1 to brigatinib 90 mg once daily (arm A) or 180 mg once daily with a 
7-day lead-in at 90 mg once daily (arm B) [43]. Patients in arm A were allowed to 
receive the 180 mg once daily dose upon disease progression. Both arms produced 
similar investigator-assessed ORR (45% vs. 54%), and responses were durable 
(median DOR 13.8  months vs. 11.1  months). The median PFS was numerically 
longer in arm B at 12.9 months versus 9.2 months in arm A. The most common AE 
of any grade were nausea, vomiting, headache, and fatigue. Notable grade ≥ 3 AE 
(arms A/B) were hypertension (6%/6%), elevated CPK (3%/9%), elevated lipase 
(4%/3%), and pneumonia (3%/5%). Unique to brigatinib is the occurrence of pul-
monary symptoms (dyspnea, cough, pneumonia, pneumonitis) occurring within 
24–48 hours of treatment initiation [44]. These symptoms were believed to be due 
to a higher brigatinib starting dose that was mediated with the introduction of a 
7-day lead-in at 90 mg once daily. There were 14 patients (6%) who experienced 
pulmonary AE, with a median time to onset of 2 days (range, 1–9 days). Six patients 
required dose interruption with successful reintroduction and one death that was not 
attributable to brigatinib. The improved median PFS in arm B led to its use in the 
phase III frontline study which randomized 275 treatment-naïve patients 1:1 to 
brigatinib or crizotinib (ALTA-1 L). The estimated 12-month PFS was 67% (95% 
CI, 56–75%) versus 43% (95% CI, 32–53%); HR 0.49 (95% CI 0.33–0.74, 
p < 0.001). Confirmed ORR were achieved in 71% vs. 60%, and responses were 
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durable at the time of data analysis; the 12-month DOR was 78% vs. 48%. The 
survival data is not yet mature. The AE profile was similar to the phase II study; 
there were higher rates of elevated CPK (39% vs. 15%), cough (25% vs. 16%), 
hypertension (23% vs. 7%), and elevated lipase levels (19% vs. 12%) without any 
cases of pancreatitis. Grade 3–5 toxicities were similar between arms; there were 14 
fatal events (7 in the brigatinib arm, 7 in the crizotinib arm) but none were treatment- 
related. The ALTA-1 L study established brigatinib as another potential treatment 
option with alectinib in the frontline space; it is currently pending FDA approval for 
this indication.

 Third-Generation ALK Inhibitor

Lorlatinib is the sole third-generation ALK inhibitor at this time; it is approved for 
ALK-positive NSCLC patients who progressed on at least two ALK inhibitors with 
one being crizotinib or who progressed on alectinib or ceritinib if either is used in 
the frontline setting. Preclinical studies demonstrate that lorlatinib is a potent ALK 
and ROS1 inhibitor that can successfully penetrate the blood-brain barrier and over-
come common resistance mutations seen with second-generation ALK TKIs, 
including G1202R [45]. The first-in-human phase I study in ALK or ROS1-positive 
NSCLC included 54 patients; 41 (76%) were ALK-positive, 28 (52%) had at ≥2 
prior TKIs, and 39 (72%) had baseline brain metastases [46]. The most common AE 
were hypercholesterolemia, hypertriglyceridemia, peripheral edema, peripheral 
neuropathy, and transient cognitive effects. Gastrointestinal toxicities were uncom-
mon. There were no dose-limiting toxicities or treatment-related deaths. The recom-
mended phase II dose was 100 mg once daily. The single-arm, multicenter, phase II 
study enrolled 276 patients into one of six expansion cohorts (EXP1–6) based upon 
the patient’s ALK or ROS1 status and prior treatment history [47]. Treatment-naïve 
patients were placed in EXP1 (N = 30), while different groups of prior ALK TKI 
failure were placed in EXP2–5 (N  =  198). Patients with ROS1-positive NSCLC 
were placed in EXP6. In EXP1, ORR were seen in 27 patients (90%, 95% CI, 
73.5–97.9%) with 85% of responses ongoing at the median follow-up of 6.9 months. 
In EXP2–5, responses were seen in 93 patients (47%, 95% CI, 39.9–54.2%) with 
68% of responses ongoing. In patients who previously received crizotinib (N = 59), 
the ORR was 69.5% with 78% of responses ongoing. Responses were also seen in 
patients who received a second-generation ALK TKI as their last therapy; ORR 
were 37.1%, 40.4%, and 37.5% for alectinib (N = 62), ceritinib (N = 47), and briga-
tinib (N = 8), respectively. Furthermore, in patients who received two to three prior 
ALK TKIs (N = 111), the ORR was 38.7% with 60% ongoing responses at median 
follow-up of 7.2 months. The safety profile was overall similar to the phase I with-
out any additional concerns. Tables 2 and 3 summarize the clinical trials evaluating 
the second- and third-generation ALK inhibitors for crizotinib-refractory and 
crizotinib- naïve ALK-positive NSCLC, respectively.
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 CNS Efficacy

Approximately 25% of patients with ALK-rearranged NSCLC will develop brain 
metastases [48]. Although crizotinib has improved outcomes for patients with 
advanced ALK-positive NSCLC, the CNS remains a common site of treatment fail-
ure [30]. In the PROFILE 1014 study, the intracranial disease control rate (IC-DCR), 
defined as the percent of patients achieving at least stable disease intracranially, was 
significantly longer at up to 24 weeks (56% vs. 25%, p = 0.006) with crizotinib vs. 
chemotherapy [31]. Despite providing initial control of intracranial disease, the intra-
cranial time to progression (IC-TTP), defined as the time from randomization to 
intracranial progressive disease (IC-PD), was not significantly different from patients 
who received chemotherapy (HR 0.60, 95% CI 0.34–1.05, p = 0.069 in the intention 
to treat population (ITT)). Intracranial-only PD was more common with crizotinib 
than chemotherapy (24% vs. 10%). It is believed that the mechanism of IC-PD with 
crizotinib is attributed to its poor CNS penetration due to P-glycoprotein (PGP) 
efflux transporters that decrease the concentration of crizotinib in this space [49, 50].

The second-generation ALK TKIs demonstrate improved CNS efficacy due to 
their increased potency and improved CNS penetration. In the post-crizotinib stud-
ies, approximately 60–70% of patients have baseline brain metastases [34, 39, 43, 
47]. These studies included asymptomatic untreated or treated brain metastases 
completed at least 14 days before enrollment. In the ASCEND-5 study comparing 
certinib to single-agent chemotherapy, the median PFS continued to favor ceritinib 
regardless of baseline brain metastases (4.4 months vs. 1.4 months, HR 0.50, 95% 
CI, 0.33–0.76) [34]. Intracranial and extracranial responses were similar, but ceri-
tinib failure in the CNS alone occurred in 51% vs. 67%, respectively. Certinib, like 
crizotinib, is a PGP substrate and may explain the eventual CNS failure despite 
being a more potent drug [51]. In contrast to ceritinib, alectinib is not a substrate of 
the PGP efflux system supporting its improved CNS activity [52]. This finding was 
further validated in the phase I/II study of alectinib in crizotinib-resistant ALK- 
positive NSCLC, where there was a linear relationship between alectinib cerebro-
spinal fluid (CSF) and systemic concentrations [53]. In pooled analysis of this 
cohort, patients with untreated brain metastases (N = 41) demonstrated an intracra-
nial ORR (IC-ORR) of 58.5% (95% CI, 42.1–73.7%) of which 48.8% achieved an 
intracranial complete response (IC-CR) [54]. Intracranial responses were durable, 
lasting a median of 11.1 months (95% CI, 10.3–NR months) among patients with 
measurable or nonmeasurable baseline brain metastases (N = 136). In the ALEX 
study, alectinib also reported similar IC-ORR of 81% (38% with IC-CR) and 59% 
(45% with IC-CR) in patients with measurable disease (N = 21) and measurable or 
nonmeasurable disease (N = 64), respectively. The responses were more durable and 
delayed the incidence of CNS progression with alectinib as compared to crizotinib. 
The IC-DOR in patients with measurable CNS disease was 17.3 months (95% CI, 
14.8–NR months) vs. 5.5 months (95% CI 2.1–17.3 months), respectively. In the 
ITT population, the 12-month cumulative incidence of CNS progression was 9.4% 
(95% CI, 5.4%–14.7%) versus 41.4% (95% CI, 33.2–49.4), respectively [14]. 
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Brigatinib was similarly efficacious in both phase I/II crizotinib-failure cohorts and 
ALK-inhibitor-naïve cohorts in the phase III ALTA-1 L study. The ALTA-1 L study 
reported an independent review committee (IRC)-assessed IC-ORR of 67% (95% 
CI, 51–81%) with 37% achieving IC-CR among alectinib-treated patients with mea-
surable or nonmeasurable baseline brain metastases (N = 43). Responses were dura-
ble and delayed the incidence of CNS progression as compared to crizotinib. The 
cumulative incidence of CNS progression was 9% vs. 19% (HR 0.30, 95% CI 0.15–
0.60). The improved CNS efficacy of alectinib and brigatinib as compared to crizo-
tinib in the phase III studies should be a taken into account when deciding upfront 
ALK TKI therapy.

Finally, lorlatinib has been associated with improved CNS efficacy and its ability 
to overcome common resistance mutations associated with second-generation ALK 
inhibitors, making it an exciting drug. In the patients with prior ALK TKI failure 
(N = 81), the IRC-assessed IC-ORR was 63% (95% CI, 51.5–73.4%) with 20% 
achieving an IC-CR. The intracranial responses were durable, with a median DOR 
of 14.5 months (95% CI, 8.4–14.5 months). In patients who received ≥2 prior ALK 
TKIs (N = 49), the IRC-assessed IC-ORR was comparable at 53.1% (95% CI, 38.3–
67.5%) and a similar median DOR of 14.5 months (95% CI 6.9–14.5 months) [47]. 
Lorlatinib produces a high intracranial response that is durable, even in the most 
heavily pretreated ALK-positive NSCLC. Tables 2 and 3 summarize the intracranial 
activity of second- and third-generation ALK inhibitors for crizotinib-refractory and 
crizotinib-naïve ALK-positive NSCLC, respectively.

 Sequencing ALK Inhibitors

Currently, there are five ALK TKIs for the treatment of advanced ALK-mutated 
NSCLC, of which crizotinib, ceritinib, and alectinib are FDA-approved in the front-
line setting (brigatinib is likely to be also approved for this indication). Prior to the 
seminal publication of the J-ALEX and ALEX studies, crizotinib and certinib were 
first-line options followed by ceritinib (if not previously exposed), alectinib, or 
brigatinib upon disease progression. In the post-ALEX era, alectinib joined crizo-
tinib and ceritinib as the potential first-line option, with many selecting alectinib 
given its PFS advantage and improved AE profile over crizotinib. Questions remain 
on whether upfront alectinib improves OS as compared to serial ALK TKI use with 
crizotinib followed by ceritinib or alectinib upon disease progression. There is no 
data to currently answer this clinical question as the survival data from the ALEX 
trials are not yet mature. Keeping in mind the limitations with combining data from 
different studies, we can estimate the PFS between alectinib and serial ALK TKI 
treatment with crizotinib followed by alectinib. The median PFS of crizotinib in the 
phase III ALEX trial was 10.4 months (95% CI, 7.7–14.6 months) and of alectinib 
in the phase II trial following crizotinib failure was 8.1  months (95% CI, 6.2–
12.6 months), which estimates a total median PFS of crizotinib followed by alec-
tinib upon progression of 18.5  months (range, 13.9–27.2  months) [14, 39]. For 
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comparison, in the ALEX trial, alectinib was associated with a median PFS of 
25.7 months (95% CI, 19.9–NR). Given the current available data, alectinib is a 
reasonable first-line treatment option for advanced ALK-positive NSCLC given its 
prolonged PFS and favorable AE profile as compared to crizotinib. Following the 
publication of the ALTA-1 L study, brigatinib will likely be added as an option for 
treatment-naïve patients. There are no planned head-to-head trials comparing alec-
tinib to brigatinib, both of which demonstrated a significantly longer PFS compared 
to crizotinib. Understanding the limitations of cross-trial comparisons, the HR for 
PFS are similar between alectinib (HR 0.50, 95% CI, 0.36–0.70) and brigatinib (HR 
0.49, 95% CI, 0.33–0.74) [14, 55]. Additionally, the systemic and intracranial 
responses are comparable with longer delays in CNS progression versus upfront 
crizotinib. Both drugs are well-tolerated with slightly different side effect profiles. 
Brigatinib is administered once daily with a 7-day lead-in, while alectinib is admin-
istered twice daily. When brigatinib is approved in the frontline setting, patients will 
need to make an individualized decision based upon these factors as both agents are 
equally efficacious in the upfront setting.

Patients with advanced ALK-positive NSCLC now have a plethora of treatment 
options before resorting to systemic chemotherapy. Newer generation ALK TKIs 
are more potent, durable, and with an improved side effect profile as compared to 
crizotinib. These agents also possess improved CNS activity to overcome the failure 
of crizotinib in this space. The current dilemma now is figuring out how best to 
sequence the currently available ALK TKIs and the next generation of drugs. 
Ensartinib (X-396) and entrectinib are two novel TKIs with activity against ALK 
that show promise in early phase studies [56, 57]. Additionally, lorlatinib 
(NCT03052608) and ensartinib (NCT02767804) are also being compared to crizo-
tinib in the frontline setting for treatment-naïve ALK-positive NSCLC.

 Mechanisms of Resistance

 Types of Resistance

ALK-mediated NSCLC is classified as an oncogene addicted cancer, which depends 
upon the ALK pathway for proliferation and will either undergo apoptosis or transi-
tion to a quiescent cell state in the presence of an ALK inhibitor. Eventually, both 
in vivo and in vitro, tumors will develop resistance through multiple mechanisms, 
which will be discussed here. While pharmacologic resistance can develop through 
issues with compliance, absorption through the GI tract, differences in enzymatic 
metabolism including drug interactions, and differences in penetration of the blood- 
brain barrier, these mechanisms are issues of inadequate drug exposure [58]. 
Mechanisms to be further explored here entail acquired biological resistance or 
resistance that occurs in the setting of adequate drug exposure after initial response 
to ALK TKI therapy.
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 ALK-Dependent Mechanisms of Resistance

 Secondary Mutations

ALK-dependent mechanisms of overcoming these TKIs include methods of increas-
ing the ALK signal to downstream cellular pathways. Secondary mutations in the 
ALK tyrosine kinase domain alter the activity of the kinase often by weakening or 
blocking binding of the aforementioned TKIs. Largely these are point mutations 
that alter a single amino acid, changing the binding domain. These mutations will 
be discussed by generation of ALK TKI as they have been discovered with the use 
of these drugs.

As sole first-generation ALK TKI, crizotinib drove early trials and aided in the 
discovery of secondary mutations. L1196 is considered the ALK gatekeeper resi-
due—the critical amino acid that lies deep within the ATP-binding pocket and 
affects drug binding—with the L1196M mutation affecting drug binding via steric 
hindrance as well as stabilization of the active protein conformation. This residue is 
considered analogous to the EGFR gatekeeper T790M, which is implicated in 
50–65% of EGFR-resistant cases. However, as opposed to the EGFR T790M, 
L1196M is not implicated in a majority of resistant cases, much like with the gate-
keeper of CML with T315I [59–61].

C1156Y is on the edge of the kinase-binding pocket and may somewhat inhibit 
binding; however, more likely the mechanism of resistance is allosteric interference 
[60]. Similarly, L1152R does not affect the binding pocket but decreases down-
stream ALK effects [62]. Other mutations discovered include G1202R and S1206Y, 
which are located at the solvent front of the kinase domain and likely interfere with 
ALK activity through steric hindrance and possibly through conformational changes 
[63]. 1151Tins is thought to cause a change in affinity of ALK for ATP, decreasing 
activity [63]. G1269A also interferes with ALK activity through steric hindrance 
[61]. Finally, D1203N induces resistance through an unknown mechanism [64].

With regard to second-generation ALK TKIs, ceritinib selects for resistance most 
commonly through G1202R, F1174C, and F1174 L; the latter two are thought to 
stabilize the active conformation of the kinase domain leading to increased ATP 
binding. In addition, a novel mutation G1202del was identified, which is thought to 
shift the 1203 aspartate leading to steric interference [65]. In addition, case reports 
noted G1123S sterically inhibits binding and/or interferes with the glycine-rich loop 
important in TKI binding [66]. Lastly, L1152R was shown to confer resistance to 
ceritinib [67]. A study of patients who progressed on ceritinib did show C1156Y as 
possibly contributing to resistance; however, both biopsy samples in this study 
showed compound mutations, one with I1171N and the other with V1180L [65].

Alectinib selects for resistance through G1202R, 1151Tins, I1171T, I1171S, 
I1171N, and V1180 L with I1171 and V1180 L mutations destabilizing the alectinib 
and ALK complex through steric interference; I1171 is also thought to stabilize the 
activated ALK conformation [63, 65, 66, 68–71]. Brigatinib also selects for G1202R 
with some partial resistance contributed from the G1202del mutation [65]. The new-
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est generation ALK TKI, lorlatinib, has been shown to be effective against all known 
mutations, except L1198F through steric interference. However, while this mutation 
provided resistance to lorlatinib, it re-induced sensitivity to crizotinib [72].

 Amplification

Amplification of the ALK gene, or copy number gain (CNG) defined as an ALK to 
centromere 2 ratio of ≥2.0, can lead to increased expression of ALK. This method 
of increasing ALK has been noted in a small percentage of patients who progress on 
crizotinib therapy, without other identifiable mutations [61, 63]. Amplification has 
also been posited as an intermediate step between sensitivity and resistance via 
other mechanisms, as a cellular line of ALK+ cells developed CNG and partial 
resistance to crizotinib and then later developed secondary mutations and resistance 
to higher doses of crizotinib [73]. When occurring after first-generation therapy and 
without other mutations, this mechanism can often be overcome with second- 
generation or later therapy, as these are more potent ALK TKIs.

 ALK-Independent Mechanisms of Resistance

 Bypass Signaling Pathways

ALK-independent resistance occurs when oncogenically addicted cells exposed to 
an ALK TKI subvert the ALK pathway as the driving force for proliferation and 
instead upregulate alternate signaling pathways to activate the downstream drivers 
PI3K/AKT, JAK3-STAT3, and RAS/ERK.

An alternative pathway ripe for adjunct targeting is via EGFR. In vitro studies of 
a patient who progressed on crizotinib therapy identified both a secondary mutation 
and strongly increased EGFR and MET phosphorylation without an EGFR muta-
tion or amplification via upregulation of the EGFR ligand amphiregulin. Partial 
inhibition of growth was achieved with an ALK TKI; however, a pan-ERBB inhibi-
tor was significantly more effective in restricting growth [62]. Another in vitro study 
created ceritinib-resistant cells without secondary or amplification mutations from 
a parental EML4-ALK rearranged NSCLC cell line. The resistant cell line exhibited 
decreased ALK phosphorylation and concomitantly exhibited increased EGFR 
phosphorylation not via EGFR mutation or amplification, but via upregulated 
TGFα, an EGFR ligand. This was confirmed by knockout of TGFα in these cells 
resulting in increased sensitivity to ceritinib [74].

In crizotinib-resistant EML4-ALK cells without secondary mutations, increased 
phosphorylation of EGFR and related HER2 and HER3 proteins was detected, 
mediated by increased EGF, a ligand for this family of proteins. This finding was 
confirmed by exposing the cells to an irreversible EGFR TKI, which induced apop-
tosis. Finally, incubation of the parental cell line—prior to exposure with crizo-
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tinib—to exogenous EGF induced resistance to crizotinib [75]. Similarly, two 
separate cell lines without secondary mutations were generated with resistance to 
alectinib and ceritinib, respectively. Phosphorylated EGFR, IGF-1R, and HER3 lev-
els were increased with a downstream increase in phosphorylated AKT and ERK 
mediated by NRG1, another EGFR ligand. As in the previous example, exogenous 
NRG1 incubation induced ALK resistance in the parental cells (prior to ALK TKI 
exposure) [76].

As opposed to EGFR-driven alternative signaling, KIT has also been implicated. 
In a crizotinib resistance tumor sample, KIT gene amplification with increased KIT 
protein levels was driven by SCF, the KIT ligand. In an in vitro sample, treatment 
with imatinib, a KIT inhibitor, reversed the resistant phenotype [63]. Indeed, EGFR 
mutations, KRAS mutations, ErbB phosphorylation, KIT amplification, IFG-1R 
pathway activation, and increased EGFR ligands have all been implicated as resis-
tance mechanisms in ALK+ NSCLC [77].

 Transformation

Change in morphology has also been shown as an ALK-independent mechanism of 
inducing resistance. Epithelial to mesenchymal transition (EMT) occurs when epi-
thelial cells transition to mesenchymal cell in order to become more motile and 
invasive through the loss of junctions, apical-basal polarity, and reorganization of 
their cytoskeletons primarily via TGF-β [78]. This transition was noted as a resis-
tance mechanism in a crizotinib-resistant cell line which phenotypically changed to 
spindle-shaped cells as well as exhibiting a decrease in E-cadherin and increase in 
vimentin and AXL driven by TGF-β1 [79]. Alternatively, rarely transformation into 
small cell lung cancer has been noted in case reports, with preservation of ALK 
positivity in the small cell sample [80–85]. While the exact mechanism is unknown, 
loss of the retinoblastoma gene is implicated in transformation of EGFR-positive 
NSCLC to small cell lung cancer and may occur via a similar mechanism in ALK- 
positive NSCLC [86].

 Overcoming Resistance

When progression on ALK TKI therapy occurs, identification of oligoprogressive 
disease—stability of disease overall with limited areas of progression—should be 
elucidated. As crizotinib does not effectively penetrate the blood-brain barrier, 
CNS-only progression may be managed by CNS radiation alone with continuation 
of crizotinib assuming the extracranial disease is stable, or switching to a second 
generation ALK TKI with better brain penetrance. Alternatively, oligoprogression 
outside the CNS (in four or fewer sites) amenable to local ablative therapy via either 
surgery or radiation should be treated to remove or suppress clones that have locally 
developed resistance mechanisms. In a study of patients who continued on 

Anaplastic Lymphoma Kinase



48

crizotinib after oligoprogression treated with local ablative therapy, treatment led to 
extended disease control by greater than 6 months [87].

Patients with diffuse systemic progression on ALK TKI could be considered for 
a post-progression biopsy. As discussed earlier, secondary resistance mutations to 
ALK TKIs can occur and vary based upon the type of ALK TKI used. Patients who 
develop resistance to crizotinib will often respond to second-generation TKIs as 
these are more potent, and can overcome CNG and secondary resistance mutations. 
Furthermore,  the second-generation TKIs are FDA-approved following crizotinib 
regardless of post-progression testing and in this setting, ALK resistance mutations 
only occur in 20% of patients [65]. For patients progressing on second-generation 
TKIs, ALK resistance mutations are seen at a higher rate in 56% of patients, so post- 
progression biopsies can be considered. These mutations are heterogenous and can 
impact TKI selection. Patients with F1174 mutations after ceritinib therapy are still 
sensitive to alectinib and brigatinib, while patients with I1171 mutations after alec-
tinib are still sensitive to ceritinib. Patients with G1202R mutations are pan-resistant 
to second-generation ALK TKIs but are sensitive to lorlatinib  and brigatinib. 
Resistance generated to lorlatinib through L1198F can be overcome with the use of 
the first-generation ALK TKI crizotinib [43, 65, 70, 72]. There is emerging evidence 
that ALK resistance mutations may serve as a biomarker for response to lorlatinib 
in  select patients. Patients  enrolled in the lorlatinib  phase II multicohort study 
[47] were evaluated in the setting of the presence or absence of ALK resistance 
mutations detected on tissue or plasma molecular profiling [96]. Patients who only 
received crizotinib derived similar outcomes regardless of the presence or absence 
of ALK resistance mutations. However, patients who previously received one or 
more second generation ALK TKIs had a higher ORR if an ALK resistance muta-
tion was found in either the tissue (69% vs. 27%, respectively) or plasma (62% vs. 
32%, respectively). Moreover, in patients with ALK resistance mutations detected 
in the tissue, PFS was significantly longer (11.0 months vs. 5.4 months, HR 0.47; 
95% CI, 0.27–0.83) with a median DOR of 24.4 months compared to 4.3 months, 
respectively. This data suggests that in patients previously treated with a second- 
generation ALK TKI, the persistence of an ALK-dependent mechanism of resis-
tance  may predict a better response to lorlatinib. It should be noted that in this 
heavily pretreated population, even in the absence of ALK resistance mutations, 
response rates are still ~30%. Further confirmatory studies are needed. 

Once treatment with TKIs has been exhausted, chemotherapy and clinical trial 
options should be considered. In this context, ALK TKI continuation can be consid-
ered as removal of ALK suppression may cause flare up of a population of cells that 
were previously in a quiescent state as noted in EGFR NSCLC patients [88]. With 
regard to the choice of chemotherapy, pemetrexed use in ALK+ versus wild-type 
patients has been associated with ORR of 46.7% and PFS of 9.2 months compared 
to 16.2% and 2.9 months, respectively. The proposed mechanism of this sensitivity 
is twofold. Lower levels of thymidylate synthase in ALK+ NSCLC are targeted by 
pemetrexed. In addition, ATIC, an enzyme that catalyzes a portion of purine biosyn-
thesis, is posited to be a substrate for ALK-mediated phosphorylation and is also 
targeted by pemetrexed [89, 90]. Finally, multiple clinical trials with the use of ALK 
TKI in combination with PD-1/PD-L1 inhibitors are underway [59].
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 Conclusion

ALK-rearranged NSCLC is uncommon but a very treatable population of advanced 
NSCLC. Testing all newly diagnosed advanced NSCLC patients for ALK gene rear-
rangements with any of the approved diagnostic tests (FISH, IHC, RT-PCR, NGS) 
should be standard of care with a high index of suspicion in nonsmokers. We now 
have three generations of ALK TKIs that are increasingly more effective, durable, 
and actively penetrate into the CNS. Clinicians have options when deciding frontline 
therapy and should consider not only the TKI efficacy but also the side effect profile, 
drug administration, and presence of baseline brain metastases. Unfortunately, resis-
tance will inevitably develop via ALK-dependent and ALK- independent mecha-
nisms. The more potent newer-generation ALK TKIs can overcome common 
ALK-dependent mechanisms such as point mutations and ALK gene amplifications. 
Post-progression biopsies can be considered to evaluate for mechanisms of resis-
tance but remain an active area of research. The landscape for ALK- positive NSCLC 
continues to evolve in our understanding and management of this disease.
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ROS1

Leslie G. Oesterich and Jonathan W. Riess

Abstract ROS1 is a receptor tyrosine kinase with ROS1 gene fusions identified in 
0.9–2.1% of non-small cell lung cancers (NSCLC), as well as a number of other 
malignancies. These fusions are constitutively activated, leading to significant 
changes in cell differentiation, proliferation, growth, and survival. The fusions can 
be identified by a number of methods including fluorescent in situ hybridization, 
immunohistochemistry, real-time PCR, and next-generation sequencing. The tyro-
sine kinase inhibitor crizotinib is a potent inhibitor of ROS1 and was approved by 
the FDA for treatment of metastatic non-small cell lung cancer (NSCLC) with 
ROS1 rearrangement in March 2016. However, as with other oncogenes, patients 
treated with crizotinib eventually develop resistance and progressive disease. A 
number of different resistance mutations have been discovered, the mechanisms of 
which can be broken down into two major categories: mutations within the ROS1 
kinase domain and bypass signaling pathways. Several additional tyrosine kinase 
inhibitors are under development with varying degrees of CNS penetration and effi-
cacy against resistance mutations.

Keywords ROS1 rearrangement · ROS1 inhibitor · Lung cancer · Non-small cell 
lung cancer · Oncogene · Crizotinib · Ceritinib · Tyrosine kinase inhibitor (TKI) 
resistance · Targeted therapy · Tyrosine kinase inhibitors

 Introduction

Though gene fusions in the receptor tyrosine kinase ROS1 are present in only a 
small percentage of non-small cell lung cancer (NSCLC), it represents a viable 
therapeutic target with impressive clinical benefit to ROS1 inhibitors.  The first 
ROS1 inhibitor,  crizotinib, was approved for advanced NSCLC harboring ROS1 
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fusions in 2016. Subsequently a number of additional ROS1 inhibitors have been in 
development and seek to overcome resistance mutations that develop in response to 
crizotinib. In this chapter we provide an overview of the ROS1 gene including its 
history, biology, methods of detection, and role of targeted treatment against ROS1- 
positive NSCLC, including the development and management of resistance muta-
tions with newer agents targeting ROS1.

 Structure and Function

Human c-ros oncogene 1 (ROS1) was originally discovered as a homolog of the trans-
forming sequence of the UR2 avian sarcoma virus [1, 2] (Fig. 1). ROS1 is located on 
chromosome 6q22 [4, 5]. It is a receptor tyrosine kinase that shares structural similari-
ties to the insulin receptor tyrosine kinase, leukocyte tyrosine kinase (LTK), and ana-
plastic lymphoma kinase (ALK) families [6]. ROS-1 encodes a receptor tyrosine 
kinase that consists of a large N-terminal extracellular domain, a hydrophobic single 
pass transmembrane region, and a C-terminal intracellular tyrosine kinase domain. It 
is relatively unique, in that its extracellular domain is composed of six repeat motifs 
that have high homology to the extracellular matrix and plasma protein fibronectin 
type III repeats, almost resembling a cell adhesion molecule. Unlike most adhesion 
molecules, however, the intracellular kinase domain enables ROS to directly translate 
adhesion engagement along intracellular signaling pathways [3].

The ROS receptor tyrosine kinase gene is evolutionarily conserved across mul-
tiple organisms. In Drosophila melanogaster, SEVENLESS (a ROS orthologue) is 
associated with a seven-transmembrane G-protein-coupled cell called BOSS (bride 
of sevenless). It is of particular importance in the developing Drosophila eye, where 
BOSS is required for differentiation of cells into photoreceptors [7, 8]. ROS expres-
sion has been examined in mouse, chicken, and rat tissue throughout various stages 
of development, with expression of c-Ros found in kidneys, small intestines, heart, 
lung, and male reproductive cells with restriction seen to epithelial cells [3]. In 
mice, testicular expression of c-Ros was only detected in adults with in situ hybrid-
ization of the adult testes showing expression in mature stages of development 
(spermatids, spermatozoa) only [9, 10]. In addition, c-Ros mutated male mice were 
noted to be infertile, though otherwise healthy. The defect was noted to be in devel-
opment of the epithelia in the epididymis, especially in regionalization and terminal 
differentiation. No such impairment in fertility was noted in female mice. This sug-
gests that expression may be linked to male fertility [11]. In humans, however, 
research has been hindered by the fact that it remains an orphan tyrosine kinase 
receptor, without a known ligand. Another barrier is the inability to express the full- 
length wild-type receptor in cellular models. There is some speculation that c-ROS1 
expression may be involved in epithelial-mesenchymal interactions as well as in the 
cellular differentiation cascade of epithelial tissues [3].
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 Gene Fusion and Cancer

ROS1 gene fusions were first identified in the human glioblastoma cell line U-118 
MG [12, 13]. An intra-chromosomal homozygous microdeletion of 240 kilobases 
on chromosome 6q21 was found to lead to fusion of the 5′ region of the FIG gene 
(fused in glioblastoma; a Golgi apparatus-associated protein) to the 3′ kinase 
domain of ROS [14–16] (Fig. 1). This fusion led to constitutive activation that was 
dependent on its localization to the Golgi apparatus [16]. This fusion has also been 
identified in a number of other malignancies, including ovarian cancer [17], cholan-
giocarcinoma [18], and NSCLC [19]. Additional ROS1 gene fusions have been 
found in a number of other malignancies, including inflammatory myofibroblastic 
tumors [20, 21], gastric adenocarcinoma [22], colorectal cancer [23], angiosarcoma 
[24], thyroid cancer [25], atypical meningioma [26], and spitzoid melanomas [27].

Following the identification of ROS1 fusions in glioblastomas, NSCLC was the 
second solid tumor in which these rearrangements were identified. This landmark 
study characterized tyrosine kinase signaling across 41 NSCLC cell lines and over 
150 NSCLC tumors using a phosphoproteomic approach. High-level ROS kinase 
activity was noted in one cell line and one tumor sample. When these samples were 

Fig. 1 ROS fusion kinases. Schematic representation of selected ROS fusions and their corre-
sponding protein fusion product. With the exception of FIG-ROS, all of the fusion kinases are 
predicted to be plasma membrane bound. SLC34A2-ROS and CD740ROS fusion proteins are here 
illustrated to be bimembrane spanning receptors, though this has not been confirmed experimen-
tally. (Figure from Acquaviva et al. [3])
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sequenced, two novel ROS1 fusions were identified. In the HCC78 cell line, ROS 
was found to be fused to the transmembrane solute carrier protein SLC34A2. This 
protein was found to localize to membrane fractions and display a constitutive 
kinase activity. siRNA against SLC34A2-ROS was found to induce apoptosis, sug-
gesting that ROS signaling is critical for survival of these NSCLC cells. In the solid 
tumor, c-ROS was found to be fused to the N-terminal half a type II transmembrane 
protein, CD74 [28] (Fig. 1).

Since this initial publication, multiple other fusion partners have been reported in 
NSCLC.  The CD74-ROS1 fusion remains the most common, occurring with an 
estimated frequency of 32% in NSCLC.  Other common fusion partners include 
SLC34A2-ROS1 (17%), TMP3-ROS1 (tropomyosin 3; 15%), SDC4-ROS1 (syn-
decan 4; 11%), EZR-ROS1 (ezrin; 6%), and FIG-ROS1 (3%). Less common fusions, 
occurring at frequencies of 1% or less, include CCDC6-ROS1 (coiled-coil domain 
containing 6), LRIG3-ROS1 (leucine-rich repeats and immunoglobulin-like domains 
3), KDELR2-ROS1 (KDEL endoplasmic reticulum protein retention receptor 2 
gene), MSN-ROS1 (moesin gene), CLTC-ROS1 (clathrin heavy chain gene), 
TPD5L1-ROS1 (tumor protein D52-like gene), TMEM106B-ROS1 (transmembrane 
protein 106B gene), and LIMA1-ROS (LIM domain and actin-binding 1 gene) [29].

 Signaling Pathway

Once ROS1 becomes activated, either by its (unknown) ligand or via constitutive 
action from a fusion, a number of signaling pathways are triggered. The key rate- 
limiting step for this process is thought to be autophosphorylation of ROS1 and 
phosphorylation of the SH-2 domain-containing phosphatase-2 (SHP-2) [30]. 
Constitutive activation from a fusion then leads downstream signaling via several 
oncogenic pathways, including MAPK/ERK, PI3K/AKT, JAK/STAT3, and VAV3; 
this leads to significant changes in cell differentiation, proliferation, growth, and 
survival [3] (Fig. 2). Preclinical work has suggested that the activation of down-
stream signaling pathways depends on the fusion partner of ROS1. CD74-ROS1 but 
not FIG-ROS1 has been found to lead to phosphorylation of E-Syt1, which in turn 
led to an invasive phenotype in the CD74-ROS1 cells [31].

 Epidemiology

Patients with ROS1 fusions have been found to be more likely to be younger, female, 
and never-smokers than ROS1-negative patients—a similar profile to patients with 
EGFR activating mutations and ALK rearrangements [32–34]. Interestingly, how-
ever, the pattern of spread for ROS1 rearranged disease appears to be different than 
that for ALK; ROS fusions are associated with lower rates of extrathoracic disease, 
including brain metastases, at initial metastatic diagnosis [35]. The vast majority of 
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cases are adenocarcinoma, although there are rare reports of other histologies such 
as squamous or large cell [19, 36, 37]. The most common histologic patterns associ-
ated with ROS1 fusion adenocarcinoma are solid growth with hepatoid cytology and 
acinar growth with cribriform structure. Other pathologic characteristics include 
mucinous features, signet ring cells, and psammomatous calcifications [38]. The 
ROS1 rearrangement usually occurs without other known oncogenic drivers, 
although there have been rare reported cases of concurrent mutations such as EGFR, 
KRAS, BRAF, MET, and PIK3CA [19, 27, 39–42].

Prevalence of NSCLC ROS1 fusion tumor ranges in the literature from 0.9% to 
2.1%, though studies are always limited by their screening technique and therefore 
may miss cases with rare or new fusions. Worldwide prevalence is 1.9% [29].

 Detection

 FISH

Detection of ROS1 rearrangements by fluorescence in situ hybridization (FISH) has 
been considered the gold standard. It was used in the landmark phase I study that 
resulted in approval of crizotinib for ROS-1 rearranged NSCLC [42]. The 

Fig. 2 ROS signaling pathways. (Figure from Acquaviva et al. [3])

ROS1



60

centromeric (3′) part of the fusion breakpoint is labeled with a one fluorochrome 
and the telomeric (5′) part with another of a different color. The criteria for ROS1 
FISH identification in NSCLC is the same as that for ALK rearrangement. The first 
positive pattern is a classic break-apart pattern, in which there is a single fusion 
signal and two separated 3′ and 5′ signals. The second is an atypical pattern, with an 
isolated 3′ signal—usually one fusion signal and one isolated 3′ signal without the 
corresponding 5′ signal [43]. FISH testing may be performed either on biopsy or 
cytologic specimens. To be considered FISH positive, at least 15% of evaluated 
tumor cells must contain split or isolated 3′ signals [44, 45]. Interestingly, a limita-
tion of FISH has been found to be an inability to detect small intrachromasomal 
deletions, which can lead to false-negative or false-positive results [39, 46].

 IHC

Immunohistochemistry (IHC) can be used as a screening technique. It is less expen-
sive and faster than performing FISH. The D4D6 rabbit monoclonal assay is com-
mercially available (Cell Signaling Technology, Danvers, MA, USA). It is applied 
at different dilutions ranging from 1:50 to 1:1000. In a number of different studies, 
IHC has been found to have a sensitivity of near 100% and a specificity of between 
85% and 100%; specificity varies depending on interpretive cutoffs and method 
used [19, 43, 45, 47–49].

Unfortunately, ROS1 IHC can be somewhat challenging to interpret. Expression 
can be seen in osteoclast-like giant cells adjacent to ROS-1 un-mutated tumor cells, 
as well as in reactive pneumocytes and alveolar macrophages [43, 49]. Staining pat-
terns can vary depending on different intracellular localization of the ROS1 fusions 
[19, 43]. Results can vary depending on the performing laboratory [50]. Because of 
this, while it makes for an excellent screening tool, it is important to perform con-
firmatory testing with FISH or another testing modality.

 RT-PCR

Real-time PCR (RT-PCR) utilizes specific primer sets to detect and identify known 
fusion variants. RT-PCR-based detection of some of the most common ROS1 fusion 
genes (SLC34A2, SDC, CD74, EZR, TPM3, LRIG3, GOPC) at exons 32, 34, 35, and 
36 has been successfully performed with a sensitivity of 100% and specificity of 
85–100% with respect to FISH [41, 51]. While this is a relatively easy, rapid, and 
inexpensive test, it does have some drawbacks. As the list of ROS1 fusion proteins 
is large and growing, RT-PCR is likely to miss rare or previously unknown variants. 
It can also be challenging to obtain sufficient good quality RNA from the formalin- 
fixed paraffin-embedded tissue samples (FFPE) [52].
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In recent years, the nCounter platform (NanoString Technologies; Seattle, WA) 
has emerged as a clinical option. It is a multiplexed assay that can identify known 
fusion gene variants via the interrogation of imbalanced 5′/3′ expression levels as 
well as the direct detection of fusion transcript variants. It has shown a good concor-
dance with both IHC and FISH results for ROS1 fusion detection [53, 54].

 NGS

Next-generation sequencing, or NGS, enables sensitive and specific assessments of 
multiple genomic regions at once, allowing for detection of both known and novel 
fusions [45]. Several ROS1 fusions have been identified using NGS [55–59]. A 
recent study performed next-generation sequencing on 319 FFPE samples and 
found 100% sensitivity and specificity when compared to reference FISH assays 
[60]. This method allows for multiplexed detection of molecular aberrations in 
NSCLC in a single test instead of multiple assays; however, hybrid-based capture 
NGS methods may have decreased sensitivity in detecting gene fusions [45].

 Targeted Therapies

 Crizotinib

Crizotinib (previously PF-0234106; brand name Xalkori, Pfizer, New York, USA) 
is a small molecule multikinase inhibitor (Table 1). It was initially developed as an 
inhibitor of c-MET but was further explored against a panel of over 120 diverse 
kinases and was found to be almost 20 times more selective for ALK and MET as 
compared to other evaluated kinases [61]. Following a phase I trial and initial effi-
cacy results from a phase II trial (PROFILE 1001) that showed 50% response rates, 
it was approved by the FDA for use in metastatic NSCLC with ALK rearrangements 
in 2011 [62, 63]. Preclinical investigation of NSCLC cell lines, including HCC78 
(SLC34A2-ROS1), revealed dose-dependent inhibition with crizotinib; inhibition of 
ROS1 led to subsequent inhibition of its downstream targets and apoptosis of the 
cell line [64]. This combined with ALK and ROS1’s known homology [6] with 
shared high-binding affinity to crizotinib [65] and case reports of response to crizo-
tinib in patients with ROS1-mutated NSCLC [33, 37] led to the incorporation of 
patients with ROS-1 rearranged NSCLC into the expansion cohort of the phase I 
PROFILE 1001 study. This landmark study included 50 patients with ROS1 rear-
ranged NSCLC. Overall response rate (ORR) to crizotinib was 72% with a median 
duration of response (DOR) of 17.6 months, median progression-free survival (PFS) 
of 19.2 months, and a disease control rate (DCR) of 90% [42]. Interestingly DOR to 
crizotinib in ALK-rearranged patients is only 49.1 weeks, with a median PFS of 
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9.7 months, suggesting that crizotinib may be a more potent inhibitor of ROS1 than 
ALK [42, 66]. Toxicities in this study were similar to those previously described; the 
most common grade 3 events were hypophosphatemia (10%), neutropenia (10%), 
and an elevated aminotransferase activity (10%). No grade 4 or 5 events were seen 
[42]. Based on this study, crizotinib was approved by the FDA for treatment of 
metastatic NSCLC with ROS1 rearrangement in March 2016.

