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Editorial on the Research Topic
Challenges and Opportunities of TKIs in the Treatment of NSCLC patients with
Uncommon Mutations
Substantial advances have been made in our understanding of the molecular biology

of cancer, leading to profound progression in the fields of diagnosis and treatment of

non-small cell lung cancer (NSCLC). More recently, many uncommon mutations are

gaining attention in NSCLC, including epidermal growth factor receptor exon 20

insertion (EGFR 20ins), anaplastic lymphoma kinase (ALK), human epidermal growth

factor receptor 2 (HER2), rearranged during transfection (RET), v-Raf murine sarcoma

viral oncogene homolog B (BRAF), neurotrophic tropomyosin receptor kinase (NTRK),

and others (1). Pharmaceutical agents developed to target classical driver mutations

detected in NSCLC patients have provided profound and durable responses compared

with conventional chemotherapy. This paradigm shift can also be seen in the realm of

uncommon mutations. Ongoing studies and clinical trials of tyrosine kinase inhibitors

(TKIs) for uncommon targets are gaining insights into possible treatment options to

enable long-term survival of patients. Since immunotherapy serves as the backbone

treatment in mutation-negative populations, the efficacy of immunotherapy or

immunotherapy-based combinations has also been evaluated in patients harboring

uncommon targets. Furthermore, other novel therapies and platforms have been

developed and tested to provide more possibilities and options for these patients.

In this special issue, we compiled a series of papers including original research,

reviews and case reports that focus on recent advances and challenges in the treatment of

lung cancer patients with uncommon driver mutations. For rare EGFR mutations, Xu

et al. reported that two patient-derived xenografts in zebrafish embryos from two patients
frontiersin.org
4

https://www.frontiersin.org/articles/10.3389/fonc.2022.970315/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.970315/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.970315/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.970315/full
https://www.frontiersin.org/research-topics/26606
https://www.frontiersin.org/research-topics/26606
https://doi.org/10.3389/fonc.2022.884798
https://doi.org/10.3389/fonc.2022.884798
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.970315&domain=pdf&date_stamp=2022-07-26
mailto:susu_mail@126.com
mailto:ssun@emory.edu
https://doi.org/10.3389/fonc.2022.970315
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.970315
https://www.frontiersin.org/journals/oncology


Su and Sun 10.3389/fonc.2022.970315
harboring EGFR 20ins received precision treatment. Zebrafish

were inoculated with tumor cells and cultured in osimertinib-

containing medium to predict a clinical response. Their study

demonstrated the applicability of zebrafish models for testing

targeted drugs. Yang et al. identified five metastatic NSCLC

patients with EGFR p.L747P mutation and found that afatinib

achieved numerically longer progression-free survival (PFS).

Dynamic simulations and in vivo experiments demonstrated

that afatinib had the best binding affinity and significantly

inhibited p.L747P-mutant tumor growth. Feng et al. reported

three locally advanced NSCLC patients with EGFR sensitive

mutations switching to aumolertinib, a novel third generation

EGFR-TKI, as neoadjuvant therapy after 1-2 cycles of

preoperative chemotherapy neoadjuvant therapy. Excellent

tumor remission and downstaging were achieved to allow

surgical treatment, and no tumor recurrence was observed

until the latest follow-up. This may indicate that aumolertinib

was clinically applicable and could be a viable option in the

neoadjuvant phase of therapy.

Nowadays, ALK-altered NSCLC can be treated with a variety

of effective ALK inhibitors and a number of next-generation

ALK-TKIs have already been developed. Peng et al. reviewed

recent studies and summarized the efficacies and safety profiles

of ALK-TKIs and other therapies with data from preclinical and

clinical trials. They also proposed several key points regarding

treatment sequencing strategies, resistance mechanisms of ALK-

TKIs and toxicity problems when giving these drugs.

HER2 aberrations are comprised of three distinct

formations: mutation, amplification and overexpression. They

were originally discovered in breast and gastric cancer, but their

role in lung cancer is gaining increasing attention. Yu et al.

reviewed available data and described the biological function of

HER2 and its dysregulation in NSCLC, as well as clinical

characteristics of patients. Further, they provided a

comprehensive overview of traditional and emerging therapies

including chemotherapy and monoantibody, non-selective TKIs,

new-generation TKIs and antibody-drug conjugates (ADCs). Of

note, ADC-based therapy seems to provide the best clinical

outcomes among all treatment regimens, which sheds new light

on the management of HER2-altered NSCLC.

There are two real-world studies concerning treatment

options for RET-fusion positive NSCLC patients. Meng et al.

retrospectively analyzed the characteristics and clinical

outcomes of patients with RET-fusion-positive NSCLC

receiving RET-TKI, mult i-k inase inhibi tor (MKI) ,

chemotherapy and immunotherapy-based regimens from three

centers. The results showed that RET-TKI remained the best

choice for a better response rate and PFS. Chemotherapy,

especially with angiogenesis inhibitors, was still a good choice,

while the other two regimens should not be recommended for

this patient group. Zhou et al. reported a case involving a stage

IIIA lung adenocarcinoma pat ient harboring RET
Frontiers in Oncology
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rearrangement who was treated with pralsetinib as

neoadjuvant target therapy. Pralsetinib exhibited a significant

response and transformed the unresectable tumor into a

resectable one. Additional clinical trials are warranted to verify

the effect of pralsetinib for locally advanced NSCLC.

BRAF activation consists of several distinct forms including

V600 and non-V600 mutations, rearrangements, fusions, in-

frame deletions and insertions. Yan et al. and Sun et al. discussed

the diagnostic challenges of BRAF mutations, therapeutic

strategies and post-therapeutic evolutionary pathways of

BRAF, and also the mechanisms of resistance to BRAF-TKIs.

NTRK fusion has become increasingly studied in lung cancer.

Liu et al. provided a panoramic view of the function of NTRK

genes, the diagnostic techniques for NTRK fusions, the clinical

data on TRK inhibitors and their resistance mechanisms. These

reviews provide us with a comprehensive view of the current

landscape of BRAF and NTRK alterations in NSCLC, but there

are still many unsolved issues to be addressed.

Personalized medicine has revolutionized the therapeutic

landscape of lung cancer with molecular alterations in the past

two decades. Since most uncommon mutations are associated

with poor to moderate efficacy of immunotherapy, their

identification and the development of new-generation drugs

are pivotal for designing improved treatment strategies.

Attempts to treat other rare mutations are being investigated

in addition to those discussed above, such as MET, ROS1, FGFR,

STK11, etc. The growing use of next-generation sequencing

(NGS) platforms has expanded the panel of genes that can be

detected and targeted, and noninvasive liquid biopsy techniques

will provide more information regarding efficacy monitoring

and resistance mechanisms in real-time. With novel therapies

springing up, further investigation should continue to evolve and

lead to improve patient outcomes.

Finally, we thank all the authors for their inspiring

contributions to this Research Topic and hope that these

papers will provide our readers with a deep understanding of

the current status and future directions in the treatment of

NSCLC patients with uncommon mutations.
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Therapy for Non-Small Cell
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RET Rearrangement
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Tianjin, China, 3 Department of Respiratory and Critical Care, Tianjin Medical University General Hospital, Tianjin, China,
4 Department of Respiratory Medicine, Second Affiliated Hospital of Tianjin University of Traditional Chinese Medicine,
Tianjin, China, 5 Precision Medicine Center, Tianjin Medical University General Hospital, Tianjin, China, 6 Department of
Pathology, Tianjin Medical University General Hospital, Tianjin, China, 7 Department of PET/CT Diagnostic, Tianjin Medical
University General Hospital, Tianjin, China

RET rearrangements are rare, and occur in 1%-2% of all non-small cell lung cancer
(NSCLC) patients. Pralsetinib has a significant anti-tumor effect in patients with advanced
NSCLC and a RET rearrangement. Previous studies have confirmed the efficiency of
neoadjuvant target therapy for NSCLC. Herein we present a case involving a female
patient who was diagnosed with stage IIIA lung adenocarcinoma and harbored a KIF5B-
RET rearrangement based on next-generation sequencing. Radiologic downstaging was
indicated after pralsetinib treatment. Therefore, a right lower lobectomy and systemic
lymphadenectomy were successfully performed. The postoperative pathologic results
revealed a response rate of 74% for primary tumor and no residual viable tumor cells were
observed in lymph nodes. The tumor, nodes, and metastases (TNM) stage was
ypT1cN1M0. The tumor micro-environment (TME) of the primary tumor was
also assessed.