There have been several other studies that yielded overall similarly promising 
results. The retrospective EUROS1 study identified 32 patients with advanced 
NSCLC who had positive ROS1 rearrangement by FISH and who had received 
crizotinib, 30 of whom were evaluable. ORR was 80% and DCR 86.7%, and median 
PFS was 9.1 months; PFS at 1 year was 44% [67]. Preliminary results from the 
French phase II ACSé trial prospectively looked at 34 patients with ROS1-rearranged 
NSCLC who were given crizotinib, 24 of whom were evaluable at the time of pre-
liminary analysis. ORR was 63%, and DCR 88% [68]. Preliminary results from the 
prospective European phase II EUCROSS study similarly looked at 34 patients with 
ROS1-rearranged NSCLC (by FISH) who were given crizotinib, 29 of whom were 
eligible for efficacy assessment and 20 of whom had tumor tissue available for fur-
ther sequencing. Of the patients who underwent additional sequencing, 19 tested 
positive for the ROS1 fusion. ORR was 69% in the overall trial population and 83% 
in those ROS-1 positive by next-generation sequencing [69]. A phase II study in 
East Asian patients included 127 patients with ROS1-rearranged NSCLC who 
received crizotinib. ORR was 71.7%, with a median PFS of 15.9  months and a 
median duration of response of 19.7 months [70]. All studies included patients who 
had received varying numbers of prior therapies and who were overall fairly heavily 
pretreated, though crizotinib was their first tytyrosine kinase inhibitor (TKI).

 Resistance to ROS1 TKI

While ROS-1 mutated tumors initially respond well to targeted therapy with crizo-
tinib, most patients inevitably develop resistance. The mechanism of resistance can 
be broken down into two major categories: mutations within the ROS1 kinase 
domain or bypass signaling pathways [35].

There are two major mechanisms by which kinase domain mutations appear to 
confer crizotinib resistance. The first is by a gatekeeping mechanism that directly 
interferes with the combination of ROS1 tyrosine kinase and crizotinib, leading to 
resistance. The second is a solvent front mutation in the kinase domain adjacent to 
the crizotinib-binding site; these confer resistance via steric interference [71] 
(Table 2).

The first kinase domain mutation described is also the one that has been most 
frequently observed. A 48-year-old woman with CD74-ROS1-rearranged NSCLC 
was started on crizotinib with excellent response. However after 3 months of ther-
apy she was found to have progressive disease. Biopsy upon progression revealed 
the persistence of the ROS1 rearrangement by FISH but RT-PCR sequencing 
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revealed a c6094G→A, p.Gly2032Arg (G2032R) mutation that was not noted on 
her pretreatment biopsy. This mutation is analogous to the ALK G1202R mutation. 
Biopsy was repeated at autopsy, and all sites examined harbored this mutation, sug-
gesting that it was an early event in the clonal evolution of resistance [72]. Crizotinib 
was designed to bind ROS1 at the ATP-binding site that sits within the cleft between 
the N and C terminal domains of the kinase [73]. Crystal structure analysis revealed 
that the G2032 residue sits at the solvent front of the kinase hinge (solvent-exposed 
region of the kinase). G2032R causes steric hindrance with the piperidine ring of 
crizotinib while still allowing for ATP binding and therefore oncogenic kinase activ-
ity [72]. One recent evaluation of 16 patients with ROS1-positive advanced NSCLC 
with a total of 17 repeat biopsies after progression identified G2032R mutations in 
41% of the biopsy specimens [35].

Following the identification of this initial resistance mutation, a multitude of oth-
ers have been identified in clinical samples. A patient with CD74-ROS1-rearranged 
NSCLC who progressed on crizotinib was found to acquire the solvent-front muta-
tion D2033N. Upon crystal modeling, this mutation was noted to interfere with the 
favorable interaction of the ATP-binding site with the protonated piperidine region 
of crizotinib. It is analogous to the ALK D1203N mutation. This patient proceeded 
to respond to cabozantinib; upon crystal modeling, cabozantinib was not found to 
interact with this altered 2033 residue [74]. Multiple other mutations have been 
discovered in vitro but not yet been replicated in the clinical setting.

Additional kinase domain mutations have been reported. These include 
S1986Y/F, which leads to alterations in the alpha C helix of the kinase domain and 
therefore steric interference with drug binding [35, 75]. It is analogous to the ALK 
C1156Y substitution [76]. L1951R is a solvent front mutation without an analogous 
ALK mutation. L2026M is a gatekeeper mutation in the ATP pocket that impedes 
drug binding and is analogous to ALK L1196M [71, 77]. Interestingly when the 
L2026M, L1951R, and G2032R mutations were evaluated in vivo, the mutations 
associated with highest crizotinib resistance were those located close to the 
crizotinib- binding domain—G2032R and L1951 [71].

Table 2 Crizotinib-resistant ROS1 mutations based on preclinical data

G2032R L1951R D2033N S1986Y/F L2026M
Mutation type Solvent front Solvent front Solvent front αC helix Gatekeeper

Crizotinib Noa No Noa No No
Ceritinib No No No No Yes
Cabozantinib Yes Yes Yesa Unknown Yes
Entrectinib No Unknown Unknown Unknown Unclear
Lorlatinib Unclear Unknown Yes Yesa Yes
Ropotrectinib Yesa Yes Yes Yes Yes
DS-6051b Unknown Unknown Unknown Unknown Unknown
Brigatinib No No No Unknown Yes

Unclear indicates preclinical data for activity has been mixed
aAlso supported by clinical data
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Less information is available about off-target mechanisms of crizotinib resistance. 
The best described is a mechanism by which cancer cells achieve resistance via activa-
tion of an alternative signaling pathway (bypass pathway). One case report describes 
the appearance of a BRAF V600E mutation in a woman with SDC- ROS1  fusion 
NSCLC who had developed resistance to crizotinib; this mutation was not present on 
her initial biopsy. She was started on dabrafinib and trametinib but died 11 days later 
[78]. Similarly a new KIT p.D816G mutation was found after progression on crizotinib 
in a patient with ROS1 fusion NSCLC [79]. Two case reports describe patients with 
alterations in KRAS; one described a new point mutation in KRAS pG12D accompa-
nied by KRAS gene amplification found on progression biopsy. Patient was treated with 
the MEK inhibitor selumetinib as well as pemetrexed and was alive at the time of 
article submission [80]. The second report only noted focal KRAS amplification seen in 
a ROS1 fusion tumor biopsy of a patient who had progressed on crizotinib, though this 
analysis was hampered by the lack of pretreatment sample to see if this was truly a 
bypass mutation [81]. Another patient with CD74-ROS1 fusion NSCLC who had pro-
gressed on crizotinib was found on next-generation sequencing to have a novel point 
mutation of the PIK3CA gene (pL531P) that led to activation of the mTOR signaling 
pathway; patient was placed on an mTOR signaling pathway inhibitor but passed 
shortly thereafter [82]. One study that performed next-generation sequencing on 12 
ROS1 fusion patients who had progressed on crizotinib identified the same KIT D816G 
mutation previously characterized. It also noted a HER2 (ERBB2) mutation, though no 
pre- crizotinib samples were available for comparison. It also noted a β-catenin CTNNB1 
S45F mutation that had previously been hypothesized as a potential oncogenic driver, 
though they were not able to evaluate pretreatment tissue in this patient to prove its 
presence as a bypass mutation [77, 83]. Another study created a cell line from a patient 
who had developed acquired resistance to crizotinib; the cell line revealed a switch in 
the control of growth and survival signaling pathways from ROS1 to EGFR in the 
resistant cell line, though this has not yet been verified in the clinic [84, 85].

Less is known about the potential for phenotypic changes leading to resistance. 
In EGFR and ALK fusion cancers, histologic transformation from adenocarcinoma 
to small cell cancer has been observed as a mechanism for TKI resistance, but this 
has yet to be demonstrated in ROS1 fusion NSCLC [86]. One preclinical study that 
took tumor tissue from NSCLC patients who had progressed on crizotinib noted 
evidence of epithelial to mesenchymal transition by way of upregulated vimentin 
and downregulated E-cadherin. A similar finding was noted in HCC78CR1-2 cell 
clones, though they also harbored a L2155S mutation that had previously been 
found to confer crizotinib resistance in cell lines [85].

 Ceritinib

Ceritinib (previously LDK378l, brand name Zykadia; Novartis Pharmaceuticals) is 
an oral small molecule tyrosine kinase inhibitor of ALK [87] (Table 1). Preclinical 
studies suggested that it would inhibit ROS1 as well [88, 89]. A Korean phase II 
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study evaluated 32 patients with advanced NSCLC who tested positive for ROS1 
rearrangement by FISH. All but two of them were crizotinib-naïve. They received 
ceritinib 750 mg daily. ORR was 62%, with 1 complete response (CR) and 19 par-
tial responses (PR). DOR was 21 months, with a DCR of 81%. Median PFS was 
9.3  months overall and 19.3  months in crizotinib-naïve patients. Median overall 
survival (OS) was 24 months. Eight patients entered the trial with metastases to the 
brain; intracranial disease control was obtained in five (63%) of them, with an intra-
cranial ORR of 25%. Of note, at the beginning of the trial two patients who had 
previously received treatment with crizotinib were enrolled. Neither were available 
for objective response—one passed due to suspected leptomeningeal disease, and 
one withdrew from the trial 2 weeks after their first dose due to grade 3 weakness 
and anorexia. However, neither of them showed signs of clinical improvement after 
initiation of ceritinib, and the protocol was subsequently amended to only enroll 
crizotinib-naïve patients who had previously been treated with at least one chemo-
therapeutic agent [89].

Adverse events in this study were primarily grade 1-2, the most common of 
which were diarrhea (78%), nausea (59%), and anorexia (56%)—all of which 
occurred at higher frequencies than with crizotinib [42, 89]. A recent randomized 
phase I study of 137 patients with metastatic ALK-mutated NSCLC found that ceri-
tinib 450 mg taken with a low-fat meal resulted in fewer GI toxicities as compared 
with the standard 750 mg taken fasting and was associated with comparable plasma 
levels when assessed pharmacokinetically [90]. Ceritinib is not FDA approved for 
management of ROS1-rearranged advanced NSCLC, but it is noted as an option for 
front-line therapy per NCCN guidelines.

 Cabozantinib

Cabozantinib (PF-06463922; brand name Cabometyx; Exelixis, Alameda, CA) is 
an oral multikinase inhibitor with CNS penetration (Table 1). It is FDA approved for 
use in medullary thyroid cancer and as a second-line agent in advanced renal cell 
carcinoma. In vitro studies found it to exhibit excellent activity against both the 
wild-type ROS1 fusion and the G2032R and G2026M mutations at concentrations 
less than 30 nmol/L—a dose much lower than what is clinically achievable [71, 91]. 
It has been found to inhibit CD74-ROS1-transformed Ba/F3 cells with more potency 
than entrectinib, brigatinib, lorlatinib [92], or foretinib [71].

One case report described a 50-year-old woman with metastatic NSCLC who 
progressed after platinum-based therapy and was found to have a ROS1 fusion. She 
was treated with crizotinib and progressed, at which point she was found to have the 
ROS1 D2033N mutation within her ROS1 kinase domain. She was started on crizo-
tinib 60 mg orally daily and achieved PR by 4 weeks and near CR by 12 weeks 
(92% reduction in disease burden). At the time of paper publication, she remained 
on therapy (near 8 months duration). In vitro analysis of CD74-ROS1 cells with 
D2033N mutation found significantly more suppression with cabozantinib than 
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ceritinib, brigatinib, and lorlatinib, though they remained highly sensitive to 
foretinib [74]. A recent abstract evaluated HCC78R cell lines with SLC34A2-ROS1 
and ABC-20 cell lines harboring CD74-ROS1 (resistant to crizotinib). NGS evalua-
tion found both an upregulation of HB-EGF and activation of the EGFR signaling 
pathway as well as an upregulation of AXL. The combination of cabozantinib and 
gefitinib was found to inhibit the growth of HCC28R tumors in an in vivo NOG 
mice model [93].

Unfortunately, cabozantinib is associated with a number of toxicities. The land-
mark METEOR trial which evaluated its use in renal cell carcinoma noted that 71% 
of patients experienced grade 3 or 4 events, the most common of which were hyper-
tension (15%), diarrhea (13%), fatigue (11%), and palmar-plantar erythrodysesthe-
sia syndrome (8%). Sixty-two percent of patients required dose reductions [94].

 Entrectinib

Entrectinib (RXDX-101, Ignyta Pharmaceuticals, San Diego, CA, USA) is a small 
molecule that inhibits the tyrosine kinases TRKA/B/C, ROS1, and ALK (Table 1). It 
has a preclinical median inhibitory concentration (IC50) of 7 nm against ROS1, higher 
than crizotinib [95, 96]. Entrectinib was specifically designed to cross the blood-brain 
barrier [95]. Two recent phase I studies (ALKA-372-001 and STARTRK-1) evaluated 
entrectenib in patients with advanced solid tumors. Fourteen patients with ROS1-
rearranged solid tumors (all NSCLC except one melanoma) were evaluated. These 
patients were all crizotinib-naïve. ORR was 86%, with an intracranial ORR of 100% 
(in the two ROS1 fusion patients evaluated). Median PFS was 19 months. Interestingly, 
six patients with ROS-1-rearranged disease who had previously received crizotinib 
were not observed to have any response to entrectinib [97]. Preliminary phase II data 
was recently reported, in which 32 patients with ROS1 fusion proven NSCLC (by 
NGS) who were naïve to prior TKI therapy were given 600 mg by mouth of entrec-
tinib daily in 4 weeks cycles. ORR was 75% with three complete responses, intracra-
nial ORR 71%, median PFS 19.1  months. The most common treatment-related 
adverse events were fatigue/asthenia (34%), dysguisia (34%), and dizziness (24%) 
[98]. There has been no preclinical activity demonstrated against ROS1 resistance 
mutations G2032 or L2026; this combined with the lack of response in crizotinib-
pretreated patients as noted above suggests that entrectinib’s role in treating crizo-
tinib-resistant disease may be limited unless progression is only in the CNS [92].

 Lorlatinib

Lorlatinib (PF-06463922, Pfizer Oncology, Groton, CT, USA) is an oral TKI that 
targets both ALK and ROS1 with high affinity and good CNS penetration [91] 
(Table 1). Phase I data has been published looking at lorlatinib in NSCLC with ALK 
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or ROS1 rearrangement; patients were allowed to have both CNS disease and prior 
TKI therapy. In this study, 12 patients had ROS1 rearrangements, 7 of whom were 
pretreated with crizotinib. ORR was 50% [99]. Preliminary data has been presented 
from the phase II component of this study; the ROS1 cohort contained 47 patients, 
each of whom was treated with lorlatinib 100 mg daily. Regardless of prior treat-
ment, ORR was 36%, with intracranial ORR 56%. The most common treatment- 
related adverse events and grade 3/4 adverse events were hypercholesterolemia 
(81%/16%) and hypertriglyceridemia (60%/16%) [100].

Lorlatinib is intriguing because of its activity against several crizotinib-resistant 
mutations. Dong et al. published a case report of a 57-year-old gentleman with a his-
tory of stage IIIB lung adenocarcinoma who initially went into remission following 
platinum-based chemotherapy but then relapsed and was found to have an EZR- ROS1 
mutation. He initially responded well to crizotinib, with PFS of 6 months. After dis-
ease progression, he was started on lorlatinib 100 mg daily with favorable response 
after 3 months; he remained on drug at time of article publication [101]. Mutation type 
was not assessed in that publication, but another case report described an excellent 
response to lorlatinib in a patient who had the crizotinib- and ceritinib- resistant muta-
tions S1986Y/F [75]. Additional cell-based assays have described sensitivity in the 
setting of D2033N [74] and L2026M [91] mutations. It is less clear what the role of 
lorlatinib is in the setting of the G2032 mutation; in preclinical studies this mutation 
has been found to significantly reduce lorlatinib’s potency though activity still 
remained overall robust. ROS1-rearranged BA/F3 cells with the G2032 mutation have 
been found to have an IC50 of 508 nM as compared to 0.5 nM in wild-type ROS1 [91].

 Ropotrectinib

Ropotrectinib (TPX-0005; TP Therapeutics, San Diego, CA, USA) is a next- 
generation ROS1 inhibitor, a novel three-dimensional macrocyle with a much 
smaller size (MW <370) than current ROS1 inhibitors (Table 1). It was specifically 
designed to overcome resistance mutations. Preclinical studies have shown activity 
against gatekeeper and solvent mutations, including G2032R, D2033N, L2026M, 
S1986F/Y, L1951R, and kinases involved in bypass signaling such as focal adhesion 
kinase, SRC proto-oncogene, and non-receptor tyrosine kinase [102, 103]. 
Preliminary results have been reported from the phase I TRIDENT study. It included 
patients with ALK, ROS1, or NTRK1-3 fusion-positive advanced solid tumors. 
Patients could be either TKI pretreated or naïve, and brain metastases were allowed. 
At the time of report of preliminary results, 29 ROS1 patients were enrolled. 
Confirmed PR have been observed in both TKI-naïve and pre-treated ROS1/NTRK+ 
patients at all dose levels, including one crizotinib refractory ROS1 G2032R+ 
patient with untreated CNS metastases. Median duration of clinical PR was 
6.7 months with 88% (7 out of 8) responses ongoing. Toxicities have been tolerable, 
with the majority of adverse events remaining at grade 1–2; most common include 
dysgusia (38%), dizziness (35%), paresthesia (24%), and nausea (12%) [104].
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 DS-6051b

DS-6051b (Daiichi Sankyo, Japan) is an oral small molecule tyrosine kinase inhibitor 
that has demonstrated preclinical activity against ROS1 and NTRK1-3 rearrangements 
[105] (Table 1). A phase I trial evaluated 15 Japanese patients with NSCLC harboring 
ROS1 fusions. ORR was 58.3% in the 12 patients with target lesions and 66.7% in the 
9 patients who were crizotinib-naïve; DCR was 100%. Common toxicities included 
transaminitis (80%), diarrhea (53.3%), and nausea (46.7%). Maximal tolerated dose 
and recommended phase II dose was 600 mg by mouth daily [106]. Preliminary data 
was recently presented for a phase I trial of DS-6051b in advanced solid tumors con-
ducted in the United States. 35 patients were enrolled, with 31 tumors evaluable. Nine 
patients had ROS1 fusions, including seven patients who had NSCLC and who had 
previously received crizotinib. Of the six evaluable NSCLC ROS1-rearranged patients 
who had previously received crizotinib, two patients had PR, and two had stable dis-
ease (SD). DS-6051b was noted to be tolerable up to 800 mg by mouth daily, with the 
primary adverse events being gastrointestinal (89%) [107].

 Brigatinib

Brigatinib (AP26113, brand name Alunbrig; ARIAD Pharmaceuticals, 
Cambridge, MA, USA) is an inhibitor of both ALK and ROS1 fusion NSCLC 
(Table 1). In preclinical studies, it was found to inhibit viability of CD4-ROS1-
expressing Ba/F3 cells with an IC50 of 7.5 nM, as compared to a IC50 of 9.8 nM 
in EMLA4-ALK cells [108, 109]. It was FDA approved for use in metastatic 
crizotinib-resistant ALK fusion NSCLC in April 2017. A single armed phase I/II 
trial evaluated patients with advanced malignancies including ALK-rearranged 
NSCLC refractory to currently available therapies. Three patients in this study 
had ROS1-rearranged NSCLC.  Two of these patients had previously received 
crizotinib; one had progressive disease (PD), and one had SD. The single crizo-
tinib-naïve ROS1-rearranged NSCLC patient experienced a partial response and 
was continuing to receive brigatinib at the time of data cutoff (21.6 mo of ther-
apy) [110]. In a phase II trial of 222 patients with advanced ALK fusion NSCLC 
that had progressed on crizotinib, common treatment-related adverse events were 
noted to be nausea (33/44%), diarrhea (19/38%), headache (28/27%), and cough 
(13/34%) (brigatinib 90 mg daily/180 mg daily). A subset of patients were noted 
to have early onset pulmonary events (all grades 6%; grade ≥  3 3%) [111]. 
Preclinical work examining CD74-ROS1 transformed BA/F3 cells in  vivo has 
revealed that brigatinib exhibits activity against L2026M [92], but does not fare 
as well against D2033N [74], G2032R [71, 92, 109], or L1951R [71].
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 Foretenib

Foretinib (GSK1363089; GlaxoSmithKline) is an oral multikinase inhibitor that tar-
gets MET, VEGFR-2, RON, KIT, and AXL kinases. Preclinical data suggested that 
it was a potent inhibitor of ROS1 fusions. It also demonstrated effective inhibition 
against the G2032 mutation at clinically feasible concentrations [112]. However it 
has been found to be less potent and effective than cabozantinib, and further devel-
opment of the drug was discontinued [113].

 Chemotherapy and Immunotherapy

Pemetrexed (formerly LY231514, brand name Alimta, Eli Lilly, Indianapolis, 
Indiana, USA) is a folate-based antimetabolite that exerts its activity via inhibition 
of enzymes critical in purine and pyrimidine synthase. These include thymidine 
synthase (TS), dihydrofolate reductase, and glycinamine ribonucleotide formyl-
transferase [114]. Multiple studies have found that patients with ALK fusions have 
improved outcomes as compared to their wild-type colleagues [115]. The same 
appears to be true for patients with ROS1 gene rearrangements. One retrospective 
study of 25 patients who had received pemetrexed (with or without bevacizumab) 
for 12 months or longer as therapy for their advanced stage non-squamous NSCLC 
included 5 patients with a ROS1 gene rearrangement. Median OS was 42.2 months 
with median PFS of 22.1  months; patients with an oncogenic driver mutation 
(including but not limited to ROS1) had a statistically significant improvement in 
their PFS (p = 0.006) and OS (p = 0.001) compared to wild type [115]. Another 
retrospective study looked at four patients with metastatic NSCLC and FISH- 
detected ROS1 rearrangement who received pemetrexed. PFS ranged from 18 to 
more than 47 months [116]. A different retrospective study evaluated 253 patients 
with advanced NSCLC who were screened for driver mutations using RT-PCR. 19 
patients (7.5%) had ROS1 fusions. These patients were noted to have a better ORR 
(57.9%, p = 0.026), DCR (89.5%, p = 0.033), and PFS (7.5 mo; p = 0.003) as com-
pared to patients with other driver mutations. Interestingly, while low levels of TS 
have historically been considered a favorable marker for pemetrexed efficacy in 
NSCLC, in this population this effect was not seen [117].

Although, PD(L)1 blockade has revolutionized the treatment of advanced NSCLC 
both as single agent and in combination with chemotherapy, no clear data currently 
exists suggesting the efficacy of immunotherapy specifically in patients with ROS1 
gene rearrangements. A phase I/II study evaluating the safety and tolerability of 
nivolumab plus crizotinib in the treatment of patients with metastatic NSCLC and 
ALK fusions was stopped early due to the degree of toxicity observed [118]. A recent 
phase II trial evaluated the use of pembrolizumab in NSCLC patients with both 
EGFR mutated and PD-L1-positive disease; study was similarly terminated early due 
to lack of efficacy even in patients with PD-L1 expression ≥50% [119]. Extrapolating 
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from EGFR-mutant NSCLC which, like ROS1, is also associated with patients who 
have not smoked, a recent meta-analysis evaluating three trials found that the use of 
single agent PD(L)1 inhibitors failed to improve overall survival in the EGFR mutant 
NSCLC, though survival was improved in wild-type lung cancers [120]. Another 
meta-analysis similarly revealed that in EGFR-mutated patients with metastatic 
NSCLC, PD-1/PD-L1 therapy is inferior to EGFR TKI in terms of progression-free 
survival [121]. Malignancies associated with tobacco smoking are frequently associ-
ated with a higher tumor mutational load and smoking- associated signatures that 
may underlie their improved response to immune checkpoint blockade [122]. As 
patients with driver oncogene mutations such as ROS1 are much less likely to have a 
history of tobacco smoking and low tumor mutational burden compared to patients 
with smoking-associated lung cancers, it is possible that this may explain inferior 
outcomes to single agent immunotherapy in these oncogene-driven tumors.

Interestingly, the recent IMpower150 trial that evaluated the addition of atezoli-
zumab to the combination of carboplatin, paclitaxel, and bevacizumab (BCP) in 
patients with metastatic non-squamous NSCLC found a significantly improved PFS 
and OS as compared to the non-atezolizumab arm. This included patients who had 
received TKIs, irrespective of ALK or EGFR mutational status [123]. In the sub-
group analysis, addition of atezolizumab in patients with EGFR exon19 deletion or 
L858R mutation led to improved PFS (HR 0.41; 95% CI 0.22–0.78) vs BCP alone 
[124]. Hopefully, one would expect comparable results in ROS1 NSCLC.

 Conclusions

With the data currently available, first-line therapy for patients with advanced 
ROS1-rearranged NSCLC should be crizotinib. While resistance mutations such as 
G2032R can pose a treatment challenge, there are a number of next-generation 
TKIs that may assist in the management of these patients. Although immunotherapy 
likely does not appear to provide benefit as a monotherapy, immune therapy combi-
nations warrant further study. Additional studies will need to be performed to fully 
define the role of next-generation TKIs, combination-targeted therapies against 
ROS1, and bypass tract mechanisms or resistance in ROS1-rearranged NSCLC that 
become resistant to crizotinib.
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Abstract Driver mutations in the BRAF oncogene occur in 2–4% of non-small cell 
lung cancers (NSCLC). Approximately half of these BRAF mutations are character-
ized by a glutamic acid substitution for valine at position 600 within the BRAF 
kinase domain (V600E or class I). The remaining non-V600E mutations are a het-
erogeneous group that can be further subdivided into mutations that activate BRAF 
kinase activity (class II) and mutations that remain dependent on upstream signaling 
through Ras-GTPase (class III). In normal cells, the BRAF kinase functions as an 
intermediary within the MAPK/ERK signaling pathway. Activating mutations in the 
BRAF oncogene lead to downstream signaling through the MAPK/ERK pathway, 
resulting in an increased risk of malignant transformation in preclinical models. 
Based on these findings, as well as the need for more effective treatment options for 
patients with BRAF-mutated NSCLC, there has been a significant interest in devel-
oping targeted therapies to inhibit the MAPK/ERK pathway. In a series of phase 2 
clinical trials enrolling patients with metastatic BRAF V600E-mutated NSCLC, 
Planchard et al. established a role for combined BRAF and MEK tyrosine kinase 
inhibition (TKI) with dabrafenib and trametinib, respectively. While this represents 
an important new treatment strategy, a number of questions still remain including 
how best to sequence targeted therapy with other available treatment options and 
how to effectively overcome acquired resistance to TKI therapy.
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 Introduction

Following the earliest description of BRAF mutations in human cancer nearly two 
decades ago, an improved understanding of the pathogenesis of these mutations has 
enabled the development of targeted therapies [1]. Although BRAF mutations occur 
infrequently in non-small cell lung cancer (NSCLC), the recent approval of targeted 
therapies for patients with metastatic disease represents an important milestone [2, 3]. 
With new therapeutic options to choose from, it is becoming increasingly important to 
understand the biology and clinical behavior of BRAF-mutated NSCLC. In this chap-
ter, we aim to provide a comprehensive review of this topic, focusing on (1) the 
molecular mechanisms involved in tumorigenesis, (2) clinical features and outcomes 
associated with BRAF mutations, and (3) the role of targeted therapies. We conclude 
by describing what questions still remain in the field and how answers to these ques-
tions might improve the future management of patients with BRAF- mutated NSCLC.

 Molecular Foundations

 MAPK Signaling Pathways

BRAF-mutated cancers rely on signaling through the mitogen-activated protein 
kinase/extracellular signal-related kinase (MAPK/ERK) pathway, which regulates 
the differentiation, growth, and survival of normal cells [4, 5]. It is one of four related 
signaling pathways, each of which is driven by a specific group of serine- threonine 
kinases from the MAPK family, including ERK, JNK (c-Jun N-terminal kinase), 
p38, and ERK5/BMK1 (extracellular signal-related kinase 5/Big MAP kinase 1). 
Although MAPK signaling pathways have gained attention for their role in cancer, 
they have also been linked in preclinical models to a number of normal biological 
processes ranging from cytokine production to embryonic development [6–8]. The 
function and specific molecular players vary from one MAPK pathway to another 
but the basic structure of the signaling cascade is highly conserved [9]. At the center 
of each pathway is a MAPK enzyme that phosphorylates and activates a series of 
downstream targets through its serine/threonine kinase activity. Two additional 
kinase families lie upstream of MAPK: the dual-specificity MAPK serine/threonine 
and tyrosine kinase (MAPKK) and the MAPKK serine/threonine kinase (MAPKKK). 
Each of these kinases is activated sequentially, beginning with MAPKKK which 
activates MAPKK and ending with MAPK which is activated by MAPKK [10].

The structure of the MAPK/ERK signaling pathway has been particularly well 
described (Fig. 1). In its simplest form, the pathway begins upstream with extracel-

Fig. 1 (continued) homolog protein, Src homology 2 domain containing protein (Shc), and others 
not shown. When bound to GTP, Ras-GTPases recruit rapidly accelerated fibrosarcoma (RAF) 
proteins such as BRAF to the membrane surface. RAF proteins phosphorylate and activate MEK, 
which, in turn, activates ERK. ERK then activates numerous downstream targets, including tran-
scription factors and repressors that regulate cellular growth and differentiation
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Fig. 1 A schematic representation of the MAPK/ERK signaling pathway is shown. Activation of 
upstream receptor tyrosine kinases (e.g., EGFR, PDGFR) by extracellular growth signals results in 
the recruitment of multiple intracellular proteins including Ras-GTPase, son of sevenless (SOS)
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lular growth signals that bind to and activate transmembrane receptor tyrosine 
kinases [11]. Once activated, these receptor tyrosine kinases recruit multiple 
 intracellular proteins to the membrane surface including Ras-GTPases (KRAS, 
NRAS, HRAS). When bound to GTP, Ras-GTPases are capable of activating pro-
teins of the rapidly accelerated fibrosarcoma (RAF) family, which belong to the 
MAPKKK group of kinases. RAF in turn phosphorylates downstream MAPK/ERK 
kinase (MEK), which is a member of the MAPKK group of kinases. The activated 
form of MEK then phosphorylates ERK, which has numerous terminal targets 
including transcription factors (e.g., c-Myc), transcription repressors (e.g., ERF), and 
components of the cytoskeleton (e.g., myosin light chain kinase) [12–14]. Like other 
signaling pathways, the MAPK/ERK pathway is also tightly regulated at multiple 
levels by a series of negative feedback loops and inhibitory proteins [11, 15, 16].

 Molecular Biology of Wild-Type RAF Kinase

The RAF family is comprised of three serine-threonine kinases: ARAF, BRAF, and 
CRAF, also known as Raf-1 [17, 18]. BRAF is encoded by the V-raf murine sar-
coma oncogene homolog B1 (BRAF) gene located on chromosome 7q34 [19]. 
Expression of the wild-type BRAF gene is fairly ubiquitous across multiple organs 
and tissues, with highest expression found in the testis, thyroid, bone marrow, and 
brain [20]. The BRAF protein is 766 amino acids long, and, like other RAF kinases, 
it is arranged into three highly conserved regions (CR1, CR2, and CR3), each of 
which serves a distinct function (Fig. 2a) [21]. CR1 resides closest to the N-terminus 
and is comprised of both a cysteine-rich domain and a Ras-binding domain. The 
cysteine-rich domain coordinates translocation of RAF kinases from the cytoplasm 
to the membrane surface where they interact with Ras-GTPase via the Ras-binding 
domain [22, 23]. CR2 links the CR1 and CR3 domains and also contains a binding 
site for the 14-3-3 inhibitory protein. CR3, which resides closest to the C-terminus, 
contains a kinase domain that phosphorylates and activates downstream targets.

In addition to containing important binding sites, the CR1 domain also plays a 
role in regulating RAF kinase activity. Prior to activation by Ras-GTPases, cyto-
plasmic RAF kinases exist in an auto-inhibited state in which CR1 binds to CR3 and 
prevents phosphorylation of the kinase domain (Fig. 2b) [24–26]. When the MAPK/
ERK pathway is activated, binding of RAF to Ras-GTPases at the cellular mem-
brane interrupts the inhibitory interaction between CR1 and CR3. This, in turn, 
enables phosphorylation of key residues (e.g., T598, S601) that are necessary for 
kinase activation (Fig.  2c) [27]. Once activated in this manner, BRAF forms 
 homodimers with itself and heterodimers with other RAF kinases, both of which are 
then capable of phosphorylating and activating a limited set of downstream targets, 
primarily MEK [28]. Eventually, phosphorylation and dephosphorylation of other 
key residues within BRAF by ERK-mediated negative feedback facilitates the dis-
sociation of BRAF from Ras-GTPase, loss of RAF dimerization, and downregula-
tion of kinase activity [29].
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 Oncogenic Potential of BRAF Mutations

Although multiple effectors along the MAPK/ERK signaling pathway have been 
implicated in tumorigenesis, the oncogenic potential of BRAF mutations was first 
described in 2002 [30]. In their seminal report, Davis et al. initially sequenced three 
BRAF mutations from a limited number of melanoma and NSCLC cell lines. Two of 
the mutations occurred in exon 15, which encodes the kinase domain of the BRAF 
protein. This included both a T1796A substitution, which led to glutamic acid in the 
place of valine at position 599 (V599E), and a C1786G substitution, which led to 
valine in the place of leucine at position 596 (L596 V). A third G1403C substitution 
was found in exon 11, leading to the replacement of glycine with alanine at position 
468 within the glycine-rich pocket of the ATP-binding domain (G468A). To confirm 
these findings, the authors performed a larger follow-up screen, which identified 
BRAF mutations in 59% of melanoma cell lines, 18% of colorectal cancer cell lines, 
and a smaller minority of cell lines derived from glioma, sarcoma, ovarian cancer, 
and NSCLC, among others. As the majority of BRAF mutations in melanoma 
involved a T1796A substitution, which is now known to result in the replacement of 
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Fig. 2 (a) The structure of all RAF kinases is highly conserved and consists of three conserved 
regions (CR1, CR2, and CR3). CR1 contains both a cysteine-rich domain (CRD) and a Ras- 
binding domain (RBD). CR3 contains the active kinase domain. (b) In the inactive state, RAF 
kinases exist in an auto-inhibitory conformation whereby CR1 blocks key phosphorylation sites 
within CR3 that are responsible for activating the kinase. (c) When bound to Ras-GTPases at the 
intracellular cell surface via the Ras-binding domain, CR1 dissociates from CR3, enabling activa-
tion of the kinase and phosphorylation of downstream targets
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valine with glutamic acid at position 600 within the BRAF kinase domain, these 
mutations came to be known as V600E. On the other hand, mutations affecting other 
sites within the BRAF kinase were subsequently termed non-V600E. Davis et al. 
showed that mutations from both groups were capable of activating the MAPK/ERK 
pathway. Specifically, transfecting either BRAF V599E (now known as V600E) or 
G468A mutations into cell culture resulted in increased activity of the BRAF kinase 
as well as downstream phosphorylation of ERK.

Following this initial report from Davis et al., it became clear from subsequent 
studies that BRAF V600E mutations transform the BRAF protein into a constitu-
tively active kinase that functions independently of upstream activation. Brummer 
et  al. demonstrated this by engineering BRAF genes to co-express both V600E 
(T1796A) and R188L mutations, the latter of which renders BRAF ineffective at 
binding to upstream Ras-GTPases [31]. While R188L mutations alone prevented 
BRAF-mediated MAPK/ERK pathway activation, the presence of a concomitant 
BRAF V600E mutation restored phosphorylation of ERK, suggesting that BRAF 
V600E mutant kinases act independently of upstream Ras-GTPases. This conclusion 
was further supported by the finding that EGFR inhibition was not effective against 
lung cancer cell lines harboring BRAF mutations, despite EGFR being identified as 
an upstream activator of the MAPK/ERK pathway [32]. Although BRAF V600E 
mutations have gained more attention due to their frequent occurrence in melanoma, 
several BRAF non-V600E mutations (e.g., G468A, L596 V) have also been associ-
ated with increased kinase activity compared to wild-type BRAF [33]. However, this 
may not be true of all non-V600E mutations, as we discuss in greater detail below.

After establishing that many BRAF mutations activate the MAPK/ERK pathway, 
in vivo studies were then conducted to determine the potential association between 
BRAF mutations, MAPK/ERK pathway activation, and tumorigenesis. In one of 
these studies, Ji et al. engineered mice to express BRAF V600E mutations in the 
lung epithelium [34]. These mice developed lung adenomas at 6 weeks followed by 
adenocarcinomas at 16 weeks. Subsequent silencing of BRAF gene expression led 
to dephosphorylation of ERK, decreased expression of cyclin D, and decreased 
tumor burden. This suggested that BRAF activity and downstream MAPK/ERK 
signaling were the link between BRAF V600E mutations and the ongoing survival 
of lung tumors.

In other mouse models, however, BRAF mutations have been found to be neces-
sary but not sufficient for the induction of malignant tumorigenesis. Dankort et al., 
for example, found that while expression of BRAF V600E in the lung parenchyma of 
mice led to increased phosphorylation of MEK and ERK as well as the development 
of lung adenomas, these adenomas entered a state of growth arrest, and very few 
progressed to adenocarcinoma unless a tumor suppressor gene such as TP53 was also 
mutated [35]. A two-hit process was also suggested by a second mouse model in 
which co-expression of both BRAF V600E and PIK3CA H1047R mutations was 
associated with increased tumor burden, higher risk of developing malignant tumors, 
and shorter overall survival (OS) compared to mice with BRAF V600E mutations 
alone [36]. Malignant tumorigenesis in these mice was further enhanced when TP53 
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mutations were also introduced. Interestingly, in  vivo models of melanoma have 
similarly suggested that BRAF mutations may predispose to the growth of benign 
nevi but not malignant melanomas [37]. Taken together, these findings suggest that 
while BRAF mutations predispose to benign, premalignant tumors, other concomi-
tant mutations may be necessary for the full induction of malignancy.

Regardless of the complex molecular interactions by which BRAF mutations ini-
tiate tumorigenesis, ongoing survival of BRAF-mutated tumors appears to rely 
strongly on signaling through the MAPK/ERK pathway. In multiple preclinical 
studies, inhibition of mutant BRAF V600E itself or its downstream targets such as 
MEK has been shown to lead to tumor regression in patient-derived xenografts and 
other mouse models of melanoma and lung cancer [35, 38, 39]. These results sug-
gest that continued activation of the MAPK/ERK pathway is necessary for sus-
tained tumor growth and that use of targeted therapies to block this pathway in 
BRAF-mutated tumors represents a promising treatment strategy.

 Classification of BRAF Mutations

As described above, BRAF mutations have traditionally been classified as either 
V600E or non-V600E. However, our understanding of the varied mechanisms by 
which different BRAF mutations activate the MAPK/ERK pathway has evolved. A 
newer classification system has now been proposed that divides BRAF mutations 
into three classes (class I, II, or III) based on their effect on BRAF kinase activity 
and their interaction with upstream Ras-GTPases (Table 1).

In the first of two studies, Yao et al. highlighted the differences between what 
would become known as class I and class II BRAF mutations. They initially demon-
strated that expression of either BRAF V600E mutations or certain BRAF non- 
V600E mutations (e.g., G469A, L597 V, K601E) in cell culture was associated with 
increased phosphorylation of MEK, decreased phosphorylation of CRAF, and 
reduced expression of Ras-GTPase [40]. The authors concluded that these BRAF 
mutations function in a Ras-independent manner to facilitate both downstream 
MAPK/ERK activation and upstream feedback inhibition of CRAF and Ras- 
GTPase. Despite these common endpoints, the authors found that the mechanisms 

Table 1 Classification of BRAF mutations in cancer

Kinase 
activity

Ras- 
independent

Monomer vs. 
Dimer

Vemurafenib 
sensitivea

Common 
mutations

Class I Increased Yes Monomer Yes V600E
Class II Increased Yes Dimer No G469A
Class III Impaired No Dimer No G466 V

aBased on preclinical data reported in Yao et al. [40, 41] (see references for full citations).
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by which different BRAF mutations induced downstream signaling were not the 
same. Whereas BRAF V600E/K/D/R (V600) mutations produced constitutively 
active BRAF kinases that functioned as Ras-independent monomers, BRAF muta-
tions affecting sites other than position 600 (non-V600) produced active BRAF 
kinases that formed Ras-independent dimers. From a treatment perspective, this 
designation was important, as only BRAF V600 monomers but not BRAF non- 
V600 mutant dimers were sensitive to vemurafenib in vitro. Based on these find-
ings, the authors defined two groups of BRAF mutations according to their 
mechanisms of Ras-independent signaling: V600 mutations that signal as constitu-
tively active BRAF monomers (class I) and non-V600 mutations that signal as con-
stitutively active BRAF dimers (class II).

In a second study, Yao et al. broadened their classification system to include a 
third class of BRAF mutations (class III) [41]. The authors identified a subset of 
non-V600 mutations, including D594G/N and G466 V/E, that encode for “kinase 
dead” or “kinase impaired” versions of the BRAF protein. Although these muta-
tions were still capable of activating the MAPK/ERK pathway in vitro through 
their strong interaction with Ras-GTPase, they were less active than class I or II 
BRAF mutations, and they remained dependent on upstream Ras-GTPase. The 
authors proposed that class III BRAF mutations are oncogenic when paired syner-
gistically with upstream activation of Ras-GTPase. Consistent with this hypothe-
sis, the authors found that class III BRAF mutations in melanoma cell lines were 
often accompanied by activating mutations in RAS or NF1 while class III BRAF 
mutations in NSCLC and colorectal cancer cell lines had high levels of phos-
phorylated receptor tyrosine kinases such as EGFR, ERBB2, and MET. As class 
III BRAF mutations activate the MAPK/ERK pathway in a Ras-dependent man-
ner, the authors also found that patient-derived xenografts of class III BRAF-
mutated colorectal cancer were not responsive to BRAF inhibition with 
vemurafenib. However, they were sensitive to cetuximab (EGFR monoclonal anti-
body) and, to a lesser degree, trametinib (MEK inhibitor), suggesting dependency 
on the MAPK/ERK pathway.

The value of the novel class I–III classification system is that it shifts focus away 
from the structural amino acid changes that characterize different mutations and 
toward the functional significance of the mutations instead. In the era of targeted 
therapy, acknowledging the heterogeneous mechanisms by which different BRAF 
mutations activate the MAPK/ERK pathway is arguably more important and has the 
potential to shed light on targets beyond BRAF and MEK that may be therapeuti-
cally relevant. The distinction between different types of BRAF non-V600  mutations 
is especially important, given that these mutations had been previously grouped 
together into a heterogeneous category. Clinical trials for patients with BRAF non- 
V600 mutations are clearly needed, and drug development as well as clinical trial 
designs should consider class II and class III BRAF non-V600 mutations separately, 
given the different functional mechanisms by which these mutations regulate the 
MAPK/ERK pathway.
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 BRAF Mutations in Non-small Cell Lung Cancer

BRAF mutations occur most commonly in melanoma, where the incidence of 
V600E mutations is >50% in metastatic disease [42, 43]. Other cancers in which 
BRAF is recurrently mutated include papillary thyroid carcinoma, hairy cell leuke-
mia, and microsatellite unstable colorectal cancer [44–46]. The biological signifi-
cance of BRAF mutations in these different tumor types likely varies, which is clear 
when considering the utility of targeted therapy in different cancers. At one extreme, 
BRAF inhibition alone with vemurafenib was highly efficacious in small cohorts of 
relapsed, refractory hairy cell leukemia [47]. At the other extreme, BRAF targeted 
monotherapy was ineffective when studied in colorectal cancer and has no current 
role in the disease [48]. These different susceptibilities to BRAF targeted therapy 
suggest that while the downstream MAPK/ERK pathway is targetable in BRAF- 
mutated tumors in general, the development of resistance and reliance on other 
bypass growth pathways likely varies from one tumor type to the other.

In lung cancer, BRAF mutations are relatively uncommon but represent an early, 
clonal event in cancer development, suggesting that they are an important onco-
genic driver in this setting [49]. While they have also been described as secondary 
resistance mutations arising in previously treated EGFR-mutated NSCLC, it is their 
role as primary driver mutations that has garnered the most attention [50].

 Pathologic and Clinical Characteristics

The overall incidence of BRAF mutations in NSCLC is approximately 2–4% [51–
53]. Although the distribution of BRAF V600E versus BRAF non-V600E mutations 
varies between studies, BRAF non-V600E mutations appear to represent nearly half 
of all BRAF mutations occurring in NSCLC [52, 54–56].

Consistent with their role as drivers in NSCLC, BRAF mutations are usually 
found independently of mutations in EGFR or rearrangements in ALK [57]. 
Identifying other co-occurring mutations in BRAF-mutated NSCLC has been lim-
ited by (1) the relative infrequency with which BRAF mutations occur in lung 
cancer and (2) sequencing panels that test only for mutations in a select number of 
driver genes. However, the advent of next-generation sequencing has allowed for 
broader mutational testing. In one study of 1007 patients with metastatic or 
 recurrent lung adenocarcinoma whose tumors were genotyped using multiplexed 
assays of up to 10 genes, 2 of the 14 patients whose tumors harbored BRAF V600E 
mutations also had co-occurring PIK3CA E542K mutations [53]. In another cohort 
of 174 patients with BRAF-mutated NSCLC, next-generation sequencing of 17 
genes identified co-mutations in TP53 in 89 cases (51%) [58]. Findings such as this 
are potentially consistent with the preclinical studies described previously that 
suggested that co-occurring mutations contribute to the malignant differentiation 
of BRAF-mutated tumors.
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It remains unclear as to how co-occurring mutations affect survival or response 
to treatment in patients with BRAF-mutated NSCLC. In our own single-center study 
of 18 patients with BRAF-mutated NSCLC, we found that those patients with meta-
static disease whose tumors harbored co-occurring TP53 mutations (n = 4) had a 
numerically worse OS compared to patients without TP53 mutations (n = 12) (37.7 
vs. 13.7 months; P = 0.23) [59]. Conclusions are limited by the very small sample 
size, although the suggestion of worse outcomes in patients harboring co-mutations 
in TP53 is consistent with studies of other driver-mutated lung cancers. For exam-
ple,  shorter OS has been reported in patients with NSCLC whose tumors harbor 
TP53 mutations alongside driver mutations in EGFR, ALK, or ROS1 [60]. On the 
other hand, TP53 mutations in KRAS-mutated NSCLC have been associated with 
increased somatic mutation burden and an enhanced response to immunotherapy 
[61, 62]. As molecular tumor testing expands and more patients with BRAF-mutated 
NSCLC are identified, further prognostic and predictive studies of patients with co- 
occurring TP53 mutations are warranted.

Given the fact that other driver mutations are known to be enriched in particular 
patients with NSCLC, there has been a strong interest in identifying clinicopatho-
logic features that associate with BRAF mutations. Across multiple studies, BRAF 
mutations have been primarily found in NSCLC with adenocarcinoma histology 
[52, 55, 56, 59, 63, 64]. As pointed out by Cardarella et al., genomic testing in clini-
cal practice may be more routinely performed for adenocarcinomas compared to 
other histologic subtypes, which could reflect a source of bias [52]. However, two 
studies performed genomic sequencing in resected lung cancers from 1046 (37 
BRAF-positive) and 2001 (26 BRAF-positive) patients with primarily early stage 
disease who otherwise might not have undergone routine molecular testing. In both 
of these studies, BRAF mutations occurred more commonly in adenocarcinoma 
than in squamous cell cancer, suggesting that histology is closely associated with 
BRAF mutation status [55, 64].

With respect to demographic characteristics, including age, sex, and smoking 
history, Cardarella et al. found no differences in 36 patients with BRAF-mutated 
NSCLC compared to those with wild-type NSCLC as determined by Sanger 
sequencing [52]. In contrast, it has been difficult to draw conclusions about associa-
tions with ethnicity from individual retrospective studies, as many them have been 
conducted in ethnically homogenous cohorts. In multiple reports consisting primar-
ily of Asian patients, BRAF mutations have been reported in 0.7–1.7% of cases, 
which is similar to the 0.4% rate reported in an African American cohort but lower 
than the 4% rate described in a predominantly Caucasian cohort [52, 65–67]. It may 
be tempting to conclude from these numbers that BRAF mutations occur more com-
monly in certain ethnic groups but comparing results across studies requires a cer-
tain degree of caution. In addition, prior studies have suggested that tumor mutation 
testing may not be performed equally in patients of different ethnic backgrounds, 
which reflects a potential source of bias [68].

Within the group of patients with BRAF-mutated NSCLC, there may be more 
significant demographic differences between those with BRAF V600E versus BRAF 
non-V600E mutations. Sex differences have been reported in two studies that each 
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found BRAF V600E mutations to be more common in females [55, 69]. A more 
consistent finding has been that patients with BRAF V600E mutations are more 
likely to have been never or light smokers compared to patients with BRAF non- 
V600E mutations [52, 54, 55, 59, 69]. Given the potential relationship between 
smoking, tumor mutation burden, and response to immunotherapy, this difference 
between patients with BRAF V600E versus BRAF non-V600E mutations may have 
important therapeutic implications [70]. Of note, fewer studies have evaluated 
demographic characteristics in patients with BRAF-mutated NSCLC using the 
newer class I–III classification system. However, one retrospective study that did 
evaluate BRAF mutations according to this classification system similarly found 
that patients with class I BRAF V600-mutated NSCLC were more commonly never- 
smokers than patients with class II or III BRAF non-V600-mutated NSCLC [71].

 Outcomes and Prognosis

BRAF-mutated NSCLC was originally thought to have a more aggressive phenotype 
given its association with papillary and micropapillary histologic features [72]. 
However, retrospective studies suggest that the outcomes of patients with BRAF- 
mutated NSCLC compare favorably to the outcomes of patients whose tumors har-
bor other driver mutations or are wild-type for known drivers. In one of the earlier 
studies of BRAF-mutated NSCLC, for example, 739 resected adenocarcinomas from 
patients with primarily early stage disease were sequenced to identify BRAF muta-
tions in exons 11 and 15 [55]. The median OS of 36 patients with BRAF- mutated 
adenocarcinoma (21 V600E and 15 non-V600E) was not statistically different than 
that of patients with BRAF wild-type adenocarcinoma (data not reported). In a sepa-
rate cohort of patients with metastatic or recurrent adenocarcinoma from the Lung 
Cancer Mutation Consortium, Villaruz et al. reported a median OS of 56 months for 
15 patients with BRAF-mutated NSCLC, which was not statistically different than 
the median OS reported for patients with EGFR mutations (43 months), KRAS muta-
tions (33  months), ALK rearrangements (52  months), or no oncogenic driver 
(25  months) (P  >  0.20) [73]. Notably, only three patients with BRAF-mutated 
NSCLC in this study had received MEK-directed targeted therapy (selumetinib), and 
none received BRAF-directed targeted therapy. In a third study of French patients, 
Tissot et al. similarly found that the median OS of 80 patients with BRAF- mutated 
NSCLC (42 V600E, 57.5% stage IV) was not statistically different than that of 
patients whose tumors were wild-type in EGFR, KRAS, HER2, PI3K, and ALK (22.1 
vs. 14.5  months; P  =  0.095) [56]. Only a small number of patients in this study 
(n = 9; 11%) received BRAF or combined BRAF-MEK targeted therapy.

Although all BRAF mutations were analyzed together in the above studies, sub-
group analyses from these and other studies suggest that not all BRAF mutations 
behave the same. Marchetti et al. found that 21 patients with BRAF V600E-mutated 
early stage disease undergoing resection had a shorter median disease-free survival 
(DFS) (15.2 vs. 52.1 months; P < 0.001) and OS (29.3 vs. 72.4 months; P < 0.001) 
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compared to those with BRAF V600E wild-type disease [55]. In contrast, 15 patients 
with BRAF non-V600E mutations had similar DFS (42.8 vs. 43.2 months; P = 0.84) 
and OS (56.4 vs. 65.1 months; P = 0.42) compared to those with BRAF non-V600E 
wild-type disease. In a cohort of patients with stage IV NSCLC, Cardarella et al. 
similarly reported a non-significantly lower response rate to platinum-based chemo-
therapy (29% vs. 71%; P = 0.286) and shorter progression-free survival (PFS) (4.1 
vs. 8.9  months; P  =  0.297) in patients with metastatic NSCLC harboring BRAF 
V600E (n = 7) versus BRAF non-V600E (n = 7) mutations [52]. A few additional 
patients with metastatic disease were available for the survival analysis, which 
revealed non-significantly shortened OS (10.8 vs. 15.2  months; P  =  0.726) in 
patients with BRAF V600E-mutated NSCLC (n = 12) versus BRAF non-V600E- 
mutated NSCLC (n = 12). In contrast to these studies, Litvak et al. found that the 
3-year OS rate for patients with stage IIIB/IV BRAF V600E-mutated NSCLC 
(n = 20) was 24% compared to 0% for patients with non-V600E mutations (n = 9) 
(P < 0.001) [54]. The 3-year OS rate of patients with BRAF V600E-mutated NSCLC 
was not statistically different than that of patients with unresectable EGFR-mutated 
NSCLC (38%). However, 94% of patients with EGFR-mutated NSCLC in this 
study received EGFR-directed targeted therapy compared to only 50% of patients 
with BRAF-mutated NSCLC receiving BRAF-directed targeted therapy.

In conjunction with these conflicting findings are multiple case reports that have 
described long-term survival lasting several years in select patients with metastatic 
BRAF V600E-mutated NSCLC [74, 75]. However, the small patient numbers in these 
reports as well as in the retrospective studies described above have limited conclu-
sions regarding the differential effect of BRAF V600E versus BRAF non- V600E 
mutations on outcomes. A recent study from Dagogo-Jack et al. begins to overcome 
this limitation by describing one of the largest cohorts of BRAF-mutated NSCLC to 
date [71]. Using the newer class I–III classification system, the authors identified 236 
patients at their center whose tumors had a BRAF mutation detected by either next-
generation sequencing or multiplex polymerase chain reaction. This included 107 
patients with class I BRAF V600 mutations and 129 patients with class II or III BRAF 
non-V600 mutations. Among the 139 patients with metastatic disease at diagnosis, 62 
of them received first-line carboplatin plus pemetrexed. The median PFS was longer 
in patients with class I BRAF mutations compared to patients with class II or III BRAF 
mutations (6.2 vs. 3.3 months, P = 0.069 for class I vs. class II and 6.2 vs. 4.9 months, 
P = 0.034 for class I vs. class III). Overall survival for the entire group of 139 patients 
with metastatic disease was also longer in those with class I BRAF mutations com-
pared to class II or III BRAF mutations (40.1 vs. 13.9 months, P < 0.001 for class I vs. 
class II and 40.1 vs. 15.6 months, P = 0.023 for class I vs. class III).

Interestingly, the authors found that patients with class I BRAF mutations were 
less likely to have brain metastases at diagnosis than patients with class II or III 
BRAF mutations. They were also more likely to have intrathoracic metastases alone 
than patients with class II BRAF mutations. When survival analyses were limited to 
patients with extra-thoracic metastases who did not receive targeted therapy, median 
OS between the mutation classes was not significantly different (9.4 months for 
class I vs. 7.9 months for class II vs. 9.7 months for class III), suggesting that extent 
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of disease and response to targeted therapy are prognostically important. Although 
additional studies are needed for confirmation, these results suggest that favorable 
outcomes may be achieved in a subset of patients with BRAF-mutated NSCLC and 
that patients with class I BRAF mutations in particular may have a better prognosis 
due to the different clinical behavior of these mutations compared to class II or III 
BRAF non-V600E mutations.

 A Changing Therapeutic Landscape

 Efficacy of Targeted Therapy

Despite long-term survival in some cases of BRAF-mutated NSCLC, additional 
advances are required to improve outcomes. Furthermore, prior to the approval of 
targeted therapies for BRAF-mutated NSCLC, more than half of patients with these 
tumors received only best supportive care in the second-line setting, suggesting a 
need for additional therapeutic options for this patient population [76].

Targeted therapies inhibiting the MAPK/ERK signaling pathway have been most 
extensively studied in melanoma, due to the frequency of BRAF mutations in this 
disease. Initial front-line trials in melanoma evaluated reversible BRAF kinase 
inhibitors (dabrafenib or vemurafenib) as monotherapy in the treatment of patients 
with metastatic or unresectable BRAF V600E-mutated disease. In this setting, dab-
rafenib was associated with an overall response rate (ORR) of 50% (95% CI 42.4–
57.1) compared to 6% (95% CI 1.8–15.5) with dacarbazine [77]. Single-agent 
vemurafenib was similarly effective with an ORR of 57% (95% CI NR) versus 9% 
(95% CI NR) for dacarbazine [78]. Vemurafenib was also associated with an OS 
benefit of 13.6 months versus 9.7 months (HR 0.70, 95% CI 0.57–0.87, P = 0.0008). 
As resistance to BRAF targeted therapies developed quickly in these patients, sub-
sequent studies focused on the combination of reversible MEK kinase inhibitors 
(trametinib or cometinib) with BRAF kinase inhibitors in untreated metastatic mel-
anoma. Combined therapy in this setting was associated with significantly improved 
response rates and longer PFS and OS compared to BRAF kinase inhibitors alone, 
thus establishing dual inhibition as the standard of care [79–82].

Support for using BRAF targeted therapy in lung cancer initially came from case 
reports that described responses in individual patients [83–85]. This was supported 
by a retrospective study of 35 patients with BRAF-mutated NSCLC (29 V600E, 6 
non-V600E) who were treated with a BRAF kinase inhibitor (dabrafenib, vemu-
rafenib, or sorafenib) outside of the clinical trial setting. The response rate among 
all patients, the majority of whom received targeted therapy in the later-line setting, 
was 53% (95% CI 35–70) [86].

The earliest prospective studies evaluating BRAF targeted therapy in lung cancer 
were basket trials that included not only NSCLC but also multiple other cancers 
harboring BRAF V600E mutations as well. The first was a phase 1 trial of  dabrafenib 
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that enrolled one patient with BRAF V600E-mutated NSCLC who achieved a par-
tial response with an 83% reduction in tumor size [87]. In a phase 2 trial enrolling 
20 patients with BRAF V600E-mutated NSCLC, most of whom had received prior 
systemic therapy, the response rate to vemurafenib was 42% (95% CI 20–67), con-
sisting entirely of partial responses [88].

Based on these encouraging results, Planchard et  al. conducted three phase 2 
multicenter, open-label trials evaluating the use of targeted therapy in patients with 
metastatic BRAF V600E-mutated NSCLC (Table 2) [89–91]. In the first trial, previ-
ously treated patients received BRAF targeted therapy alone with dabrafenib 
150 mg twice daily. Treatment was active in a subset of patients, with an overall 
response rate of 33% (95% CI 23–45) and a median PFS of 5.5 months (95% CI 
3.4–7.3). In the second trial enrolling another cohort of previously treated patients, 
combination BRAF and MEK targeted therapy was administered with dabrafenib 
150  mg twice daily and trametinib 2  mg once daily, respectively. Outcomes in 
response to combination therapy were better than those reported in the dabrafenib 
monotherapy cohort, although the two groups were enrolled separately and not 
intended for direct comparison. Nonetheless, the response rate to combination ther-
apy was 63.2% (95% CI 49.3–75.6) with a median PFS of 9.7 months (95% CI 
6.9–19.6). This led to a third study evaluating combination dabrafenib plus tra-
metinib in patients with previously untreated metastatic BRAF V600E-mutated 
NSCLC. Combination therapy in the frontline setting was active, with an overall 
response rate of 64% (95% CI 46–79) that included two complete responses and a 
median PFS of 10.9 months (95% CI 7.0–16.6). Only 5 patients (14%) in this cohort 
had a best response of progressive disease.

The most common grade 3 or higher adverse events in patients receiving dab-
rafenib monotherapy were asthenia, squamous cell carcinoma of the skin, and basal 
cell carcinoma. The side effect profile of dabrafenib plus trametinib was slightly 
different with fever and cytopenias occurring more commonly but basal and squa-
mous cell carcinoma of the skin occurring less commonly. In patients with previ-
ously treated NSCLC, dabrafenib plus trametinib was also associated with higher 
rates of treatment discontinuation (12% vs. 6%), treatment interruption (61% vs. 

Table 2 Consecutive phase 2 trials of dabrafenib with or without trametinib in BRAF V600E- 
mutated non-small cell lung cancer

Therapy Setting ORRa PFSb (months) OSc (months)

Cohort A (n = 78) Dabrafenib Relapsedd 33% 5.5 12.7
Cohort B (n = 57) Dabrafenib/trametinib Relapsed 63.2% 9.7 –e

Cohort C (n = 36) Dabrafenib/trametinib Untreated 64% 10.9 24.6
aORR investigator-assessed overall response rate
bPFS median progression free survival
cOS median overall survival
dCohort A included primarily patients with relapsed disease receiving targeted therapy in the sec-
ond- or later-line setting (n = 78). The study also enrolled six previously untreated patients, but the 
results presented here are for the cohort with relapsed disease only
eSurvival data was not mature at the time of publication
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43%), and dose reduction (35% vs. 18%) compared to patients receiving dabrafenib 
alone. However, side effects in both groups were ultimately felt to be manageable 
overall. Based on the acceptable safety profile and potential benefit associated with 
targeted therapy, dabrafenib 150 mg twice daily plus trametinib 2 mg once daily is 
now approved as of 2017 for patients with untreated or previously treated, advanced 
BRAF V600E-mutated NSCLC, making it the only combination targeted therapy 
regimen that is approved in lung cancer [92].

As described above, NSCLC is unique in that approximately half of BRAF muta-
tions are non-V600E.  However, clinical trials of BRAF targeted therapies have 
excluded patients with BRAF non-V600E mutations. It has been reasonable to 
assume that BRAF non-V600E mutations may be less responsive to BRAF-directed 
targeted therapy given that the mechanisms by which they activate MAPK/ERK 
signaling are different than those of V600E mutations [40, 41]. However, further 
studies are needed for confirmation. The hope is that by further exploring the signal-
ing mechanisms that underlie different BRAF mutations, new targets for the treat-
ment of BRAF non-V600E-mutated NSCLC will emerge that can be tested in the 
clinical trial setting.

 Mechanisms of Resistance to Targeted Therapy

Although BRAF-directed targeted therapies are effective, the development of resis-
tance and eventual disease progression are inevitable. Much more is known about 
secondary resistance in BRAF-mutated melanoma given that targeted therapy for 
metastatic BRAF V600E-mutated NSCLC was only recently approved. As a result, 
our current understanding of secondary resistance in NSCLC is limited primarily to 
case reports.

Studies of melanoma have identified mechanisms of both innate and acquired 
resistance to BRAF-directed targeted therapy. With respect to innate resistance, the 
tumor microenvironment is thought to play an important role. In a study by 
Straussman et al., extracellular hepatocyte growth factor (HGF) secreted by stromal 
cells was shown to activate the MAPK and PIK3CA pathways in melanoma cells via 
binding to the MET receptor [93]. In a series of experiments, the authors showed that 
while PLX4720, a BRAF kinase inhibitor, effectively inhibited proliferation of mela-
noma cells in  vitro, the addition of increasing concentrations of HGF resulted in 
resistance and sustained melanoma cell growth. Notably, when HGF expression was 
then measured by immunohistochemistry in 34 melanoma biopsy samples derived 
from patients enrolled in clinical trials, HGF positivity pretreatment was associated 
with a lower response to BRAF inhibition with or without dual inhibition of MEK.

On the other hand, acquired resistance in melanoma has been attributed to mul-
tiple secondary mutations that induce either upregulation of the MAPK/ERK sig-
naling pathway or activation of bypass pathways. In the case of other driver-mutated 
cancers, acquired gatekeeper mutations occurring in the same driver genes can con-
fer resistance and pathway reactivation. In the classic example of EGFR-mutated 
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NSCLC, for example, a gatekeeper T790 M mutation arises in a subset of patients 
treated with erlotinib or gefitinib. The T790 M mutation renders the EGFR kinase 
resistant to binding by first- and second-generation EGFR tyrosine kinase inhibi-
tors, thus restoring EGFR-mediated growth signaling and cancer progression [94]. 
In the case of BRAF-mutated melanoma, gatekeeper mutations producing an amino 
acid substitution for threonine at residue 529 within the BRAF kinase have been 
successfully introduced into cell lines and confer resistance in vitro to PLX4720 
[95]. However, the spontaneous occurrence of gatekeeper mutations in BRAF- 
mutated melanoma cell lines or patient tumor samples has not been described, with 
multiple studies demonstrating instead that secondary BRAF mutations are uncom-
mon and that V600E mutations are preserved [96–98]. Retention of the original 
BRAF mutation suggests that treatment after the development of resistance might 
benefit not only from additional therapy to target the mechanism of resistance but 
also ongoing inhibition of the MAPK/ERK pathway since the mutant BRAF kinase 
could be a source of continued signaling.

The MAPK/ERK pathway is commonly reactivated in BRAF-mutated melanoma 
by secondary mutations in upstream Ras-GTPases. Across multiple studies of mela-
noma resistant to BRAF inhibition alone, mutations have been identified in both 
NRAS (G12D/R, G13R, Q61K/R/L) and KRAS (G12C/R, Q61H, K117 N) [96–98]. 
Reactivation of the MAPK/ERK pathway may also occur secondary to BRAF 
amplification, increased expression of the CRAF kinase, and activating C121S 
mutations in MEK1 [97, 99, 100]. Resistance mutations have also been identified in 
the PI3K pathway, including AKT (E17K and Q79K), PIK3CA, PIK3CG, and 
PTEN, suggesting that PI3K may act as a bypass pathway [97].

A certain number of these resistance mutations occurring secondary to BRAF 
inhibitor monotherapy might be expected to be less effective at conferring resistance 
to combination BRAF plus MEK inhibition. RAS mutations, for example, have been 
shown to mediate resistance to BRAF inhibition by activating CRAF, which initiates 
signaling through the MAPK/ERK pathway at the level of MEK [96, 98]. In one 
study using a resistant KRAS K117 N-mutated melanoma xenograft, tumor growth 
was effectively inhibited by the combination of vemurafenib plus a MEK inhibitor, 
confirming that the effectiveness of MEK inhibition was maintained in the setting of 
an upstream RAS activating mutation. Nonetheless, NRAS G12D and Q61K muta-
tions have been identified in melanoma samples derived from patients who had pro-
gressed on combination dabrafenib plus trametinib, which raises the possibility that 
upstream Ras activation might confer resistance by mechanisms other than CRAF-
mediated MEK activation alone [101]. Interestingly, BRAF amplification has also 
been observed in melanoma samples resistant to combination targeted therapy, simi-
lar to what has been described for melanomas resistant to BRAF inhibition alone. 
However, the increase in BRAF copy number has been noted to be significantly 
higher in those cells that are resistant to dabrafenib plus trametinib compared to cells 
resistant to BRAF inhibition alone. Thus, while there is clearly some degree of over-
lap with respect to the targets of resistance in melanomas treated with BRAF inhibi-
tion alone compared to those treated with combination BRAF plus MEK inhibition, 
the mechanisms by which these targets confer resistance likely vary.
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Furthermore, downstream mutations in the MAPK/ERK pathway appear to be 
more common in melanomas treated with combination dabrafenib plus trametinib. 
In addition to identifying NRAS mutations and BRAF amplification, Long et al. dis-
covered MEK1/2 mutations in 27% of patient melanoma samples with acquired 
resistance to dabrafenib plus trametinib, which is higher than the 3–5% incidence 
reported in studies of melanomas treated with BRAF inhibitor therapy alone [101]. 
Mutations in MEK2 were more common than mutations in MEK1, and only the 
MEK2 C125S mutation was associated with increased colony growth in the pres-
ence of dabrafenib plus trametinib. Together, these findings suggest that particular 
isoforms of MEK may be more capable of mediating resistance to targeted therapy 
combinations than others [100].

Case reports of patients with BRAF-mutated NSCLC progressing on targeted 
therapy suggest that upstream activation of Ras-GTPase may be a mediator of resis-
tance in lung cancer as well. In two reports of single patients with BRAF V600E- 
mutated NSCLC who progressed on third-line dabrafenib plus trametinib and 
later-line dabrafenib monotherapy, respectively, re-biopsy at the time of progression 
identified a new NRAS Q61K mutation in the first patient and a new KRAS G12D 
mutation in the second patient [102, 103]. In both cases, the original BRAF V600E 
mutation was maintained at the time of progression, which is consistent with studies 
from melanoma. In a third report, the tumor of a patient with BRAF V600E NSCLC 
receiving vemurafenib did not have a RAS mutation at the time of progression but 
did have increased chromosomal instability, suggesting that multiple pathways of 
resistance are possible [104].

 Future Directions

Overcoming resistance to targeted therapy represents just one of the ongoing chal-
lenges in the treatment of BRAF V600E-mutated NSCLC.  Another unanswered 
question is how best to sequence therapies now that multiple treatment options exist 
for metastatic BRAF V600E-mutated NSCLC, including targeted therapy, chemo-
therapy, and immunotherapy. Even in melanoma, for which BRAF targeted therapy 
has been approved for longer, the optimal sequence is not clear, with recommenda-
tions drawn primarily from retrospective studies. Previous reviews have suggested 
that OS may be better in patients with metastatic melanoma who are treated with 
ipilimumab prior to BRAF targeted therapy [105]. However, BRAF and MEK 
inhibitors may increase the expression of PD-1 on melanoma cells, which raises the 
question as to whether outcomes may be improved by using targeted therapy fol-
lowed by PD-L1 axis-directed therapy [106]. In the case of NSCLC, it is also cur-
rently unclear as to how well BRAF-mutated NSCLC responds to immunotherapy. 
In a recent study, high PD-L1 expression, defined as ≥50%, was seen in nearly half 
of patients with either BRAF V600E or non-V600E mutations [107]. Tumor muta-
tion burden, on the other hand, was low to intermediate in both groups, and the 
overall response rate to immunotherapy in primarily the later-line setting was 25% 
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in patients with BRAF V600E mutations and 33% in patients with BRAF non-V600E 
mutations. As pointed out by the authors, these response rates are comparable to 
those of second-line immunotherapy in unselected patients with NSCLC. While this 
suggests that immunotherapy may be more effective in BRAF-mutated NSCLC than 
it is in NSCLC harboring other driver mutations (e.g., EGFR, ALK), larger studies 
are needed.

 Conclusion

Although BRAF mutations occur infrequently in NSCLC, their ability to constitu-
tively activate the MAPK/ERK signaling pathway has proven to be an important 
mechanism of cancer cell survival. Understanding this molecular link between 
BRAF mutations and malignancy has led to the approval of targeted therapy (dab-
rafenib plus trametinib) in both untreated and relapsed, refractory BRAF V600E- 
mutated metastatic NSCLC.  While BRAF mutations are distinguished from one 
another in part based on their susceptibility to targeted therapy, it is becoming 
increasingly clear that other inherent biological differences likely contribute to vari-
ability in clinical behavior and prognosis. In addition, much remains unknown 
regarding the effect of co-occurring mutations on prognosis or response to therapy. 
More routine use of next-generation sequencing and collaboration between centers 
specializing in thoracic malignancies should be encouraged, with the goal of 
addressing ongoing gaps in our knowledge and improving the management of 
patients with BRAF-mutated NSCLC.
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MET as a Therapeutic Target:  
Have Clinical Outcomes Been “MET” 
in Lung Cancer?

Arin Nam and Ravi Salgia

Abstract Targeted therapy is an especially attractive approach for treating lung 
cancer since overactivation of oncogenic proteins often drives disease progression. 
In particular, dysregulation of the MET receptor tyrosine kinase (RTK) pathway via 
genetic mechanisms, such as gene amplification and exon 14 skipping mutations, 
has been identified. With significant advancements made in the realm of targeted 
therapeutics, such as small molecules and antagonistic antibodies, developing novel 
strategies to target MET is at the forefront of lung cancer treatment. This chapter 
will introduce the MET signaling pathway and various genetic abnormalities impli-
cated in lung cancer. Then, the currently used MET-targeted therapies and investiga-
tive agents will be highlighted along with their status in clinical trials. The final 
section will shed light on preclinical data revealing possible mechanisms of resis-
tance to MET-targeted therapy.

Keywords Targeted therapy · MET · Receptor tyrosine kinase · Lung cancer · 
Exon 14 skipping

 Introduction

Lung cancer remains to be the most commonly diagnosed and fatal cancer type 
among both men and women in the United States and worldwide [1, 2]. Lung cancer 
is typically classified as non-small cell lung cancer (NSCLC) and small cell lung 
cancer (SCLC), which account for 85% and 15% of cases, respectively. NSCLC 
diagnoses can be further identified based on subtypes, such as adenocarcinoma, 
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squamous cell carcinoma, and large cell carcinoma. Current treatment for  early- stage 
NSCLC is surgical removal of the tumor and sometimes treated with adjuvant che-
motherapy alone or in combination with radiation. Late-stage NSCLC is usually 
treated with conventional chemotherapy, targeted therapy, immunotherapy, alone or 
in a combined regimen. Treatment options for SCLC remain quite limited to tradi-
tional chemotherapy alone or in combination with radiation [1]. Although patients 
may initially respond to these therapeutic regimens, often times, tumors acquire 
resistance to these agents, and the disease progresses as reflected by a dismal 18% 
five-year survival rate [1]. Developing additional targeted therapies is particularly 
an attractive approach for lung cancer because overactivation of certain proteins 
plays a key role in lung tumorigenesis.

Several receptor tyrosine kinases (RTKs), which constitute the largest family of 
tyrosine kinases [3], have been identified to be upregulated in lung cancer, contrib-
uting as important drivers of disease progression. RTKs are a subclass of tyrosine 
kinases that mediate cell-to-cell communication and control a wide range of biologi-
cal functions, including cell growth, motility, differentiation, and metabolism [4]. All 
RTKs share a similar protein structure comprised of an extracellular ligand- binding 
domain, a single transmembrane helix, and an intracellular region that contains a 
juxtamembrane regulatory region, a tyrosine kinase domain (TKD), and a carboxyl 
(C-) terminal tail [5]. The extracellular domain of the RTKs binds specific ligands, 
such as growth factors, cytokines, and hormones, that can activate various intracel-
lular signal transduction cascades including survival and migration [6]. However, 
abnormal expression and/or signaling of RTKs are implicated in many types of 
cancer that fuel its progression via unregulated proliferation and invasion through 
surrounding tissue [7]. Ninety unique kinase genes can be identified in the human 
genome of which 58 are of the receptor type, distributed into 20 subfamilies [3].

This chapter will focus on one member of the RTK family namely MET or hepa-
tocyte growth factor receptor (HGFR) that plays an important role in lung cancer [8, 
9]. First, the structure and function of MET will be described together with its nor-
mal function within the cell. The following section will outline various abnormali-
ties in lung cancer that have been frequently identified in patients. The remaining 
sections will discuss various therapeutic approaches targeting MET signaling in 
lung cancer as well as the more recent developments regarding mechanism(s) of 
resistance to these agents.

 Structure and Function

 Gene

The human gene encoding MET is ~126 kilobases and is located on chromosome 7, 
locus 7q21–q31. MET was originally discovered in 1984 as a partner in the fusion 
oncogene TPR-MET of an immortalized cell line derived from osteosarcoma [10]. 
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Upon treatment of this cell line with the carcinogenic compound N-methyl-N′-
nitronitrosoguanidine, genetic fusion was induced between the TPR gene on locus 
1q25 and the MET gene on locus 7q31 [10]. At least three different isoforms are 
reported. The most commonly expressed isoform encodes for the protein precursor 
that is 1390 amino acids long.

 Protein

When the precursor is posttranslationally cleaved and glycosylated, a 50-kDa alpha 
chain and a 140-kDa beta chain are produced. The alpha chain is linked via disul-
fide bonds to the extracellular portion of the beta chain, which also includes the 
transmembrane and intracellular portions of the receptor. Sharing domain homol-
ogy with other protein structures, the beta chain is comprised of: the semaphorin 
domain, plexin-semaphorin-integrin (PSI) domain, four immunoglobulin-plexin- 
transcription (IPT) repeats, transmembrane domain, juxtamembrane domain, tyro-
sine kinase domain, and the C-terminal region (Fig. 1).

Fig. 1 MET structure, domains, and phosphorylation sites
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 Ligand HGF

Hepatocyte growth factor (HGF), also known as scatter factor (SF), is the only known 
natural ligand that binds to the MET receptor and activates it. It resembles other 
growth factors in the plasminogen-related growth factor family [11] and is secreted 
by mesenchymal cells as a precursor that is proteolytically cleaved by HGF activator 
(HGFA). Active HGF is produced in the form of a disulfide-linked heterodimer. HGF 
has six domains: the N-terminal domain, four kringle domains, and the C-terminal 
domain. The ligand binds to the receptor at the semaphorin domain, a seven beta-
propeller structure where blades 2 and 3 form the active binding site for HGF [12].

 Signaling

Like other RTK activation pathways, such as RON and Sea [13], ligand binding 
induces receptor dimerization and activation of the tyrosine kinase. In the active 
state, MET autophosphorylation and recruitment of a number of signal transducer 
molecules initiate several signaling cascades as seen in Fig. 2. Phosphorylation at 
Y1230, Y1234, and Y1235 turn on the activation loop at the catalytic domain [14]. 
As a result, the multisubstrate docking site located at the C-terminal region becomes 
activated and is able to recruit intracellular adaptor molecules that can be recognized 
by certain motifs like the Src homology-2 domain. Phosphorylation at Y1349 and 
Y1356 is required to directly bind Src and Shc and indirectly bind Gab1 [15, 16]. 
Only phosphorylation at Y1356 is required for binding growth factor receptor pro-
tein 2 (Grb2) to the YXN motif at Y1349, phospholipase C-γ (PLC-γ) to the YXXL 
motif at Y1365, phosphoinositol 3-kinase (PI3K) to the YXXM motif at Y1313 [17], 
and Shp2. Recruitment of these various signal transduction molecules can activate 
several downstream pathways: (1) Ras/Raf pathway is activated and involved in cell 
scattering and proliferation [18]; (2) PI3K pathway, downstream of Ras or recruited 
directly, is involved in cell migration via cytoskeletal reorganization through paxillin 
and FAK and also triggers a survival signal through AKT recruitment and activation 
[19, 20]; (3) MAPK pathway is activated through recruitment of Gab1/Grb2/SOS 
molecules as well as Ras/Raf to prompt cell survival and proliferation [21]. From 
ligand binding to activation of several signal transduction cascades, many biological 
changes occur within the cell, such as transcriptional regulation and gene expres-
sion, in order to trigger cell growth, differentiation, survival, and cytoskeletal reor-
ganization. Phosphorylation at Y1003 in the juxtamembrane domain is required for 
recruiting the E3 ubiquitin ligase, Cbl. Cbl facilitates the ubiquitination of MET by 
acting as an adaptor for endophilin in order to direct receptor internalization within 
clathrin-coated vesicles. These vesicles can then be trafficked to endosomes for ulti-
mate lysosomal degradation [22]. Aberrant signaling at any or multiple points from 
ligand binding to downstream changes in cellular function can give rise to cancer 
cell differentiation, progression, and/or metastasis [23].
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 Normal Function

Activation by MET of the various downstream pathways initiate the regulation of 
normal cellular processes, such as cell survival, differentiation, and migration. MET 
also plays an essential role in embryonic development, specifically migration of 
mesenchymal cells and neuronal precursors for muscle and nervous tissue organo-
genesis [24]. In adults, MET can be activated to prompt wound healing and tissue 
remodeling [25]. Hematopoietic cells can also utilize MET activation for differen-
tiation and proliferation to generate mature blood cells [26].

Fig. 2 MET downstream effector molecules and signaling cascades
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 Abnormalities in Lung Cancer

Since dysregulation of the MET/HGF signaling axis plays a key role in tumorigen-
esis and metastasis, this section highlights the various factors at the genetic level, 
such as gene amplification and mutations, resulting in phenotypes of receptor over-
expression and constitutive kinase activation.

 Gene Amplification/Receptor Overexpression

Amplification of MET at the genetic level has been observed in both NSCLC and 
SCLC, resulting in receptor overexpression at the protein level. In 25% of NSCLC 
primary tumors, a two to ten-fold higher levels of MET expression and ten to hun-
dred-fold higher levels of HGF expression were observed when compared to adja-
cent normal tissue [27]. Immunohistochemical (IHC) staining of tissue from lung 
cancer patients (n = 32) showed MET expression in all samples. Sixty-one percent 
of NSCLC, 60% of carcinoids, and 25% of SCLC tumor tissues showed strong 
expression of MET, and no significant staining was observed in normal tissue [28]. 
In order to determine whether there is an accompanying increase in receptor activ-
ity, IHC staining for phospho-MET at catalytic residues Y1003 or Y1230/1234/1235 
showed that in SCLC tissues, all samples stained positive for pY1003 and 50% of 
samples expressed pY1230/1234/1235 [28]. For NSCLC, 44%/33% of adenocarci-
noma, 86%/57% of large cell carcinoma, 71%/0% of squamous cell carcinoma, and 
40%/0% of carcinoid samples stained positive for pY1003 and pY1230/1234/1235, 
respectively. It is also worth mentioning that the invasive front of NSCLC tissues 
showed relatively higher levels of phospho-MET, suggesting the role of activated 
MET in tissue invasion [28].

 MET Overexpression and Correlation with Paxillin

MET is able to affect cell motility by regulating cytoskeletal reorganization through 
actin polymerization and depolymerization. Upon phosphorylation of key focal 
adhesion molecules, such as paxillin, FAK, and Pyk2, by the MET kinase, filopodia 
and lamellipodia formation and retraction were observed [29]. Activated paxillin by 
MET induces an interaction with the cytoskeleton, resulting in cell motility and 
migration [30]. It has been shown that the correlated activity between MET and 
paxillin coincide with their expression in tumor tissue. An increase in paxillin 
expression with higher NSCLC disease stage has been observed as well as a correla-
tion between high paxillin expression and copy number of the MET gene [31]. In 
contrast, SCLC has relatively low levels of paxillin [32]. Thus, this correlation is not 
observed in this lung cancer type.
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 MET Overexpression and Mitochondrial Dynamics

Lung cancer cells with MET overexpression are highly dependent on receptor sig-
naling to sustain viability. These overexpressing cells are more sensitive to MET 
inhibitor (MGCD 516) than cells with lower MET expression [33]. Interestingly, 
signaling of dynamin-related protein-1 (DRP1), a mitochondrial protein involved in 
the fission process, is attenuated when treated with this MET inhibitor [33]. As a 
result, mitochondrial morphology appears to be more elongated.

 Missense Mutations in the Juxtamembrane and Semaphorin 
Domain

The MET gene is a target for several missense mutations that cause dysregula-
tion of receptor function. Mutations are primarily found within the juxtamembrane 
region and semaphorin domain for lung cancer. Although mutations can be found 
in the MET tyrosine kinase domain in head and neck cancers [34], glioblasto-
mas [35], and hereditary papillary renal carcinomas [36], none are found in lung 
cancer. Missense mutations in the juxtamembrane domain cause aberrant receptor 
signaling due to this region’s key role as a regulator site for catalytic function 
of tyrosine kinases. In NSCLC, R988C, T1010I, and S1058P mutations increase 
phosphorylation of MET and downstream signal transduction molecules, enhance 
tumorigenicity, cell motility, and alter cellular morphology. These mutations also 
contribute to a stronger response to inhibition with small molecule compounds tar-
geting MET [28]. Missense mutations can also be found in the semaphorin region, 
E168D, which can alter the binding of HGF and subsequent receptor dimeriza-
tion and activation [37]. Another missense mutation found in the semaphorin 
domain, N375S, conferred resistance to MET inhibitors and was most frequently 
detected in tumor tissues of East Asians (13%) and not detected in that of African 
Americans (0%) [38].