Keywords: RET, pralsetinib, locally advanced (stage III) non-small cell lung cancer, neoadjuvant, targeted therapy
INTRODUCTION

The RET gene was identified as a proto-oncogene in 1985 (1). The RET gene is associated with
normal embryonic development (2). RET fusions are rare, occurring in 1%-2% of all patients with
non-small cell lung cancer (NSCLC) (3). Patients with RET fusions are prone to brain metastases
(4). Because RET fusions occur in lung cancer, RET-targeted therapy has been attempted by
clinicians. Unfortunately, the efficacy of some multi-targeted tyrosine kinase inhibitors (TKIs) was
not satisfactory, including vandetanib, cabozantinib, and lenvatinib (5). Pralsetinib had a significant
effect in patients with advanced NSCLC; specifically, the response rate was 61% (6). Pralsetinib was
approved by the Food and Drug Administration (FDA) for treating RET fusion-positive NSCLC in
February 2022 | Volume 12 | Article 84877917
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2020. Several studies have verified the availability of
neoadjuvant-targeted therapy for NSCLC patients with ROS1,
ALK, and epidermal growth factor receptor (EGFR) alterations
(7–9); however, there are no reports regarding pralsetinib as
neoadjuvant treatment for NSCLC patients with a
RET rearrangement.
CASE REPORT

A 54-year-old female never-smoker was admitted to the hospital
for evaluation of a non-productive cough with bloody phlegm for
1 year and persistent chest and back pain for 1 month. Enhanced
computed tomography (CT) revealed a mass with a diameter of
42 mm located in the right lower lung with enlarged mediastinal
and hilar lymph nodes (stations 2, 4, 7, and 10). The CT findings
were confirmed by 18F-fluorodeoxyglucose (FDG) positron
emission tomography (PET) as cT2bN2M0, IIIA (AJCC, 8th

edition; Figure 1). A bronchoscopic biopsy was performed and
the pathologic examination revealed that the right lung lesion
was a lung adenocarcinoma. We further performed next-
generation sequencing (NGS) with a 520-gene panel; a KIF5B-
RET fusion was detected. Plasma ctDNA for the RET mutation
was also positive with a frequency of 0.15%. After a multiple
disciplinary team (MDT) discussion, the patient was diagnosed
with a resectable stage IIIA lung adenocarcinoma. Based on the
NGS results, we recommended neoadjuvant treatment followed
by surgical resection. After obtaining informed consent from the
Frontiers in Oncology | www.frontiersin.org 28
patient, we prescribed pralsetinib at a dosage of 400 mg per day.
After 1 month of treatment, a chest CT scan revealed significant
shrinkage of the lung tumor (Figure 1). A PET-CT scan
exhibited significantly decreased F18-FDG uptake in the tumor
and no uptake in the hilar and mediastinal lymph nodes
(Figure 1). In addition, the plasma ctDNA level was also
tested, and we showed that the plasma ctDNA was cleared
after neoadjuvant treatment (Figure 2). During the treatment
of pralsetinib, some treatment-related adverse effects were
observed, including mild edema and fatigue and moderately
increased blood pressure.

Considering that radiologic downstaging was indicated, a right
lower lobectomy and systemic lymphadenectomy were
successfully performed 1 week after the last dose of pralsetinib
(Figure 1). Severe adhesions were noted intraoperatively. The
postoperative pathologic results showed that although the Ki67
index was significantly decreased, 26% of the tumor cells were still
alive in the primary tumor bed however no residual viable tumor
cells were observed in lymph nodes. Microscopically, a large
number of lymphocytes were infiltrated together with some
plasma cells and neutrophils. The lymphatic follicles were
formed. Foam cell reactions and cholesterol crystals were
observed as well as necrosis and fibrosis. To investigate the
change in tumor microenvironment (TME), especially
inflammatory and immune cells before and after pralsetinib
neoadjuvant treatment, multiple immunohistochemistry (mIHC)
staining (Genecast Biotechnology, Wuxi, Jiangsu, China) on the
biopsy tissue and surgical sample was performed. The CD68+
A

C

B

FIGURE 1 | Images before and after neoadjuvant pralsetinib treatment. (A) Enhanced CT and PET-CT of the primary tumor. (B) PET-CT of the mediastinal lymph
nodes and the chest. (C) X-ray after surgery.
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CD163+ cell population was significantly increased, whereas the
proportion of CD8+ T lymphocytes was decreased (Figure 2). PD-
L1 expression were also decreased after neoadjuvant treatment
(Figure 2). The patient received four cycles of pemetrexed
(500mg/m2, d1) and cisplatin (75mg/m2, d1) every 21 days in
the adjuvant settings due to the unaffordable economic burden
of pralsetinib.
DISCUSSION

In recent years the benefit of neoadjuvant-targeted therapies for
EGFR- and ALK-driven NSCLC patients has been identified
(10). To our knowledge, this is the first case of neoadjuvant
pralsetinib for NSCLC patients with a RET fusion. In our case
pralsetinib exhibited a significant response in a patient with
NSCLC and an RET fusion and transformed the unresectable
tumor into a resectable tumor; however, 26% of the tumor cells
were still alive after pralsetinib neoadjuvant treatment, indicating
the necessity of complete resection.

In the current study, we also performed mIHC to determine the
changes in TME before and after pralsetinib neoadjuvant treatment.
The staining data demonstrated that the proportion of M1
macrophages was upregulated, while the number of CD8+ tumor
Frontiers in Oncology | www.frontiersin.org 39
infiltrating lymphocytes (TILs) and the level of PD-L1 expression
were decreased significantly after neoadjuvant treatment. Significant
changes in other immune cells, such as natural killer (NK) cells,
were not detected. The alteration of these factors indicates that the
TME is less inflammatory after pralsetinib neoadjuvant treatment.
A previous study suggested that high PD-L1 expression and an
increased number of CD8+ TILs are related to clinical benefit in
immunotherapy (11). In addition, M1 macrophages are thought to
have a direct or indirect anti-tumor role (12). However, in our case,
the increased proportion of M1 macrophages and decreased
number of CD8+ TILs and PD-L1 expression obscured the role
of immunotherapy in subsequent treatment. Further therapeutic
strategies after resistance of pralsetinib treatment should be
seriously considered.

In conclusion, our case, for the first time suggested that
pralsetinib neoadjuvant treatment is feasible for locally
advanced NSCLC patients with a RET rearrangement. This
patient had an apparent radiologic downstaging after
neoadjuvant treatment, which was an indication for complete
resection. This case report, however, included one patient only.
The role for pralsetinib in neoadjuvant treatment for locally
advanced NSCLC and postoperative adjuvant-targeted therapy
have not been established for early-stage NSCLC. For NSCLC
patients with a RET rearrangement, additional clinical trials are
A B

FIGURE 2 | Comprehensive pathological evaluation before and after neoadjuvant pralsetinib treatment. (A). Histochemistry staining before and after neoadjuvant
pralsetinib treatment. (a) Hematoxylin and eosin (HE) staining. (b) Ki67 staining. (c) Multiple immunohistochemistry staining on CD68, CD163, CD8, CD57, PD1 and
PDL1. (B). Quantitative analysis for plasma ctDNA and staining data. Quantitative analysis for plasma ctDNA (a), Ki67 staining (b), CD8+ (c), PD-L1+ (d), CD68+ (e),
CD68+CD163+ (f), PD1+(g), CD57+ (h) and CD68+CD163- (i) cell population. **p < 0.01; ***p < 0.001; ns, not significant.
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warranted to evaluate the effect of pralsetinib in locally advanced
and early-stage NSCLC.
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Objectives: The uncommon p.L747Pmutation in epidermal growth factor receptor (EGFR)
exon 19 reveals to alter the response to tyrosine kinase inhibitors (TKIs) in patients
diagnosed with advanced non-small cell lung cancer (NSCLC). However, the underlying
mechanism is still not clear. This study aimed to investigate the clinical outcomes, binding
affinities, and modes of action of currently available EGFR TKIs towards p.L747P mutation.