 Modeling Mutations in Caenorhabditis elegans

Modeling a cancer phenotype in a multicellular organism can be achieved with 
Caenorhabditis elegans, especially in a high-throughput manner. The phenotype 
of the nematode’s vulva reflects any developmental abnormalities. In wild-type N2 
adult worms, a “normal” vulva is apparent, however, the cancer phenotype exhibits 
a multivulval characteristic [39]. Various transgenic worms with MET missense 
mutations have been used as a model for determining phenotypic changes and 
developmental abnormalities. For example, transgenic worms expressing wild-type 
human MET genes exhibited ectopic hypodermal growth in the posterior region, 
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but transgenic worms expressing the R988C mutant MET construct exhibited a 
tumor-like growth of vulva-forming cells [40]. Using these transgenic worms as 
a model, exposure to nicotine and other smoke toxins resulted in a multivulval- 
resembling phenotype, suggesting synergy between MET and nicotine. [40] This 
model system may be useful to study other environmental toxins as well as dys-
regulation of other oncogenes.

 Exon 14 Skipping Mutation

A shorter variant of the MET receptor was first discovered in mice in 1994 that led 
to tumorigenicity in vivo [41]. We were the first to identify exon 14 splicing muta-
tion in NSCLC and SCLC [28, 37]. This variant lacked a portion of the juxtamem-
brane domain, which is a key regulatory site for kinase activity. In patients’ genomic 
data, mutations were found to occur near splice sites that cause exon skipping within 
the MET gene in multiple tumor types, including lung cancer [42]. Primarily found 
in lung adenocarcinomas, exon 14 of the MET gene is susceptible to mutations near 
the splice site. This mutation results in exon 14 skipping during the splicing process 
from pre-mRNA to the mature mRNA. Because exon 14 encodes for the juxtamem-
brane portion of the protein that includes residue Y1003, mutations that cause exon 
14 skipping produces a protein lacking this key domain and kinase regulatory site 
[43]. Phosphorylation at Y1003 is required for binding the E3 ubiquitin ligase, Cbl, 
which promotes MET ubiquitination, internalization, and degradation. However, if 
the MET protein product lacks this site as a result of exon 14 skipping, the receptor 
half-life is prolonged, resulting in MET overexpression and extended catalytic func-
tion within the cell [43]. Cbl mutations have also been found to be highly prevalent 
in MET-mutated NSCLC that enhance cell viability and motility [44]. Altered Cbl 
in NSCLC cells have higher MET expression than wild-type cells and are more 
sensitive to MET inhibitor SU11274. [45]

 Modeling Mutations with DNA Walks and Their Fractal 
Patterns

DNA walks depict nucleotide sequence patterns that can be used to model 
 wild-type genes and mutated counterparts. In particular for the MET gene, point 
mutations create larger gaps in the pattern, generating an increase in self-similarity 
or fractal dimension. On the other hand, MET deletion mutations, as seen in exon 
14 skipping, decrease fractal dimension in the pattern because of a reduction in 
nucleotide variance [46]. This type of modeling has potential predictive capabili-
ties for exon 14 deletions. One can introduce unknown exon 14 alterations to the 
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genetic sequence, generate a DNA walk, and compare the fractal dimension to 
known  patterns that lead to exon skipping [46].

 Various Therapeutic Approaches and Outcomes

The shift from traditional cytotoxic chemotherapy to a more targeted approach has 
given clinicians and researchers insight into biomarker-based therapies and drug 
development. Because abnormal signaling in the MET axis can be implicated in 
lung cancer as well as other types of solid cancers, it represents an attractive target 
for developing small molecule compounds and biological antagonists, such as anti-
bodies, that block HGF-binding and/or MET activation as seen in Fig. 3. Screening 
for patients with genetic alterations in MET, as well as EGFR, has allowed clini-
cians to treat patients with targeted therapies and improve overall survival, since 
often times, patients with EGFR mutations develop resistance to EGFR inhibitors 
due to MET overexpression/amplification. In this section, several small molecule 
inhibitors and biological antagonists will be described in addition to their mecha-
nisms of action and current status in clinical trials.

Fig. 3 Current therapeutic approaches targeting MET
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 Small Molecule Inhibitors Against MET

Small molecule kinase inhibitors or tyrosine kinase inhibitors (TKIs) that block 
receptor activation have shown promise in clinical settings where dysregulated sig-
naling of these receptors drive cancer progression. When these agents bind to the 
receptor, activation of downstream signaling events is prevented and thus, tumor 
cells are directed to apoptosis. These types of inhibitors are an appealing strategy 
for developing targeted therapies because of their small size (<500  Da), cost- 
effectiveness, and availability, as compared to monoclonal antibodies. First genera-
tion TKIs, such as crizotinib and cabozantinib, also target other types of RTKs and 
hence, they are classified as a multikinase inhibitor. The primary drawback to inhib-
itors that target a wider range of receptor kinases is toxicity, drawing attention 
toward the need for more specific RTK inhibitors. Recently developed small mole-
cule inhibitors against MET, such as capmatinib, have exhibited more potent activ-
ity and selective binding for the MET receptor than other kinases [47]. These 
MET-specific inhibitors have shown promise in clinical trials especially for patients 
with MET amplification and/or exon 14 skipping mutations. [42]

 Overcoming EGFR Inhibitor Resistance with MET Inhibitors

Several clinical trials for MET inhibitors are in combination with EGFR inhibitors 
because research has shown that cancer cells develop resistance to EGFR-targeted 
therapies via MET overactivation [48]. Crosstalk and synergism between MET and 
EGFR signaling was found to occur in NSCLC cell lines to promote cancer progres-
sion [49]. When EGFR signaling is blocked, tumorigenic cells take advantage of 
alternate signaling pathways, such as MET, to overcome inhibition and reactivate 
downstream signaling cascades that drive cancer progression.

The remainder of this section will highlight several small molecule inhibitors of 
MET that have shown significant clinical efficacy and describe their mechanisms of 
action and current stage in clinical trial investigations. Table  1 presents a more 
extensive list of ongoing clinical trials with the various MET inhibitors.

 Small Molecule Tyrosine Kinase Inhibitors

 Cabozantinib (XL184)

Cabozantinib is a small molecule multikinase inhibitor that targets MET as well 
as other receptor tyrosine kinases, such as VEGFR2, AXL, and RET. A phase Ib/
II study investigated safety and pharmacokinetics in NSCLC patients with EGFR 
mutations that were previously treated with erlotinib. Treatment with a combination 
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of cabozantinib and erlotinib failed to show response in phase II and cabozantinib 
did not resensitize these tumors to erlotinib [50]. In a patient harboring a MET 
exon 14 skipping mutation, intracranial progression was observed with crizotinib 
treatment. Upon switching therapies to cabozantinib, rapid intracranial response 
to this small molecule was observed underscoring the potential of this strategy to 
overcome metastasis to the brain with MET-altered NSCLC [51]. Clinical studies 
with cabozantinib are currently recruiting for phase II in NSCLC patients with 
brain metastases.

 Capmatinib (INC280)

Capmatinib is a competitive inhibitor with very potent and selective activity against 
MET compared to other kinases. It has been shown in vitro that cell lines made 
resistant to erlotinib, an EGFR inhibitor, could be resensitized after capmatinib 
treatment [52]. Results from a phase Ib/II study of patients with EGFR-mutated, 
MET-dysregulated NSCLC have shown promising responses to a combination of 
capmatinib and gefitinib (EGFR TKI) following disease progression from an only 
EGFR TKI treatment regimen. Recommended phase II dose was determined to be 
capmatinib 400 mg twice/day and gefitinib 250 mg once/day. Most common adverse 
events were nausea, peripheral edema, decreased appetite, rash, and increased amy-
lase and lipase levels [53].

 Crizotinib (PF-02341066)

Crizotinib is a small molecule inhibitor that competitively binds to the ATP-
binding pocket of MET. Patients with MET amplification have shown remarkable 
response to this drug. Originally developed as a MET inhibitor, this compound 
also exhibited activity against anaplastic lymphoma kinase (ALK) [54] and 
ROS proto-oncogene 1 (ROS) rearrangements, leading to clinical trials target-
ing patients with this mutation. More recent studies have shown that patients 
with MET amplification and no ALK rearrangement treated with crizotinib have 
responded well in NSCLC [55] and squamous cell lung carcinoma [56]. We were 
the first to identify MET exon 14 skipping in patients and demonstrate that this 
variant can serve as a biomarker. Such biomarkers can aid clinical decisions by 
correctly identifying patients that would most likely benefit from MET-targeted 
therapies of differing class. Earlier this year, the US Food and Drug Administration 
(FDA) granted crizotinib a breakthrough therapy designation for the treatment of 
patients with metastatic NSCLC harboring MET exon 14 alterations that progress 
after receiving platinum-based chemotherapy. An expansion cohort of 21 patients 
from the PROFILE 1001 study with MET exon 14-altered NSCLC were treated 
with crizotinib 250  mg twice/day for 0.5–9.1+ months. Among 18 evaluable 
patients, 8 patients had partial responses and 9 patients had stable disease. None 
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had progressive disease. Most adverse events were grade 1 and 2 with one case 
of grade 3 edema and one case of grade 3 bradycardia. No grade 4 adverse events 
occurred [57]. This significant designation underscores the urgency for identify-
ing additional biomarkers and our commitment to delivering personalized medi-
cine for patients that carry these genomic alterations.

 Foretinib (GSK1363089)

Foretinib is a multikinase inhibitor that targets MET and VEGFR2 and also exhibits 
an inhibitory effect against KIT, Flt-3, PDGFRb, and Tie-2. In vitro, foretinib blocks 
activation of MET and VEGFR2-induced signaling pathways. In vivo experiments 
show a dose-dependent decrease in tumor burden in a lung metastasis experimental 
model [58]. Foretinib has also shown to be effective against ROS1 mutations espe-
cially when acquired with crizotinib resistance. A clinical trial investigating the dos-
ing and safety profile of combining foretinib and erlotinib was designed for advanced 
pretreated NSCLC patients. This regimen demonstrated response in an unselected 
group, but also some toxicity, suggesting future trial designs to select patients based 
on molecular profiling [59].

 Glesatinib (MGCD265)

Glesatinib is a TKI that targets tumors with MET and AXL alterations. Nonclinical 
models have shown glesatinib to be effective in MET exon 14 skipping mutations 
[60]. It is currently being evaluated in phase II trials in NSCLC patients with MET 
alterations.

 Savolitinib (AZD6094)

Savolitinib selectively inhibits the MET receptor, blocking the PI3K/AKT/MAPK- 
signaling pathway as well as downregulating MYC [61]. It is currently being evalu-
ated in phase I clinical trials in combination with EGFR TKIs in NSCLC patients.

 Tepotinib (MSC2156119J)

Tepotinib is a highly selective inhibitor against MET. In xenograft models, acquired 
resistance to EGFR TKIs via secondary EGFR T790 M mutations can be overcome 
with tepotinib treatment [62]. Tepotinib is currently being evaluated in combination 
with EGFR TKI gefitinib and also a separate trial in NSCLC patients with MET 
exon 14 skipping mutation and MET amplification.
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 Monoclonal Antibodies Against MET/HGF

Biological antagonists such as monoclonal antibodies can prevent ligand-recep-
tor activation by either binding to the ligand or the receptor itself. As a result, 
downstream signaling events cannot be activated via this receptor. Several 
antibodies have been developed that target the extracellular portion of MET 
to block HGF binding as well as antibodies that target HGF to inhibit normal 
ligand binding to its receptor. Although monoclonal antibodies are larger in size 
(150 kDa) and more expensive to produce as compared to small molecule inhibi-
tors, their target specificity is an advantage as it lessens the likelihood of toxicity 
to the patient.

This section will highlight several antibodies against HGF/MET that are cur-
rently under clinical investigation. Table  1 includes a more extensive list of the 
ongoing clinical trials with antibodies targeting HGF/MET.

 Emibetuzumab (LY2875358)

Emibetuzumab is a bivalent antibody that blocks HGF- and MET-receptor interac-
tion, leading to MET internalization and degradation [47]. A phase I study deter-
mined a tolerable dose for emibetuzumab to be 700–2000 mg as a monotherapy and 
in combination with erlotinib in NSCLC patients [63]. It is currently being investi-
gated in phase II in combination with erlotinib.

 Onartuzumab (MetMAb)

Onartuzumab is a monoclonal antibody that blocks the binding of HGF to the MET 
receptor. However, results from clinical trials in NSCLC patients show that onartu-
zumab is ineffective in improving clinical outcomes in (i) combination with current 
first-line chemotherapy in advanced nonsquamous cell NSCLC [64], (ii) combina-
tion with erlotinib in previously treated stage IIIB or IV NSCLC patients (Phase 
III) [65], and (iii) combination with platinum-doublet chemotherapy in advanced 
squamous cell NSCLC (Phase II) [66]. Patients enrolled in this trial were biomarker 
unselected.

 Rilotumumab (AMG 102)

Rilotumumab is an anti-HGF antibody that prevents ligand binding to MET and its 
activation. A phase I/II trial of rilotumumab in combination with erlotinib was eval-
uated in previously treated NSCLC patients with metastatic disease. The results 
indicated a favorable safety profile and success in terms of disease control rate [67]. 
A phase Ib/II trial of rilotumumab or ganitumab in combination with etoposide 
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and carboplatin or cisplatin was evaluated in extensive-stage SCLC patients. This 
combination was determined to be tolerable, but overall outcomes in treating the 
disease were dismal [68].

 Telisotuzumab Vedotin (ABBV-399)

Telisotuzumab vedotin (Teliso-V) is an antibody drug conjugate that targets the 
MET receptor. In the first in-human phase I trial for Teliso-V, NSCLC patients with 
MET-overexpressing tumors received monotherapy. The results of this innovative 
trial indicated favorable safety and tolerability responses and also showed promis-
ing antitumor activity in NSCLC patients with MET overexpression [69]. Current 
clinical investigations are now in phase II recruiting.

 Mechanisms of Resistance

Inhibition of a specific kinase with small molecule inhibitors and/or biological 
antagonists adds selective pressure for tumor cells to acquire resistance through 
genetic mutations and nongenetic mechanisms [70]. For example, EGFR-mutated 
NSCLC tumors initially treated with EGFR TKIs can develop resistance to these 
agents through a secondary genetic mutation in the EGFR gene, activation of another 
receptor signaling axis, such as MET, and/or dysregulation of downstream path-
ways [71]. Although how lung cancer patients develop resistance to MET- targeting 
agents is not fully understood, this section will highlight the ongoing preclinical 
research to uncover the mechanisms of resistance to current MET therapeutics in 
solid tumors.

 Genetic Mechanisms Contributing to Resistance

Acquiring a mutation at residue Y1230 in the MET activation loop was one mecha-
nism that was observed to render MET TKI resistance in initially drug-sensitive 
gastric cells, in vitro and in vivo. As a result of this mutation, the interaction with 
the MET inhibitor is hindered and cells are able to bypass drug treatment [72]. It has 
also been shown in “MET-addicted” gastric cell lines that are initially sensitive to 
MET TKIs can acquire resistance through MET and KRAS gene amplification after 
incremental increases in drug concentrations. Resistant cells first acquired MET 
gene amplification and overexpression. Cells that subsequently harbored KRAS 
amplification lost dependence to MET and became dependent on wild-type KRAS 
as a way to become resistant to a MET TKI [73]. Although these preclinical data 
were observed in gastric cell lines, these findings may guide future studies investi-
gating genetic mechanisms of resistance in “MET-addicted” lung cancer cells.

MET as a Therapeutic Target: Have Clinical Outcomes Been “MET” in Lung Cancer?



118

 Alternative Pathways Contributing to Resistance

Various cell lines that are dependent on the MET pathway and are initially sensitive 
to MET TKIs, can develop resistance via kinase reprogramming. It has been shown 
that c-Myc is dissociated from the MET axis and overtaken by a variety of other 
kinases. As a result, this kinase reprogramming to take over c-Myc signaling pro-
vides a way for MET-addicted cancer cells to become resistant to agents targeting 
the MET axis [74]. Another mechanism by which gastric cells can become resistant 
to MET inhibitors is by utilizing the EGFR-signaling pathway to activate down-
stream effectors. This type of resistance was able to be overcome by dual inhibition 
of combined EGFR- and MET-targeted agents [72]. In MET-amplified NSCLC cell 
lines, it was found that alternative signaling pathways and downstream effectors, 
such as EGFR and PIK3CA were utilized to acquire resistance to capmatinib. A 
combination of EGFR, PIK3CA, and MET inhibitors could be an effective strategy 
to circumvent acquired resistance to capmatinib in MET-amplified NSCLC [75]. 
Lastly, in MET exon 14-mutated NSCLC, amplification and activation of KRAS 
was observed to mediate resistance to MET-targeted therapy in a patient-derived 
cell line [76] and genomic data from lung cancer patients [77]. In a patient with 
MET exon 14 skipping treated with crizotinib, a mutation in the MET kinase 
domain, D1228N, was acquired that conferred resistance to the inhibitor [78]. Other 
second-site mutations in the MET gene and mechanisms of resistance to MET 
inhibitors remain to be elucidated.

 Future Directions

Much progress has been made in understanding the MET signaling axis and devel-
oping novel therapeutics to target this receptor with high specificity. However, as 
the landscape of precision medicine is constantly evolving, there is always more 
progress to be made for better and more effective clinical strategies. For example, 
despite the great advancements made with targeted therapies, clinical success can 
be out of reach for those patients that encounter severe side effects and toxicity, 
which remains to be a common issue among many. Furthermore, the affordability of 
these innovative drugs is also a challenge that impedes patients from being able to 
receive targeted treatments [79]. Managing these two factors is imperative as new 
therapeutic agents are discovered, designed, and brought into the market [79].

Inhibiting the MET/HGF signaling axis in novel ways are currently being investi-
gated especially in the field of HGFA inhibitors and other serine protease inhibitors. 
These enzymes that are involved in the proteolytic cleavage of pro-HGF to active 
HGF can be blocked with antibodies and/or small molecules [80, 81]. Disabling the 
formation of active HGF may have therapeutic benefits in MET- addicted cancers 
since the ligand would not be able to activate the receptor. Currently, preclinical 
studies are extensively investigating optimal strategies for drug design [80].
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As mechanisms of resistance to MET-targeted agents are continually being 
investigated, developing agents to overcome this resistance is crucial. Deciphering 
signaling pathways that are dysregulated when treated with certain agents will aid 
researchers and clinicians to bridge the translational gap between in vitro and in vivo 
models and strategies used in the clinic. Investigating novel and more effective com-
binatorial strategies to target MET and other RTKs can potentially attenuate the 
mechanisms of resistance that is acquired after MET-targeted therapy. It will also be 
interesting to see whether novel preclinical findings will come to clinical fruition. 
For example, a study that investigated simultaneously inhibiting MET and mito-
chondrial dynamics showed to be effective in MET- amplified NSCLC and mesothe-
lioma cell lines. Targeting this crosstalk could possibly be an effective clinical 
strategy in MET-amplified NSCLC patients [33]. Lastly, a combination of MET 
inhibitors with immunotherapy could potentially be effective for lung cancer 
patients with MET exon 14 alterations since a considerable number of tumor sam-
ples were shown to express PD-L1 [82].

Discovering the MET exon 14 skipping mutation in patients and their remark-
able response to MET TKIs demonstrates the need to determine additional biomark-
ers that will indicate good response to these agents. Equipped with the knowledge 
of potential biomarkers, clinicians will be able to make more effective decisions for 
their patients to achieve better responses to MET TKIs and monoclonal antibodies. 
As novel biomarkers that can be used to monitor MET-targeted agents with high 
specificity and sensitivity, and effective combinatorial strategies to overcome resis-
tance are discovered, the ultimate purpose of precision medicine to guide clinical 
decision-making can be realized, bringing us closer to having clinical outcomes 
truly being “MET” in lung cancer.
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Abstract Human epidermal growth factor receptor 2 (HER2) amplification and 
mutations are oncogenic drivers in 2–5% of lung adenocarcinomas. HER2 exon 20 
in-frame mutations may be phenotypically related to the non-smoking Asian female 
population and mutually exclusive of other known lung mutations and HER2 ampli-
fication. Although HER2 amplification may be an important mechanism for acquired 
resistance to epidermal growth factor (EGFR) tyrosine kinase inhibitors (TKIs), the 
prognostic and predictive significance of the amplification event appears to be dif-
ferent in non-small cell lung cancer (NSCLC) compared to breast and gastric can-
cer. Single-agent HER2-targeted antibodies and dimerization inhibitor responses 
have been limited, however encouraging responses have been seen with TKIs target-
ing Pan-HER agents and antibody drug conjugates. Based on a small trial, the 
National Comprehensive Cancer Network (NCCN) recommends HER2 exon 20 
insertion mutants who have progressed on chemotherapy be considered for ado- 
trastuzumab emtansine. Further studies are needed in this population of patients. 
The type of HER2 alterations (mutation/amplification) needs to be precisely defined, 
and the most compelling data for targeted approaches currently exists in select 
HER2 mutation positive patients. Advances and approvals for next generation 
sequencing (NGS) technology have the potential to facilitate the identification of 
patients who may derive benefit for treatment options.
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 Introduction

The human epidermal growth factor receptor 2 (HER2) (also known as erbB-2/neu) 
is a member of the erbB receptor tyrosine kinase family and is a major proliferative 
driver that activates downstream signaling through PI3K-AKT and MEK-ERK 
pathways [1]. (Fig. 1) HER2 mutations and HER2 amplifications have been reported 
in 2–3% and 2–5% of lung adenocarcinomas respectively [2–5]. The majority of 
patients with HER2-amplified lung cancers are male and former smokers, and 
patients with HER2 mutant lung cancers are usually women who are nonsmokers 
[6]. HER2 mutations, specifically exon 20 in-frame insertions, have been described 
as an oncogenic driver alterations in a subset of non-small cell lung cancer with 
adenocarcinoma histology. While these insertions are small in-frame insertions in 
exon 20 (96%), point mutations in exon 20 have been observed in approximately 
4% of cases. Generally, activating mutations in the tyrosine kinase domain of HER2 
appear to be mutually exclusive with epidermal growth factor (EGFR) (exon 
18–21), BRAF, ALK, PI3KCA, and KRAS mutations [2, 7, 8]. Mutations affecting 
the extracellular domain can result in constitutive dimerization [9]. Rare mutations 
in the transmembrane domain of HER2 may be seen in familial lung adenocarcino-
mas [10]. Herein, we will discuss the clinical characteristics of HER2-mutated or 
HER2- amplified NSCLC patients and the targeted therapies which have been 
explored in this space.
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 Clinical and Prognostic Implications

The oncogenic activation of HER2 can be caused by gene amplification or mutation 
resulting in molecular activation of the receptor or HER2 protein overexpression. 
The prognostic implications of these differences are not yet clear [8, 11]. HER2 has 
no known ligand, and it is activated by homo−/hetero-dimerization with other mem-
bers of the erbB family. Under resting conditions, HER2 surface receptors are in a 
monomeric folded/closed inactive conformation [11]. Ligand binding to the extra-
cellular domain leads to a conformational change to a dimerized/open state that 
exposes the receptor interface to drug targeting.

HER2 amplification has been found to have  prognostic significance in breast 
cancer, gastric cancer, and gastric-esophageal junction (GEJ) adenocarcinomas. 
Historically, these subsets have had poor outcomes, and the addition of the anti- 
HER2 monoclonal antibody trastuzumab has led to significant improvement in 
clinical outcomes. The prognostic significance of HER2 in lung cancer has not been 
clear [1, 12]. HER2 mutations did not have prognostic significance in a study of 504 
Japanese lung cancer patients and involved 2.6% of the cases. When limiting testing 
to the subgroup of nonsmokers with adenocarcinoma without EGFR mutation, the 
frequency of HER2 mutations increased to 14.1% (11/78).

Although not much is known about prognosis in this small subset of lung cancer, 
the incidence of brain metastases in patients with HER2 mutant lung cancers appears 
to be lower than EGFR at diagnosis. CNS risk, however, worsens over the disease 
course. One third of patients with HER2 mutant lung cancers develop brain metas-
tases during treatment [13].

 HER2 in NSCLC: Amplification Versus Mutations

Association between HER2 overexpression by immunohistochemistry (IHC), 
amplification by fluorescence in situ hybridization (FISH), or mutation is not 
entirely clear. Immunohistochemistry overexpression >2+ can be seen in approxi-
mately 16% of NSCLC, including adenocarcinomas and large cell carcinomas, 
while rare in squamous cell carcinomas (1%). IHC 3+ overexpression, however, is 
rare across all histologies and found in only 2–6% [4, 5]. The concordance between 
IHC intensity and FISH positivity was 4 of 7 patients and 2 of 76 patients, for 3+ 
IHC and 2+ IHC, respectively [7]. In a study of over 500 patients using a 23 gene 
hotspot amplification panel based on Ion AmpliSeq, at least one DNA mutation was 
detected in 374 patients (74.5%), and ERBB2 mutation was seen in 2% of cases in 
this cohort. Despite the paucity of data on HER2 copy number assessment by NGS 
in lung cancer, a robust validation study conducted at MSKCC with 213 breast and 
39 gastroesophageal cancers showed that NGS results for HER2 amplification 
achieved 98.4% of overall concordance (248/252) with combined IHC/FISH [14]. 
A contemporary study called the SUMMIT trial  evaluated HER2/HER3 concor-
dance of tumor testing local site NGS or RT-PCR testing versus central tumor 
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testing using hybridization-based exon capture and showed a concordance of 95% 
[15]. The distribution of identified mutations is listed in Table 1.

Tumor specimens from 175 patients with lung adenocarcinomas and no prior 
targeted therapy at Memorial Sloan Kettering and University of Colorado were 
studied and evaluated for the presence of HER2 amplification, overexpression, and 
mutation. HER2 amplification by FISH was identified in 3% of cases, and HER2 
mutation by NGS was detected in 3% with all aberrations in exon 20. None of the 
HER2-mutant tumors were amplified which is a finding consistent with The Cancer 
Genome Atlas (TCGA) data [16]. Negative IHC staining correlated with negative 
FISH results [6]. Recently, a subset of cases described have had both HER2 ampli-
fication and mutation, and such overlap represents a small minority of cases [17, 
18]. Among patients harboring HER2 mutations, multivariate analysis showed that 
HER2 amplification is an unfavorable prognostic factor, while those cases with 
HER2 phosphorylation identified may have a more favorable prognosis [18].

HER2 is known to be amplified in 12–13% of NSCLC that have acquired resis-
tance to EGFR tyrosine kinase inhibitors [19]. Both in vitro and in vivo studies have 
shown that afatinib plus cetuximab may significantly reduce HER2 phosphorylation 
indicating a potential clinical use in HER2-amplified cancers [20]. HER2 mutations 
have been evaluated in preclinical models and responses to the pan-HER inhibitor 
HKI-272, afatinib, and trastuzumab have been seen in these models [21, 22].

Few data exist describing details of the clinical course of patients with HER2- 
mutated NSCLC.  Progression-free survival (PFS) for HER2 therapies was 
5.1 months across cohorts. Median overall survival was 89 months and 23 months 
for early stage disease and metastatic patients, respectively [17].

 Monoclonal Antibody Targeting HER2 Amplification 
in NSCLC

Single-agent activity of trastuzumab has been disappointing in HER2-amplified 
NSCLC. In 2005, a Phase II study was initiated to determine whether single-agent 
trastuzumab would affect outcomes in patients with Stage IIIB or Stage IV NSCLC 
expressing HER2 with 2+ or 3+ IHC expression of HER2. Trastuzumab at a dose of 
4 mg/kg was given intravenously as loading followed by weekly doses of 2 mg/kg 
and did not exhibit significant clinical activity in this cancer and leukemia Group B 
(CALGB) study [23]. The failure to observe more than one response in the first 22 

Table 1 Mutation location and response assessment to neratinib  in the lung cohort of the  
SUMMIT trial

Mutation location Extracellular domain Kinase domain Non-Hotspot

Mutation site S310 Exon 20 ins L755 Kinase domain
Response to Neratinib + +++ ++ +
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evaluable patients and the serious pulmonary toxicity observed in one patient led to 
the early closure of this CALGB trial. Single-agent responses in breast are higher at 
25% with trastuzumab in those with IHC 2+/3+ metastatic breast cancer [24]. There 
was only one patient in that study with 3+ expression and such cases represent less 
than 2% of patients with NSCLC [23].

The combination of trastuzumab with chemotherapy appears to be more encour-
aging. Cisplatin  and gemcitabine combined with trastuzumab was well tolerated 
with 38% partial response and a 62% 1-year survival rate (13/21). Additionally, 
80% of patients with IHC 3+ disease on study treatment were alive after 6 months, 
compared with only 64% of the overall cohort. Given the small number of IHC 3+ 
(5%, 18/360), a larger study will be required to determine whether this combination 
is superior to chemotherapy alone [25].

In another phase II study, patients with HER2-positive tumors (2+ or 3+) were 
randomized to either single-agent trastuzumab or docetaxel. All patients received 
the trastuzumab/docetaxel combination in a sequential manner and had a partial 
response rate of 8%. In an ECOG phase II study, overall survival was similar to 
historical data using carboplatin and paclitaxel alone, while patients with 3+ HER2 
expression had a higher median PFS of 3.3 months and a median overall survival of 
10.1 months. The authors concluded that a phase III trial targeting HER2 should be 
limited to 3+ fluorescent in situ hybridization (FISH)-positive patients [26]. In a 
similar study, the response rate and time to progression in the chemotherapy only 
group was 41% and 7.2 months, respectively, compared to 36% and 6.3 months for 
patients receiving combination gemcitabine and cisplatin plus trastuzumab [27].

Both docetaxel and paclitaxel have been tested in a phase II setting with 23% 
response rate in the docetaxel plus trastuzumab group, and 26% in the paclitaxel 
plus trastuzumab cohort. HER2 positive patients had a 25% response rate compared 
to 24% in the HER2 negative group suggesting a limited value for this combination. 
Based on this data, HER2 expression status did not appear to affect outcomes [28].

In a retrospective cohort from Europe, an overall response rate of 50% and dis-
ease control rate (DCR) of 82% were seen with trastuzumab-based combinatorial 
therapies. The authors suggested a DCR of >90% for patients receiving trastuzumab- 
based combinations (n = 15) and 100% for patients receiving afatinib (n = 3) with 
the caveat of a limited sample size. Progression-free survival for HER2 therapies 
was 5.1 months with a median survival of 23 months in metastatic patients [17]. 
Pertuzumab, a first-in-class (HER2) dimerization inhibitor, approved in breast can-
cer binds at the receptor dimerization domain and inhibits HER2 signaling. Of 43 
patients with NSCLC expressing HER2 treated with pertuzumab, no responses have 
been seen. Of the 22 patients who underwent FDG-PET as an exploratory pharma-
codynamic endpoint, 6 patients (27.3%) had a metabolic response noted by a 
decrease in SUV avidity [29].

The overall disappointing clinical outcome results of HER2 amplification in lung 
cancer indicate the importance of understanding how amplification may constitute 
a targetable oncogenic driver. The threshold of significance for HER2 overexpres-
sion and appropriate NGS cut-offs for gene amplification remain to be defined.
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 Tyrosine Kinase Inhibitors for HER2 Mutations

Tyrosine kinase inhibitors have had more clinical efficacy; however, it is not known 
what is the optimal pan-HER TKI at this time to target HER2 mutations. No 
responses were seen in 3 patients with EGFR mutations receiving lapatinib, and no 
mutations in HER2 were found in a cohort of 75 patients receiving lapatinib. One of 
two patients with HER2 amplification, however, had an unconfirmed response with 
a 51% decrease in tumor [30]. Two patients were treated with lapatinib, and all 
experienced disease progression [17]. Current clinical trials targeting HER2 mutated 
lung cancer are included in Table 2.

Promising data have been seen with irreversible TKIs targeting Pan-HER2/3 
inhibitors such as afatinib and neratinib. In an exploratory phase II study of afatinib, 
3/5 patients with HER2-mutated stage IV adenocarcinoma who received afatinib 
had an objective response [31]. In the updated analysis 5/7 of these HER2-mutated 
patients had stable disease [32].

Neratinib, an irreversible pan ErbB-receptor family inhibitor, was recently 
approved for maintenance use in HER2 overexpressing breast cancer and was eval-
uated in a phase I trial in combination with temsirolimus on the basis of preclinical 
data suggesting synergy. Responses were noted in patients with HER2-amplified 
breast cancer resistant to trastuzumab and in HER2-mutant NSCLC (partial 
responses in two of the six patients with HER2-mutant NSCLC) [33].

The SUMMIT trial (NCT01953926) is a basket trial evaluating the pan-HER 
tyrosine kinase inhibitor neratinib in 141 patients with 21 unique tumor types, 
mostly harboring HER2 mutations. We now know that the efficacy of HER2 block-
ade in these HER2 mutant malignancies depends not just on the mutation but on the 
histologic type of tumor with greatest activity seen in breast and cervical cancers. 
Missense mutations were among the most common genomic alteration seen (74%). 
In-frame insertions were a distant second, presenting in 22% of patients involved.

In the 26 patients with lung cancer in the SUMMIT trial, HER2 exon 20 inser-
tions were the most prevalent, and only one objective response was seen in a patient 
with a L755S kinase domain missense mutation. Unfortunately, the lung cancer 
response rate did not meet the primary end-point for efficacy with only a  1% 
response rate and a 5.5-month median PFS [15].

Dacomitinib, another irreversible pan-HER TKI recently approved in first-line 
NSCLC based on the head-to-head comparison to gefitinib in the ARCHER 1050 
trial, has been tested in HER2 mutant or HER2-amplified lung cancers and showed 
an overall 13% response rate in the 26 HER2-mutant patients. No response was 
seen in four patients with HER2 amplification. In this study, 30 patients were 
included with HER2 mutant lung cancer (n = 26, with 25 exon 20 insertions and 1 
exon 20 missense mutation) or HER2-amplified lung cancers (n = 4). Three of 26 
patients (12%) with tumors harboring HER2 exon 20 mutations had a partial 
response lasting 3–14 months. No partial responses occurred in four patients with 
tumors with HER2 amplifications. This has been the highest response so far noted 
in single- agent TKI treatment in HER2 exon 20 insertions. Dacomitinib has recently 
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received FDA approval for EGFR-mutant lung cancer. A phase II study is currently 
evaluating the oral, quinazoline-based pan-HER inhibitor poziotinib in histologi-
cally or cytologically confirmed NSCLC with a documented EGFR or HER2 exon 
20 insertion mutation (NCT 03318939).

In another case, a pulse dosing strategy of afatinib at 280 mg weekly dose was 
noted to be reasonably well tolerated and induced antitumor activity in HER2 -exon 
20 insertion  mutated lung adenocarcinomas. One of the 3 patients achieved a 
5-month response, and stable disease was seen in another patient for approximately 
11 months [34]. Additional clinical trials are needed to evaluate the clinical impact 
of pulse dosing.

 Antibody Drug Conjugate

In a phase II basket trial performed at Memorial Sloan Kettering, 18 patients with 
HER2 exon 20 insertions and point mutations in the kinase, transmembrane, and 
extracellular domains were treated with ado-trastuzumab emtansine intravenously 
at 3.6 mg/kg every 3 weeks until disease progression. Half of patients had received 
at least two prior therapies with HER2-based treatments. Objective partial response 
was observed in eight patients (44%) and stable disease in seven (39%). Interestingly, 
concurrent HER2 amplification was seen in two patients, one having partial response 
and the other presenting with stable disease [35].

 Practical Considerations

For patients with a HER2-exon 20 insertion mutation who have progressed on che-
motherapy, clinical guidelines have incorporated HER2-targeted treatment into the 
next line of therapy and ado-trastuzumab emtansine has been included in the NCCN 
guidelines. As  of  this date, there is still no FDA approval for a targeted HER2 
directed strategy in lung cancer. Pan-HER TKIs like afatinib or dacomitinib may be 
considered in HER2-mutant patients  based on series and case reports; however, 
there has been limited activity for targeted therapy in HER overexpressed tumors. 
Additional approaches could combine active cytotoxic agents in lung cancer (e.g. 
gemcitabine, taxanes, vinorelbine) with trastuzumab as previously studied in earlier 
phase II trials in order to obtain synergistic effects [17, 35, 36]. Although combining 
trastuzumab and pertuzumab in breast cancer has led to additive effects, trastu-
zumab and/or pertuzumab have largely failed to show clinical benefit in lung cancer 
when administered as monotherapy or combined with chemotherapy [27]. More 
selective inhibitors against HER2 for activating mutations are likely a path for-
ward and clinical trials of novel agents are underway.

Targeting HER2 in Lung Cancer



134

 Conclusion

As the cost of next generation sequencing continues to fall, broad-based molecular 
profiling will likely be a clinically important strategy to identify patients who may 
derive benefit from HER2-based therapies. HER2 aberrations, whether mutation, 
amplification, or protein overexpression, need to be precisely defined as the most 
compelling data for targeted approaches suggest benefit for HER2 mutations associ-
ated with gain of function. Patient selection to increase the positive predictive value 
of testing and additional biomarkers are needed in this clinical setting.
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NTRK-Targeted Therapy in Lung Cancer

Xiaoliang Wu, Lin Zhu, and Patrick C. Ma

Abstract Gene rearrangements or fusions as a tumorigenic genomic driver event 
have been identified as a common recurrent occurrence in a variety of human malig-
nancies. The neurotrophic tyrosine receptor kinase gene family contains NTRK1, 
NTRK2, and NTRK3, which encode the proteins tropomyosin receptor kinase A, B, 
and C (TRKA, TRKB, TRKC), respectively. TRKA, TRKB, and TRKC can be 
activated by the specific ligands, such as nerve growth factor (NGF), brain-derived 
neurotrophic factor (BDNF), and neurotrophin-3 (NT3). Interestingly, although 
NTRK gene fusions occur relatively rarely in human cancers overall, they have been 
found to be present broadly in many different tumor types, including both pediatric 
and adult malignancies. The recognition of NTRK fusions as driver genomic event 
in recent years have prompted impactful clinical therapeutic development which 
demonstrated the efficacy and safety of TRK inhibitors, with a recent approval of 
larotrectinib by the US Food and Drug Administration in a cancer-agnostic manner 
for NTRK fusion-positive cancers. Here, we reviewed the biology of NTRK gene 
fusions, antitumor activity of TRK inhibitors, clinical trials development, and chal-
lenges and future perspectives of NTRK-targeted therapies in human cancer with a 
special focus on lung cancer.
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 Introduction

Chromosomal cancer gene rearrangements as a tumorigenic genomic event have 
initially been identified as a common recurrent occurrence in hematologic malig-
nancies, e.g. BCR/ABL in chronic myelogenous leukemia (CML). Subsequently 
they become apparent also in solid tumor malignancies such as in prostate cancer 
(TMPRSS2-ERG) and sarcoma (t (11:22)(p24;q12)). In rennet years, it is more com-
monly recognized that cancer gene rearrangements, resulting in fusion oncogenes, 
are quite widespread in solid cancers including lung cancer. Furthermore, the dis-
coveries and characterization of these activating cancer fusion genes have also 
fueled the development of multiple novel targeted therapeutics for clinical inhibi-
tion of the corresponding fusion oncoproteins. In lung cancer, targeted therapies 
against oncogenic fusion oncoproteins already include crizotinib, ceritinib, alec-
tinib, brigatinib, and lorlatinib against ALK fusions; crizotinib against ROS1 fusions, 
and cabozantinib against RET fusions. Recently, the neurotrophic tyrosine receptor 
kinase (NTRK) gene family has emerged as a novel class of oncogenic gene fusion 
that not only is relevant in lung cancer but also pivotal in the tumorigenesis of a 
wide array of human solid malignancies, pediatric, and adult tumors alike. More 
important, the development of targeted therapeutics against NTRK fusions has rap-
idly gained traction and recently received the Food and Drug Administration (FDA) 
approval of use in the United States, engendering a new era in precision genomics- 
guidance personalized cancer therapy.

The neurotrophic tyrosine receptor kinase gene family contains NTRK1, NTRK2, 
and NTRK3, and they encode the proteins tropomyosin receptor kinase A, B, and 
C (TRKA, TRKB, TRKC), respectively (Fig. 1). The NTRK1 gene is located on 
chromosome 1q23.1, which was originally found as a fusion gene with tropomyosin 
in the 1980s and as one of the oncogenes in human cancer [45, 52, 60]. The TRKA 
protein is a 140 kDa glycoprotein, which is comprised of an extracellular ligand- 
binding domain, a transmembrane domain, and an intracellular tyrosine kinase 
domain [27]. TRKA dimerizes and undergoes autophosphorylation upon activation 
and then results in subsequent downstream activation of intracellular signaling path-
ways [27, 32].

The NTRK2 gene is located on chromosome 9q21.33, encoding for a protein of 
822 amino acid residues (TRKB). NTRK2 was identified in 1991. TRKB has been 
shown to regulate a variety of cellular effects in human cell lines [37, 64]. NTRK2 
gene fusion involving are also becoming increasingly recognized in different can-
cers in recent years. Like TRKA, ligand binding to TRKB causes dimerization and 
autophosphorylation of its catalytic domain, resulting in the activation of multiple 
intracellular signaling pathways, including the RAS-MAPK, phospholipase-C 
gamma (PLCg), and PI3K pathways, which mediate its cellular effects [67].

The NTRK3 gene is located on chromosome 15q25.3, encoding for a glycopro-
tein of 145 Kd (TRKC). A fusion between the NTRK3 gene and an ETV6 (ets-type 
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transcription factor) was reported in congenital fibrosarcoma (CFS) in 1998. The 
fusion protein resulted in dysregulation of signaling pathways. TRKC promotes 
neuronal differentiation and survival. Mutations in TRKC resulting in an inactive 
protein have been identified as a cause for the Hirschsprung disease [30, 38, 41, 44, 
49, 68, 70, 71, 76].

 Physiological Roles and Signaling of TRK Receptors: 
Activation and Regulation (Fig. 2)

The NTRK family genes are particularly essential to neuronal development after 
embryogensis and play important roles in the development of the nervous system 
with differentiation, apoptosis, and survival [8, 31]. TRKA, TRKB, and TRKC can 
be activated by the specific ligands nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), and neurotrophin-3 (NT3), respectively. The TRKA, 
TRKB, and TRKC protein structure contains extracellular domain, transmembrane 

Fig. 1 Schematic diagrams showing structure of the TRK family proteins and fusion with partner 
genes. The neurotrophic tyrosine receptor kinases family contain NTRK1, NTRK2, and NTRK3 
genes, and they encode the proteins TRKA, TRKB, TRKC, respectively. (a) Left: TRKA, TRKB 
and TRKC structures contain extracellular domain, transmembrane region, and intracellular 
domain with a kinase domain. Right: a partner gene that contains a dimerization domain and the 
kinase domain of TRKA, TRKB, and TRKC. (b–d) the crystal structure of TRKA kinase with 
ligand, crystal structure of TRKB kinase domain, and NT3 binding domain of human TRKC, 
respectively. (Protein data bank. http://www.rcsb.org/)
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region, and intracellular domain with a kinase domain. The extracellular domain is 
involved in specific ligand binding, followed by the oligomerization of the receptors 
and phosphorylation of specific tyrosine residues in the intracellular cytoplasmic 
kinase domain, ultimately leading to the activation of RAS/RAF, PI3-K/AKT, PLCγ 
signal pathways, and the regulation of cell proliferation, differentiation, and sur-
vival (Fig. 2) [48]. TRKA is the best known of the TRK family of proteins, and is 
activated by NGF. NGF can bind to TRKA, followed by activation of cell prolifera-
tion pathways, including the RAS/MAPK/ERK and the PLC/PI3-K pathways [42, 
62]. Physiologically, TRKA is expressed in the nervous system, and it controls the 
differentiation of neurons [29]. The ligand BDNF can bind to TRKB which would 
result in dimerization and autophosphorylation of its catalytic domain, leading to 
activation of various downstream signaling pathways, including the RAS/RAF, 
PLCγ, and PI3-K/AKT pathways [67]. Douma et al. found that TRKB can act as a 
suppressor of anoikis of nonmalignant epithelial cells, resulting in the formation of 
large cellular aggregates [13]. The anti-EGFR monoclonal antibody cetuximab 
reduced both cell proliferation and the mRNA expression of BDNF and TRKB in 

Fig. 2 TRK receptors signaling including three major pathways involved in cell differentiation 
and survival. NGF, BDNF, and NT-3 can bind to TRKA, TRKB, TRKC, respectively. Followed by 
activates three major different pathways including the RAS/RAF, PI3-K/AKT, PLCγ pathways, 
results in cell proliferation, differentiation, and survival. TRK inhibits, such as entrectinib, larotrec-
tinib can inhibit of all of the three TRK receptors
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human HT-29 CRC cells. BDNF/TRKB signaling might play a role in resistance to 
EGFR blockade [11]. Aberrant TRKB expression was implicated in central nervous 
system (CNS) pathology, and reduced TRKB protein was observed in Alzheimer’s 
disease patients [1, 24, 58].

Neurotrophin-3 (NTF3, also known as NT-3) is the ligand for TRKC. Ligand 
binding leads to receptor dimerization, followed by autophosphorylation in the 
 intracellular domain of the receptor, which then resulted in activation of down-
stream signaling pathways including the RAS/RAF and PI3-K/AKT pathways to 
regulate cell survival and proliferation [2, 28, 41]. TRKC interacts with the c-SRC/
JAK2 complex and can regulate JAK2/STAT3 to increases TWIST-1 and TWIST-2 
levels [35].

Fig. 3 NTRK genomic aberrations in human malignancies. NTRK genomic aberrations has been 
identified in a variety of malignancies. NTRK gene amplification: 31.6% of neuroendocrine pros-
tate cancer (NEPC), 9.6% breast cancer, 9.4% liver cancer, 6.2% of lung adenocarcinoma, and 
5.4% of pancreatic cancer. NTRK gene mutations: 35.9% of cutaneous squamous cell carcinoma 
(CSCC), 18.3% of melanoma, 13.1% lung adenocarcinoma, 2.2% breast cancer. NTRK gene 
fusions: 2.0% of thyroid cancer, 1.3% of head and neck cancer, 1.1% of pancreatic cancer, 1.0% of 
pediatric cancers, 0.8% of sarcoma, 0.5% of bladder cancer, 0.3% of colorectal cancer, 0.3% of 
cervical cancer, and 0.2% of lung adenocarcinoma
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 NTRK as Oncogenic “Drivers” in Human Cancers

NTRK genomic and TRK protein aberrations, including gene fusions, amplification, 
single nucleotide alterations, and protein overexpression, have been identified in 
many cancer types including NSCLC, breast cancer, colon cancer, and other can-
cers, with possible implications in tumorigenesis (Fig. 3). NTRK genomic ampli-
fication has been observed in a variety of malignancies. NTRK amplification has 
been reported in 31.6% of neuroendocrine prostate cancer (NEPC), 9.6% of breast 
cancer, 9.4% of liver cancer, 6.2% of lung adenocarcinoma, and 5.4% of pancreatic 
cancer (cBioPortal) [25]. A study by Aliccia et al. found that 4 of 10 (40%) breast 
cancer brain metastasis have NTRK1 amplification [5]. Eggert et al. reported that 
children with Wilms’ tumor expressing high levels of full-length NTRKC2 mRNA 
(TRKB full) were associated with worse outcome [20]. NTRK gene mutations have 
been reported in 35.9% of cutaneous squamous cell carcinoma (CSCC), 18.3% of 
melanoma, 13.1% of lung adenocarcinoma, and 2.2% of breast cancer. However, 
the oncogenic nature and therapeutic implications of NTRK mutations have not been 
fully characterized yet.

Interestingly, NTRK fusions occur relatively rarely in human cancers overall but 
could be found present quite broadly across multiple types of congenital and acquired 
human malignancies, including both pediatric and adult forms. NTRK fusions are the 
best validated oncogenic aberration of NTRK family genes to this date, implicated 
in a wide array of human cancers [54]. The annual incidence of NTRK fusion-driven 
cancers in the United States has been estimated to be only in the range of 1500–5000 
cases [33]. Nonetheless, the true frequency of NTRK fusions in human cancers argu-
ably remains somewhat uncertain at the present time. One notable emerging theme 
in NTRK fusion-driven cancer is the apparent enrichment of its occurrence among 
rare tumors. NTRK gene fusions are infrequent in most cancer types, accounting 
for overall ~1% of all human cancers. NTRK fusion has been reported in 2.0% of 
thyroid cancer, 1.3% of head and neck cancer, 1.1% of pancreatic cancer, 1.0% of 
pediatric cancers, 0.8% of sarcoma, 0.5% of bladder cancer, 0.3% of colorectal can-
cer, 0.3% of cervical cancer, and 0.2% of lung adenocarcinoma (cBioPortal) [25] 
(Figs. 3 and 4). In NTRK oncogenic fusions, the 3′ region of NTRK gene (encoding 
the kinase domain) is joined with the 5′ region of a NTRK gene fusion partner via 
intrachromosomal or interchromosomal rearrangements. The novel hybrid oncogene 
has constitutively activated TRK kinase domain [33]. NTRK fusions are now known 
to be ubiquitously present in diverse human cancer types, including both pediat-
ric and adult cancers. The resultant TRK fusion kinases become constitutively acti-
vated to dysregulate downstream cellular signaling, acting as an oncogenic addictive 
“driver.” While NTRK fusion is rare in its incidence overall, accounting only up to 
~1% of all solid cancers, it has been nonetheless implicated in up to 20 different 
cancer types. Many common cancer types harbor low frequencies of NTRK fusion 
occurrence (<5%), e.g. lung adenocarcinoma, large cell neuroendocrine cancer of 
the lung, colorectal cancer, pancreatic cancer, cholangiocarcinoma, breast cancer, 
sarcoma melanoma, and brain cancers. Yet, NTRK fusions can be found highly 
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enriched in some rare cancer types (>75%), e.g. in infantile fibrosarcoma, mam-
mary analog secretory carcinoma (MASC) of the salivary gland, and secretory breast 
cancer. NTRK fusions can be found in 5–25% in papillary thyroid cancer, congeni-
tal mesoblastic nephroma, Spitz tumor, and pontine glioma. Thus, NTRK fusion is 
considered a unique orphan molecular entity. While NTRK fusion is “rare overall, 
it can be also found occurring everywhere.” This has rather enormous implications 
impacting cancer genomics-guided molecular- targeted therapy.

A large repertoire of multiple fusion partners has been identified in NTRK1/
NTRK 2/NTRK3 fusion tumors to date (Table 1). Rudzinski et al. identified NTRK 
fusions in 19 of 79 pediatric mesenchymal tumors by NGS sequencing, including 
ETV6-NTRK3, EML4-NTRK3, STRN-NTRK2, and TPM3-NTRK1, LMNA-NTRK1 
(n = 2), TPR-NTRK1, SQSTM-NTRK1, MIR548F1-NTRK1 [56]. Another study by 
Taylor et al. investigated 7311 patients with a variety of hematologic malignancies 
and found 8 patients (0.1%) harboring NTRK fusions, including LMNA-NTRK1, 
TFG-NTRK1, TPR-NTRK1, ETV6-NTRK3, ETV6-NTRK2, ETV6-NTRK3, UBE2R2- 
NTRK3, and HNRNPA2B1-NTRK3. A 77-year-old man with chronic lymphocytic 

Fig. 4 NTRK gene fusions in lung cancer. NTRK fusions have been reported in 0.2% (1/566 cases) 
lung adenocarcinoma from TCGA PanCancer
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Table 1 Different NTRK gene fusions and partners and corresponding tumor types

NTRK Fusion partners Tumor type Refs.

NTRK1 ARHGEF2 Glioblastoma [77]
CHTOP Glioblastoma [77]
MPRIP Lung adenocarcinomas [23]
CD74 Lung adenocarcinomas [69]
LMNA Pitzoid melanoma [72]

Hematologic malignancies [66]
Congenital infantile fibrosarcoma [73]
Colorectal cancer [59]
Pediatric mesenchymal tumor [10]
Soft tissue sarcoma [12]

NFASC Glioblastoma multiforme [34]
BCAN Gliomas [26]
RABGAP1L Intrahepatic cholangiocarcinoma [53]
SQSTM1 Lung cancer [23]
TFG Papillary thyroid carcinoma [27]
PPL Thyroid carcinoma [77]
TP53 Spitzoid tumors [72]
TPM3 Colorectal cancer [26]

Glioblastoma [26]
Pediatric mesenchymal tumor [10]
Soft tissue sarcoma [26]
Cervical carcinoma [26]
Lung adenocarcinoma [26]
Papillary thyroid carcinoma [27]

TPR Papillary thyroid carcinoma [27]
Hematologic malignancies [66]
Lung cancer [23]
Colorectal cancer [9]

MEF2D Gliomas [26]
SCYL3 Colorectal cancer [46]
IRF2BP2 Lung cancer [23]

NTRK2 AFAP1 Low-grade glioma [65]
AGBL4 Glioblastoma [74]
NACC2 Pilocytic astrocytoma [50]
PAN3 Head and neck squamous cell carcinoma [65]
QKI Astrocytoma [50]
TRIM24 Non-small cell lung cancer [65]
VCL Glioblastoma [74]
ETV6 Hematologic malignancies [66]
VCAN Gliomas [26]
GKAP1 Gliomas [26]
KCTD8 Gliomas [26]

(continued)
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leukemia (CLL) harbored ETV6-NTRK2 fusion. The patient received a TRK inhibi-
tor larotrectinib and was found to experience a partial response by day 60 and a 
greater than 50% reduction over 10 weeks [66]. Gatalica et al. collected 11,502 can-
cer patients’ tissue samples and analyzed for 53 gene fusions. NTRK fusions were 
confirmed in only 0/27% patients (31/11, 502). The most common fusions found 
included ETV6-NTRK3, TPM3-NTRK1, TPM3-NTRK1, BCAN-NTRK1, VCAN- 
NARK2, and SQSTM1-NTRK2. Gliomas had the highest number of NTRK fusions 
(14/982; 1.4%). Lung cancer patients had 0.09% (4/4073) with NTRK fusions 
(NTRK1 fusion = 1, NTRK2 fusion = 1, NTRK3 fusion = 2) [26]. Using immunohis-
tochemistry (IHC) to examine for TRKB expression in 58 small cell lung cancer 
(SCLC) patients, Shinichi Kimura et al. found 56.9% (33/58) to be positive [36]. A 
fusion between ETV6 and the NTRK3 gene was also found to be expressed in human 
secretory breast cancers (SBC) in 2004 [43].

NTRK fusions are also present in lung cancer as oncogenic aberration, leading to 
tumor cells transformation, proliferation, and survival. All three NTRK1, NTRK2, 
and NTRK3 fusion types were found to be associated with poor outcome in lung 
cancers [51, 69].

Vaishnavi et  al. found 3 of 91 lung cancer patients (3.3%) harboring NTRK1 
fusion, assayed by NGS or fluorescent in situ hybridization (FISH) [69]. Another 
study by Farago et al. investigated 4872 NSCLC tumors for the overall frequency of 

Table 1 (continued)

NTRK Fusion partners Tumor type Refs.

NOS1AP Gliomas [26]
TBC1D2 Gliomas [26]
SQSTM1 Gliomas, lung adenocarcinoma [26]
BCR Gliomas [26]
PRKAR2A Gliomas [26]

NTRK3 ETV6 Congenital fibrosarcoma [38]
Congenital mesoblastic nephroma [55]
Secretory breast carcinoma [26]
Acute myeloid leukemia [63]
Mammary analogue secretory carcinoma [6]
Gliomas [26]
AML [21]
GIST [7]
Lung adenocarcinoma [26
Thyroid carcinoma [26]

UBE2R2 Hematologic malignancies [66]
HNRNPA2B1 Hematologic malignancies [66]
VIM Thyroid carcinoma [26]
SPECC1L Uterine sarcoma [26]
SQSTM Lung cancer [23]
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NTRK fusions. They identified 11 total NTRK fusions (0.23%, 11/4872), including 
SQSTM1-NTRK1, TPR-NTRK1, IRF2BP2-NTRK1, TPM3-NTRK1, MPRIP-NTRK1 
(n = 7), and ETV6-NTRK3, SQSTM1-NTRK3 (n = 4). Nine patients had adenocarci-
noma, one patient had squamous cell carcinoma, and another one had neuroendo-
crine carcinoma. Interestingly, minimal or never smoking patient accounted for 
73% (8 of 11) of the positive cases, 3/11 cases (27%) had a history of 30 pack-years 
or higher cigarette smoking [23].

 Inhibition of TRK as Personalized Cancer-Targeted Therapy 
(Tables 2 and 3)

As the recognition of NTRK fusion as driver genomic event in human cancers grew 
recent years, the clinical development of NTRK cancer-targeted therapy has gained 
great momentum despite the overall rarity of the genomic aberration. We would 
review below the current clinical data available in the development of TRK kinase 
inhibition in human cancers, including both adult and pediatric studies.

 Entrectinib (RXDX-101)

Entrectinibe, also known as RXDX-101 or NMS-E628, is an ATP-competitive small 
molecule inhibitor which inhibits TRKA/TRKB/TRKC, c-ros oncogene 1 (ROS1), 
and anaplastic lymphoma kinase (ALK). Entrectinib demonstrated potent antitumor 
effects in tumor cell lines and patient-derived xenograft (PDX) tumor models in 
preclinical studies. Furthermore, entrectinib can cross the blood–brain barrier 
(BBB) to impact primary brain tumors and brain metastases in patients with NTRK1/
NTRK2/NTRK3, ROS1, and ALK fusion-driven cancers [3]. Drilon et  al. investi-
gated the antitumor activity and overall safety of entrectinib in a cohort of harboring 
NTRK1/NTRK2/NTRK3, ROS1, or ALK gene fusion patients with tumors. Two 
phase 1 clinical trials with entrectinib, ALKA-372-001 and STARTRK-1, for 
patients with advanced or metastatic solid tumors were conducted, including tumor 
types such as NSCLC, melanoma, breast, neuroblastoma, ovarian, pancreatic, and 
prostate. Initial tumor responses were demonstrated within cycles 1 or 2 (scans 
performed at 4 weeks or 8 weeks). The median duration of response for ALK- and 
ROS1-rearranged cancers was 7.4 months (95% CI: 3.7, not reached) and 17.4 
months (95% CI: 12.7, not reached), respectively. And the durations of response 
were 2.6–15.1 months for the three patients with NTRK fusion cancers. The most 
serious treatment-related adverse events were fatigue/asthenia (grade 3, 4%), diar-
rhea (grade 3, 1%), and arthralgia (grade 3, 1%). The most common treatment- 
related adverse events were only grade 1 and 2 events. ALKA-372-001 was not 
found to have any dose-limiting toxicities (DLTs); whereas two DLTs were observed 
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Table 2 Different TRK inhibitors in corresponding tumor types

Drug Targets Phase Cancer types Sponsor
ClinicalTrials.
gov identifier

Larotrectinib 
(LOXO-101)

NTRK1, NTRK2, 
or NTRK3 fusion

1 Advanced adult 
solid tumors

Loxo Oncology, 
Inc.

NCT02122913

2 NTRK 
fusion-positive 
solid tumors

NCT02576431

Cancers NCT03025360
1/2 Advanced 

pediatric solid 
or primary 
central nervous 
system tumors

NCT02637687

2 Relapsed or 
refractory 
advanced solid 
tumors, 
non-Hodgkin 
lymphoma, or 
histiocytic 
disorders

National Cancer 
Institute (NCI)

NCT03213704

Entrectinib 
(RXDX-101)

NTRK 1/2/3 (Trk 
A/B/C), ROS1, or 
ALK fusion

2 Solid tumors Hoffmann-La 
Roche

NCT02568267
1/1b Recurrent or 

refractory solid 
tumors and 
primary CNS 
tumors,

NCT02650401

1 Locally 
advanced or 
metastatic 
cancer

NCT02097810

2 BRAF/NRAS 
wild-type stage 
III-IV 
melanoma

University of 
California, San 
Francisco

NCT02587650

N/A Soft tissue 
sarcomas

Centre Leon 
Berard

NCT03375437

Cabozantinib RET, ROS1, or 
NTRK fusion, or 
increased MET or 
AXL activity

2 Advanced 
non-small cell 
lung cancer

Memorial Sloan 
Kettering Cancer 
Center

NCT01639508

Merestinib NTRK gene 2 Non-small cell 
lung cancer and 
solid tumors

Dana-Farber 
Cancer Institute

NCT02920996

Belizatinib 
(TSR-011)

ALK, TRKA, 
TRKB, and TRKC

1/2a Advanced solid 
tumors and 
lymphomas

Tesaro, Inc. NCT02048488

(continued)
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on the STARTRK-1 trial. Entrectinib was overall well tolerated, with predominantly 
grades 1/2 adverse events that were reversible with dose modification. Responses 
were observed in NSCLC, melanoma, colorectal cancer, and renal cell carcinoma, 
as early as 4 weeks, with treatment lasting as long as over 2 years. Notably, in three 
NTRK1/2/3-fusion advanced NSCLC (SQSTM1-NTRK1), mammary analog secre-
tary carcinoma (MASC; ETV6-NTRK3), and colorectal cancer (LMNA-NTRK1), the 
overall response rate (ORR) was 100% (95% CI: 44, 100). The adverse effects of 
entrectnib were found to be acceptable and reversible, thus well-tolerated. It was 
concluded that entrectinib possesses promising antitumor effects for advanced can-
cer patients with acceptable tolerance and safety profile [14]. In the study by 
Sartore-Bianchi et  al., a metastatic colorectal cancer (CRC) patient with LMNA- 
NTRK1 fusion was treated with entrectinib 1,600 mg/m2 orally once daily for 4 
consecutive days per week and for 3 consecutive weeks every 28 days. Tumor mea-
surement decreased from 6.8 and 8.2 cm in longest diameter to 4.7 and 4.3 cm in 
hepatic segments 6 and 5, respectively [59]. Farago AF et al. used anchored multi-
plex polymerase chain reaction (AMP) to screen 1378 NSCLC; one stage IV lung 
adenocrcinoma with SQSTM1-NTRK1 fusion patient was treated with entrectinib. 
CT scans indicated partial response (PR) and complete response (CR) of all brain 
metastases [22]. Drilon et al. reported a mammary analogue secretory carcinoma 

Table 2 (continued)

Drug Targets Phase Cancer types Sponsor
ClinicalTrials.
gov identifier

DS-6051b ROS1 or NTRK 
gene

1 Advanced solid 
malignant 
tumors

Daiichi Sankyo 
Co., Ltd.

NCT02675491

1 Solid tumors NCT02279433
Sitravatinib 
(MGCD516)

Genetic alterations 
in MET, AXL, 
RET, TRK, 
DDR2, KDR, 
PDGFRA, KIT or 
CBL

1 Advanced 
cancer

Mirati 
Therapeutics Inc.

NCT02219711

2 Urothelial 
carcinoma 
study

NCT03606174

2 Non-small cell 
lung cancer

NCT02954991

PLX7486 Activating Trk 
(NTRK) point or 
NTRK fusion 
mutations

1 Advanced solid 
tumors

Plexxikon NCT01804530

DCC-2701 TRK genomic 
alterations

1 Advanced solid 
tumors

Deciphera 
Pharmaceuticals 
LLC

NCT02228811

LOXO-195 NTRK fusion 1/2 Cancers Loxo Oncology, 
Inc.

NCT03215511

Repotrectinib 
(TPX-0005)

ALK, ROS1, or 
NTRK 
rearrangements

1/2 Advanced solid 
tumors

TP Therapeutics, 
Inc.

NCT03093116

X. Wu et al.

http://clinicaltrials.gov
http://clinicaltrials.gov


149

Table 3 TRK inhibitors under ongoing clinical trials

ClinicalTrials.gov 
identifier Content Sponsor

First 
posted

NCT02122913 Oral TRK inhibitor LOXO-101 for treatment 
of advanced adult solid tumors

Loxo Oncology, 
Inc.

4/25/14

NCT02576431 Study of LOXO-101 (larotrectinib) in subjects 
with NTRK fusion-positive solid tumors

Loxo Oncology, 
Inc.

10/15/15

NCT02637687 Oral TRK inhibitor LOXO-101 (larotrectinib) 
for treatment of advanced pediatric solid or 
primary central nervous system tumors

Loxo Oncology, 
Inc.

12/22/15

NCT03215511 Phase 1/2 study of LOXO-195 in patients 
with previously treated NTRK fusion cancers

Loxo Oncology, 
Inc

7/12/17

NCT02568267 Basket study of entrectinib (RXDX-101) for 
the treatment of patients with solid tumors 
harboring NTRK 1/2/3 (Trk A/B/C), ROS1,  
or ALK gene rearrangements (fusions) 
(STARTRK-2)

Hoffmann-La 
Roche

10/5/15

NCT02650401 Study of RXDX-101 in children with 
recurrent or refractory solid tumors and 
primary CNS tumors, with or without TRK, 
ROS1, or ALK fusions

Hoffmann-La 
Roche

1/8/16

NCT03375437 RNASARC: molecular screening program of 
soft tissue sarcomas with complex genomic 
profile to detect NTRK1/2/3, ROS1 or ALK 
gene fusions

Centre Leon 
Berard

12/18/17

NCT01639508 Cabozantinib in patients with RET fusion- 
positive advanced non-small cell lung cancer 
and those with other genotypes: ROS1 or 
NTRK fusions or increased MET or AXL 
activity

Memorial Sloan 
Kettering Cancer 
Center

7/12/12

NCT02920996 Merestinib as a treatment for solid tumors that 
have an alteration in the NTRK gene

Dana-Farber 
Cancer Institute

9/30/16

NCT02587650 Entrectinib in treating BRAF/NRAS 
wild-type stage III-IV melanoma with 
NTRK1, NTRK2, NTRK3, or ROS1 fusion

University of 
California, San 
Francisco

10/27/15

NCT02219711 Phase 1/1b study of MGCD516 in patients 
with advanced cancer

Mirati 
Therapeutics Inc.

8/19/14

NCT03556228 Oral TrkA inhibitor VMD-928 for treatment 
of advanced adult solid tumors or lymphoma

VM Oncology, 
LLC

6/14/18

NCT03093116 TPX-0005 in patients with advanced solid 
tumors harboring ALK, ROS1, or NTRK1–3 
rearrangements

TP Therapeutics, 
Inc.

3/28/17

NCT03213704 Larotrectinib in treating patients with relapsed 
or refractory advanced Solid Tumors, 
non-Hodgkin lymphoma, or histiocytic 
disorders with NTRK fusions

National Cancer 
Institute (NCI)

7/11/17
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(MASC) patient harboring ETV6-NTRK3 fusion, and treated by entrectinib, that 
experienced a dramatic and durable response achieved. However, acquired resis-
tance was identified eventually, with a novel NTRK3-G623R mutation [15]. Sigal 
et al. found the first reported metastatic well-differentiated neuroendocrine cancer 
with ETV6-NTRK3 fusion in a patient, was identified and treated with entrectinib, 
resulting in improvement of the patient's clinical condition [61]. In a study by 
Mariangela Russo et  al., a patient with metastatic colorectal cancer harboring 
LMNA–NTRK1 fusion was treated with entrectinib, who displayed a remarkable 
response; and the patient eventually experienced acquired drug resistance. The 
investigators collected and analyzed circulating tumor DNA (ctDNA) and tumor 
tissue biopsies during treatment, and found two acquired resistant point mutations 
in NTRK1, p.G595R and p.G667C [57].

 Larotrectinib (LOXO-101)

Larotrectinib, also known as LOXO-101 and ARRY-470, is a small molecule that 
was designed to block the ATP-binding site of the TRKA, TRKB, and TRKC, serv-
ing as a highly specific and potent inhibitor of all of the three tropomyosin kinase 
receptors [12, 19, 40]. Recently a pooled analysis of three multicenter open-label 
single-arm treatment clinical studies with larotrectinib (NCT02122913, 
NCT02637687, and NCT02576431) was reported [14]. These three studies are (1) 
a phase 1 study involving adults with advanced solid tumors (LOXO-TRK-14001; 
n = 8), (2) a pediatric phase 1–2 study (SCOUT; n = 12), and (3) a phase 2 “basket” 
study involving adolescents/adults (NAVIGATE; n = 35). The results of the pooled- 
analysis of the first 55 consecutive patients enrolled in these studies have been pub-
lished [14], forming the basis of the FDA approval. The enrolled subjects’ ages 
ranged from 4 months to 76 years. There were a total of 17 diverse cancer types 
included. Majority of patients had NTRK1, and NTRK3 fusions. NTRK fusions were 
identified by next-gene sequencing (NGS) or fluorescence in situ hybridization. The 
TRK fusion tumor types included mammary analogue secretory carcinoma (MASC) 
of the salivary gland (n = 12), infantile fibrosarcoma (n = 7), thyroid tumor (n = 5), 
lung tumor (n = 4), melanoma (n = 4), colon tumor (n = 4), gastrointestinal stromal 
tumor (n = 3), and other cancers (n = 16) (Fig. 5). NTRK1, NTRK2, NTRK3 infu-
sions were found in 25 patients (45.4%), 1 patient (2%), and 29 patients (53%), 
respectively. One patient had central nervous system metastases, while the rest did 
not. The overall response rate (ORR) was 75% (95% CI, 61–85) according to inde-
pendent review including 7 patients (13%) with complete response (CR) and 34 
patients (62%) with partial response (PR). Seven patients (13%) had stable disease 
(SD), 5 patients (9%) had progressive disease (PD), and 2 patients (4%) could not 
be evaluated owing to early withdrawal. ORR was 80% (95% CI, 67–90) according 
to investigator assessment. The median time to response was 1.8 months (range, 

X. Wu et al.



151

0.9–6.4). The median progression-free survival (PFS) and duration of response had 
not been reached after a median follow-up duration of 9.9  months, 8.3  months, 
respectively. Seventy-one percent (71%) of responses were ongoing, and 55% of all 
patients remained progression-free at 1 year. The longest response patient had was 
the first patient who was still receiving therapy at 27 months. Eighty-six percent 
(86%; 38/44) of the patients with a response were continuing treatment or had 
undergone surgery. The majority of adverse events (AEs) (93%, 964 of 1038 events) 
were of grade 1 or 2. Regardless of attribution, few AEs were of grade 3 or 4, and 
the most common ones were anemia (11%), weight gain (7%), elevated alanine 
aminotransferase or aspartate aminotransferase level (7%), and decrease in neutro-
phil count (7%). No grade 4 or 5 events related to the treatment were reported by the 
investigators and no treatment-related grade 3 adverse events occurred in more than 
5% of the patients. No patients came off treatment with larotrectinib due to drug- 
related adverse events response.

Six patients (11%) were found to have primary resistance to larotrectinib. One 
patient who had been treated with entrectinib, followed by was identified to express 
a NTRK3-G623R mutation in the ATP-binding site of the kinase domain before 

Fig. 5 Diverse of cancer types included in larotrectinib clinical studies. In the 3 multicenter open- 
label clinical studies (NCT02122913, NCT02637687, and NCT02576431) which enrolled 55 
patients in the pooled analysis leading to the FDA approval of larotrectinb, there were 17 unique 
tumor types included that harbored TRK fusions, including mammary analogue secretory carci-
noma of the salivary gland (n = 12), infantile fibrosarcoma (n = 7), thyroid tumor (n = 5), lung 
tumor (n = 4), melanoma (n = 4), colon tumor (n = 4), gastrointestinal stromal tumor (n = 3), and 
other cancers (n = 16)
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the administration of larotrectinib [15]. The NTRK1-G595R and NTRK3-G623R 
mutation are termed “solvent-front” mutations, as it can reduce the inhibitory 
potency of larotrectinib. Central pan-TRK IHC testing did not confirm positive 
TRK fusion expression in three of these patients, implying potential false positive 
NTRK fusion test results or that the TRK fusion proteins were not expressed despite 
the genomic alterations. Ten patients were found to experience acquired drug 
resistance mutations, including NTRK1-G595R, NTRK3-G623R, NTRK1-F589 L, 
NTRK1-G667S, or NTRK3-G696A to larotrectinib. Acquired drug resistance was 
defined as disease progression during treatment after objective response or stable 
disease at least 6 months. The US Food and Drug Administration (FDA) granted 
accelerated approval to larotrectinib (Vitrakvi®) on November 26th, 2018, as a 
treatment for adult and pediatric patients with solid tumors that have NTRK gene 
fusions without a known acquired resistance mutation, are metastatic or where 
surgical resection is likely to result in severe morbidity, and have no satisfac-
tory alternative treatments or that have progressed following treatment on. In the 
approval statement by FDA, a complete response rate of 22% and partial response 
rate of 53% were cited.

 Merestinib

Merestinib, also known as LY2801653, is a small molecule that has been shown 
in vitro to be a reversible type II ATP-competitive inhibitor of MET. Preclinical test-
ing also has shown merestinib to inhibit several other receptor tyrosine oncokinases 
including MST1R, FLT3, AXL, MERTK, TEK, ROS1, and NTRK1/2/3 [39]. An 
ongoing, open-label, phase 2 study of merestinib is being conducted in patients with 
advanced cancer harboring an NTRK1/2/3 fusion or advanced NSCLC with MET 
exon 14 mutation (NCT02920996) [75].

 TSR-011

Belizatinib, also known as TSR-011, is an oral inhibitor of ALK and TRK. In 2014, 
TSR-011 began a phase 1/2 open-label, dose-escalation trial in patients with 
advanced solid tumors harboring TRK or ALK activity, including NSCLC (n = 10), 
pancreatic (n = 3), ovarian (n = 2), salivary gland (n = 2) and papillary thyroid, blad-
der (n = 1), carcinoid (n = 1), cholangiocarcinoma (n = 1), colon (n = 1), and leio-
myosarcoma (n = 1). All patients have been enrolled at oral daily doses between 30 
and 480 mg. TSR-011 was found to be well tolerated. (NCT02048488) [4].

X. Wu et al.



153

 DS-6051b

DS-6051b is an oral inhibitor of the NTRK and ROS1. A first-in-human study to 
evaluate the safety, tolerability, and pharmacokinetics in cancer patients and iden-
tify a recommended phase 2 dose (RP2D) is ongoing (NCT02279433).

 Sitravatinib (MGCD516)

Sitravatinib, known as MGCD516, is a multikinase (MET, RET, AXL, NTRK1, or 
NTRK3 genes) inhibitor used in a phase 1/1b clinical trial (NCT02219711) for 
patients with advanced cancers (NCT02219711). Another phase 2 study evaluates 
the clinical activity of combined sitravatinib and the PD-1 immune checkpoint 
inhibitor nivolumab in patients with advanced or metastatic urothelial carcinoma, 
and NSCLC (NCT03606174, NCT02954991).

 Repotrectinib (TPX-0005)

Repotrectinib, also known as TPX-0005, is a multikinase (ROS1, ALK, and 
TRKA/B/C) inhibitor that is tested in an ongoing first-in-human phase 1/2 trail 
(NCT03093116). Repotrectinib has advantage with central nervous system (CNS) 
penetration, aimed to target both wide-type (WT) and solvent-front mutations 
(SFM) kinases and other resistance mutations including ROS1-G2032R and ROS1- 
D2033N, TRKA-G595R, TRKB-G639R, TRKC-G623R, and ALK-G1202R. There 
was a patient with mammary analogue secretory carcinoma (MASC) lung metastases 
harboring ETV6–NTRK3 rearrangement, who was previously enrolled into a clinical 
trial under entrectinib treatment, with a partial response for 6 months, followed by 
doxorubicin treatment upon progression, and then later with combined entrectinib 
and trametinib treatment for 2 months with progressive disease. Rebiopsy studies 
revealed that the tumor developed a new NTRK3-G623E resistance mutation. He 
was then enrolled in the clinical study under repotrectinib treatment (40  mg per 
day); and within the first few days, a rapid and dramatic response to repotrectinib 
was observed [17].
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 LOXO-195

LOXO-195 is an orally available, highly potent, and selective TRK kinase inhibitor 
designed to overcome drug resistance mediated by acquired mutations. Although 
responses to TRK inhibition can be dramatic and durable; however, eventually 
emergence of acquired resistance is found to be inevitable. A multicenter, open- 
label phase 1/2 trial in patients with TRK fusion cancers who have progressed while 
receiving another TRK inhibitor or are intolerant to another TRK inhibitor 
(NCT03215511) using LOXO-196 was conducted. In the study, there was a colorec-
tal cancer patient with LMNA-NTRK1 who achieved a rapid partial response to 
larotrectinib, followed by progressed after 6 months with acquired TRKA-G595R 
resistance mutation. Another pediatric patient in the study had infantile fibrosar-
coma expressing ETV6-NTRK3 fusion was treated by larotrectinib, with resultant 
tumor regression as partial response, followed by progression with acquired TRKC- 
G623R mutation after 8 months. These two patients were treated with LOXO-195 
under FDA-allowed single patient protocols. Both of these two patients experienced 
a rapid clinical response after LOXO-195 treatment [16].

 New Paradigm: “Cancer-Agnostic” Targeted Therapy 
and Molecular Diagnostics

The approval of larotrectinib as a “cancer-agnostic” NTRK-targeting therapy 
impacts considerably the development of personalized cancer genomics-guided 
molecular-targeted therapy. It is hailed as a novel paradigm-changing drug approval 
of larotrectinib, as treatment for NTRK fusion-positive solid tumors. The clinical 
efficacy, duration of responses, and the safety profile of larotrectinib are all consid-
ered to be rather remarkable. Larotrectinib’s approval particularly highlights the 
relevance and significance of molecular-genomic classification, which is nowadays 
indispensable in addition to anatomic or histologic cancer classification. Moreover, 
it is also remarkable that the observed responses in the larotrectinib registration 
clinical studies were found “agnostic” to age, sex, anatomic or histologic cancer 
types, and molecular fusion partners of NTRK.

Nowadays, the recognition of the highly “actionable” nature of NTRK fusions 
along with the availability of the FDA-approved targeted drug larotrectinib marks 
another small and yet highly significant fraction of the modern lung cancer genomic 
pie, besides the other actionable aberrations such as EGFR mutations; ALK, ROS1, 
RET fusions; MET amplification; and MET exon 14 skipping mutations. In order to 
effectively and efficiently arrive at potentially targetable aberrations in lung cancer, 
it would be advisable nowadays for the adoption of an unbiased and comprehensive 

X. Wu et al.



155

tumor molecular profiling, preferably with NSG-based platform, as state-of-the-art 
personalized genomics-guided cancer therapy standard-of-care. It is also clear that 
regulatory adaptation is needed to keep pace with the evolution and progress of 
human cancer genomics and genomics-guided personalized therapeutics. Individual 
companion diagnostics accompanying targeted therapeutics regulatory approval 
would likely become obsolete and replaced with more broad-based NGS tumor tis-
sues or liquid biopsy platforms of molecular profiling.

With the advent of genomic profiling and recent approval of larotrectinib for 
NTRK fusion-targeting personalized therapy, a number of practical considerations 
emerge as relevant to modern-day oncologists clinical practices. As the trend of 
migration of molecular tumor testing from individual genotype tests into more 
broad-based multiplexed gene panels or comprehensive NGS-based genomics pro-
filing, oncologists and pathologists alike are confronted with many critical issues of 
optimal tissue prioritization for testing and choices for tumor profiling platforms. 
With respect to optimal NTRK fusion testing at this time, one should recognize that 
there are several method options available in principle. However, the IHC and FISH 
platforms are considered to be in research and phase presently. On the other hand, 
the NGS platform is available with several commercially accessible vendors with 
the genomics profiling platform encompassing the NTRK fusions (Table  4). 

Table 4 NGS Test Platforms for Detecting of NTRK Fusions

Company Assay Genes

OHSU Knight Diagnostic 
Laboratories

GeneTrails® Solid Tumor Fusion 
Gene Panel

Including NTRK1, NTRK2, 
and NTRK3

Caris Life Sciences, Irving, 
TX

MI Profile™ Including NTRK1, NTRK2, 
and NTRK3

Sirona Dx, Lake Oswego, OR Oncomine™ Focus Assay Including 23 genes for 
fusions

PathGroup, Brentwood, TN SmartGenomics™ NGS Solid 
Tumor

126 genes for fusions

OmniSeq, Buffalo, NY OmniSeq ComprehensiveSM Including NTRK1, NTRK2, 
and NTRK3

NeoGenomics Laboratories, 
Fort Myers, FL

NGS ALK, NTRK, RET, ROS1 
Fusion Profile

Including NTRK1 and 
NTRK3

Tempus, Chicago, IL xO Onco-seq Including NTRK1, NTRK2, 
and NTRK3

Cancer Genetics, Rutherford, 
NJ

Solid Tumor FOCUS: 
Oncomine™ NGS Panel

Fusion analysis optional

Foundation Medicine, 
Cambridge, MA

FoundationOne® Heme Including NTRK1, NTRK2, 
and NTRK3

Foundation Medicine, 
Cambridge, MA

FoundationOne® Including NTRK1, NTRK2 
and ETV6-NTRK3
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However, it is important to point out that not all commercial NGS panels have 
fusion testing included. Similarly, not all NTRK genes are always included in the 
commercial profiling panel platforms. For instance, the FoundationOne assay 
(Foundation Medicine) for solid tumors incorporates NTRK1, NTRK2 fusions, but 
only ETV6-NTRK3 fusion in its current platform. Caris Molecular Intelligence 
(Caris Life Sciences) profiling platform included in the fusion detection panel all of 
NTRK1, NTRK2, and NTRK3 fusions. On the other hand, in the liquid biopsy profil-
ing arena, the Guardant360 assay (Guardant Health) has a six-gene panel of fusion 
detection in the assay platform, which included only NTRK1 besides ALK, FGFR2, 
FGFR3, RET, and ROS1 fusions. Thus it is imperative that the treating oncologists 
understand which genes and genomic alterations are included in the molecular- 
genomic profiling assay they are ordering. Also equally important, one needs to 
understand the assay methodologies and limitations inherent within the profiling 
platform per se.

Another consideration one needs to decide for NTRK fusion patient identifica-
tion is whether there are key clinical or pathologic parameters that one can reli-
ably utilized as basis for selective NTRK gene fusion testing. Nonetheless, while 
there are certain rare tumor types that evidently have the essential pathognomonic 
occurrence of NTRK fusions such as in MASC tumors, MSI-high malignancies, 
and certain pediatric cancers, e.g., infantile fibrosarcoma, no clinical or pathologic 
features of the tumors can be justifiably adopted as screening criteria for selective 
NTRK fusion testing in lung or other solid cancers. One only needs to recall the 
landmark IPASS study (Iressa Pan-Asia Survival Study) which elegantly brought 
forth the consensus principle of molecular profiling in lieu of clinicopathologic 
profiling as the essential EGFR mutation-driven lung cancer first-line therapy prin-
ciple of decision-making [47]. It is the molecular-genomic aberration that drives 
the therapeutic response, and not the correlative clinicopathologic features or 
characteristics.