Materials and Methods: Clinical data of NSCLC patients harboring p.L747P mutation
who had received different generations of EGFR TKIs were collected from medical
records. Computational structure of p.L747P was constructed and in vitro cellular
kinase inhibition assay and mice xenograft experiment were performed to predict and
confirm the binding affinities and antitumor activities of diverse EGFR TKIs.

Results: A total of five metastatic NSCLC patients with p.L747P mutation were included
in the final analysis. Patients treated with second-generation (2G) TKI afatinib achieved
numerically longer progression-free survival (range 2.4-8.5 months) than that with first-
generation (1G, range 1.4-5.5 months) or third-generation (3G, range 1.6-7.5 months)
TKIs. None of the patients administered 1G or 3G TKIs achieved tumor response, but
two-thirds of them treated with afatinib achieved partial response. Dynamics simulation
predicted that 2G TKIs presented the best binding affinity to p.L747P mutation. The
cellular kinase inhibition assay and mice xenograft experiment confirmed that afatinib
could potently inhibit p.L747P-mutant cells and significantly reduce p.L747P-mutant
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tumor growth (P< 0.001), together with reduced phosphorylation of EGFR and its
downstream signalings.

Conclusions: The uncommon p.L747P mutation in EGFR exon 19 resulted in a poor
response to first-generation EGFR TKIs. Afatinib revealed a better clinical response and
binding affinity compared with osimertinib for this specific alteration.
Keywords: EGFR, tyrosine kinase inhibitor, molecular feature, targeting sensitivity, p.L747Pmutation, non-small cell
lung cancer
INTRODUCTION

Lung cancer is the leading cause of cancer-related mortality
worldwide. New strategies have been developed to target specific
alterations in lung cancer in the last decade and hence improved
treatment outcomes and survival (1). Classic activating
mutations of the epidermal growth factor receptor (EGFR) in
non-small cell lung cancer (NSCLC) are found in approximately
47% of patients in Asian-Pacific countries (2). Most of these
mutations occur in exons 18 to 21 of EGFR gene, which encode
the main EGFR tyrosine kinase binding domain (3, 4). Exon 19
deletion (19del) and exon 21 missense mutation L858R are the
two most common activating forms, accounting for nearly 80%
to 90% of the total EGFR mutations, which are strong predictors
of favorable response to tyrosine kinase inhibitors (TKIs) and
viewed as sensitizing EGFR alterations. These mutations are
most commonly seen in young Asian females diagnosed with
lung adenocarcinoma (LUAD) who never smoked (5–10).

A series of randomized clinical trials have confirmed that
NSCLC harboring the classic EGFR mutations responded better
to first-generation (1G) TKIs than conventional chemotherapy
(11–16). In addition, the second-generation (2G) TKIs afatinib
and dacomitinib significantly improved the progression-free
survival (PFS) and overall survival (OS) in these patients (17–
19). The third-generation (3G) TKI osimertinib showed a
clinically meaningful improvement in the PFS over 1G TKIs in
the Asian population (20). Therefore, osimertinib is currently
recommended as the first-line targeted therapy for advanced
NSCLC patients carrying classic EGFR mutations. Based on the
awareness of necessity to qualify EGFR mutations, therapeutic
approach with EGFR TKIs based on the detection of EGFR
sensitizing alterations in the kinase domain has led to a dramatic
shift in the treatment paradigm in advanced NSCLC, which has
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represented the standard of care for EGFR-mutated patients
(21, 22).

Nevertheless, a spectrum of uncommon EGFR mutations
such as p.G719X, p.S768I, and p.L861Q, affecting about 10% of
the NSCLC population (5, 8, 23), have been reported to be more
responsive to afatinib (23–25). Uncommon EGFR alterations
appeared to carry heterogeneous molecular features with
clinically variable responses to TKIs and shorter PFS when
compared to EGFR common mutations (26). Furthermore, few
details are known about the differences on TKI sensitivity among
variable EGFR alteration subtypes, even though some evidence
had issued their response and survival benefit to TKIs by clinical
appraisal (22). Notably, quite a part of uncommon EGFR
mutations are “untested” with the polymerase chain reaction
(PCR)-based assay commonly used in clinical practice, together
with the adequacy, quality, and heterogeneity of tumor samples
in detection techniques, which results in the inaccuracy and bias
in the reported incidence of less common EGFR mutations (27).
Inevitably, PCR-based commercial assays could only identify
“hot spots” or common mutations to predict the responses of
TKIs, and are far from sensitivity for testing other uncommon
mutations, which has posed significant diagnostic issues (27).
Given the urgent need for more comprehensive genetic profiling
in advanced NSCLC, the introduction of next generation
sequencing (NGS) covering different panels in the clinical
setting has significantly improved the detection frequency of
uncommon EGFR alterations, and the implement of NGS testing
well characterizes the accurate EGFR mutation status (28, 29).

The p.L747P missense mutation, which also occurs in exon 19 of
the EGFR gene, is rarely observed in NSCLC. It occurs due to a two-
base-pair (bp) mutation (c.2239_2240TT>CC) at codon 747. This
causes the substitution of the amino acid proline to leucine, leading
to oncogenesis in the same way as other EGFR activating alterations
(30). Due to the rarity of p.L747P mutation in NSCLC, its response
to different types of EGFR TKIs is unclear and controversial, and
most studies suggested that it mediated intrinsic resistance to 1G
TKIs while increasing the sensitivity to afatinib (30–37). However, it
still remains unclear whether this mutation improves the binding
affinity and responds to osimertinib. This highlights the need for
further studies to understand the underlying mechanism behind the
response to different generations of EGFR TKIs in NSCLC patients
with p.L747P mutation.

Therefore, in this study, we aimed to conduct a retrospective
cohort study to investigate the therapeutic outcomes of diverse
EGFR TKIs in patients with metastatic NSCLC harboring
p.L747P mutation. Our findings were compared with published
February 2022 | Volume 12 | Article 843299

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Uncommon EGFR Mutation p.L747P
evidence. Furthermore, we also constructed the three-
dimensional (3D) computational modeling of p.L747P
mutation to simulate its binding activities to EGFR TKIs. The
antitumor activities of EGFR TKIs for p.L747P mutation were
finally evaluated and confirmed through cellular kinase
inhibition assay and mice xenograft experiment.
MATERIAL AND METHODS

Patients and Data Collection
All patients diagnosed with metastatic NSCLC carrying p.L747P
mutation treated at the Chinese Academy of Medical Sciences
(CAMS)/Cancer Hospital from 2016 to 2020 were included in
this cohort study. The p.L747P mutation in this study was
identified by NGS testing which was performed in institutional
laboratories or qualified third-party genetic testing companies
that had acquired the national quality system certification via
formalin-fixed, paraffin-embedded tissue samples. All of the
NGS testing was performed based on the Illumina sequencing
system, with same detection of a protein sequence encoded by
the EGFR exon 19 with a substitution of the amino acid proline
to leucine at codon 747 (p.L747P) and a DNA sequence with a 2-
bp cytosine substitution to thymine (c.2239_2240 TT>CC). The
medical records of these patients were retrospectively reviewed,
and their clinical characteristics and targeted outcomes were
recorded. The last follow-up date was July 21, 2021.
Response Assessment
The lesion size and overall disease stage at baseline were obtained
through the use of computed tomography images of the chest
and abdomen, brain magnetic resonance imaging, and whole-
body bone scans. Tumor response to targeted therapy was
evaluated after 4 weeks of TKI initiation and subsequently
every 8 weeks, and presented as either complete response (CR),
partial response (PR), stable disease (SD), or progressive disease
(PD) according to the Response Evaluation Criteria in Solid
Tumors (RECIST) version 1.1. PFS was defined by the
investigators as the time from TKI initiation to the date of
documented disease progression or death from any cause
(whichever occurred first). The objective response rate (ORR)
was the proportion of patients with at least once confirmed CR or
PR. OS was defined as the time from the diagnosis of stage IV
disease to death from any cause.
Molecular Dynamics Simulation
The 3D-modeling of p.L747P was performed based on the crystal
structure of the wild-type (WT) EGFR kinase domain in complex
with dacomitinib, using the Schrödinger software (2020-1
Release) (PDB: 4I23). For the prediction of bioactive
conformation and binding modes with EGFR TKIs (chemical
structures were listed in the Supplementary Figure), including
afatinib (BIBW2992), dacomitinib (PF299804), osimertinib
(AZD9291), poziotinib (HM781-36B), and mobocertinib
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(TAK-788), we conducted docking simulations using the
GLIDE (Schrödinger 2020-1 Release) program from
Schrödinger Inc. (Portland, Oregon). The protein preparation
wizard of the Maestro (Schrödinger 2020-1 Release) interface in
the Schrödinger modeling package was used to prepare the
protein. Compounds were constructed using the 3D-sketcher
module in Maestro. The computer-based binding free energy
(DGbind) was calculated with the GlideScore method and the
Molecular Mechanics/Generalized Born Surface Area (MM/
GBSA) method. The electrostatic energy, van der Waals action,
polar solvation energy, and total residual energy contributions
were also calculated by the MM/GBSA method.