 Future Perspectives

While the use of NTRK fusion-targeted therapeutics with potent activities against 
the oncogenic fusion TRKA, TRKB, and TRKC kinases can result in significant 
clinical benefit in lung cancer as well as other diverse malignancies harboring the 
fusions, acquired drug resistance invariably develops. Identification of acquired 
resistance mechanisms and the development of new drugs for acquired resistance 
mechanisms are still necessary to further optimize the impact of personalized NTRK 
targeting cancer therapy. Clinical studies in development of second-generation TRK 
inhibitors to target and overcome first-generation TRK inhibitors resistance are 
already actively in progress.
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Another area of development would likely be the development of more CNS- 
active TRK inhibitors. As in the case of EGFR mutant and ALK fusion lung cancer 
therapies, the CNS as a tumor sanctuary to evade systemic targeted therapeutic inhi-
bition represent a paramount clinical problem. With the advent of CNS-active new- 
generation TKI such as osimertinib and alectinib, respectively, against EGFR-mutant 
and ALK fusion-positive diseases, one is almost certain to predict that the same 
principle of extending the clinical benefits of targeted therapies can be applicable to 
NTRK fusion personalized therapeutics. It remains to be seen whether other forms 
of NTRK genomic and molecular aberrations such as amplification, mutations, over-
expression can also be adopted as “actionable” targets as in the case of oncogenic 
fusions. Undoubtedly more basic and translational research in these areas would be 
urgently necessary to address these issues.

Last, the rapidly emerging and expanding roles of single agent and combination 
cancer immunotherapies in human cancer treatments raise many important ques-
tions that are yet to be fully resolved. Whether there can be a rational role of immune 
checkpoint PD-1/PD-L1 blockade in NTRK fusion-positive human malignancies 
remains to be tested. Whether immunotherapy, be it immune checkpoint of other 
combination immune-oncology regimens, can impact further clinical benefits in 
NTRK fusion-targeted therapy is an attractive question that requires answers sooner 
rather than later. One could envision potential role of concurrent or maintenance use 
of I-O therapy with NTRK-targeted inhibitors. Furthermore, there may be a role of 
similar I-O combination regimens with or without anti-angiogenesis therapy in sal-
vage therapy of acquired NTRK-inhibitor resistance. Certainly, we definitely need to 
have robust preclinical models and well-designed clinical studies to properly test 
out these interesting hypothesis.
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Abstract Small cell lung cancer (SCLC) is an aggressive illness with an overall 
poor prognosis. A large number of therapeutics have been utilized in the past with-
out much success. Cisplatin (or carboplatin) and etoposide are the hallmarks of the 
therapy. A large number of current novel therapeutics are targeting the immune 
system, and based on the recent results, nivolumab and atezolizumab have been 
approved in certain settings. Targeting with antibody conjugates and bispecifics are 
coming to fruition. Also, downstream targeting with transcription inhibitors such as 
EZH2 inhibitors, aurora kinase inhibitors, mitochondrial inhibitors of BCL-2, 
DLL3/DLL4, and stem cell signaling are currently being tested in the clinics. With 
novel therapies and immune therapies, there is hope that the bleak overall survival 
for SCLC will be improved considerably.

Keywords Small cell lung cancer · Cisplatin · Crizotinib · Immunotherapy · 
Anti-angiogenesis

 Introduction

Small cell lung cancer (SCLC) is a poorly differentiated neuroendocrine tumor that 
is highly associated with smoking. Histologically, small cell lung cancer consists 
of small round, oval, and spindle-shaped cells with scant cytoplasm, ill-defined 
borders, finely granular nuclear chromatin, prominent nuclear molding, and high 
mitotic rate and absent on inconspicuous nucleoli. It is an aggressive malignancy 
with different clinical, pathological, and molecular features from non-small cell 
lung cancer with frequently advanced stage at presentation and poor prognosis [1]. 
SCLC constitutes approximately 13% of all diagnosed lung cancers in the United 
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States and approximately 35,000 new cases are diagnosed annually. This is a sig-
nificant decline from 20% to 25% 20 years ago mostly as a result of reduced smok-
ing. For more than three decades, combination chemotherapy served as the primary 
treatment, with the platinum and etoposide combination being the gold standard. 
However, majority of patients have short-lived benefit from the frontline treatment 
with poor outcome [2, 3]. More recently, immunotherapy is coming to fruition in 
SCLC. There are limited options for second line treatment with topotecan being the 
only chemotherapy agent approved in this setting [4, 5]. Therefore, novel therapies 
are urgently needed. SCLC is almost always smoking induced and has a high fre-
quency of genetic alterations, including alterations of tumor suppressor genes, and 
copy number gains and other somatic mutations in transcription factors, enzymes 
involved in chromatin modification, and receptor tyrosine kinases and their down-
stream signaling component [6, 7]. One of the hallmarks of SCLC is high frequency 
of mutations in TP53 and RB1. Given the luck of therapeutic options, research 
focused on a better understanding of genomic changes may lead to development of 
new effective therapies [8, 9].

 Immunotherapy

Autoimmune paraneoplastic syndromes are frequently observed in patients diag-
nosed with SCLC indicating that the disease may be primed to generate T-cell 
responses, which in some cases leads to improved survival [10, 11]. Recent SCLC 
tumor genome analyses have shown large number of acquired mutations that gener-
ated many neoantigens, which favor immunotherapy [6, 9, 12]. One would expect 
that recently developed antagonistic antibodies targeting the inhibitory immune- 
checkpoint proteins cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), pro-
grammed cell death protein 1 (PD −1), or its ligand PD-L1, will result in activity in 
SCLC and provide new treatment options for patients [13]. These agents showed 
activity across multiple tumor types [14–18]. Ipilimumab, a fully human monoclo-
nal antibody, binds to CTLA-4 expressed by T cells and blocks the interaction of 
this receptor with its ligands CD80 and CD86 on antigen-presenting cells, promot-
ing T-cell activation and anticancer immune response [19]. Reck et al. investigated 
the activity of ipilimumab in combination with paclitaxel and carboplatin versus 
paclitaxel and carboplatin alone in patients with previously untreated extensive 
stage SCLC [20]. In that phase II trial, 130 patients were randomized 1:1:1 to 
receive paclitaxel (175 mg/m2)/carboplatin AUC 6) with either placebo (control) or 
ipilimumab 10  mg/kg in two alternate regimens, concurrent ipilimumab (ipilim-
umab plus paclitaxel/carboplatin followed by placebo plus paclitaxel/carboplatin) 
and phased ipilimumab (placebo plus paclitaxel/carboplatin followed by ipilim-
umab plus paclitaxel/carboplatin). Treatment was administered every 3 weeks for a 
maximum of 18 weeks (induction), followed by maintenance ipilimumab or pla-
cebo every 12 weeks. The patients were not stratified by tumor PD-L1 expression 
and the immune-related response criteria (irRC) were used to assess response to 
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therapy. Phase ipilimumab, but not concurrent ipilimumab, improved irPFS versus 
control, (HR 0.64, p = 0.03). However, no significant improvement in progression- 
free survival (PFS) (HR = 0.93; p = 0.37) or OS (HR = 0.75; p = 0.13) was observed. 
In a similar setting, in phase III clinical trial, 1132 patients were randomly assigned 
at as ratio 1:1 to receive chemotherapy with etoposide and platinum (either cisplatin 
or carboplatin) plus ipilimumab 10 mg/kg or placebo every 3 weeks for a total of 
four doses each in phased induction schedule (chemotherapy in cycles 1–4; ipilim-
umab or placebo beginning in cycle 3 up to cycle 6), followed by ipilimumab or 
placebo maintenance every 12  weeks [21]. Median overall survival (OS) was 
11.0  months for chemotherapy plus ipilimumab versus 10.9  months for chemo-
therapy plus placebo (HR = 0.94, p = 0.3775). Median PFS was 4.6 months for the 
experimental arm versus 4.4 months. Ipilimumab was associated with higher rate 
and severity of some toxicities, including diarrhea, rash, and colitis, and higher rate 
of treatment-related discontinuation (18% vs 2% with chemotherapy plus placebo). 
Five treatment-related deaths occurred with chemotherapy plus ipilimumab and two 
with chemotherapy and placebo. Preclinical data from malignant melanoma research 
suggests that combining CTLA-4 and PD-1 exhibits synergy in enhancing activa-
tion of tumor-specific T cells and antitumor activity through complementary mecha-
nism [22]. CheckMate 032, a multicenter, open-label, phase I/II trial of nivolumab 
alone and nivolumab plus ipilimumab in patient with recurrent extensive stage 
SCLC, has been reported in 2016 [13]. The investigators enrolled and treated 216 
patients: 98 with nivolumab 3 mg/kg, 3 with nivolumab 1 mg/kg plus ipilimumab 
1  mg/kg, 61 with nivolumab 1  mg/kg plus ipilimumab 3  mg/kg, and 54 with 
nivolumab 3 mg/kg plus ipilimumab 1 mg/kg. The overall response rates (ORRs) 
were 10% in nivolumab arm and 19–33% in the combination arms. The 1-year sur-
vival was 33% and 35–43%, respectively. Toxicities were similar to prior studies, 
higher as expected in the combination arms. Based on these results, the combination 
regimen was incorporated in the NCCN guidelines. Subsequently, on August 16, 
2018, FDA granted nivolumab accelerated approval for the treatment of patients 
with SCLC who progressed after platinum-based therapy and at least one other line 
of therapy [23]. The results from the phase IB KEYNOTE assessing the safety and 
efficacy of single agent pembrolizumab were published in 2016 [24]. Among 24 
patients with PD-L1 expressing pretreated SCLC, one patient had complete 
response, and 7 patients had partial response, with ORR of 33%. The safety of pem-
brolizumab was consistent with known safety profile. The role of check point inhib-
itors was explored in the maintenance setting. In phase II trial, Gadgeel et  al. 
investigated pembrolizumab in patients with extensive stage SCLC with response or 
stable disease after induction of chemotherapy (4–6 cycles of platinum and etopo-
side) [25]. Maintenance pembrolizumab did not appear to improve median PFS 
compared with historical data. However, the 1-year PFS rate of 1% and OS rate of 
37% suggest that a subset of patients did benefit from pembrolizumab. Clinical 
activity, safety, and predictive biomarkers result from phase Ia atezolizumab trial in 
extensive stage SCLC, leading to the IMpower133 trial, which evaluated the effi-
cacy and safety of adding atezolizumab or placebo to first-line treatment with car-
boplatin and etoposide for four cycles (induction phase) followed by maintenance 
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phase with either atezolizumab or placebo (according to the previous random 
assignment) [26]. At a median follow up of 13.9  months, the median OS was 
12.3  months in the atezolizumab arm and 10.3  months in the placebo group 
(HR = 0.70, p = 0.007). The median PFS was 5.2 months and 4.3 months, respec-
tively (HR = 0.77, p = 0.02). The safety profile of atezolizumab plus carboplatin and 
etoposide was consistent with previously reported safety profile of the individual 
agents, and this has been approved by the FDA. In contrast to a prior report, explor-
atory subgroup analyses showed no clear suggestion that blood-based tumor muta-
tion burden (TMB) levels at either cutoff (10 or 16 mutations per megabase) were 
predictive of benefit with atezolizumab in this population. However, this trial sug-
gests that combining checkpoint inhibitor with cytotoxic therapy during induction 
followed by maintenance with checkpoint inhibitor may be a better approach than 
chemotherapy alone followed by maintenance checkpoint inhibitor in patients with 
newly diagnosed extensive stage small cell lung cancer [25, 26].

In addition to extensively studied checkpoint inhibitors, vaccine and immuno-
toxin therapies have been investigated in clinical trials [27]. An immunotoxin tar-
geting the neoantigen HuD (a neuronal RNA-binding protein that is expressed in 
100% of SCLC tumor cells) has been tested in preclinical and animal studies [28]. 
Krug et al. studied vaccination with NP-polySA-KLH in patients with SCLC who 
completed initial treatment and had no evidence of disease. Polysialic acid (polySA) 
is a polymer side chain bound to the neural cell adhesion molecule that is exten-
sively expressed on the surface of SCLC cells. Vaccination produced robust anti-
body response [29]. Another investigational vaccination approach was targeting the 
p53 gene, which is mutated in majority of SCLC patients. Transduction of dendritic 
cells with adenovirus expressing p53 produced a T-cell response in 57.1% of 
ED-SCLC patients with high rate of objective clinical responses to subsequent che-
motherapy (61.9%) that immediately followed vaccination [29]. Ganglioside GD3, 
cell surface glycosphingolipid antigen, is expressed on the surface of most SCLC 
tumors, with limited expression in normal tissues, making it an appropriate anti-
genic target for active immunization to eliminate microscopic disease and improve 
survival. However, clinical trials with preBec2/BCG as adjuvant vaccination in 
responding patient with limited stage SCLC showed no improvement in the sur-
vival, PFS, or quality of life [30, 31]. CD47 is a cell surface molecule that promotes 
immune evasion by engaging signal-regulatory protein alpha, which serves as an 
inhibitory receptor on macrophages, with high level of expression on the surface of 
SCLC. Preclinical data from human cell lines and xenografts suggests that blocking 
CD47 strongly promotes the phagocytosis of SCLC cells by macrophages and 
inhibits tumor growth by T-cell-mediated processes [32]. Phase I trial with 
Hu5F9-G4, a CD47 targeting antibody in patients with AML and solid tumors, is 
ongoing (NCT02216409). Patients with SCLC have often been found to have func-
tional deficiency in a variety of immunocytes; therefore cellular immunotherapy 
(CIT) with ex vivo activated and expanded immunocytes may be feasible and effec-
tive. Several immunotherapies to induce cytotoxic T lymphocyte (CTL) have been 
tried with limited success due to the complexity of the immune escape in this malig-
nancy. Ding et al. investigated the safety and efficacy of autologous natural killer, 
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gamma delta (γδ) T, and cytokine-induced killer (CIK) cells as maintenance therapy 
in patients with extensive stage SCLC, who responded to initial chemotherapy [33]. 
CIT maintenance therapy prolonged overall survival with minimal side effects in 
the experimental arm as compared to control (13.2 months vs. 8.2 months). Natural 
killer (NK) cells can kill a broad array of tumor cells in a nonmajor histocompatibil-
ity complex (MHC)-restricted manner. A phase II clinical trial is currently evaluat-
ing maintenance therapy with autologous adaptive transfer of NK cells after 
response from first-line treatment, comparing with conventional observation group 
(NCT03410368).

 Antibody-Drug Conjugates (ADCs)

Antibody-drug conjugates (ADCs) are a type of human or humanized monoclonal 
antibody conjugated with cytotoxic drugs directed to antigens differentially overex-
pressed in tumor cells [34]. Development of these drugs represents a paradigm shift 
in chemotherapy. Rovalpituzumab tesirine (Rova-T) is an antibody-drug conjugate 
that recognizes delta-like protein 3 (DLL3), a NOTCH ligand, which is expressed on 
the surface of approximately 80% of SCLC cells but absent on normal cells. Phase I 
clinical trial was conducted in patients who progressed after one or more previous 
regimen. Among 60 assessable patients, 11 (18%) had a confirmed objective 
response, including 10 (38%) of 26 patients confirmed to have high DLL3 expres-
sion (expression in 50% or more of tumor cells) [35]. Dose-limiting toxicity included 
grade 4 thrombocytopenia, grade 4 liver function abnormalities. Other toxicities of 
concern were pleural effusion, increased lipase level. AMG 757 is a half- life extended 
bispecific T-cell engager (Bite®) targeting DLL3 currently undergoing safety and 
tolerability evaluation in phase I trial in the refractory and first-line consolidation 
setting in patient with SCLC (NCT03319940). Trop-2 is a glycoprotein expressed in 
many epithelial cancers (including SCLC) and shown to be an attractive and selec-
tive target for antibody-based therapy. Sacituzumab govitecan is a novel antibody-
drug conjugate comprising 7-ethyl-10-hydroxy-camptothecin (active metabolite of 
irinotecan) conjugated to an anti-Trop-2 humanized antibody. In phase I/II clinical 
trial in previously treated extensive stage SCLC, overall response to sacituzumab 
govitecan was 14%, the median duration of response 5.7 months and median OS 
7.5 months. Grade 3 plus drug-related toxicities included neutropenia (34%), anemia 
(6%) and diarrhea (9%) [36]. CD56, a cell surface marker highly expressed in major-
ity of SCLC, is a promising therapeutic target. Recently, a novel CD56 targeting 
antibody-drug conjugate, IMGN901 (lorvotuzumab mertansine), designed for 
tumor-selective delivery of the cytotoxic maytansinoid DM1 and characterized by 
high affinity, internalization, and tumor specificity, was evaluated in CD56-expressing 
solid tumors. A dose- expansion phase accrued patients with SCLC.  Responses 
included one complete response (CR), one clinical CR, and one unconfirmed partial 
response (PR) in MCC and one unconfirmed PR in SCLC. Stable disease was seen 
for 25% of all evaluable patients who received doses ≥60 mg/m2 [37].
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 Transcription Inhibitors

Lurbinectedin (PM01183, L) is a novel anticancer drug that inhibits activated tran-
scription, induces DNA double-strand breaks generating apoptosis, and modulates 
tumor microenvironment. In a phase II basket trial of patients with advanced solid 
tumors, lurbinectedin has shown promising activity in a cohort of patients with 
SCLC. Sixty six patients with previously treated disease received intravenous lurbi-
nectedin 3.2  mg/m2 every 3  weeks. An objective response was observed in 24 
(39.3%) of 61 evaluable patients [38]. ATLANTIS: Global, randomized phase III 
study of lurbinectedin with doxorubicin vs. CAV or topotecan in patients after fail-
ure of first-line platinum doublets, reached its accrual goal in July of 2018, and the 
results are expected at the end on 2019 [39]. In August of 2018, the FDA has granted 
lurbinectedin (PM1183), an orphan drug designation for the treatment of patients 
with SCLC.

 Antiangiogenic Agents

A large body of literature suggests that angiogenesis plays a fundamental role in 
determining the growth rate, invasiveness, and development of metastasis in SCLC 
[40]. It is well known that the formation of structurally and functionally abnormal 
neovessels from the existing blood vessels mediates resistance to chemotherapy 
[41]. Low serum vascular endothelial growth factor (VEGF) concentration is a sig-
nificant and independent prognostic factor in patients with SCLC; however, it was 
found not to be useful in predicting response to chemotherapy [42]. A meta-analy-
sis of 7 randomized controlled phase II and phase III trials with angiogenesis inhib-
itors, with 1322 patients enrolled (669 received angiogenesis inhibitors: 
bevacizumab, thalidomide, vandetanib, sunitinib, and endostatin), showed that add-
ing angiogenesis inhibitors to chemotherapy did not improve PFS, OS, ORR, 1-year 
survival rate, 2-year survival rate or 1-year PFS rate for SCLC. However, subgroup 
analysis revealed that bevacizumab enhanced PFS. All 7 trials used antiangiogen-
esis agents as maintenance and first-line therapies were platinum-based chemo-
therapy [43].

 Cancer Stem Cell-Targeted Therapy

SCLC responds extremely well to first-line therapy; however, all patients with 
extensive stage and majority with limited stage will relapse within a short period 
of time with disease relatively resistant to second-line therapies. Cancer stem cells 
(CSCs) have been studied as a potential cause of the heterogeneity, drug resis-
tance, recurrence, and metastasis of several types of tumors. Some characteristics 
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of SCLC, such as aggressiveness, suggest that this kind of tumor could be enriched 
in CSCs, and drug resistance in SCLC could be attributable to the existence of a 
CSC subpopulation in SCLC [44–46]. There has been significant research interest 
focusing on the signaling pathways, which are critical for stem cell development 
and self-renewal: the Hedgehog, Notch and Wnt. A number of agents blocking 
the Hedgehog pathway have been investigated in SCLC, including bromodomain, 
visomodegib, GDC-0449 (NCT00887159), LDE225 (NCT 01579929) [47–49]. 
Belani et  al. evaluated, in phase II randomized study of 103 patients, concur-
rent and maintenance visomodegib with cisplatin and etoposide in the first-line 
extensive stage SCLC and reported no significant differences in response rate, 
progression free survival, or overall survival between the arms [49]. The Notch 
signaling pathway has also been shown to regulate normal stem cells and neo-
plastic transformation when deregulated. In the phase Ib/II “PINNACLE” trial, 
ant-Notch 2/3 (Tarextumab) was tested in combination with etoposide in first-line 
extensive stage SCLC. Combination treatment was well tolerated and encourag-
ing anti-tumor activity has been observed [50]. Monoclonal antibodies targeting 
Wnt-1 and Wnt-2 (aberrations of the Wnt pathway) are being developed: SM08502 
(NCT03355066) [51].

 PARP Inhibitor

Dysregulation of transcription and response to DNA damage has been identified as 
a hallmark of malignancy. The most common mutations identified are inactivation 
of the tumor suppressors TP53 and RB1 [6]. However, unfortunately, to date, there 
has not been success at inhibiting these targets. A unique approach that is currently 
under investigation involves poly-ADP ribose polymerase (PARP). PARP is a criti-
cal component to DNA damage repair [52] and has been shown to be overexpressed 
in SCLC [53].

In each cell, DNA is damaged by a variety of different mechanisms and can lead 
to single- and double-stranded breaks which require repair to ensure cell survival. 
One of the pathways involved in DNA repair involved includes PARP. PARP1 is a 
nuclear globular protein that contains three functional domains. The N-terminus 
DNA binding domain containing several zinc finger motifs, a central automodifica-
tion domain and a C-terminus catalytic domain that has the protein’s enzymatic 
activity and substrate binding sites for nicotinamide adenine dinucleotide (NAD) 
which powers the protein. The catalytic (cat) domain contains a WGR motif which 
serves to activate the enzymatic activity of the cat region in addition to conserved 
histidine and tyrosine residues which are necessary for NAD+ binding.

A PARP inhibitor will compete with NAD+ at this substrate binding site. In the 
absence of an inhibitor, PARP will be recruited to a single-stranded break site and 
initiates poly-ADP ribosylation of histones and chromatin remodeling enzymes 
leading to recruitment of PARP-dependent DNA damage repair proteins. At pres-
ence of PARP inhibitor, PARP is still recruited to single-stranded DNA breaks but 
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can’t recruit DNA repair proteins because catalytic activity is inhibited. PARP will 
stay attached to DNA, and the stalling at the replication fork leads to a double- 
stranded break and eventually leading to cell death.

Current standard of care for limited and extensive stage SCLC include DNA- 
damaging agents (radiotherapy and chemotherapy) and thus make utilization of 
PARP inhibitors an ideal treatment modality. PARP inhibitors have been evaluated 
in the frontline setting in combination with standard chemotherapy due to success 
in cell lines and animal models [53–55]. Byers et al. showed that there was an equal 
decrease in viability of cell lines when exposed to standard chemotherapy (cisplatin 
and etoposide) or a PARP inhibitor. When chemotherapy was combined with a 
PARP inhibitor, there was synergistic effect in inhibition of cell viability [53].

A phase II study ECOG-ACRIN 2511 by Owonikoko et al. evaluated veliparib 
added to cisplatin and etoposide in extensive stage small cell lung cancer. Veliparib 
is a potent inhibitor of PARP-1 and PARP-2 that has been shown to have good oral 
bioavailability, crosses the blood-brain barrier, and potentiates other cytotoxic 
agents including platinum and radiation [56]. Patient received four cycles of cispla-
tin and etoposide with or without veliparib. The median PFS was 6.1  months 
for patients who received veliparib compared to 5.5 months for those that didn’t 
(HR: 0.75; p = 0.06). The median OS was 10.3 months and 8.9 months (HR: 0.83; 
p = 0.17) with ORR 72% compared to 66% (p = 0.57) in veliparib and placebo, 
respectively. This study showed that PARP inhibition can be used with good activity 
in the frontline setting [57] for extensive stage disease.

Maintenance after frontline treatment is also of interest and has been shown to 
be successful in other tumors. In ovarian cancer, maintenance with PARP inhibition 
showed a PFS benefit with a 70% lower risk of progression [58]. STOMP, a phase 
II study evaluating patients with extensive stage SCLC who responded to first-line 
chemotherapy and received either olaparib or placebo, attempted to evaluate if main-
tenance PARP inhibition would yield any benefit in this population. Olaparib, a first-
generation PARP inhibitor approved for use in ovarian and breast cancer, is currently 
being evaluated in a variety of tumors. STOMP did not show any statistical improve-
ment in PFS compared to placebo (2.6 vs 3.6 month; HR 0.87; p = 0.29) nor did OS 
[59]. These results were disappointing, considering the success of PARP in advanced 
ovarian cancer maintenance setting. Niraparib, another PARP-1 and PARP-2 inhibi-
tor, is currently enrolling patients in a phase III study evaluating maintenance after 
response with chemotherapy in extensive disease SCLC (NCT03516084).

The median survival of extensive stage SCLC ranges between 9.4 and 12.8 months 
[60, 61] with recurrence occurring within 5 to 6 months. PARP inhibition has been 
tested in the relapsed setting, with veliparib combined with temozolomide. This 
phase II study evaluated 104 relapsed SCLC patients treated with temozolomide 
with or without veliparib. Though ORR (39% vs 14%; p = 0.16) was improved with 
PARP inhibition there was no significant improvement in survival (mOS 8.2 months 
vs 7.0 months; p = 0.50). An exploratory marker using SLFN11, a biomarker of 
PARP inhibitor sensitivity, showed promising results. Those tumors harboring 
SLFN11 positivity had significant survival benefit (PFS 5.7 vs 3.6 months; p = 0.009; 
OS 12.2 vs 7.5 months; p = 0.014) with PARP inhibition [62].
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A newer more potent PARP inhibitor, talazoparib, with more efficient PARP- 
trapping capability than older PARP inhibitors has been shown to have activity 
as a single agent in small cell lung cancer patients [63]. In preclinical models, it 
was shown that temzolomide potentiates talazoparib leading to synergistic lethal-
ity, and there is a phase II study planned that will evaluate this combination 
(NCT03672773). A combination of interest identified in talazoparib’s preclinical 
models was an inhibition of PARP and PI3K pathways. PI3K is activated in SCLC 
cell lines treated with talazoparib and activation was blocked by PI3K inhibition 
[64]. Talazoparib is an exciting new PARP inhibitor currently under investigation 
with, as of October 2018, 20 active clinical trials evaluating activity in a variety 
of solid neoplasms and combination therapies including small cell lung cancer 
(https://clinicaltrials.gov/ct2/results?term=BMN+673&Search=Apply&recrs=a&
age_v=&gndr=&type=&rslt=).

 EZH2 Inhibitor

The tumor suppressor RB1 is inactivated in over 90% of SCLC cases [8]. This dis-
ruption of RB1/E2 promoter binding factor (E2F) is postulated to be a major factor 
in pathogenesis of SCLC. EZH2, a factor in this pathway, is found to be upregulated 
in SCLC [53]. EZH2 is a histone methyltransferase and its activation leads to altera-
tion in cell cycle regulation, proliferation, and cancer progression [65]. High expres-
sion and mutation of EZH2 are in a variety of malignancies and usually portend for 
a poor prognosis [66].

EZH2 has been shown to repress the cell cycle inhibitor p21 and other pro-
apoptotic factors, thereby promoting cell cycling in SCLC cells [67]. In various 
SCLC cell lines, suppression of EZH2 leads to reduction of cells in S, G2/M phase 
with increased p21 expression [67]. EZH2 was also shown to prevent apoptosis by 
inhibition of TGF-β via histone methyltransferase methylation of lysine 27 in his-
tone H3 (H3K27me3) [68]. In addition, it has been shown that in platinum-resis-
tant cancer cells, protein and mRNA expression EZH2 is upregulated and by 
silencing EZH2 overcomes drug resistance [69], making EZH2 a target of interest 
in SCLC.

Various EZH2 inhibitors have been investigated in preclinical and clinical stud-
ies. 3-Deazaadenosine A (DZnep) is a nonspecific EZH2 inhibitor that inhibits 
EZH2 via SAH-hydrolase inhibition. DZnep has been shown in animals to be effec-
tive [70]. Tazemetostat, an oral EZH2 inhibitor that decreases the levels of 
H3K27me3, has shown promise. It was the first-in-class drug to complete a phase I 
study with favorable safety and antitumor activity [71]. The FDA placed a partial 
clinical hold on any additional Tazemetostat studies due a pediatric patient develop-
ing a secondary malignancy. GSK2816126 is a SAM-competitive inhibitor of 
EZH2, and its phase I study was terminated due to insufficient evidence of clinical 
activity. There are many other EZH2 inhibitors with preclinical data awaiting clini-
cal evaluation [66].
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 Aurora Like Kinase Inhibitor

Aurora kinases are a group of serine/threonine kinases, consisting of Aurora A, 
Aurora B, and Aurora C, and are essential in cell division and regulators of mitosis 
[72]. These three kinases are involved with chromosomal segregation, deletions, or 
deficiency of Aurora kinases, leading to cell instability and eventual cell death [73, 
74]. Overexpression or amplification of Aurora kinases have been detected in mul-
tiple malignancies and usually predict for a poorer prognosis [75].

MYC amplification is a frequent event in SCLC, occurring in SCLC up to 50% of 
the time. In conjunction with TP53 and RB1 loss, it makes a SCLC a highly aggres-
sive and lethal malignancy. MYC has been associated with resistance to treatment, 
progression, and overall a poorer outcome [76].

Concurrent overexpression/activation of MYC and Aurora kinases are found 
often in malignancies. Aurora kinases can transcriptionally upregulate expression of 
c-MYC [77], and on the other hand, c-MYC can bind to the promoter of AURKA 
and increase the expression of AURKA [78]. AURKA also protects N-MYC from 
degradation [79]. c-MYC also upregulates cyclin-dependent kinases, leading to 
increased proliferation [80].

In animal models, SCLC driven by high expression of MYC showed high 
response to chemotherapy but rapid relapse following treatment [81], thus making 
MYC a target of interest in this disease, but so far has proved a difficult target. 
Aurora kinase inhibition may prove to be a novel and attractive approach consider-
ing AURKA’s relationship to MYC.

MLN8237 (Alisertib) has so far shown the most promise in SCLC as it has been 
specifically studied in this disease. A phase II study evaluated 60 patients with small 
cell lung cancer receiving MLN8237 as a single agent with 21% having an objective 
response rate. The overall PFS was 2.1 months; those with a chemotherapy- sensitive 
relapse had a longer PFS (2.6  months) compared to those with refractory or 
chemotherapy- resistant disease (1.7 months). The median duration of response was 
4.1 months, with 33% of patients having stable disease and 4% having stable dis-
ease >6 months [82].

MLN8237 is being evaluated in combination with paclitaxel in SCLC patient 
who progressed after initial chemotherapy. Preliminary results were favorable with 
patients who received the combination compared to those who received paclitaxel 
alone. The median PFS 101 days compared to 66 days in the chemotherapy alone 
arm (HR 0.72; p = 0.038) with responses observed in 22% of patients who received 
the combination. Though these results are favorable, there were higher rates of 
adverse events with combination [83].

 BCL-2

Evasion from apoptosis is one of the many foundations of carcinogenesis and one 
of the mechanisms of eventual drug resistance. It was discovered that elevated 
expression of the antiapoptotic protein Bcl-2 is highly expressed in SCLC [84]. 
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BCL-2 has been characterized in SCLC via immunohistochemistry, microarray 
detection of mRNA, genomic sequencing and proteomic profiling with levels up 
to 84% [85–88].

In preclinical models, BCL-2 binds and sequesters BH3-only proapoptotic pro-
teins BID or BIM and prevents them from interacting with the pore-forming effec-
tors that lead to apoptosis and cell death. Understanding of the mechanism of BCL-2 
proteins has led to two approaches to inhibiting this pathway, either by direct inhibi-
tion of BCL-2 or using BH-3 mimetics.

ABT-263, a BH3 mimetic, demonstrated antitumor activity in laboratory models 
of SCLC but unfortunately has not led to repeated success in the clinic [89–93]. 
Phase II trials of ABT-263 have not demonstrated success. Out of 26 patients, only 
1 showed a response to treatment with ABT-263 [94].

Venetoclax, an effective BCL-2 inhibitor which has been effective clinically in 
treating a variety of hematologic malignancies, has also been investigated. 
Preclinical data appears promising as venetoclax, dosed at 100 mg/kg/qd, induced 
tumor regression in mouse models, and further investigation is required [95].

 DLL4

The Notch pathway has been identified as one of the most commonly activated 
pathways in cancer [96, 97]. This signaling cascade is crucial for cell growth, dif-
ferentiation, and survival [98]. Notch signaling has been identified as possibly hav-
ing an impact in survival [99] in those who have a diagnosis of cancer and thus 
makes this a pathway of interest.

The Notch pathway is activated when a Notch receptor binds to a ligand. The 
mammalian Notch family contains five ligands, delta-like ligand 1 (DLL1), delta- 
like ligand 3 (DLL3), delta-like ligand 4 (DLL4), Jagged-1 (JAG1), and Jagged-2 
(JAG2), and four receptors, Notches 1–4. For the purpose of this review, we will 
focus on DLL4, which has been studied in SCLC and implicated in activating NF-κβ 
leading to enhanced VEGF secretion and promotion of metastases [100].

During tumorigenesis, induction of DLL4 expression by VEGF in endothelial 
cells of the tumor leads to improved angiogenesis. Interruption of DLL4-Notch sig-
naling led to suppression of tumor growth via nonproductive angiogenesis and 
hypoxia of tumors [101]. High levels of DLL4 are expressed in cancer stem cells in 
preclinical models using SCLC cell lines. In human tumor xenografts, targeting 
DLL4-Notch with anti-DLL4 monoclonal antibodies as a single agent or in 
 combination with cisplatin/etoposide or topotecan resulted in reduction of cancer 
stem cells [102].

Demcizumab, a humanized IgG monoclonal antibody, directed against DLL4 
was successful in showing single-agent activity in its phase I study with overall 
disease control rate of 40% and some of the best responses identified in patients 
with lung malignancies [103]. A phase II study looking at demcizumab in NSCLC 
in combination with standard frontline therapy did not meet its primary endpoint, 
and the drug developer halted further development of this agent.
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MEDI0639, another humanized monoclonal antibody targeting DLL4-signaling, 
was also evaluated in the clinic. A phase I study evaluating 9 SCLC patients who 
received single agent MEDI0639 showed efficacy in reduction in number of cancer 
stem cells after treatment [104]. Another phase I study evaluating this monoclonal 
antibody, which included 4 SCLC patients, showed encouraging antitumor activity 
[105]. Unfortunately, as in the case of demcizumab, the drug developer stopped all 
development on MEDI0639. There are other viable targets in the Notch signaling 
pathway that are currently under investigation.

 Conclusion

In the era of personalized medicine in oncology, treatment of SCLC remains chal-
lenging, with limited therapeutic options. Many of the agents with promising activ-
ity in the preclinical or phase I trials failed in phase II/III clinical trials. It is difficult 
to replicate the success stories seen with targeted personalized treatment in other 
solid tumors. However, over the last few years, there has been a worldwide renewed 
interest in studying SCLC, including comprehensive molecular mapping, develop-
ment of patient-derived xenografts, discoveries of new potentially targetable path-
ways, and a multitude of clinical trials focusing on new therapeutic agents. As we 
make progress in our understanding of the biology of SCLC, we hope to be able to 
identify new targets and develop personalized treatment that will provide long-term 
benefit to our patient diagnosed with SCLC.
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Complexities of the Lung Tumor 
Microenvironment

Colt A. Egelston and Peter P. Lee

Abstract Successful development of the next wave of immunotherapies for lung 
cancer will require a deeper understanding of the tumor microenvironment (TME). 
Tumors are composed of heterogeneous cancer cells, stromal cells, and immune 
cells. Various subsets of tumor-infiltrating immune cells have been shown to have 
prominent protumor or anti-tumor effects, and correlate either positively or nega-
tively with patient survival and response to therapy. Nonimmune tumor compo-
nents, including fibroblasts, extracellular matrix, and various metabolites, also play 
increasingly recognized roles in shaping the TME. Furthermore, chronic inflamma-
tion often associated with lung cancer has been shown to transform the lung TME, 
highlighting the complex interplay between immune and nonimmune components 
of tumors. In this chapter, we review recent findings on the composition of the lung 
TME and how these functionally varied components modulate tumor progression 
and response to therapy.

Keywords Tumor microenvironment · Lung cancer · Nonimmune stromal cells · 
Immuno-oncology · Immunoediting

 Introduction

Our current view of tumors has greatly expanded from simply a mass of homoge-
neous cancer cells to a complex ecosystem consisting of heterogeneous cancer cells, 
stromal cells, and immune cells—collectively termed the tumor microenvironment 
(TME). Mounting evidence demonstrate that patient outcome, in lung cancer and 
other cancers, is significantly impacted by the immune contexture of the tumor as a 
reflection of host immune surveillance. Furthermore, immune cell infiltration and 
function within tumors is now increasingly appreciated to be shaped not only by can-
cer cells but also by nonimmune stromal cells, extracellular matrix (ECM), and 
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metabolic activity. Recent advances in cancer immunotherapy have demonstrated sig-
nificant clinical successes, especially in patients with preexisting, antitumor- immune 
activity. A paradigm shift in cancer treatment has occurred, with immune modulating 
agents becoming the foundation rather than regimens that solely target cancer cells or 
cancer cell pathways. Here, we will discuss the various immune (adaptive and innate), 
nonimmune, and extracellular components that make up the tumor microenviron-
ment. The complex interweaving of these components has been shown to have a pro-
found impact on patient response to therapy and clinical outcome.

The presence of immune cells within tumors is now widely accepted as associ-
ated with beneficial outcome in a multitude of cancer types, including lung cancer 
[21, 28]. However, immune infiltration of different tumors can vary widely, with a 
mix of protumor and antitumor immune cell subsets that reflects the yin-yang nature 
of the mature immune system [66]. For instance, while CD8+ T cell infiltration into 
tumors is prognostically favorable, infiltration of FOXP3+ CD4+ regulatory T cells 
is unfavorable [32]. Numerous studies such as these have reinforced the central idea 
that infiltration of the TME by specific immune cell types, rather than immune cells 
in general, is critical for prognostic and therapeutic benefit for cancer patients. Thus, 
while immune cell subsets can be broadly categorized as either innate (dendritic 
cells, macrophages, neutrophils, mast cells, basophils, natural killer cells) or adap-
tive (T cells, B cells), immuno-oncology research must carefully consider the pro-
tumor or anti-tumor facets of each of these elements (Fig. 1).

 Immune Features of the TME

Early studies in murine models demonstrated that lack of functional immune cells 
allowed for more rapid outgrowth of both induced and spontaneous tumors [77]. 
Interactions between immune cells and cancer cells go beyond simple immune sur-
veillance, as under immune pressure the more immunogenic subclones of cancer 
cells are removed by immune cells, allowing for outgrowth of other less immuno-
genic subclones of cancer cells. This paradoxical phenomenon, now commonly 
termed “immunoediting,” encompasses elimination of cancer cells by immune cells, 
equilibrium between cancer cell growth and immune control of cancer cells, and 
escape of cancer cell subclones from recognition by immune cells leading to clini-
cally observable manifestations of cancer [51].

CD8+ cytotoxic T cells are central to immune recognition and elimination of 
cancer cells. Tumor-reactive CD8+ T cells that are able to specifically recognize and 
kill cancer cells have been identified in both small cell lung cancer (SCLC) and non- 
small cell lung cancer (NSCLC) [94]. In the clinic, adoptive cellular therapy of 
autologous tumor infiltrating lymphocytes (TILs) in combination with the cytokine 
IL-2 led to increased overall survival and reduced time to relapse among Stage III 
NSCLC patients [70]. Expression of human leukocyte antigen (HLA) class I mole-
cules, which mediate antigen peptide presentation to CD8+ T cell receptors, has 
been shown to have a critical role in immune surveillance of lung cancer. 
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Downregulation of HLA class I expression in NSCLC tumors was found to contain 
lower densities of CD8+ T cells and associate with poor prognosis [49]. Lung cancer 
cells with loss of HLA class I molecules have indeed exhibited the ability to escape 
from CD8+ T cell-mediated killing, highlighting CD8+ T cell recognition of tumor 
antigen as critical for immune-mediated control of cancer cell growth [83]. As a 
result, an explosion of preclinical and clinical studies to evaluate the mechanisms of 
immune cell recognition of cancer cells has occurred over the past two decades.

Early searches for the antigens of lung tumor-specific T cells focused on those 
overexpressed by cancer cells relative to normal lung epithelial cells [45]. These 
antigens included melanoma associated antigen A3 (MAGE-A3), mucin-1 (MUC- 
1), and epidermal growth factor (EGF). Clinical trials involving vaccination attempts 
to elicit antitumor immunity via these antigens have yielded mixed or negative 
results, although efforts to improve efficacy and identify biomarkers of response 
continue [13, 74, 92].

More recent work in identifying CD8+ T cell targets within the TME have focused 
on mutation derived neoantigens [76]. This shift in focus to neoantigens from 
 overexpressed self-antigens was motivated by the discovery that tumor- reactive T 
cells in patients responsive to immune checkpoint blockade (ICB)  therapy are often 

Fig. 1 Tumor microenvironment composition correlates with patient outcomes. The presences or 
absences of certain immune and nonimmune cell subsets have been associated with patient prog-
nosis, either unfavorable or favorable. Immature dendritic cells, CD4+ regulatory T cells, M2 mac-
rophages, and cancer associated fibroblasts have all negatively associated with relapse-free 
outcome. On the other hand, the presence of mature dendritic cells, CD4+ helper T cells, CD8+ T 
cells, B cells, and M1 macrophages have associated positively with relapse-free outcome. The role 
of other immune subsets, such as mast cells, neutrophils, and NK cells is less clear in the tumor 
microenvironment of lung cancer tumors
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specific for neoantigens [37]. In lung cancer, the level of neoantigen burden has 
been linked to overall survival in patients and is predictive of response to ICB ther-
apy [60, 72]. Furthermore, neoantigen specificity by CD8+ T cells has also been 
described in checkpoint blockade responsive lung cancer patients [4]. Unsurprisingly 
then, recent studies have conclusively found that lung cancer patients with a history 
of smoking have higher tumor mutational burdens and importantly a higher overall 
response rate to checkpoint blockade therapies [20, 53]. Currently the evolution of 
neoantigen expression and reactivity by CD8+ T cells in the context of immuno-
therapy pressure is being studied to understand resistance and relapse in these set-
tings. In a return to interest for vaccines, neoantigen vaccines have demonstrated 
efficacy in cancer patients and are currently in preclinical testing for lung cancer 
[39, 67].