Genetically Engineered Cell Lines
A431 cel l s were purchased from Nanj ing Cobioer
biotechnology Co., Ltd. Dulbecco’s Modified Eagle Medium
(DMEM), Penicillin-Streptomycin and 0.5% Trypsin-EDTA
(10X) were purchased from ThermoFisher (Waltham, MA,
USA). Certified Fetal Bovine Serum (FBS) was purchased
from Biological Industries (BI). Corning 96 and 384-well cell
culture plates were purchased from CORNING, USA. Cell-
Titer Glo® was purchased from Promega Corporation
(Madison, WI, USA). Complementary DNA (cDNA) of
p.L747P-mutant EGFR were transfected into A431 cells using
Nucleofector (Lonza), followed by clone selection using
puromycin. All cell lines were authenticated by western blot
and drug screening. Sequencing analysis was performed to
confirm the integration of p.L747P-mutant EGFR. All cell
lines used in the study tested negative for mycoplasma as
determined by Real-Time PCR (Takara).

Cell Proliferation Inhibition Assay
Cell viability was assessed using the Cell Titer-Glo assay kit from
Promega (Madison, WI, USA) by quantitating the adenosine
triphosphate (ATP) present in the cell cultures. A431 cells were
cultured in DMEM with 10% FBS and 1% penicillin-
streptomycin. Exponentially growing cells were plated in a
384-well plate at a concentration of 1000 cells/ml with 20ul per
well, followed by overnight incubation at 37°C, 5% CO2.
Compounds were prepared as 12-point, 3-fold serial dilutions
in dimethyl sulfoxide (DMSO), beginning at 2mM. They were
further diluted 100 folds with cell culture media and 20 µL were
added to each well of cell plate. The final top concentration of
compound in the assay was 10uM and that of DMSO was 0.5%.
The plates were then incubated for 3 days at 37°C, 5% CO2.
Luminescence was read after 20 minutes of incubation with the
SPARK multiple plate reader from TECAN (Switzerland). The
half maximal inhibitory concentrations (IC50) of compounds
inhibiting cell viability were determined using a sigmoidal dose-
response model (variable slopes, four parameters) in Prism 7 (La
Jolla, CA) to evaluate the inhibitory ability of compounds on the
proliferation of A431 cells.

Mice Xenograft Experiment
The LUAD sample with p.L747P mutation was obtained from one
metastatic NSCLC patient from the CAMS/Cancer Hospital and
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was transported directly to the laboratory after tumor tissue
biopsy. The tumor sample was washed twice with cold
phosphate-buffered solution and minced into smaller pieces
(1cm3) using scissors before being implanted into a four-week-
old female BALB/c nude mice. All animal experiments in this
study were conducted under an institutionally approved protocol
of the Animal Care and Use Committee of the CAMS/Cancer
Hospital. After five generations in nude mice, the mice received an
oral gavage of vehicle consisting of 0.5% methylcellulose in water,
afatinib (7.5mg/kg/daily), dacomitinib (10mg/kg/daily),
osimertinib (25mg/kg/daily), poziotinib (0.3mg/kg/daily), and
mobocertinib (7.5mg/kg/daily) for 14 days. The xenograft tumor
growth and mice body weight were monitored every three days.
All the mice were killed on day 15 to harvest the tumors. The
xenograft tumors were fixed in 4% paraformaldehyde for 24 hours,
then sliced at a thickness of 5mm for immunohistochemical (IHC)
analysis. The slices were subsequently stained using an anti-rabbit
p-EGFR antibody (ab40815; Abcam, Cambridge, UK), anti-rabbit
p-ERK antibody (4370; Cell Signaling Technology, Danvers, MA,
USA), and anti-rabbit p-AKT antibody (4060; Cell Signaling
Technology, Danvers, MA, USA) as indicated by the
manufacturers’ instructions.
Statistical Analysis
Statistical analyses were performed using the SPSS software,
version 20.0 (IBM Corp., Armonk, NY, USA) and the
GraphPad Prism software, version 8.0 (GraphPad Software
Inc., San Diego, CA, USA). The experimental data were
presented as the mean ± standard deviation. The Student’s t-
test was used for comparison between two groups. The two-way
analysis of variance was used for comparison between multiple
groups. All reported P-values were two-tailed, and for all
analyses, a P-value below 0.05 was considered statistically
significant unless otherwise specified.
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RESULTS

Patient Characteristics
A total of five patients with metastatic LUAD harboring p.L747P
mutation were included in the study. The median age was 52
(range, 41-63) years. Three patients were male, and two were
never smokers. All of them received first-, second-, and third-line
treatment. As first-line (1L) treatment, three patients received
platinum-based chemotherapy, and two patients were treated
with 1G TKIs either gefitinib or icotinib. In the second-line (2L)
setting, two patients were administered 1G TKIs, one patient
received 2G TKI afatinib, and another patient received 3G TKI
osimertinib. In addition, as third-line treatment (3L), one patient
received afatinib, and the others received osimertinib.

Treatment Response
Among the three patients receiving 1L platinum-based
chemotherapy, one achieved PR with a PFS of 5.6 months,
while the other two patients only achieved SD as the best
response, with a PFS of 3.0 and 4.3 months. For the two
patients treated with 1G TKIs in 1L, all had SD as the best
response, with PFS of 3.2 and 3.4 months.

All the five patients were treated with 2L targeted therapy, and
two receiving afatinib achieved PR, with a PFS of 4.7 and 8.5
months. The patient who was administered with osimertinib as
2L therapy showed best response of SD and a PFS of 7.5 months.
The other two patients treated with 1G TKIs had ORR of 0, with
PFS of 1.4 and 5.5 months. In the 3L setting, one case received
afatinib and achieved a PFS of 2.4 months, with SD as the best
response. The other four patients treated with osimertinib
achieved a PFS ranging between 1.6 to 6.3 months, with ORR
of 0. Up to the last follow-up, all the patients had died. The
median OS was 19.7 months (95.0% CI: 18.0-21.4). The
treatment responses to EGFR TKIs extracted from published
studies were summarized in Table 1.
TABLE 1 | Responses to EGFR TKIs in NSCLC patients with p.L747P mutation from published reports.