A recently described subset of CD8+ T cells termed resident memory T cells 
(TRM) has been shown to be of particular importance in immune control of cancer 
cells [24]. TRM expression of the integrin CD103 allows for their attachment to 
epithelial (cancer) cells via binding to E-cadherin. Among other molecular features 
of TRM, this allows for retention of TRM within epithelial cell-rich tissues [27]. 
This retention contrasts TRMs from other memory T cells that recirculate amongst 
the blood to lymphoid tissue; instead, TRMs are poised at peripheral sites for 
immediate responses to antigen encounter [59]. CD8+ TRM have been linked to 
prognostic survival and to mediate cytolytic killing of autologous cancer cells in 
NSCLC patients [22]. Importantly, the association between CD8+ TRM presence 
in the TME with NSCLC patient survival has been found to be independent of the 
overall density CD8+ T cells, highlighting CD8+ TRM as a cornerstone of antitu-
mor immunity within the TME [30]. Recent preclinical efforts to establish CD8+ 
TRM at mucosal sites using cancer vaccines have demonstrated efficacy, suggest-
ing a new wave of vaccine-based approaches eliciting tumor-specific TRM may 
soon yield results in the clinic [62].

Despite the presence of tumor-reactive CD8+ T cells within the TME, cancer cell 
growth often outraces the immune system capacity for control, resulting in the 
chronic presence of tumor antigens [90]. Repeated exposure of tumor-specific CD8+ 
T cells to their cognate antigens, in combination with exposure to various TME 
inflammatory cues, often results in induction of T cell dysfunction. This dysfunction 
can be described as a general loss of polyfunctional capacity to exert various effec-
tor functions, such as effector cytokine secretion, cytotoxic capacity, and prolifera-
tion—in a process termed T cell exhaustion [95]. Tumor antigen-induced T cell 
exhaustion has been described in progressing lung tumors, which includes accumu-
lated CD8+ T cell dysfunction and expression of inhibitory checkpoint molecules, 
such as PD-1, LAG-3, and TIM-3 [38, 89]. An understanding of the characteristics 
of exhausted T cells and the ability of these checkpoint molecules to suppress T 
cells has led to development of numerous checkpoint blockade monoclonal anti-
body therapies. Antibodies targeting PD-1 and its ligand PD-L1 have demonstrated 
the ability to restore functional T cell receptor signaling in T cells, which is nor-
mally deactivated via PD-1:PD-L1 engagement [3, 17, 26].
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While reduced T cell functionality within the TME may reflect failure to con-
trol tumor growth, recent work also point to the presence of exhausted T cells as 
indicative of an immune response to tumor antigen. Indeed, the presence of PD-1+ 
CD8+ T cells predicts response to PD-1 targeting checkpoint blockade monoclo-
nal antibody therapy [88]. Additionally, expression of the ligand for PD-1, PD-L1 
is thought to reflect interferon gamma secretion and effector activity by CD8+ 
T cells within the TME. Interestingly, PD-L1 expression is predictive of response 
to PD-1 blockade in NSCLC, but not SCLC, suggesting differences between the 
two in some aspects of CD8+ T cell tumor reactivity [8, 10]. Further research is 
needed to understand what TME features and T cell qualities predict response to 
checkpoint blockade and how checkpoint blockade therapies can reinvigorate 
these exhausted CD8+ T cell responses to cancer cells.

Importantly, CD8+ T cells do not function independently of other immune sub-
sets within the TME. CD4+ T helper cells, which have a critical role in providing 
cytokine support for CD8+ T cells, have an important role as well. Studies have 
shown that NSCLC tumors infiltrated with high levels of CD8+ T cells, but low 
levels of CD4+ T cells still lack favorable prognostic outcome [43]. Instead, concur-
rent infiltration of both CD8+ T cells and CD4+ T cells allows for potent antitumor 
activity. In contrast to the beneficial effects of CD4+ T helper cells, regulatory CD4+ 
T cells have been shown to exert protumor effects within the TME, and lung tumors 
with higher levels of regulatory CD4+ T cells have been shown to have poor out-
come in patients [50, 86].

Natural killer (NK) cells are known to kill HLA-deficient/mismatched target 
cells. However, despite the frequent loss of HLA molecules on lung cancer cells, NK 
cells are rarely found within NSCLC tumors [14]. Nonetheless, levels of NK cells 
within the TME have been associated with positive prognosis in lung cancer patients, 
although larger confirmatory studies are needed [46]. In contrast, presence of other 
innate immune subtypes within the lung TME has lacked prognostic significance. 
Tumor infiltration of neutrophils has been shown to correlate with markers of circu-
lating inflammatory mediators such as C-reactive protein but has no clear association 
with prognosis [15]. Mast cells, important mediators of inflammatory factors such as 
histamine, have been shown to correlate with vasculature formation and cancer cell 
proliferation, but also have not been tied to prognostic outcome [48, 85, 91].

Antigen presenting cells (APCs) have also been shown to have an important role 
to support T cell function within the lung TME. Recent work demonstrated the criti-
cal role of dendritic cells in promoting CD8+ T cell function within tumors [84]. 
However, dendritic cells analyzed from lung tumors have been shown to lack matu-
ration markers or full antigen presentation capacity [69]. Clear evidence for the 
local role of dendritic cells within the lung TME was also shown by demonstrating 
a positive correlation between mature dendritic cell levels and levels of CD8+ effec-
tor cells within the NSCLC TME [34].

The role of B cells in cancer is less clear. In addition to producing antibodies, B 
cells also have antigen presentation functions and can produce various cytokines. 
Presence of activated B cells within NSCLC tumors correlates with increased level 
of interferon-γ producing CD4+ T cells, while less activated B cells correlated with 
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increased levels of regulatory CD4+ T cells [12]. Overall, the density of B cells 
within the TME correlates with overall survival in NSCLC patients [2]. Tumor- 
infiltrating B cells tend to form tertiary lymphoid structures (TLSs) in the periphery 
of tumors; TLSs are often seen as aggregates of B cells, T cells, and mature den-
dritic cells in proximity to high endothelial venules. Likely a site for antigen 
exchange, presentation, and T cell proliferation, TLSs themselves are prognosti-
cally favorable in NSCLC patients [21, 33].

While macrophages are potent APCs, they may have both protumor and antitumor 
roles within the TME. Tumor associated macrophages (TAMs) may be subclassified 
according to their pro-inflammatory (M1) or anti-inflammatory (M2) functions [57]. 
M1 macrophages produce IL-1β, TNF-α, IL-6, and IL-12, while M2 macrophages 
produce potent T cell inhibitors IL-10 and arginase. NSCLC tumors with elevated 
levels of M1 macrophages had increased survival as compared to those with elevated 
levels of M2 macrophages [57]. Recent work characterizing lung TAMs in great detail 
has also suggested that the cellular origin of macrophages, whether embryonic resi-
dent macrophages or migratory monocyte, may be linked to their protumor or antitu-
mor potential, respectively [56]. In support of this, alveolar macrophages have been 
demonstrated to precondition a “metastatic niche” within the lung, for other tumor 
types via TGFβ mediate suppression of dendritic cell and T cell function [18, 79].

 Nonimmune Features of the TME

The importance of stroma-cancer and stroma-immune interactions within the TME 
is now becoming more appreciated. NSCLC patients with stroma-rich tumors 
(>50% stroma) have decreased overall survival as compared with stroma-poor 
(<50% stroma) tumors [96]. Fibrous-rich tissue features, such as large fibroblasts 
and thick collagen deposits, within lung tumors have been associated with unfavor-
able outcome in treatment-naïve cancer patients [87]. Fibroblasts found within the 
TME are termed cancer associated fibroblasts (CAFs) and are noted for their expres-
sion of α-smooth muscle actin, fibroblast specific protein-1, and fibroblast activat-
ing protein [5]. How CAFs arise from normal tissues in response to cancer remains 
unclear. Preclinical research pointed to activation of quiescent normal tissue fibro-
blasts, epithelial to mesenchymal transition (EMT), recruitment of progenitors from 
bone marrow, and also endothelial to mesenchymal transition as potential mecha-
nisms [97]. Acquisition of CAF features are most likely elicited by cancer cell pro-
duction of transforming growth factor-β (TGF-β), platelet-derived growth factor 
(PDGF), epidermal growth factor (EGF), and fibroblast growth factor (FGF) [98]. 
Adding to this complexity, recent studies using single cell sequencing technology 
have shown that the lung cancer TME may contain over 50 subtypes of stromal 
cells, ranging from endothelial to mesenchymal to fibroblasts, stressing the need for 
further studies to understand the complex stromal ecosystem of the TME [52].

Cancer cells in near proximity to CAFs displayed features of increased meta-
static potential, such as loss of E-cadherin and increased expression of matrix metal-
loproteinases. CAF secreted IL-6 and TGF-β propagate EMT of neighboring cancer 
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cells and resistance to chemotherapy induced cytotoxicity [1, 80]. CAF production 
of tryptophan 2,3-dioxygenase (TDO2), which converts tryptophan to kynurenine, 
has also demonstrated the ability to promote EMT transition and metastatic features 
[44]. Similarly, CAF secreted cytokines have been shown to promote CD4+ T cell 
conversion to regulatory T cells, thereby dampening the immune response within 
the TME [50]. As a result, CAF mediate increased metastatic potential of neighbor-
ing cancer cells and spread of disseminated disease [93].

Given the importance of CD8+ T cell elimination of cancer cells for control of 
disease and metastatic spread, the effects of the TME on CD8+ T cell infiltration into 
cancer nests has been an area of major translational research interest. Analysis of 
immune infiltration via immunohistochemistry approaches revealed that spatial 
location, rather than simply overall density, is important in lung cancer patient 
 survival. Tumors are composed geographically of epithelial cell-derived “cancer 
nests” with intervening stromal areas composed of fibroblasts, mesenchymal stem 
cells, and various immune cells. CD8+ T cell and macrophage infiltration into the 
cancer nests of NSCLC patient tumors has been associated with favorable prognosis 
[48]. Undoubtedly, therefore, spatial relationships between cancer cells, immune 
cells, and nonimmune cells are heterogeneously diverse within and between patient 
tumors (Fig. 2). Understanding these relationships continues to be a major avenue 
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Tumors are heterogeneous

Fig. 2 Patient tumors have heterogeneous cell composition and spatial relationships. Multiplex 
immunohistochemistry allows for visualization of numerous cell types in relationship to each other 
in the tumor microenvironment. Various immune subsets can be identified by canonical markers 
(CD3, CD20, CD123, CD33, CD56) and examined for their relationship to epithelial cancer cells 
(panCytokeratin; panCK). (Lee Lab: Multiplex immunofluorescence images of a human tumor)
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of research with the goal of identifying mechanisms and signatures of patient 
responses to therapy and prognostic outcomes.

Lack of T cell infiltration into cancer nests, despite general T cell infiltration 
into the tumor, has been termed “T cell exclusion” [47]. Different facets of the 
TME have been shown to contribute to the promotion of T cell exclusion. 
Fibroblast derived ECM, such as fibronectin and collagen, has been shown to 
have a critical effect on T cell motility within the TME and T cell capacity to 
infiltrate cancer nests. Thus, cancer nests with dense fibrous stroma surroundings 
exhibit limited T cell infiltration, whereas looser fibrous contents surrounding 
vascularization allows for T cell trafficking in and out of blood vessels [75]. CAF 
secreted chemokines, such as CXCL12, have also been shown to contribute to T 
cell exclusion from cancer nests [25]. In addition to ECM effects on T cell motil-
ity, macrophages within the stroma have been shown to mediate T cell exclusion 
from cancer nests via long- lasting T cell interactions [68]. Recently, TGF-β sig-
naling in CAFs has been described as central to the stroma and ECM features 
promoting T cell exclusion and is currently a major target of therapeutic inter-
vention for numerous cancer types [58].

Beyond ECM-driven exclusion of T cell infiltration into cancer nests, TME- 
derived metabolites have been shown to dampen T cell proliferation and inhibit 
T cell function. Indoleamine 2,3-dioxygenase (IDO), which may be secreted by 
a number of immune or nonimmune cells, has been shown to elicit increased 
IL-6 productions via the IDO metabolite kynurenic acid [82]. Cyclooxygenase-2 
(COX- 2), often overexpressed by lung cancer epithelial cells, and its derivative 
metabolite, prostaglandin E2 (PGE2), have been shown to promote regulatory T 
cell formation in the TME [78]. Arginase, a potent suppressor of immune cell 
function via arginine depletion, has also been described to be produced by 
tumor cells themselves in a murine model as result of PGE2 signaling [73]. 
Together, metabolic regulation of the TME by COX2, IDO, arginase, and other 
enzymes creates a protumorigenic environment hostile to antitumor immune 
cell effector function.

Energy metabolism features of the TME are now increasingly being studied. The 
lung cancer TME has been shown to be heterogeneously composed of different 
metabolically active regions [41]. Increased uptake and consumption of glucose by 
cancer cells actively utilizing aerobic glycolysis is a common feature of numerous 
tumor types [40]. This process, also termed the Warburg effect, is a response to the 
increased energy demands of proliferative cancer cells and their hypoxic environ-
ment. Increased consumption of glucose, fatty acids, and amino acids by cancer 
cells leads to a competitive metabolic TME that may also alter immune cell function 
and phenotypes. T cell effector function within the TME has been shown to be 
 critically dependent on glucose consumption, while T cell memory formation is 
dependent on fatty acid oxidation [16, 61]. Additionally, lipid accumulation has 
been shown to inhibit dendritic cell function, and hypoxia-driven hypoxia-inducible 
factor-1α signaling has been shown to upregulate PD-L1, together creating an 
immunosuppressive TME [42, 63].
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 Chronic Inflammation and the Lung Tumor 
Microenvironment

Chronic inflammation is strongly linked to the development and progression of can-
cer [35]. In its function of respiratory gas exchange, the lung tissue microenviron-
ment is left susceptible to airborne sources of inflammation and irritants. Pulmonary 
disease in general has been attributed to inhaled environmental factors such as aller-
gens, particulate matters, and toxic gases [11]. Inhalation of carcinogens, such as 
tobacco smoke, air pollution, arsenic, radon, or asbestos, is a major driver of lung 
cancer development [29]. While these carcinogens have clear roles in the induction 
of mutations in epithelial cells and resulting malignancy transformation, they have 
also been observed to mediate lung microenvironment remodeling and chronic 
inflammation [65]. Clearly, lung inflammation and lung cancer are intertwined, as 
patients with a history of chronic obstructive pulmonary disorder have a signifi-
cantly higher risk for lung cancer development [81].

Lung cancer has long been associated with fibrosis of the lung and characteristic 
scarring similar to those observed with history of chronic inflammation [7]. Cigarette 
smoke has been demonstrated to hinder lung fibroblast proliferation, via p53 path-
way induced senescence [64]. As a result, lung tissue exposed to chronic smoking 
and the associated epithelial damage has limited ability to repair tissue injuries and 
develop chronic inflammatory features. Additionally, smoking induces changes in 
secretory products of fibroblasts, including elevated levels of matrix metalloprotein-
ases and IL-6, that allow for promotion of epithelial cell malignancy, growth, and 
possible EMT [19, 55]. In a murine model, cigarette smoke has been shown to induce 
recruitment of inflammatory immune cells to the lung microenvironment, likely con-
tributing to a premalignant state conducive to cancer cell transformation [9].

Mechanistic studies have gone on to demonstrate that particulate matter and 
cigarette smoke elicit toll-like receptor signaling and pro-inflammatory responses in 
lung epithelial cells [6]. Asbestos and silica have specifically been demonstrated to 
elicit IL-1β production by macrophages via NALP3 inflammasome signaling [23]. 
Together, IL-1β and toll-like receptor sensing of particulate matter have been dem-
onstrated to be critical to inflammation and fibrosis in the pulmonary tract [31]. 
Further evidence of the effects of inhalation of toxins on the lung TME, a compari-
son of the immune composition of lung tumors from patients with or without a his-
tory of smoking demonstrated increased levels of activated mast cells and activated 
CD4+ T cells in the smoking history cohort [54]. These immune alterations were 
linked to altered chemokine network expression and likely to inflammation-induced 
perturbations of the lung microenvironment.

A greater understanding of the role of chronic inflammation through environ-
mental toxins on lung cancer development has led to potential sites of therapeutic 
intervention. Anti-inflammatory agents, such as COX-2 inhibitors, have achieved 
mixed results in the prevention or treatment of lung cancer [36]. However, IL-1β 
targeting monoclonal antibody therapy (canakinumab) has demonstrated impressive 
reduced incidence of lung cancer in a large cohort of patients with atherosclerotic 
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disease [71]. Canakinumab treatment was also associated with decreased levels of 
circulating CRP and IL-6, indicating successful reduction of systemic inflamma-
tion. Intriguingly, this trial demonstrated slightly increased benefit of the anti- 
inflammatory therapy in current smokers. Together, these results highlight the role 
of inflammation in lung cancer progression and demonstrate the potential of anti- 
inflammatory inhibitors in cancer prevention and therapy.

 Conclusion

Over the past decade, a dramatically new perspective of the lung TME has emerged. 
Rather than a mass of homogeneous cancer cells, each tumor represents a unique 
complex ecosystem consisting of heterogeneous cancer cells, stromal cells, and 
immune cells. The complex interplay between these diverse cell types determines 
clinical outcome and response to therapy. As such, cancer treatments must progress 
beyond surgery, radiation, and chemotherapy to a multimodal therapeutic approach 
that takes into account the complexities of the TME.  While emergence of the 
immune checkpoint blockade era has provided new technologies to stimulate T cell 
proliferation and reinvigoration from exhaustion, combinatorial approaches to syn-
ergize with checkpoint blockade are currently a major area of research. Reduction 
of suppressive macrophages, enhancement of dendritic cell function, and modula-
tion of ECM and stromal barriers are some examples of potential targets to increase 
therapeutic efficacy and durable responses in patients. To achieve these goals, recent 
advances in single cell sequencing, high-dimensional flow cytometry, and multiplex 
immunohistochemistry will allow for an unprecedented view of the TME before 
and after therapeutic intervention—hopefully leading soon to unprecedented thera-
peutic success in the clinic for lung cancer patients.
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KRAS-Mutated Lung Cancer
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Abstract A mutation in the Kirsten rat sarcoma virus transforming protein (KRAS) 
is the most common genomic driver identified in patients with lung adenocarci-
noma. It is a key component of the PI3K and MAPK pathways and is an important 
regulator of cell proliferation and survival. Tobacco use and mutations in KRAS are 
strongly correlated and co-mutation of p53 or STK11 is common. KRAS is affected 
by upstream signaling from a variety of tyrosine kinase inhibitors including the 
epidermal growth factor receptor (EGFR) and ERBB2. Affected patients have a 
higher risk of death than with other driver mutations and, despite dozens of clinical 
trials attempting to find a specific inhibitor that is effective in this population, it has 
been a difficult drug target. There is substantial experience attempting to treat 
KRAS-mutated lung adenocarcinoma with the use of RAS/RAF multikinase inhibi-
tors as well as inhibitors of both upstream and downstream proteins important in 
RAS signaling. We review the disappointing results from these clinical trials in lung 
cancer. However, more recently, there appears to be some improvement in outcome 
with immune checkpoint inhibitors in these patients.

Keywords KRAS · Lung cancer · EGFR · RAS signaling · Lung adenocarcinoma

 Introduction

KRAS alterations (Fig. 1a, b) are among the most common identifiable driver muta-
tions in lung cancer, affecting up to one-third of patients with non-small cell lung 
cancer (NSCLC). Unlike many other driver mutations, KRAS alterations are com-
monly seen with tobacco use and rarely occur in younger patients. KRAS-mutated 
lung cancer has been quite difficult to target directly, and attempts to inactivate 
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either upstream and downstream proteins involved in RAS signaling have met with 
limited success to date. KRAS alterations are unlike the targetable tyrosine kinases 
epidermal growth factor receptor (EGFR), ERBB2, and MET and rearrangements 
of the anaplastic lymphoma kinase (ALK), RET, and ROS1 genes. These oncogenic 
drivers of lung cancer are highly druggable, with successful tyrosine kinase inhibi-
tors, and targeted therapy has supplanted chemotherapy in the first-line treatment. 
However, to date, there has been no similar success with KRAS.

Fig. 1 (a) Wild-type KRAS three-dimensional protein structure with GTP analogue depicted 
attached, (b) Common KRAS mutants 3D conformal structures
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 KRAS Biology

RAS genes were originally discovered in the 1960s through the study of oncogenic 
viruses in humans, a mouse leukemia virus found to induce sarcoma in rats by 
Kirsten and Harvey. Eventually, the Kirsten rat sarcoma virus transforming protein 
(KRAS) was first sequenced by Tsuchida and colleagues and other groups in 1982 
[1]. Essentially, KRAS is a replication-defective transforming virus that encodes a 
protein originally described as p21. It is a component of the PI3K and MAPK path-
ways and hence is involved in cellular signaling related to proliferation and survival. 
KRAS is a proto-oncogene, in that in its mutated form, it transforms cells to a 
malignant phenotype. Abnormalities in KRAS have been associated with lung ade-
nocarcinoma, colorectal carcinoma, and pancreatic carcinoma. In the Cancer 
Genome Atlas study (TCGA), 33% of lung adenocarcinomas were found to have 
mutations in KRAS. This is second in frequency only to mutations in p53. While 
KRAS amplification is associated with colorectal cancers, it is infrequently ampli-
fied in lung cancer [2]. The KRAS gene in humans is located on the short arm of 
chromosome 12 (12p12.1). KRAS undergoes alternative splicing, resulting in two 
proteins (KRAS4A/B) differing at their carboxyl terminals which are 188 and 189 
amino acids in length. There are only minor differences in their biochemistry, 
KRAS4A undergoes palmitoylation, while KRAS4B does not [3].

The initial 165 codons are conserved across the RAS superfamily and the car-
boxyl terminal is associated with posttranslational modifications. Posttranslational 
modifications are important in the transport of the proteins to the correct locations 
in the cell to be active. All RAS proteins undergo farnesylation to their functional 
forms. While all newly translated RAS proteins are cytosolic, they are modified by 
the enzyme farnesyltransferase (FTase). The enzyme moves a moiety of FPP (farne-
syl pyrophosphate) to the carboxyl terminal of the RAS protein, such as KRAS. This 
enables the KRAS protein to associate with the intracellular membrane, which is 
where it can respond to signals from upstream receptors as described below. 
Farnesylation provides a therapeutic target against KRAS and will be discussed in 
later sections. However, given the importance of the transport of KRAS to the 
plasma membrane, there are redundant systems such as geranylgeranylation by 
GGTase (geranylgeranyltransferase) which can rescue the protein. Figure 2 illus-
trates the simplified posttranslational processing of KRAS.

 KRAS Signaling

KRAS is allosterically activated and binds to GTP in its active state, converting 
it to GDP.  It is activated by several upstream tyrosine kinase receptors which 
include EGFR and integrins. The first step to activation is through the binding of 
such a ligand such as EGFR leading to its dimerization and phosphorylation [4]. 
RAS phosphorylation is determined by a balance of pro-phosphorylating 
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guanine nucleotide exchange factors (GEFs) and negatively regulating GTPase-
activating proteins (GAPs). Activated RAS can activate downstream effector rap-
idly accelerated fibrosarcoma (RAF) kinases which comprise ARAF, BRAF, and 
c-RAF or RAF1. The acronym RAF stands for rapidly accelerated fibrosarcoma 
[5]. Activated RAF in turn phosphorylates and activates the mitogen activated 
protein kinases MEK1 and MEK2 and in sequence the extracellular signal regu-
lated kinases ERK1 and ERK2. These kinases are transported into the nucleus. 
ERK phosphorylates nuclear transcription factors like the ETS and c-JUN which 
ultimately lead to expression of cyclin-D and other cell cycle-promoting kinases 
[6]. RAS phosphorylation is determined by a balance of pro-phosphorylating 
guanine nucleotide exchange factors (GEFs) and negatively regulating GTPase-
activating proteins (GAPs). Important RAS GEFs include son of sevenless 1 and 
2 (SOS1 and SOS2) [7].

Apart from its action on the MAPK pathway, RAS can also directly activate the 
type 1 phosphatidylinositol-3-kinases (PI3K) which bind to membrane-bound 
PIP-2 converting it to PIP-3 and resulting in cascade activation of AKT. AKT is a 
serine threonine kinase and is a potent oncoprotein with several downstream tar-
gets including mTOR and BAX [8]. BAX is a negative regulator of apoptosis, 
while mTOR positively impacts protein synthesis in ribosomes through interme-
diary factors such as S6K. AKT also ubiquitinates FOXO, forkhead transcription 
factor of the class O, which leads to its destruction. Forkhead proteins are impor-
tant in cell cycle progression regulation [9]. Figure 3 illustrates the major signal-
ing effects of RAS in the cell.

Fig. 2 Posttranslational modifications of RAS
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Fig. 3 KRAS-mediated intracellular signaling process: simplified representation

Table 1 Tyrosine kinase receptors that interact with KRAS in NSCLC

TKRs interacting with RAS Expression/alteration (NSCLC) References

EGFR ~25% (mutation) [10]
ALK ~3% (rearrangement) [22]
FGFR1 ~3–5% (overexpression) [14]
ErBB2 ~4–6% (amplification/mutation) [17]
MET ~30% (amplification/mutation) [20]
Ddr1 ~50% (expression) [82]

 KRAS Upstream Effectors

Upstream effectors of KRAS are primarily the tyrosine kinase receptors (TKRs) 
(Table 1). The most important upstream TKR effector of KRAS is the epidermal 
growth factor receptor or EGFR.  Activation of the EGFR receptor leads to the 
dimerization and consequent phosphorylation of adaptor protein Grb-2 which in 
turns leads to SOS-mediated KRAS activation [10]. Mutations in KRAS are associ-
ated with decreased efficacy of EGFR blockade in lung cancer [11, 12]. Similar 
resistance also occurs in colorectal cancers, and EGFR inhibitors are hence not 
indicated in KRAS-mutated colorectal tumors [13]. However, other abnormal tyro-
sine kinase signaling also is affected by the KRAS status. For example, the fibro-
blast growth factor receptor (FGFR) is a TKR that signals through the RAS-RAF 
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pathway [14]. It also activates the PI3K and JAK-STAT pathways [15]. FGFR is 
amplified in 20% and mutated in about 5% of lung squamous cell carcinomas [16]. 
Amplification of FGFR occurs in only about 5% of lung adenocarcinomas [14]. 
Another upstream effector of RAS, HER2, or ErBB2 is frequently amplified onco-
genic driver in many tumors including breast and gastric carcinomas. HER2 is 
amplified in a small minority (4–6%) of lung cancers [17]. Similar to EGFR muta-
tions, while Her2 amplification and activating mutations are expected to signal 
downstream through KRAS, Her2 mutations appear to be mutually exclusive with 
activating mutations of KRAS [18].

MET is another mutated or amplified target that is present in a large number of 
lung cancers. In a study of more than 200 NSCLC samples, 37% were positive for 
MET expression [19]. Studies have shown that KRAS mutations can mute responses 
to MET targeted therapies [20].

Mutations, ALK rearrangements tend to be mutually exclusive with KRAS muta-
tions; in a study of almost 1700 patients, only 4 cases of KRAS mutants were seen 
to have abnormal ALK patterns, and none of these did met the criteria for rearrange-
ment [21]. One of the rearrangement partners for ALK is EML4. EML4 interacts 
with KRAS via the MAPK pathway and appears to be a required condition for the 
survival of the ALK+ cell [22].

Recently, the discoidin domain receptor 1 (Ddr1) was a TKR found to be upregu-
lated in the early phases of KRAS-mutated lung adenocarcinoma [23]. Ddr1 binds 
collagen and is involved in remodeling of the extracellular matrix and in cell migra-
tion. It acts via the MAPK as well as PI3K and notch pathways. In vivo murine 
models show potential therapeutic utility for DDR1 targeting in KRAS mutant 
tumor cell lines.

 Mutant KRAS and Molecular Epidemiology

RAS proteins cycle between “on” and “off” conformations that are conferred by the 
binding of GTP and GDP. The most common types of KRAS mutation are G12C, 
G12 V, and G12D. These point mutations occurring in tumors result in the loss of 
intrinsic GTPase activity and consequently in the deregulation of cell proliferation 
signals. These oncogenic substitutions in residues G12 and G13 prevent the forma-
tion of van der Waals bonds between RAS and the GTPase-activating proteins 
through steric hindrance and so perturb the proper orientation of the catalytic gluta-
mine (Q61) in RAS, which results in the pronounced attenuation of GTP hydrolysis 
[24]. The outcome of these substitutions is the persistence of the GTP-bound state 
of RAS and, consequently, the incessant activation of a multitude of RAS-dependent 
downstream effector pathways.

TCGA project recently comprehensively profiled 230 resected lung adenocarci-
nomas. TP53 mutations were the most common mutations found (46%) followed 
only by KRAS mutations (33%) [25]. A recent analysis of the Lung Cancer Mutation 
Consortium (LCMC), the largest multi-institutional database of patients with meta-
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static KRAS mutant lung adenocarcinomas, found an overall rate of 23% [26]. 
Mutations in KRAS occur predominantly in codons 12 and 13 and, in rarer cases, 
codon 61 [27]. The estimates for KRAS mutations vary across studies, ranging up 
to 30% depending on ethnicity, smoking status, and mutant variants analyzed. 
Mutations appear most commonly in adenocarcinomas, with almost no pathologic 
KRAS mutants seen in squamous cell carcinoma of the lung. Ethnicity and smoking 
status are other important determinants. East Asians appear to have lower incidence 
of KRAS mutations, likely due to a corresponding higher incidence of EGFR muta-
tions, with which they are largely mutually exclusive. Smoking increases the risk of 
having KRAS mutant lung cancer. An analysis of lung adenocarcinomas from non-
smokers in East Asia had a very low estimate of KRAS mutants of 2% (1 of 52 
samples) [28], although this ranged up to 15% in a larger study on 482 Chinese 
patients [29]. A large Dutch cohort study found a KRAS mutation prevalence of 
33% in unselected lung cancer cases and 39% in lung adenocarcinomas, marking an 
upper estimate across several published studies [30]. In another large cohort of 3026 
patients with adenocarcinoma of the lung, 26% harbored pathogenic mutations in 
KRAS [31]. While an increase in KRAS mutations is associated with smoking, the 
pattern of KRAS mutations in smokers and nonsmokers are distinctive. Exposure to 
aromatic polycyclic hydrocarbons found in tobacco smoke predisposes to transver-
sion events, which is the characteristic subtype of KRAS mutation in smokers. This 
data is corroborated by the previously mentioned study of 3026 patients. KRAS 
mutations were found in 34% of smokers and 6% of never smokers when tested for 
only codon 12 and 13 abnormalities. G12C was the commonest mutation in  smokers 
(former/current) (258/670), followed by G12  V (131/670) and G12D (114/670), 
while among nonsmokers, G12D was by far the most common (24/43). G12C 
mutants were also more common in women and occurred at a younger age in these 
patients, suggesting that these KRAS mutation signatures may signal different 
tumor biology in these patients [31]. Table 2 below provides an overview of some 
studies across different populations with associated estimates for KRAS incidence 
and their relationship with smoking status. The list is not comprehensive and only 
representative. It should be noted that secular trends in estimates may reflect 
improvement in molecular detection techniques and expanded testing.

 Prognostic Implication of KRAS Mutations

Prognostic analysis of KRAS mutant lung cancer continues to produce ambiguous 
results through several decades. A meta-analysis of as many as 28 studies, combin-
ing 5200 patients, arrived at a combined hazard ratio for death of 1.35 (95% CI, 
1.16–1.56), showing a worse survival for NSCLC with KRAS mutations or overex-
pression. Specifically, adenocarcinomas with KRAS mutations had a hazard ratio of 
1.59 (95% CI 1.26–2.02). The analysis suggested that the method of assessment of 
KRAS status via IHC versus PCR was important, with detection via PCR a more 
robust estimator of poor prognosis [32]. However, several large and robust 
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individual studies have provided contradictory results. For example, in the E4592 
study of 182 patients receiving adjuvant chemotherapy, KRAS mutations or TP53 
mutations were not associated with any differences either with progression-free sur-
vival or overall survival [33]. The JBR.10 study was a randomized controlled trial 
where patients with early stage lung cancer were given adjuvant doublet chemo-
therapy based on nodal status; again KRAS mutations were not prognostic of sur-
vival with a HR for OS of 1.23 (95% CI, 0.76–1.97) [34]. Similar results were 
obtained from the International Adjuvant Lung Cancer Trial as well as the European 
Early Lung Cancer Project, although in this latter study of 762 lung cancer speci-
mens, the presence of concurrent mutations in TP53 and KRAS appeared to be 
significantly associated with a worse prognosis (HR 3.26 [1.07–9.90]) [35].

While there remains a lack of definitive evidence for KRAS mutations as a poor 
prognostic factor when analyzed as a solitary group, some experts hypothesize that 
the heterogeneity in the molecular makeup of KRAS mutant lung cancer may drive 
some of the discordance. There is emerging evidence for several distinct phenotypic 
clusters for KRAS mutant lung adenocarcinoma, such as one with concurrent altera-
tions in STK11/LKB1, a tumor suppressor gene, another with mutations in TP53, 
and thirdly with inactivation of the cyclin dependent kinases CDKN2A/B combined 
with a low expression of the transcription factor TTF-1 [36]. KRAS mutants with 
low TTF-1 expression also appear to have significantly higher expression of HNF4A 
and PDX1. In these tumors, markers of mucinous differentiation such as CK20, 
MUC5B, and AGR2 are also upregulated and have been hypothesized to lead to a 
GI-like differentiation program [37, 38]. Tumors with STK11 mutations are 
 characterized by mutations in KEAP1 and an associated upregulation of a NRF2-
driven protective program against oxidative stress, suggesting these tumors may be 
susceptible to targeting of this axis. These tumors show an increased sensitivity to 
HSP90 inhibition as well [36]. STK-11 co-mutations appear to be associated with 
poorer prognosis within the KRAS mutant groups [26]. Relapsed/treatment-refrac-
tory lung adenocarcinoma has a larger number of TP53 mutations and concurrent 
mutations with LKB1, suggesting that these genomic changes may reflect tumor 
evolution during metastasis or platinum resistance. Specific mutations may also be 
an important determinant of prognosis and tumor behavior. In some studies, tumors 
with either mutant KRAS G12C or G12 V appear to have worse outcomes com-
pared with patients whose tumors had other mutant KRAS proteins or wild-type 
KRAS, with these studies showing almost double progression-free survival (FPS) in 
non- G12C patients [39, 40]. Analysis of the large LCMC cohort showed patients 
with KRAS mutations may have a trend toward shorter survival (median (overall 
survival) OS 1.96 vs. 2.22 years; p = 0.08) [26]. Pooled analysis of the prognostic 
roles of specific mutations continue to remain ambiguous; when four adjuvant lung 
cancer trials were combined in a meta-analysis, there was no significant prognostic 
effect on survival for codon 12 (HR 1.04; [0.77–1.40]) or codon 13 mutations (HR 
1.01; [0.47–2.17]) [41].
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 Clinical Trials in KRAS-Mutated NSCLC

Several strategies have been used to target the KRAS mutation in lung cancers, 
including upstream mediators, downstream effectors, as well as mutant KRAS pro-
tein itself. The following section summarizes some of these clinical trial findings.

 RAS/RAF Inhibitors

Direct inhibition of RAS and RAF is intuitively the most likely efficacious therapy 
for KRAS mutant tumors with the lowest expected rate of off-target toxicity. 
However, it has proven to be challenging to develop direct inhibitors of mutant 
KRAS. Heterogeneity in mutation profiles and the resistance of KRAS to inhibition 
due to high GTP affinity are challenges to the development of inhibitors. Previous 
strategies have focused on attempting to disrupt regions on the protein for GEF 
interaction, blocking effector binding or nucleotide binding sites and targeting shal-
low surface pockets for binding areas for these drugs. A drug development chal-
lenge appears to be that there appear to be no large pockets on the KRAS protein 
that can accommodate small molecule inhibitors. An approach at directly blocking 
the translation of KRAS through RNA interference using antisense oligonucleotides 
has also been attempted as a strategy but has been limited by the availability of 
effective vectors as well as acquired resistance to RNAi-based therapies [42]. 
Recently, newer molecules are being developed that are able to bind and trap onco-
genic KRAS (KRASG12C) in an inactive state with potent preclinical activity and 
are expected in clinical trials soon [43, 44].

Some multikinase inhibitors with RAS/RAF inhibition have been explored in 
this space. Sorafenib is a multikinase inhibitor with action primarily on C-RAF and 
B-RAF in both mutant and wild states resulting in downstream inhibition of 
KRAS. The MISSION trial was a phase III design to evaluate sorafenib versus pla-
cebo in advanced relapsed NSCLC patients, there was no overall survival benefit 
with a minimal improvement in PFS in the unselected population (2.8 vs. 1.4 months 
95% CI, 0.51–0.72) unfortunately; in the retrospective analysis of the KRAS- 
positive subset, differences in overall survival (6.4 vs. 5.1 months) and PFS (2.6 vs. 
1.7 months) were nonsignificant. Prospectively, in a study of KRAS mutant NSCLC 
only, 9 patients with codon 12 mutations and 1 with a codon 13 alteration were 
treated with sorafenib up to 400 mg BID. Three partial responses and three minimal 
responses were observed as the best response with a median PFS of 3 months (95% 
CI, 2.2–3.8 months) [45]. An analysis looking at KRAS status of patients on ran-
domized phase II clinical trials of erlotinib in combination with sorafenib or pazo-
panib, another similar RAF/RAS inhibitor, showed that in KRAS mutant tumors, 
the addition of RAS/RAF inhibition improved both progression-free survival mini-
mally at 2.6 months (95% CI 2.2, 3.6) vs. 1.6 months (95% CI 0.92, 1.68) and OS 
at 5.3 months (95% CI 3.15, 11.33) vs. 3.6 months (95% CI 1.25, 5.85) [46].
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More RAS/RAF specific molecules are being developed. LY3009120, a RAF 
inhibitor with effects on BRAF, NRAS, and KRAS, has been evaluated in a phase I 
clinical trial in 34 patients with multiple solid tumors, including 18 with N/KRAS 
mutations; the drug was well tolerated with stable disease (SD) in 5 patients at the 
dose-escalation phase. Published data from dose-escalation phase is awaited and 
may provide information on activity in KRAS mutant lung cancer [47]. An inhibitor 
of CRAF and BRAF, LXH254, has been recently investigated in multiple solid 
tumor patients with MAPK pathway alterations. This included NSCLC with KRAS 
mutations. In the first human trial, there was only one partial response noted in a 
KRAS mutant tumor [48]. A recent phase II trial examined a direct RAS inhibitor 
salirasib in stage IIIB/IV NSCLC; two cohorts were recruited—including treatment- 
refractory KRAS mutant cancer and those with previous >15 pack year smoking 
history. Thirty-three patients were enrolled, and primary end point was PFS at 
10 weeks. Thirty percent of previously treated and 40% of treatment-naïve patients 
had disease stabilization; there were no partial responses (PRs) noted on the trial. 
Mean OS was 15 months for patients with prior therapy. Further development was 
abandoned in this space [49]. As evident, the current landscape for direct RAS/RAF 
targeted therapies in lung cancer is bland with limited to no success with the current 
generation of inhibitors.

 MEK Inhibitors

MEK and ERK signaling are biologically the closest downstream point from RAS 
and RAF activation; as a result, there is considerable interest in the use of MEK 
inhibitors in the KRAS mutant population. The evidence of significant synergism 
and activity of these molecules in combination with RAF inhibition in other sub-
types has led to the development of several MEK inhibitors; some as noted below 
have been explored in KRAS mutant NSCLC.

Selumetinib (AZD6244; ARRY-142886) is an oral MEK inhibitor. In a random-
ized trial, NSCLC patients with wild-type KRAS were randomized to erlotinib 
alone or combination therapy with selumetinib, while mutant KRAS patients were 
randomized to selumetinib alone or combination therapy. The primary end points 
were PFS for the KRAS wild-type cohort and objective response rate (ORR) for the 
KRAS mutant cohort. Results were not impressive, with no PFS difference in the 
KRAS wild-type arm (2.4 vs. 2.1 months) and no ORR difference in the KRAS- 
mutated subgroup (0% vs. 10%) [50]. A planned trial of selumetinib in combination 
with the anti-PD-L1 antibody durvalumab has since been suspended (NCT03004105).

Trametinib (GSK1120212) is an oral MEK inhibitor which has demonstrated 
excellent results in combination therapy for BRAF-mutated melanoma and is FDA 
approved in combination with BRAF inhibitors for that indication. Trametinib was 
evaluated initially as a single agent in KRAS mutant NSCLC in comparison with 
docetaxel and pemetrexed. Results as a single agent were not impressive, with an 
ORR of only 12% in these patients [51]. A follow-up trial of trametinibin combina-
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tion with pemetrexed or docetaxel in a phase Ib design produced more encouraging 
results. In 25 patients with mutant KRAS given trametinib with docetaxel, there 
were 6 partial responses for an overall response rate of 24% with a comparison rate 
of 18% in the KRAS wild-type arm. In 23 KRAS mutant patients who received 
trametinibin combination with pemetrexed, the ORR was 17% in comparison to 
11% in KRAS wild-type tumors. This study presented an encouraging signal for the 
use of trametinib as combination therapy as these rates were higher than expected 
with docetaxel or pemetrexed alone [52]. Given these results, there are several clini-
cal trials currently recruiting combining trametinib in several strategies, such as 
with Her2-directed therapy with lapatinib (NCT02230553), anti-PD-1 therapy with 
pembrolizumab (NCT03299088), novel ERK inhibitors (NCT02974725), and also 
patients with locally advanced inoperable lung cancer in combination with chemo-
radiation (NCT01912625).