No. Age/Sex Ethnicity EGFR TKI Best response PFS (months) Reference

1 63/M Taiwan/Chinese Gefitinib PD 0.9 (30)
2 36/M Taiwan/Chinese Erlotinib PD 2.9 (30)
3 69/M Taiwan/Chinese Afatinib PR 12.0 (30)
4 49/M Taiwan/Chinese Afatinib PR 19.8 (30)
5 61/F Taiwan/Chinese Afatinib NE 1.0 (30)
6 NA Taiwan/Chinese 1G TKI PD NA (34)
7 66/M Chinese Gefitinib PD 0.5 (32)
8 54/F Chinese Gefitinib PD 1.0 (35)

Osimertinib PD 1.0 (35)
9 76/F Italian Gefitinib NE 7.0 (36)
10 61/M Chinese Erlotinib PD 1.0 (31)
11 44/F Chinese Afatinib SD 24.0 (37)
12 59/F Dutch Gefitinib SD 6.0 (38)
13 69/F Japanese Gefitinib PD 1.6 (39)
14 80/F Chinese Gefitinib SD 18 (40)
15 69/F Japanese Gefitinib NA 4.0 (41)

Osimertinib NA 4.0 (41)
Febr
uary 2022 | Volume 12 | Art
F, female; M, male; NA, not available; NE, not evaluable; PD, progressive disease; PFS, progression-free survival; PR, partial response; SD, stable disease; TKI, tyrosine kinase inhibitor; 1G,
first generation.
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Binding Affinity to EGFR TKIs by
Dynamics Simulation
To elucidate the structural signature of p.L747P on the EGFR
catalytic domain and investigate its affinity to currently available
EGFR TKIs, 3D-modeling of p.L747P was constructed
(Figure 1A) based on the crystal structure of the WT EGFR
kinase domain in complex with dacomitinib (Figure 1B). The
modeling revealed no significant difference in the activating
kinase domain, ATP-binding site incorporating the hinge
region, C-helix, P-loop, and activation loop between WT and
p.L747P (Figure 1C). The 3D structure of p.L747P revealed that
the amino acid residue leucine at codon 747 was close to the
binding pocket, which was located in a key hydrophobic core
that stabilized the inactive EGFR state. Compared with the WT
of EGFR, no significant structural changes in the binding pocket
was observed in p.L747P conformation (Figure 1D).

The 1G TKIs (gefitinib, erlotinib, icotinib) showed the poorest
binding affinity to p.L747P mutation, with a computer-based
DGbind of -5.749 ~ -7.387 kcal/mol by GlideScore and -47.56 ~
-56.65 kcal/mol by MM/GBSA. In contrast, the 2G TKIs
(afatinib, dacomitinib) conferred the best binding affinity, with
a DGbind of -7.737~ -7.953 kcal/mol by GlideScore and -61.20 ~
-65.53 kcal/mol by MM/GBSA. The 3G TKI osimertinib showed
moderate binding affinity, with a DGbind of -6.485 kcal/mol by
GlideScore and -59.678 kcal/mol by MM/GBSA. These
observations indicate a reduction in the binding affinity for the
Frontiers in Oncology | www.frontiersin.org 515
1G and 3G TKIs to p.L747P when compared with 2G TKIs. In
addition, we simulated the binding affinity of p.L747P with
another two novel EGFR TKIs poziotinib and mobocertinib,
which are designed to target EGFR exon 20 insertions under
ongoing clinical trials. Dynamics simulation revealed that
poziotinib and mobocertinib displayed potent and much
favorable binding affinity to p.L747P mutation, with a DGbind

of -67.49~ -81.84 kcal/mol by MM/GBSA (Table 2).
By dynamics simulation, the binding affinity of osimertinib

for p.L747P was less potent when compared with afatinib.
However, the underlying mechanism for this observation has
not been explored before. For this purpose, we investigated the
energy contribution of residues within 4 Å of the ligand, and
10,000 conformations were extracted in 20 nanoseconds by
calculation. We observed that amino acid residues that play a
key role in the binding of molecules mainly were Met793 and
Cys797 when afatinib (Figure 2A) and osimertinib (Figure 2B)
bound with WT. The DGbind for Met793 (-2.157 kcal/mol) and
Cys797 (-2.134 kcal/mol) with osimertinib in WT was
significantly lower than that for Met793 (0.091 kcal/mol) and
Cys797 (0.540 kcal/mol) in p.L747P (Figure 2C). Conversely, the
DGbind for Met793 and Cys797 with afatinib in WT was similar
to that in p.L747P (Figure 2D), which indicated that osimertinib
was less able to bind with p.L747P compared with WT of EGFR.

Subsequent analysis of hydrogen bond occupancy further
confirmed that afatinib conferred better binding affinity to
A B

DC

FIGURE 1 | 3D-modeling of p.L747P conformation (A) and crystal structure of EGFR wild type kinase domain in complex with dacomitinib (B). ATP-binding pocket
in the activating kinase domain of EGFR wild type (C) and p.L747P conformation (D).
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p.L747P (Figure 3B) than toWT of EGFR (Figure 3A), due to its
stability in binding with amino acid residues Met793 and Cys797
to form more hydrogen bonds. However, the decreasing binding
affinity of osimertinib for p.L747P may be attributed to its
unstable binding mode (Figure 3D), along with fewer and
weaker hydrogen bonds formed between residues Met793 and
Cys797 than that with WT (Figure 3C). Molecular dynamics
calculation demonstrated that the substitution of amino acid
proline (0.043 kcal/mol) to leucine (0.032 kcal/mol) at codon 747
in the EGFR kinase domain had little effect on DGbind with
afatinib, resulting in an inconspicuous impact on affinity both in
WT and p.L747P (Figure 3E). However, a distinct contribution
Frontiers in Oncology | www.frontiersin.org 616
to DGbind was observed with osimertinib when substituting
proline (0.009 kcal/mol) for leucine (0.130 kcal/mol), which
eventually resulted in the weaker binding affinity to
p.L747P (Figure 3F).
Sensitivity to EGFR TKIs in p.L747P and
EGFR WT Cell Lines
Bioluminescence technique is a rapid test for detecting cellular
ATP, which is calculated as the total light emission amount-
relative light unit (RLU) via chemiluminescence measuring
devices (42). The RLU correlates with the amount and survival
A

B D

C

FIGURE 2 | Key amino acid residues binding with molecules in the wild type of EGFR kinase domain with afatinib (A) and osimertinib (B). Binding free energy with
osimertinib (C) and afatinib (D) in EGFR wild type and p.L747P conformation.
TABLE 2 | Binding free energies with different EGFR TKIs for p.L747P and WT of EGFR by dynamics calculation.

Molecule p.L747P WT

GlideScore MM/GBSA GlideScore MM/GBSA
DGbind (kcal/mol) DGbind (kcal/mol) DGbind (kcal/mol) DGbind (kcal/mol)

Gefitinib -5.749 -49.47 -6.291 -50.31
Icotinib -6.320 -47.56 -6.174 -46.21
Erlotinib -7.387 -56.65 -7.585 -57.67
Afatinib -7.953 -61.20 -7.261 -58.29
Dacomitinib -7.737 -65.53 -7.887 -86.24
Osimertinib -6.485 -59.68 -6.170 -59.73
Poziotinib -5.159 -67.49 -8.023 -94.46
Mobocertinib -6.892 -81.84 -7.093 -85.55
February 2022 | Volume 12
MM/GBSA, Molecular Mechanics/Generalized Born Surface Area; WT, wild type;
DGbind, binding free energy.
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A B

D

E F

C

FIGURE 3 | Binding affinity to afatinib in EGFR wild type (A) and p.L747P conformation (B) by hydrogen bond occupancy analysis. Binding affinity to osimertinib in
EGFR wild type (C) and p.L747P conformation (D) by hydrogen bond occupancy analysis. Dynamics calculations for binding free energies with afatinib (E) and
osimertinib (F) when substituting proline for leucine.
A B

FIGURE 4 | The kinase inhibition activity of 1G to 3G EGFR TKIs against EGFR wild type (A) and p.L747P-mutant (B) cell lines.
Frontiers in Oncology | www.frontiersin.org February 2022 | Volume 12 | Article 843299717