Among investigational molecules, RO5126766 is an oral MEK inhibitor with 
functional RAF inhibition that has demonstrated some activity in KRAS mutant 
NSCLC. In a phase Ib basket trial for KRAS-, NRAS-, or BRAF-mutated tumors, 
20 patients were evaluated including 10 with KRAS mutant lung cancer. Six of 
these patients had tumor regression with a 30% PR rate with a manageable toxicity 
profile. This is very exciting data in this population, and further follow-up studies 
are awaited [53].

 MET Inhibitors

MET is a tyrosine kinase that leads to downstream activation of several pathways 
including RAS and MAPK. As a result, it is quite possible that MET inhibition can 
be active in RAS mutant tumors and maybe associated with EGFR resistance in 
NSCLC. Two MET inhibitors, tivantinib and onartuzumab, have been examined in 
KRAS mutant NSCLC with others in clinical trials at this time. A phase II study of 
erlotinib in combination with tivantinib in comparison to erlotinib alone did not 
have impressive results with similar ORR (10% combination vs. 7% erlotinib), and 
PFS (3.8 vs. 2.3 months [HR], 0.81; 95% CI, 0.57–1.16) but was significant for 
several responses in the KRAS mutant subset of patients [54]. This led to the com-
bination being examined in only a KRAS mutant population, where 96 patients 
were enrolled and randomized to erlotinib with tivantinib versus dealer’s choice of 
second-line chemotherapy. The results were discouraging, with no benefit in 
progression- free survival (4.3 months with chemotherapy vs. 1.7 months with erlo-
tinib and tivantinib) and no difference in overall survival [55]. It is appreciated that 
tivantinib may not be a specific MET inhibitor.

Onartuzumab, another orally available MET inhibitor, initially was evaluated in 
a phase II trial in an unselected NSCLC population either as single agent or in com-
bination with erlotinib. There was no improvement in overall survival or progression- 
free survival in the unselected cohort. However, 66 patients were MET positive and 
showed improvement in both PFS and OS [56].
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 PI3K Inhibitors

The PI3Kinases are important downstream effectors of KRAS signaling. In pre-
clinical studies, buparlisib (BKM120), a PI3K inhibitor, when combined with MEK 
inhibitor (PD1056309) led to significant synergistic activity in KRAS mutant 
NSCLC cell lines [57]. In a phase II trial of BKM-120 in NSCLC, one patient out 
of three with KRAS mutations had a PR. Further studies of BKM120 are ongoing 
in combination with traditional chemotherapy (e.g. NCT01723800) should lead to 
more data in this molecular subset [58].

 mTOR Inhibitors

Some mTOR inhibitors have been evaluated in KRAS mutant NSCLC due to its 
location downstream of activated KRAS on the signaling cascade. Preclinical mod-
els suggested improved responses to everolimus, a PI3K inhibitor in patients with 
KRAS mutations. In its initial trials, everolimus showed some activity in patients 
with NSCLC [59]. Testing was expanded in phase II studies; however, these were 
not powered or enriched with KRAS mutants to assess for benefit, but KRAS mutant 
tumors showed responses [60]. A combination trial of gefitinib and everolimus in 
advanced NSCLC was notable for only minor response rates of 13%, but the two 
patients with KRAS G12F mutations had partial responses on the therapy [61]. The 
SORAVE trial evaluated the combination of sorafenib with everolimus with the 
scientific rationale for dual blockade on the MAPK and PI3K axes related to RAS 
activation; an extension phase of only KRAS mutant NSCLC was being recruited as 
of last report with moderate activity reported at short interval follow-up [62].

Another example of combining inhibitors of the MAPK and PI3K pathways for 
these tumors was the combination of a MEK inhibitor, pimasertib (MSC1936369B), 
and a PI3K/mTOR inhibitor, SAR245409, in patients with advanced solid tumors. 
While there were responses in the phase I trial in patients with KRAS mutant 
colorectal and ovarian tumors, none were reported for NSCLC [63]. A similar com-
bination of SAR245409 in combination with erlotinib also did not impress, with no 
partial or complete responses in its early trial [64]. Ridaforolimus is a mTOR inhibi-
tor that has been examined exclusively in the KRAS mutant NSCLC population in 
a phase II trial. In this trial stage IIIB/IV chemotherapy- refractory patients with 
KRAS mutations were randomized 1:1 to ridaforolimus versus placebo, at 8 weeks; 
those who had a >30% decrease in tumor volume remained on therapy, those with 
stable disease were again randomized 1:1 to placebo, and those without a response 
discontinued therapy. This trial tested the hypothesis that mTOR inhibitors may be 
associated with prolonged stable disease in those who respond to therapy. By inves-
tigator assessment, PFS was 4 months in the treatment arm and 2 months in the 
placebo arm, and median OS was 18 months in treatment arm versus 5 months in 
the placebo arm [65].
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 Single Agent Immunotherapy Trials

Immunotherapy has had a major impact on the treatment of multiple solid tumors 
and particularly NSCLC. Immunotherapy with checkpoint blockade is standard of 
care in several tumor types in the first line. Cancers with a driver mutation such as 
EGFR tend to not benefit from checkpoint blockade to the extent that genetically 
diverse tumors with a high tumor mutational burden (TMB) or PD-L1 expression 
do. In the BIRCH trial, a phase II trial of atezolizumab, an anti-PD-L1 antibody, 
which evaluated 659 patients with PD-L1 positive NSCLC progressive on chemo-
therapy, patients with KRAS mutations (n = 185) had overall good responses to 
therapy with the reported median OS of 20.1 months, 15.1 months, and 13.8 months 
in the IC1/2and 3 populations, respectively [66]. A recent meta-analysis combined 
data from two other studies of atezolizumab (POPLAR, OAK) and Checkmate057 
which examined nivolumab in NSCLC for data on KRAS mutant tumors. From 
these studies, a total of 138 patients with KRAS mutant and 371 KRAS wild-type 
patients were analyzed. Overall survival was improved significantly in KRAS 
mutant patients when compared with those who received chemotherapy (HR 0.64 
95% CI = 0.43–0.96], p = 0.03), while it did not improve outcomes significantly in 
wild-type patients (HR = 0.88 [95% CI = 0.68–1.13], p = 0.30) [67]. Given the lim-
ited toxicity profile of these therapies and the possibility that immunotherapy may 
be more effective in KRAS mutant NSCLC, further studies are now evaluating 
immune-oncology combinations in this subset.

 Immune-Oncology Combination Trials

While several combination immune-oncology trials have been completed in 
NSCLC to date, a KRAS subset analysis is frequently not reported. Some trials are 
however being conducted in specific KRAS mutant subsets. Some preclinical stud-
ies have shown that immune checkpoint therapy in combination with MEK inhibi-
tion may be effective in RAS mutated NSCLC by multiple mechanisms including 
the targeting of myeloid derived stem cells. A single institution clinical trial 
(NCT03299088) is examining a combination of pembrolizumab with MEK inhibi-
tor trametinib in patients with KRAS mutant NSCLC. There was also a trial of 
durvalumab in combination with selumetinib which has since been withdrawn. 
Finally, a trial combining atezolizumab with MEK inhibitor cobimetinib 
(NCT0300701) is currently recruiting, and results should be expected in upcoming 
months.
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 Novel Therapeutic Targets in KRAS Mutant NSCLC

 CDK Inhibition

Cyclin-dependent kinase (CDK) inhibition provides an attractive strategy of inhibi-
tion of the cell division checkpoint and should potentially work equally well in KRAS 
mutant versus wild-type tumors. CDK inhibitors have been extremely successful in 
breast cancer therapy, becoming front-line agents for the therapy of these cancers. The 
recently reported JUNIPER trial examined the CDK4/6 inhibitor abemaciclib in com-
parison to single erlotinib in patients with KRAS mutant NSCLC. Although there was 
no improvement in overall survival (7.4 months with abemaciclib versus 7.8 months 
with erlotinib), there appeared to be some improvement in PFS (3.6  months vs. 
1.9 months) and disease control rate (54.4% vs. 31.7%) [68].

 HSP90 Inhibition

We have discussed previously about HSP90 targeting as a potential targeting strat-
egy in some populations of KRAS mutant tumors [36]. The GALAXY-1 trial was a 
large phase II randomized trial of ganetespib in combination with docetaxel versus 
docetaxel alone in patients with either an elevated LDH or KRAS-mutated tumors. 
Three hundred and eighty-one patients were treated, there was a statistically nonsig-
nificant trend toward improved PFS (N = 253, adjusted HR = 0.82, p = 0.0784) and 
overall survival (OS) (adjusted HR = 0.84, p = 0.1139) in adenocarcinoma patients 
only [69]. Another HSP90 inhibitor, IPI-504 was examined in a small phase Ib trial 
(n  = 23) of NSCLC patients. The study was interesting due to the high rates of 
response in squamous cell subtypes with three of seven patients with squamous cell 
carcinoma of the lung having partial responses; however, responses in KRAS mutant 
tumors were lower than in wild type [70].

 FAK Inhibition

Focal adhesion kinase or FAK is a tyrosine kinase concentrated in focal adhesions 
that cells make with the extracellular matrix; it is thought to be involved in helping 
cell migration and metastases. FAK is a critical downstream mediator of oncogenic 
RAS signaling [71]. Defactinib(VS-6063) is a cancer stemness inhibitor that is now 
in trials for KRAS mutant NSCLC. In the first phase II trial, several patients were 
recruited based on having a KRAS mutation, and then subclassified into additional 
cohorts based on concurrent p16 and or p53 mutation status. As of last report at 
IASLC 2018, 36% of 44 patients were progression-free at 12 weeks with a median 
PFS of 11.7 weeks indicating moderate activity. Treatment was tolerated well with 
limited constitutional symptoms, p53 or p16 were not associated with differences in 
outcomes. Further combination studies were being planned [72].
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 HDAC Inhibition

The MAPK pathway contributes to tumorigenesis by affecting FOXO proteins. 
Histone deacetylase (HDAC) inhibitors can negatively impact the expression of these 
proteins and have been studied in pre-clinical models of RAS mutant NSCLC with 
encouraging results [73]. Romidepsin is a HDAC inhibitor that is approved for the 
treatment of cutaneous T-cell lymphomas but also investigated in several tumor types. 
A recent phase I study established safety of the drug when used in combination with 
erlotinib. Among 10 evaluable patients, 7 patients had SD as the best response, with a 
3.3 month median progression-free survival. Patients with KRAS mutation and an 
SCC patient had stable disease >6 months on trial, indicating signs of drug activity. 
Dose-limiting toxicity (DLT) on the trial was nausea and vomiting [74].

 FASN Inhibition

Fatty acid synthase (FASN) is an enzyme that is essential in neoplastic cell prolif-
eration due to its essential role in generation of necessary lipogenesis through pal-
mitate biosynthesis and has been examined as a therapeutic target. Highly potent 
FASN  inhibitors are being developed, the first in class molecule TVB-2640 was 
examined in multiple solid tumors, include KRAS mutant NSCLC as either as sin-
gle agent versus in combination with IV paclitaxel. The medication was associated 
with some uncommon side effects such as hand foot syndrome in 36% and ocular 
side effects such as dry eyes (13%), excessive lacrimation (11%), and corneal edema 
in 3% of a total of 100 patients. However, there were also encouraging responses: 
16 NSCLC patients were part of the trial and of 6 with KRAS mutations, half were 
able to achieve prolonged stable disease [75].

 Proteasome Inhibitors

Bortezomib is a proteasome inhibitor with marked activity in multiple myeloma—it 
has a down regulatory effect on the NF-kB pathway and hence has scientific rationale 
for activity in KRAS mutant tumors. A phase II trial of patients with NSCLC patients 
with KRAS G12D mutations was recently conducted, and 16 patients were recruited. 
40% patients had stable disease as best response, which was prolonged >5 months in 
12%. Median PFS however was only 1 month, with median OS of 13 months in the 
cohort. Therapy was well tolerated with fatigue, diarrhea, nausea, and rash the reported 
side effects of any grade. No further studies of bortezomib were pursued [76].

 Farnesyltransferase Inhibition

Farnesylation of KRAS is an important step leading to preparation of the protein for 
transport to the intracellular membrane where it can be effective. Hence, it made 
strong biological sense to use FTase inhibitors for KRAS mutant tumors. These 
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molecules were tried initially for another indication, progeria, a rare genetic disease 
characterized by production of a protein called progerin. Farnesylation inhibition 
had led to impressive results preclinically. Lonafarnib (SCH66336) was initially 
examined in a phase I study in 20 patients with mixed solid tumors; a patient with 
NSCLC had a partial response lasting 14 months and the drug was relatively well 
tolerated [77]. Further, in a phase I study of lonafarnib in combination with pacli-
taxel in 21 patients, the drug was well tolerated and also led to durable partial 
responses in 6 of 15 treatment-refractory patients and 2 patients with taxane- 
refractory NSCLC had partial responses [78]. This further led an expansion cohort 
in NSCLC with 33 patients enrolled, 29 of whom were evaluable for response. Ten 
percent had PR and 38% SD as best responses median OS was 39 weeks and the 
median PFS was 16 weeks. The combination of lonafarnib and paclitaxel was well 
tolerated with minimal toxicity. Grade 3 toxicities included fatigue (9%), diarrhea 
(6%), and dyspnea (6%). Grade 3 neutropenia occurred in only 1 patient (3%) [79]. 
A phase III trial was launched as first-line NSCLC using lonafarnib in combination 
with carboplatin and paclitaxel; however, the trial failed to produce a survival ben-
efit [80]. In contrast, tipifarnib (R115777), another farnesyltransferase inhibitor, 
was examined in 44 patients with NSCLC with no objective responses and only 
15% patients with stable disease as best response [81]. Importantly, none of these 
trials have published information on KRAS-specific responses of these tumors.

 Conclusion

KRAS mutant tumors represent a large fraction of NSCLC, particularly the adeno-
carcinomas. Increasingly, we are recognizing that these tumors have variations in 
molecular pathology and underlying biology, with the most common smoking- 
associated subtypes differing from rarer KRAS mutants in younger nonsmokers and 
with several categories of co-occurring mutations. While controversial, KRAS 
mutations likely represent more aggressive disease and are particularly problematic 
to manage since these tumors tend to be mutually exclusive from other driver muta-
tions like EGFR and ALK. KRAS has been an extremely difficult molecular target 
driven by its high GTP affinity and difficult chemical structure to target. Upstream 
and downstream inhibition has led to only moderate success. KRAS mutant NSCLC 
remains an area of unmet high need for therapeutic targeting.
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Targeting Epigenetic Regulators in Cancer 
to Overcome Targeted Therapy Resistance

Dan J. Raz

Abstract Therapies targeting epigenetic changes hold promise to prevent drug 
resistance and improve durability of therapy responses in lung and other cancers. 
Epigenetic control of gene expression occurs through a variety of dynamic mecha-
nisms, including DNA methylation and histone modifications. Currently, the only 
epigenetic therapies approved for use in humans are DNA methyltransferase 
(DNMT) inhibitors and histone deacetylase (HDAC) inhibitors. Clinical trials in 
lung cancer have shown some promise for combination therapy of DNMT and 
HDAC inhibitors and for combination of epigenetic inhibitors with targeted thera-
pies. In this review, we describe the rationale for use of epigenetic inhibitors to 
overcome therapy resistance in cancer, with a focus on the role of epigenetics in 
resistance to targeted therapies. We also summarize completed and ongoing clinical 
trials utilizing epigenetic inhibitors in combination with chemotherapy, immuno-
therapy, and targeted therapies.

Keywords Epigenetics · DNA methylation · Histone modification · 
Immunotherapy · Targeted therapy · Lung cancer

 Introduction

Although there have been significant advances in lung cancer therapy, including 
targeted therapies and immunotherapies, survival after a diagnosis of advanced 
stage lung cancer remains poor for the vast majority of patients. While many patients 
respond to systemic chemotherapy and targeted therapies, resistance to these thera-
pies is inevitable. Understanding the mechanisms of resistance to specific therapies 
can lead to the identification of new treatments that can be used to overcome this 
resistance and prolong survival.
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There are a number of mechanisms involved in acquired drug resistance. These 
include selection for specific mutations that confer resistance to specific therapies, 
expression of transporter proteins that confer drug resistance, and epigenetic 
changes that lead to drug resistance. Epigenetic changes refer to changes in chro-
matin modifications that result in gene expression without mutations in the 
DNA. Epigenetic regulation of gene expression is responsible for differentiation of 
pluripotent stem cells into various tissue-specific cell types during embryologic 
development [1]. Epigenetic modifications lead to stark phenotypic differences 
between various cells in the body or within organs, even though these cells all 
originated from similar parent cells and have the same DNA sequence. Similarly, 
cancer is thought to originate from a population of tumorigenic cells, which have 
been called cancer stem cells (CSC) or tumor initiating cells. This small popula-
tion of cancer cells has a different pattern of gene expression, mostly explained by 
differences in epigenetic modifications, than the remaining population of cancer 
cells [3]. CSCs are more drug resistant, including cytotoxic chemotherapy and 
certain targeted therapies. CSCs are thought to be responsible in part for tumor cell 
heterogeneity through differentiation into cells with different epigenetically con-
trolled gene expression. CSCs have been challenging to define, as there are no cell 
surface markers that are specific for CSCs. A number of cell surface markers, 
including CD133 and CD 24, have been described, but it is the phenotype of highly 
tumorigenic and therapy-resistant cells that are the hallmark of this cancer cell 
population [49].

There has been interest using epigenetic therapies as an adjunct to other thera-
pies, most commonly cytotoxic chemotherapy in lung and other cancers. 
“Reprogramming” resistant populations of cancer cells to drug-sensitive pheno-
types is the goal of epigenetic therapies.

 Epigenetic Dysregulation in Lung Cancer

 DNA Methylation

DNA methylation is the most well-studied epigenetic modification in lung cancer. 
DNA affects gene expression via CpG island methylation in the promoter region of 
a gene. CpG island methylation is a dynamic process that most commonly leads to 
repression of gene transcription. A large number of oncogenes are regulated in lung 
cancer through promoter-region methylation. Three different DNA methyltransfer-
ases (DNMTs) exist that transfer a methyl group to the 5′-cytosine carbon on a 
CpG island. DNMT1 is primarily involved in maintenance of methylation after 
DNA replication, whereas DNMT3a and 3b are primarily involved in de novo 
methylation [8, 24].
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 Clinical Trials of DNMT-Inhibitors in NSCLC

There are two FDA-approved DNMT inhibitors, 5-azacitidine and decitabine 
(Table 1). Both received their initial approval for myelodysplastic syndrome, but are 
used in other hematologic malignancies, most commonly certain types of AML. 
5-azacytidine is incorporated into both DNA and RNA, leading to covalent binding 
with DNMTs and proteasomal degradation. Decitabine is incorporated into DNA 
and not RNA [8, 51]. The hypomethylating effects of these agents in  vitro are 
achieved with lower dosages and prolonged administration. Although effective in 
preclinical models of lung cancer, single agent treatment with decitabine has led to 
unacceptable toxicity. In one phase I/II trial, heavily pretreated patients with NSCLC 
were treated with high dose decitabine (Table 2). Although there were no objective 
responses, four patients had stable disease for 6 months, with only one patient com-
pleting more than one cycle due to toxicity [47]. Trials utilizing lower doses of 
decitabine did not report any significant objective responses to therapy, although 
there were several patients who achieved stable disease [58]. A novel oral formula-
tion of azacitidine, CC-486, was tested in combination with pembrolizumab, but 
there was no difference in objective response compared to pembrolizumab alone 
[39]. That drug was also tested in combination with nab-paclitaxel as a second-line 
therapy in NSCLC in a randomized phase II trial comparing the combination with 
nab-paclitaxel alone, but there was no difference in objective response in that trial 
either [48].

 Histone Modifications

Histones are proteins that make up the nucleosome, around which DNA is 
wrapped. Histones can be modified by methylation, acetylation, phosphorylation, 
sumoylation, and ubiquitylation. These various modifications affect gene expres-
sion through a variety of mechanisms, including DNA relaxation for RNA expres-
sion and by affecting DNA methylation [31]. Histone modifications have been 

Table 1 FDA-approved epigenetic therapies

Drug Mechanism Approved disease treatment Year approved

5-Azacytidine (Vidaza) DNMT inhibitor MDS, AML 2004
Decitabine (Dacogen) DNMT inhibitor MDS, AML 2006
Vorinostat (Zolinza) HDAC inhibitor CTCL 2006
Romidepsin (Istodax) HDAC inhibitor CTCL, PTCL 2009
Belinostat (Beleodaq) HDAC inhibitor PTCL 2014
Panobinostat (Farydak) HDAC inhibitor Multiple myeloma 2015

Abbreviations: DNMT DNA methyltransferase, HDAC histone deacetylase, MDS myelodysplastic 
syndromes, AML acute myelogenous leukemia, CTCL cutaneous T-cell lymphoma, PTCL periph-
eral T-cell lymphoma
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found to have important roles in lung cancer development, cancer progression, 
metastasis, and response to therapy. Inhibition of histone acetylation, methylation, 
and ubiquitylation is associated with cell death and response to chemotherapy in 
a variety of lung cancer cell lines in vitro [46, 70, 75, 77]. In addition, expression 
patterns of histone deacetylases (HDACs) and histone acetyltransferases (HATs) 
are correlated with lung cancer prognosis [50, 60]. Currently, the only inhibi-
tors of histone modification that are approved for treatment are HDAC inhibitors. 
Vorinostat, romidepsin, belinostat, and panobinostat have been approved by the 
Food and Drug Administration (FDA) for treatment of cutaneous T-cell lymphoma, 
peripheral T-cell lymphoma, and multiple myeloma (Table 1). There are at least 
18 HDACs identified in humans. HDAC inhibitors result in cancer cell death by 
inducing apoptosis, cell cycle arrest, suppressing tumor angiogenesis, and immune 
modulation [31].

Table 2 Clinical trials using epigenetic combination therapies in NSCLC (ongoing or completed)

DNMT-inhibitor combination trials

Drug Patients Study population and notes

Decitabine+cisplatin 35 Phase 1/2; no objective responses [59]
Azacitidine+erlotinib 30 Two patients with NSCLC, benefit unclear [2]
CC486 + pembrolizumab 90 Randomized controlled trial IIIb/IV NSCLC, 

no benefit [39]
CC486 + nab-paclitaxel 161 Randomized controlled trial IIIb/IV NSCLC, 

no benefit [48]
FdCyd+tetrahydrouridine ~185 Ongoing multi-histology phase 2 study
HDAC-inhibitor combination trials

Drug Patients Study population and notes

Vorinostat+carboplatin+paclitaxel 253 Phase II randomized, improved response rate 
[55]

Panobinostat+erlotinib 33 Phase I, well tolerated, efficacy unclear [29]
Entinostat+erlotinib 132 Phase I/II, elevated E-cadherin associated 

with improved survival [56]
Entinostat+pembrolizumab 158 Phase I/II, second line, improved responses 

with PDL1 < 1% [36]
Vorinostat+sorafenib 35 Phase I, 15 NSCLC patients, 1 partial 

response [12]
Belinostat, carboplatin, paclitaxel, 
bevacizumab

Phase I/II, ongoing

Belinostat+erlotinib Phase I/Ib, ongoing
Vorinostat+gemcitabine+platinum Phase I, ongoing
Combination DNMT/HDAC inhibitor trials

Drug Patients Study population and notes

Azacitidine+entinostat 34 One partial response, one complete response, 
10 stable disease [37]

Azacitidine+entinostat Phase 2, ongoing
Azacitidine+entinostat+chemotherapy Phase 2, ongoing
Azacitidine+entinostat+nivolumab Phase 2, ongoing
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Currently approved HDACS are non-specific and affect the expression of a num-
ber of cancer-related genes. Most importantly, they upregulate proapoptotic genes, 
including TRAIL, DR5, Bax, Bak, and APAF1, and downregulate BCL-2 [31, 46, 
57]. As mentioned, HDAC inhibitors have immune-modulating features, possibly 
related to cytokine secretion modulation and upregulation of costimulatory mole-
cules such as CD80 and CD86 [14, 57]. Although HDAC inhibitors have a variety 
of possible mechanisms leading to alteration of gene expression, it is thought that 
HDAC inhibitors lead to a more open chromatin configuration, which results in 
transcription of tumor suppressor genes.

 Clinical Trials of HDAC-Inhibitors in NSCLC

Vorinostat given in combination with carboplatin and paclitaxel in a phase II study 
of advanced NSCLC was found to significantly improve response rate compared to 
carboplatin and paclitaxel alone, and there was trend toward improved survival [55]. 
The Wisconsin Oncology Network phase II study by Traynor et  al. showed that 
monotherapy with vorinostat in patients with relapsed NSCLC provided significant 
benefit regarding time to progression; however, no objective antitumor activity was 
observed [69]. Panobinostat is a novel HDAC inhibitor that was recently demon-
strated to sensitize EGFR-mutated and wild-type NSCLC cells to the antiprolifera-
tive activity of erlotinib in  vitro. Furthermore, this combination enhanced the 
induced acetylation of histone H3 [30]. As will be described later in this review, a 
small phase I trial of combination therapy with panobinostat and erlotinib in patients 
with advanced NSCLC and head-and-neck cancer was well-tolerated but had lim-
ited clinical efficacy [29], and additional combinations of epigenetic therapies and 
erlotinib have also been studied with limited success. However, larger randomized 
controlled studies are needed to elucidate its clear benefits in erlotinib-resistant 
NSCLC [11].

 Combination Epigenetic Therapy

Although so far targeting DNA methylation and histone acetylation alone has 
yielded disappointing clinical results in lung cancer patients, there is rationale for 
combination therapy of epigenetic drugs. While hypomethylating agents cause CpG 
island demethylation leading to enhanced expression of tumor suppressor genes, 
HDAC inhibitors lead to chromatin relaxation, which promote the expression of 
tumor suppressor genes [18, 37]. Targeting both processes simultaneously may 
result in synergism. Synergism of decitabine with the HDAC inhibitor trichostatin 
A (TSA) has been observed in colorectal cancer [6], while the combination of 
decitabine and the HDAC inhibitor phenylbutyrate resulted in synergistic therapeu-
tic effect in lung cancer cell lines [4]. These and other studies have led to small 
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clinical trials evaluating the combination of demethylating with HDAC therapy. 
Although initial trials including one with decitabine and vorinostat did not show any 
clinical benefit [7, 9, 40, 64], a more recent clinical trial reported by Juergens and 
colleagues combining azacitidine and entinostat showed several striking responses 
in a heavily pretreated population of patients with NSCLC. In that phase II study, 10 
of 34 participants had stable disease, 1 patient had a partial response for 8 months, 
and another patient had a complete response [37]. This finding has demonstrated 
that some patients do in fact derive great clinical benefit from epigenetic therapy, 
but toxicity and identification of appropriate patients who benefit from therapy 
remains a challenge.

 Epigenetic Reprogramming

Lung and other cancers are typically comprised of genomically heterogeneous pop-
ulations of cells that vary in their ability to grow and respond to therapy. The phe-
nomena of drug resistance, including resistance to certain targeted therapies, appear 
to be linked to tumor heterogeneity and populations of self-renewing CSCs [15]. 
There is accumulating evidence that epigenetic mechanisms play a critical role in 
mediating drug resistance in these highly tumorigenic cell populations. The concept 
of “epigenetic reprogramming” refers to modulating epigenetic modifications to 
switch drug-resistant cell populations to drug-sensitive cell populations [65]. In the 
study by Juergens and colleagues, four of the patients who went on to receive addi-
tional cancer therapies exhibited a major objective response, including two who 
survived more than 3 years after failing epigenetic therapy [37]. A phase II trial 
randomized patients to two different regimens of 5-AZA and entinostat with second- 
line chemotherapy for patients who had stable or progressive disease or second-line 
chemotherapy. Unfortunately, this trial was terminated early due to poor enrollment, 
and few patients who did enroll completed therapy for unclear reasons. As lung 
cancer therapy has incorporated immunotherapy and targeted therapies into a great 
number of patients, the effects of epigenetic reprogramming on a variety of thera-
pies or in select groups of patients who are undergoing specific therapies needs to 
be examined. Moreover, identification of more selective epigenetic therapies that 
may result in similar improvements in treatment sensitivity without the toxicity, 
particularly hematologic toxicity, that is seen with DNA demethylating agents, 
which can limit its use alongside cytotoxic chemotherapy.

 Immunotherapy and Epigenetics

Immunotherapy with monoclonal antibodies that block the PD-1/PD-L1 interac-
tions has become an important therapy in the treatment of NSCLC and is used as 
first-line therapy alone or in combination with chemotherapy for most patients with 
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metastatic or unresectable lung cancer who do not have actionable mutations [16]. 
PD-1 inhibits T-cell receptor signaling and is often expressed on activated CD4 and 
CD8+ T-cells and other immune cells. PD-1 is activated by PD-L1 and PD-L2 
which are variably expressed in cancers. Lung cancer cells often express PD-L1 as 
an adaptive response to T-cell recognition resulting in activation of the inhibitory 
PD-1 receptor on T cells that have infiltrated the tumor microenvironment [62]. 
Although PDL-1 is the most widely used biomarker to help select responders to 
checkpoint inhibitors in lung cancer, other markers including tumor mutational bur-
den (TMB) and T lymphocyte infiltration (TIL) also have a role in predicting 
response to immunotherapy [44].

 Combination Immunotherapy and Epigenetic Therapy

Recently, the role of epigenetics in immune evasion has uncovered a role for epigen-
etic drugs in modulating immune cell pathways to decrease tumor evasion from the 
immune system. Analogous to epigenetic reprogramming, epigenetic therapies may 
prime the host immune response for subsequent immunotherapy [32, 63, 68]. 
Several preclinical studies have demonstrated the efficacy of combined epigenetic 
therapy and immunotherapy in a variety of cancers including hematologic malig-
nancies, breast cancer, and melanoma [42, 45, 66, 67]. Immune priming with epi-
genetic therapies has been described in combination with immunotherapies other 
than checkpoint inhibition including adoptive cellular immunotherapy [33, 67], 
cytokine-based therapy [27, 42], and tumor vaccines [38]. A phase Ib/II trial of 
entinostat and pembrolizumab demonstrated a clinical benefit for this therapy com-
bination. The ENCORE-601 study evaluated the combination of entinostat and 
pembrolizumab in patients with recurrent or metastatic NSCLC who progressed on 
anti-PD-1/PD-L1 therapy. Five of 57 participants enrolled had an objective partial 
response. Moreover, of the responders, four (80%) had PDL1 expression of less 
than 1%. Investigators reported that elevated baseline levels of monocytes had a 
significantly higher response rate than those with low levels of monocytes. It is 
unclear if patients with low PDL1 expression have improved response to anti-PD-1/
PD-L1 up front with the addition of entinostat or other epigenetic therapy [36]. 
Together, these discoveries establish a highly promising basis for combination stud-
ies using epigenetic and immunotherapeutic agents in cancer patients.

 Targeted Therapies and Epigenetics

Targeted therapies have markedly improved survival and reduced toxicities for 
patients with lung cancers that carry specific actionable genetic changes, including 
EGFR, EML-ALK, and ROS1 rearrangements, and less common actionable changes 
such as BRAF and MET mutation and RET amplification [5].
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While receptor tyrosine kinases (RTK) on the cell surface are activated by ligand 
binding in normal cells, lung cancer cells with the mentioned genetic changes have 
deregulated kinase activity, amplifying the signaling produced downstream of the 
tyrosine kinase and creating a new physiologic state where the cells become 
“oncogene- addicted.” Targeting the responsible oncogenic kinase drivers has proved 
highly successful in leading to cancer cell death. Currently, tyrosine kinase inhibi-
tors (TKIs) are the mainstay of targeted therapies. Commonly used inhibitors 
include EGFR-TKIs (including osimertinib, erlotinib, afatinib, and gefitinib) and 
ALK-TKIs (including alectinib, ceritinib, brigatinib, and crizotinib) [5].

Unfortunately, all patients eventually develop resistance to TKIs. The mecha-
nisms of acquired resistance to TKI therapy are still to be understood, and there are 
several mechanisms that are thought to be responsible. Gatekeeper mutations, 
including the T790 M mutation in EGFR mutant lung cancers, arise in multiple 
tumor types with driver mutations. Clonal populations arise most commonly during 
the course of treatment in which the TKI is no longer effective, but cancer cells 
continue to strongly depend on the kinase signaling but not with a gatekeeper muta-
tion that has rendered the cells resistant to the TKI [72, 73]. This has led to develop-
ment of next-generation TKIs that are still able to effectively block kinase activity, 
for example, with osimertinib and the T790 M mutation [78]. Another mechanism 
of resistance to TKIs is gene amplification, either changes in copy numbers of driver 
mutations (as seen in BRAF mutation), or amplification of alternative RTKs [10]. 
For example, MET amplification is observed in some patients with resistance to 
EGFR TKIs [17]. A variety of mechanisms of pathway reactivation have been 
described in BRAF, MEK, and MAPK pathways in other cancers [22, 35, 53].

It is unclear to what extent preexisting clonal populations of cells harboring 
changes that lead to resistance to TKIs are responsible for acquired resistance as 
opposed to adaptive resistance mechanisms whereby certain cell populations 
develop genetic changes necessary for resistance. Sharma et al. described the expan-
sion of a reversibly gefitinib-resistant population in lung adenocarcinoma cells 
characterized by an altered chromatin state that requires the histone demethylase 
RBP2/KDM5A/Jarid1A.  The drug-resistant population could be eliminated with 
treatment of a histone deacetylase inhibitor [61]. This finding was one of the early 
descriptions of the role of epigenetics in adaptive resistance to TKIs. It is becoming 
clear that epigenetic events may be driving TKI resistance rather than being pas-
senger events. Moreover, the complexity of epigenetic changes and chromatin mod-
ifications that occur with drug resistance is mounting.

Chromatin writers (e.g., histone methyltransferases) and erasers (e.g., histone 
lysine methylases, histone deacetylases), responsible for laying down marks of 
modification including histone and DNA modifications, as well as chromatin read-
ers (e.g., proteins containing chromo or bromodomains such as Brg1), responsible 
for recognizing marks, each are capable of contributing to adaptive resistance. 
While there is emerging evidence on the importance of these dynamic chromatin 
modifications and their effect on therapy resistance or expression of key resistance 
genes in other cancers, there is scant data specifically in lung cancers. Yun and col-
leagues recently reported that the histone 2B deubiquitinase USP22 is an important 
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chromatin eraser whose expression is associated with therapy resistance and expres-
sion of stem cell markers in lung adenocarcinomas [75]. In breast cancer cells, the 
H3K36 histone methyltransferase NSD2 regulates transcription of genes down-
stream of the estrogen receptor and recruited by the bromodomain chromatin read-
ers BRD3 and 4, which enhance chromatin openness and elongation via control of 
the P-TEFb complex through binding to acetylated histones and other chromatin- 
related proteins [19, 34, 41]. Along these lines, the bromodomain inhibitor JQ1 
inhibited growth of tamoxifen-resistant breast cancer cells compared with sensitive 
cells. These effects were reported to be related to suppression of ER and MYC path-
way transcription by displacement of the NSD2/BRD4 promoter complex by JQ1 
in vitro [20]. This is an example of resistance to targeted therapy (in this case estro-
gen receptor targeted) mediated at the level of chromatin reader/writer complex.

In acute myelogenous leukemia (AML), resistance to chemotherapy is regulated 
in part by EZH2, a H3K27 methyltransferase and a component of the polycomb 
repressive complex 2. Gollner and colleagues found that in chemotherapy-resistant 
AML cells, EZH2 levels were lower which occurs via phosphorylation of EZH2 at 
T487, which leads to enhanced proteasomal degradation of EZH2 [26]. This results 
in expression of several genes associated with chemotherapy resistance including 
the drug transporter ABCC1. In addition, proteasomal inhibition with bortezomib 
restores EZH2 expression and resensitizes AML cells to chemotherapy. Meanwhile, 
lung cancer cell lines have been reported to have high EZH2 expression, and inhibi-
tion of EZH2 has been reported to sensitize lung cancer cell lines to etoposide treat-
ment [21]. Moreover, in lung cancer cell lines, expression of SMARCA4, a critical 
component of chromatin-modifying complexes involved in DNA/histone interac-
tions, is increased. This suggests that proteins involved in chromatin remodeling 
may be involved in the adaptive response, potentially through intrinsic helicase 
activity (the helicase TOP2A is targeted by etoposide) and their importance in scaf-
folding between HDACs and histone lysine acetyltransferases [13].

Another potential epigenetic mechanism of resistance to targeted therapies is 
through enhancer-mediated control of transcriptional adaptive resistance. Enhancers 
are DNA elements that control gene transcription at a distance. Enhancers contain 
transcription factor binding sites and are associated with nearby specific histone 
modifications. They control transcription through direct interaction or looping to 
interact with the promoter region of target genes. Super-enhancers are a class of 
regulatory regions with strong enrichment for binding of transcriptional activators, 
specifically Med1 and the presence of H3K27ac marks [52]. Zawistowski and col-
leagues reported that in triple negative breast cancer patients treated with the MEK 
inhibitor trametinib, BRD4-rich enhancers and super-enhancers were formed in 
response to drug treatment at multiple loci, including at RTK, which is known to 
drive resistance to trametinib in breast cancer [76]. BET bromodomain inhibition 
treatment in conjunction with trametinib markedly reduced enhancer formation 
in vitro and resulted in improved suppression of tumor growth [54]. BET inhibition 
with JQ1 and BRD4 knockdown have been reported to decrease lung cancer cell 
proliferation; however, its effects on therapy resistance, including TKI resistance, 
have not yet been reported in lung cancer [25].

Targeting Epigenetic Regulators in Cancer to Overcome Targeted Therapy Resistance



226

The relationship between enhancer control and adaptive transcriptional response 
to drug therapy is undoubtedly complex and involves chromatin conformational 
changes that are just starting to be elucidated. For example, chromosome conforma-
tional changes are observed in melanoma cells with BRAF-targeted therapy as a 
result of looping between an enhancer region and the transcriptional start site of 
MET, and this is associated with therapy resistance [71]. Topologically associating 
domains (TADs) are chromatin regions which form megabase-scale DNA loops. 
TADs are bordered by CCCTC-binding factor (CTCF) and cohesin and typically 
span several genes [28, 43]. Other smaller regions which have similar interactions 
with enhancers have been identified. One example of the emerging importance of 
TADs in cancer therapy is the finding that IDH1 mutant gliomas exhibit enhanced 
methylation of CpG islands at CTCF binding sites, which may inhibit the transcrip-
tional effects of TAD-related conformational changes. PDGFRA, a critical onco-
gene in glioma, is aberrantly controlled by CTCF methylation, and this was partially 
rescued by demethylation therapy with 5-azacytidine [23]. The role of and manipu-
lation of these topological domains in response to therapy warrant further study to 
more fully comprehend the impact of epigenetic changes on adaptive transcription 
in response to targeted therapy.

 Clinical Trials of Combination Epigenetic and Targeted 
Therapies

The clinical benefit of combining epigenetic therapy with targeted therapies is 
unknown. It is unclear which epigenetic therapies may help prevent resistance to 
targeted therapies and how best to select patients who may benefit. A limited num-
ber of early phase clinical trials have been conducted in lung cancer combining 
epigenetic therapies with targeted therapies. In a phase I trial which included 2 
patients with NSCLC, Bauman et al. showed that azacitidine plus erlotinib was well 
tolerated. Both patients had prolonged stable disease, but it is not clear what their 
EGFR mutational status was (although one patient was noted to be EGFR wild type) 
and what prior therapies the patients received. Moreover, it is unclear whether the 
patients would have derived similar benefit from azacitidine alone [2].

In another phase 1 trial, the HDAC inhibitor panobinostat was combined with 
erlotinib in 33 patients with NSCLC and head and neck cancer. The combination was 
overall well tolerated and resulted in an OS of 41 in EGFR-mutated patients compared 
with 5.2  months in patients in EGFR wild-type patients. The responding patients 
were all EGFR-TKI naive. These results make it difficult to determine whether the 
addition of the HDAC inhibitor contributed to the degree of the response or not, but 
the prolonged response time warrants further study of this combination [29].

Another phase I/II study which included 33 EGFR-mutated NSCLC patients 
who had progressed on erlotinib treated participants with vorinostat combined with 
erlotinib. Although the combination was well tolerated, there was little clinical 
activity identified [56]. A randomized phase II trial of erlotinib in combination with 
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entinostat versus erlotinib alone in 132 stage III and IV NSCLC patients who had 
failed 1 or 2 other therapies did not show a significant clinical benefit to the addition 
of HDAC therapy. Interestingly though, patients with high E-cadherin levels on 
pretreatment biopsies had longer OS with the combination treatment compared to 
erlotinib alone [74].

Another phase I study that included 3 NSCLC patients and a dose expansion 
cohort of 12 additional NSCLC studied the combination of vorinostat and sorafenib. 
Although there was one partial response seen, the drugs were not well tolerated due 
to toxicities. Moreover, participants were not selected based on specific molecular 
profiles and were heavily pretreated [12].

 Conclusions

Epigenetic therapies hold promise to improve treatment response in a variety of 
cancers including lung cancer. The complex role of epigenetics in chemotherapy 
resistance and adaptive resistance to targeted therapies is just starting to be under-
stood. Further study of the mechanisms by which epigenetics can be modulated to 
improve treatment sensitivity in lung cancer is critical to developing more specific 
epigenetic therapies that improve sensitivity to platinum chemotherapy and targeted 
therapies. In addition, identification of biomarkers that predict response is critical to 
developing novel epigenetic therapies.
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