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Uncommon EGFR Mutation p.L747P
activity of cells, and it showed a significant decrease on afatinib
both in WT (Figure 4A) and p.L747P-mutant A431 cell lines
(Figure 4B), indicating that afatinib demonstrated most
favorable activity for p.L747P mutation at a small
concentration. In addition, the RLU did not decrease until the
concentration of gefitinib elevated to 102 nmol/L, which issued
that it was not a sensitive inhibitor for p.L747P-mutant cells, and
with poorest sensitivity to p.L747P when compared with afatinib
and osimertinib. The kinase inhibition activity of diverse EGFR
TKIs against p.L747P-mutant and WT cell lines was listed
in Table 3.
Mice Xenograft Experiment
We next assessed the therapeutic efficacy of p.L747P to different
EGFR TKIs in a p.L747P-mutant patient-derived xenograft
(PDX) model (Figure 5B). After five generations in nude mice,
mice received oral gavage of vehicle, afatinib, dacomitinib,
osimertinib, poziotinib, mobocertinib for 14 days according to
the dosing schedule (Figure 5A). Consistent with our findings in
clinical practice, afatinib significantly attenuated both the growth
and size of tumor nodules in the p.L747P-mutant xenograft
mouse model when compared with the other groups (P<0.001,
Figures 5C-E). Notably, dacomitinib and mobocertinib also
showed a strong antitumor activity on tumor growth, but they
also resulted in a significant weight reduction in the mice when
compared with afatinib (P< 0.001, Figures 5C-F). As shown in
Figure 5C, severe skin damage was found in mice treated with
dacomitinib. In addition, the IHC results demonstrated that
phosphorylated EGFR, ERK, and AKT were significantly
decreased in tumors treated by afatinib and dacomitinib when
compared with tumors treated by other EGFR TKIs. Yet,
osimertinib did not effectively inhibit phosphor-EGFR and its
downstream molecules (Figure 5G).
DISCUSSION

Due to the rarity of p.L747P mutation in the NSCLC population,
it was not possible to accurately determine its incidence. A
cohort study conducted in Taiwan, China only identified 12
patients with the uncommon p.L747P or p.L747S mutations
among 2031 EGFR-mutant LUAD patients, which resulted in an
overall incidence of approximately 0.59% (30). The intrinsic
Frontiers in Oncology | www.frontiersin.org 818
resistance of p.L747P mutation to EGFR TKIs was first
reported in 2008 (34). The EGFR kinase 3D structure showed
that condon 747 was located at the end of the b3 strand
connecting to the C-helix. A cluster of hydrophobic residues
contributed to the stabilization of the inactive EGFR kinase
form (43).

Consistent with previously published studies, the findings
from our cohort study indicated that the p.L747P mutation was
associated with poor response to 1G EGFR TKIs, while a better
response to 2G TKI afatinib (30–32, 34, 35, 37, 39, 41). None of
the patients treated with 1G TKIs showed a tumor response,
and their PFS ranged between 1.4 to 5.5 months. According to
published studies, 11 patients had received 1G TKIs (gefitinib
or erlotinib), and seven cases (63.6%) of them showed de novo
resistance with PD as the best response and a PFS ranging
between 0.5 to 2.9 months (30–32, 34–41). As for the 2G TKIs,
most case reports and studies suggested that afatinib revealed the
best activity for p.L747P, with a much longer PFS ranging
between 12 to 24 months (30, 37). In our cohort study, two
patients achieved PR to afatinib in 2L, with a PFS of 4.7 and 8.5
months. These findings indicated a good response to afatinib in
carriers of p.L747P mutation, as also identified in the above-
mentioned studies. For the 3G TKI osimertinib, case report
indicated that one patient with p.L747P mutation failed to
respond to it, with a PFS of only 1.0 months (29). Some small-
scale studies reported moderate sensitivity to osimertinib in
patients with p.L747P mutation (40, 41), yet, the evidence on
the use of osimertinib to treat these patients is still insufficient. In
our study, one patient received osimertinib as 2L therapy and
achieved SD with a PFS of 7.5 months, and four patients were
treated with osimertinib as 3L treatment and achieved a PFS
ranging between 1.6 to 6.3 months with no response. However,
we acknowledged that the sample size in our study was small.
Therefore, further studies are warranted to investigate the real
efficacy of osimertinib in carriers of p.L747P mutation.

The 3D-modeling of p.L747P constructed in our study
revealed no significant difference in the activating kinase
domain compared with WT of EGFR. As well, not any
significant structural changes in the binding pocket was
observed when substituting proline for leucine at codon 747.
According to this observation, we speculated that the underlying
mechanism for de novo drug resistance to 1G EGFR TKIs might
be derived from the discrepancies in the free binding energies
caused by the p.L747P conformation. As reported recently, 1G
TKIs had the highest DGbind to L747P compared with other
TABLE 3 | Kinase inhibition activity of diverse EGFR TKIs against p.L747P and EGFR WT cell lines.

Compounds IC50 (nmol) A431 WT A431 p.L747P

Gefitinib 724.8 147.3
Erlotinib 945.1 167.3
Afatinib 14.5 6.7
Dacomitinib 13.1 5.2
Osimertinib 341.6 80.9
Poziotinib 1.1 1.6
Mobocertinib 17.2 15.8
February 2022 | Volume 12 |
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EGFR TKIs, potentially causing binding instability and markedly
decreased van der Waals interaction between EGFR tyrosine
kinase and gefitinib and resulting in drug resistance (41). In
addition, Ba/F3 cells expressing p.L747P mutation showed
higher IC50 compared with the 19del and L858R mutant cells.
Furthermore, immunoblot analysis has shown that p.L747P
mutation was less sensitive to the 1G TKIs. In comparison, the
2G TKIs afatinib and dacomitinib could effectively inhibit
phosphor-EGFR and its downstream molecules (41). Notably,
dynamics simulation has shown that p.L747P mutation induced
a structural change in the C-helix orientation towards the P-loop,
facilitating the formation of a salt bridge between K745 and E762
residues to fix the active EGFR conformation (41). Consistent
with these reported studies (30, 35, 37, 41), afatinib revealed a
lower DGbind to p.L747P and was more selective to bind with
Frontiers in Oncology | www.frontiersin.org 919
p.L747P mutation in our study when compared with osimertinib.
The energy contribution simulation in our study showed that
osimertinib had a significantly higher DGbind to bind with
p.L747P than that with WT of EGFR. Conversely, the DGbind

with afatinib was similar to that in WT and p.L747P. Hydrogen
bond occupancy analysis further confirmed that afatinib had a
better binding affinity to p.L747P due to its increasing hydrogen
bonds when compared with osimertinib. All of our molecular
dynamics simulation results confirmed that 2G TKIs presented
the best binding affinity to p.L747P alteration.

In addition, we performed biochemical and cellular
experiment to verify the mechanism of actions of gefitinib,
afatinib and osimertinib targeting p.L747P mutation, and
finally found that afatinib showed best binding sensitivity and
antitumor activity against p.L747P-mutant cells compared with
A

B

D E F

G

C

FIGURE 5 | Oral gavage of vehicle, afatinib, dacomitinib, osimertinib, poziotinib, mobocertinib according to the dosing schedule (A) in a p.L747P-mutant patient-
derived xenograft model (B). EGFR TKIs for the antitumor tumor activity (C), tumor volume (D), tumor inhibition rate (E) and mice body weight (F) in p.L747P-mutant
xenograft mouse model. Phosphorylated EGFR, and its downstream molecules phosphorylated ERK and phosphorylated AKT under inhibition of different EGFR TKIs
by IHC analysis (G). *P < 0.05; **P < 0.01; ***P < 0.001.
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gefitinib and osimertinib. As well, the compound IC50 data with
comparison between afatinib, gefitinib and osimertinib
confirmed our findings. The mice xenograft experiment further
confirmed our clinical investigation and published studies.
Afatinib significantly attenuated both the growth and size of
tumor nodules in the xenograft mouse model of p.L747P
compared to other EGFR TKIs (P<0.001). Dacomitinib also
showed strong antitumor activity on the p.L747P-mutant
tumor growth, but it significantly reduced the weight of mice
and caused severe skin damage compared with afatinib
(P<0.001). We also observed a significant reduction in the
phosphorylated EGFR, ERK, and AKT in tumors treated by 2G
TKIs compared with those by 1G or 3G TKIs. Interestingly,
osimertinib failed to effectively inhibit phosphor-EGFR and
its downstream molecules in IHC analysis, which confirmed
our investigational results obtained from our cohort study
and 3D-based molecular dynamics simulation. Furthermore,
according to the mice xenograft experiment, mobocertinib
conferred favorable antitumor activity to the p.L747P-mutant
tumor. These findings were also consistent with result of
binding affinity to p.L747P observed during our dynamics
simulation, suggesting that mobocertinib might be a potential
inhibitor for p.L747P mutation, although this agent is currently
under ongoing clinical trials aiming to target EGFR exon
20 insertions.

This study has some limitations that have to be
acknowledged. First, due to the scarcity and limited sample
size of patients with p.L747P mutation, it is hard to conduct a
prospective study enrolling enough patients. Therefore, our
cohort study only included five patients with the p.L747P
mutation, potentially leading to a patient selection bias even
though our findings were consistent with those reported by
previous studies. Furthermore, although we calculated the
binding free energies of currently available EGFR TKIs by
dynamics simulation to elucidate the underlying mechanism
for drug resistance, exploration for molecular features and
other possible signaling pathways involved in the drug
resistance of p.L747P mutation is still required. Further clinical
studies are warranted to confirm our findings.

In conclusion, the uncommon p.L747P mutation leads to a
worse response to 1G EGFR TKIs when compared with the
classic EGFR exon 19 deletions. Afatinib shows better binding
affinity and antitumor activity compared with osimertinib for
p.L747P mutation. NGS testing should be recommended to
detect this specific mutation and hence guiding the accurate
usage of TKIs in clinical practice.
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Neurotrophic tropomyosin receptor kinase (NTRK) gene fusion has been identified as an
oncogenic driver of various solid tumors, and it is rare in non-smalll cell lung cancer
(NSCLC) with a frequency of approximately less than 1%. Next-generation sequencing
(NGS) is of priority for detecting NTRK fusions, especially RNA-based NGS. Currently, the
tropomyosin receptor kinase (TRK) inhibitors have shown promising efficacy and well
tolerance in patients with NTRK fusion-positive solid tumors, regardless of tumor
histology. The first-generation TRK inhibitors (larotrectinib and entrectinib) are
recommended as the first-line treatment for locally advanced or metastatic NSCLC
patients with positive NTRK fusion. However, TRK inhibitor resistance can eventually
occur due to on-target or off-target mechanisms. Further studies are under investigation
to overcome resistance and improve survival. Interestingly, NTRK fusion might be the
mechanism of resistance to epidermal growth factor receptor (EGFR)-tyrosine kinase
inhibitors (TKI) in NSCLC patients with EGFR mutation. Regarding immunotherapy, the
efficacy of immune checkpoint inhibitors in NSCLC patients harboring NTRK fusion has
yet to be well described. In this review, we elucidate the function of NTRK genes,
summarize the diagnostic techniques for NTRK fusions, and present clinical data for TRK
inhibitors; we also discuss potential mechanisms of resistance to TRK inhibitors.

Keywords: non-small cell lung cancer, NTRK fusion, diagnosis, TRK inhibitor, resistance
INTRODUCTION

Lung cancer is the second most common cancer worldwide but remains the leading cause of cancer-
related death according to the latest cancer statistics, accounting for almost one-quarter of all cancer
deaths (1). In recent years, targeted therapy with small molecular tyrosine kinase inhibitors
targeting the EGFR/ALK/ROS1, and immunotherapy blocking immune checkpoints have been
approved to treat patients with nonsmall cell lung cancer (NSCLC), and of note, the overall survival
and quality-of-life have been drastically improved (2, 3). In addition, the diagnosis and therapy of
gene fusions including ALK and ROS1 were revolutionary for TKI therapy in NSCLC,
demonstrating remarkable antitumor effects (4–6). Therefore, the novel gene fusion of
neurotrophic tropomyosin receptor kinase (NTRK) family has gained popularity recently for
clinical research. NTRK genes involving NTRK1, NTRK2 and NTRK3, encode the proteins of
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tropomyosin receptor kinase (TRK) family TRKA, TRKB and
TRKC respectively, which are transmembrane receptor tyrosine
kinases. NTRK gene fusions including NTRK1, NTRK2, and
NTRK3 fusions are identified as oncogenic drivers in various
types of tumors (7). The detection of NTRK gene fusion is
recommended by the National Comprehensive Cancer Network
(NCCN) clinical practice guidelines, and the TRK inhibitors
(larotrectinib and entrectinib) are preferred as the first-line
treatment for locally advanced or metastatic patients with
NTRK-fusion-positive NSCLC (8). In this review, we describe
the molecular biology and functions of NTRK gene. We also
summarize the diagnostic techniques of NTRK gene fusions and
the clinical data of TRK inhibitors, further discuss the
therapeutic strategies and potential mechanisms of TRK
inhibitor resistance.
NTRK GENE AND NTRK FUSION

NTRK Genes and TRK Receptors
NTRK1 gene is localized on chromosome 1q21–q22 (9), and its
encoding protein TRKA binds to the nerve growth factor (NGF)
to induce the tyrosine phosphorylation and tyrosine kinase
activity of TRKA (10). NTRK2 gene is located on chromosome
9q22.1 (11), and the protein TRKB specifically binds to brain-
derived neurotrophic factor (BDNF) (12). Moreover, NTRK3
gene is located on chromosome 15q25 (13), and the TRKC
selectively binds to neurotrophin 3 (NT-3) (14). Furthermore,
the NT-3 binds to all three TRK receptors, and the interaction
between NT-3 and TRKC elicits a more efficient biological
response than that with TRKA or TRKB (14, 15). Additionally,
each of the TRK proteins is composed of an extracellular domain,
a transmembrane region, and an intracellular region containing
the tyrosine kinase domain (16). The bind of ligands and TRK
receptors causes TRK receptor dimerization, which activates
multiple intracel lular signaling pathways involving
phospholipase C-g (PLCg), PI3 kinase (PI3K), and mitogen-
activated protein kinase (MAPK) pathways (17). These three
pathways play important and different roles in cell functioning.
MAPK pathway is involved in cell growth and proliferation,
while PLCg pathway regulates neuronal differentiation, survival,
and metabolism. PI3K pathway is responsible for metabolism
survival and apoptosis prevention (18). There are crosstalks
between these signaling pathways to coregulate biological
functions of NTRK genes, and the proper activation of TRK
receptors is critical to nervous system development and cell
survival (Figure 1).

NTRK Fusion
Gene fusions are resulted from genomic rearrangements, such as
chromosomal inversions, interstitial deletions, duplications, or
translocations, promoting the development and progression of
cancer (19). As for the NTRK gene fusions, the 3’ sequences of
NTRK gene is fused to the 5’ sequence of a fusion partner gene,
which is a typical genetic structure of the oncogenic fusion (20).
The resultant novel fusion oncogene is aberrantly expressed, and
Frontiers in Oncology | www.frontiersin.org 224
causes ligand-independent activation of the kinase domain,
which is also called constitutive activation. The constitutive
activation is generally the result of the 5’ fusion partner gene
which contains sequences encoding dimerization domains (19).
Thus, it leads to persistent activation of downstream signaling
pathways which is essential to tumor maintenance. The NTRK
gene fusion TPM3-NTRK1 was initially discovered in colorectal
cancer in 1986 (21). NTRK gene fusions were then discovered as
oncogenic drivers of various adult and pediatric tumors. In a
large-scale study, NTRK fusions with 88 unique fusion partners
were identified in 134 histological subtypes among 45 types of
cancers (7). However, the frequencies of NTRK gene fusions vary
by cancer types. For example, ETV6-NTRK3 fusion is highly
enriched in patients with cellular congenital mesoblastic
nephroma, congenital fibrosarcoma, and secretory breast
carcinoma (22–24), indicating a link between NTRK gene fusion
and certain types of cancer histology. A case report showed that a
patient initially diagnosed with salivary acinic cell carcinoma was
finally reclassified as mammary analog secretory carcinoma after
next-generation sequencing (NGS) results, suggesting an ETV6-
NTRK3 fusion (25). Additionally, NTRK gene fusions are less
frequent in NSCLC. Up to now, multiple NTRK fusion partners
have been reported gradually in NSCLC. Vaishnavi et al. described
two NTRK gene fusions in lung cancer, MPRIP-NTRK1 and
CD74-NTRK1, which result in constitutive TRKA kinase activity
and are oncogenic (26). Other NTRK1 fusion partners like
SQSTM1, TPR, IRF2BP2, BCL9, LMNA and PHF20 were also
detected in NSCLC (27, 28). TPM3was the most commonNTRK1
fusion variant, and TPM3-NTRK1 was reported as a resistance
mechanism to both first-generation and third-generation EGFR-
TKIs in NSCLC patients (28). Additionally, ETV6 and SQSTM1
were common fusion partners identified for NTRK3 in
NSCLC (27).
CLINICAL CHARACTERISTICS
OF NTRK FUSIONS

Frequency and Clinical Characteristics of
NTRK Fusions
NTRK fusions exist in various adult and pediatric malignancies,
though it is a rare gene alteration with an overall frequency of less
than 1% (7, 29–31). The overall prevalence of NTRK fusion was
0.27%, where 31 cases were fusion positive from tissue samples of
11,502 patients (29). In addition, in a study with 26,000 patients,
76 cases were identified with NTRK fusions, suggesting an overall
prevalence of 0.28% (30). Evidence from a large real-world
population showed that the overall prevalence of NTRK fusion
was 0.30% among 45 cancers types, and it varied by age with a
higher prevalence in pediatric patients (1.34%) than adults
(0.28%), especially in children <5 years (2.28%) (7).
Consistently, a recent research showed that pediatric tumors had
a higher frequency of NTRK fusions and a broader panel of fusion
partners than adult tumors (32). Yet in another study, the
frequencies of NTRK fusions assessed from 13,467 samples were
0.34% in pediatric tumors and 0.31% in adult tumors (31).
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More relevant data are required for confirmed results.
Additionally, the frequency of NTRK fusions distinctly varied by
cancer type, where rare cancer types such as salivary carcinoma
and thyroid cancer had a higher occurrence of NTRK fusions than
common cancers like NSCLC (30, 31, 33). In a meta-analysis
involving 107 studies, rare cancer types including infantile
fibrosarcoma, secretory breast cancer, and congenital
mesoblastic nephroma were reported with an incidence of
NTRK fusions over 90% (33). However, in other cancer types
including NSCLC, nonsecretory breast cancers, pancreatic
cancers, renal cell carcinoma, prostate cancer, and melanomas,
the frequencies of NTRK fusions were all less than 5%, and most
were not up to 1% (30, 33). Furthermore, NTRK fusions were also
detected in a large scale of hematologic malignancies with an
occurrence of 0.1% in over 7,000 patients, of which a patient with
acute myeloid leukemia harboring ETV6-NTRK2 fusion achieved
a confirmed response to TRK inhibition therapy (34).

Among the three NTRK genes, NTRK1 and NTRK3 gene
fusions can be identified in a wide range of cancer types, NTRK3
fusion is the most common followed by NTRK1 fusion, and
Frontiers in Oncology | www.frontiersin.org 325
ETV6-NTRK3 along with TPM3-NTRK1 are the most common
fusion partners (7, 29, 31, 32). NTRK1 fusions are also highly
detected in pediatric papillary thyroid carcinomas (32), whereas,
ETV6-NTRK3 fusions act as a canonical genetic alteration in
secretory carcinoma of salivary glands and breast (24). By
contrast, NTRK2 fusions more exclusively exist in central
nervous system (CNS) tumors like gliomas, according to a
study where NTRK2 fusion was detected in most NTRK
fusion-positive patients (9/14) (18, 29). Regarding the co-
mutational patterns, NTRK fusions are revealed to barely co-
occur with other canonical alterations (7, 35). Previous study
revealed that the most frequent co-mutations with NTRK fusions
were TP53, PTEN, and PIK3CA mutations, but only one case
harbored targetable alterations including EGFR and MET
amplification, and 29% (9/31) of patients with NTRK fusion
had no other pathogenic alteration (29). Additionally, Rosen
et al. described the only one case of 65 cases where NTRK fusion
appeared along with activating alterations of classical MAPK
pathway oncogenes, yet it later showed a negative expression
level of the protein and resistance to larotrectinib (30).
FIGURE 1 | Pathway and function of NTRK gene.
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Frequency and Clinical Characteristics of
NTRK Fusions in NSCLC
As for NSCLC patients, the prevalence of NTRK fusions reported
in multicontinental studies varies from 0.1% to 3.3%. A meta-
analysis mentioned above reported that the frequency of NTRK
gene fusions in NSCLC was 0.17% (33). Two large-scale studies
showed the frequencies of NTRK gene fusions in NSCLC
patients were 0.1% (4/4073) and 0.16%, respectively (29, 30).
Another study enrolling 4,872 NSCLC patients estimated an
NTRK fusion frequency of 0.23% through NGS (27). In addition,
a retrospective study investigating driver gene alterations in
7,395 Chinese NSCLC patients found that the NTRK
rearrangement frequency was 0.59% among all patients, 0.61%
(33/5378) for patients with lung adenocarcinoma, and 0.5% (4/
855) for patients with lung squamous cell carcinoma (36). NTRK
fusion was also detected in neuroendocrine carcinoma and
sarcomatoid carcinoma of the lung (27, 28, 37). In general,
NTRK fusions are far less frequent than other canonical gene
fusions in NSCLC, namely ALK, ROS1, and RET (36, 38–40).
The common NTRK gene rearrangements in NSCLC were
NTRK1 and NTRK3 gene rearrangements (27, 36). Specifically,
the occurrence of gene fusions in NSCLC was 0.07%–3.3% for
NTRK1 (26, 28, 41), 0.02%–0.2% for NTRK2 (27, 42), and 0.08%
for NTRK3 (27).

Consistent with the co-mutation pattern mentioned before,
NTRK fusions in NSCLC present a mutually exclusive manner
with other canonical mutations and fusions. In a study of 11
NSCLC patients with NRTK fusions, 6 were recognized with co-
mutation but none were common oncogenic genes such as
KRAS, EGFR, ALK, or ROS1 (27). Evidence can also be found
in another study of 91 NSCLC patients, of which the tumor with
NTRK1 gene fusions had no known oncogenic alterations (26).
The common co-occurrence mutations with NTRK1 fusion were
TP53, RB1, and NF1 (28). Although NTRK fusions are reported
mostly in middle-aged (a median age of 47.6 years) and non-
smoking history populations, which resembles to the clinical
profiles of many other fusions, they can also be detected in
patients of other age groups or with previous smoking histories,
suggesting that NTRK fusions are not related to certain clinical
features in NSCLC (27). Furthermore, most NSCLC patients
with positive NTRK fusions have metastasis at diagnosis (27).
Yet the conclusion is drawn from data of only 11 cases with
NTRK gene fusions. Due to the rarity of NTRK gene fusion in
NSCLC, studies above were mostly small-scale retrospective
studies. Therefore, prospective studies with larger sample size
are required to investigate the clinical features of NTRK gene
in NSCLC.
DIAGNOSIS OF NTRK FUSIONS

Generally, nucleic acid-based sequencing is a priority for
detecting NTRK fusions, which can be followed by methods
like immunohistochemistry (IHC), fluorescence in situ
hybridization (FISH), and reverse transcriptase polymerase
chain reaction (RT-PCR) as complement or substitution when
Frontiers in Oncology | www.frontiersin.org 426
practice environment is limited. Other diagnosis methods have
also risen up, such as circulating tumor DNA/RNA testing and
nanostring technology. Each method has its own merits and
limitations, and some are limited to certain specific clinical
conditions. In the following section, we will introduce and
compare these techniques individually.

DNA-Based NGS
NGS shows a great advantage when conducting comprehensive
analysis including somatic mutations, insertions, amplifications,
deletions, microsatellite instability status, tumor mutation
burden, as well as chromosomal rearrangements (43, 44),
attributing to its broad capacity of molecular profiling. For
example, MSK-IMPACT used in Memorial Sloan Kettering
Cancer Center and the FoundationOne CDx test are two broad
DNA sequencing panels. Based on hybrid-capture method, the
two panels cover the whole coding region of 468 and 324 cancer-
related genes, respectively, and are capable of detecting selected
fusions including NTRK1, NTRK2, and ETV6-NTRK3 (45, 46).
Moreover, high sensitivity and specificity as well as the ability to
detect novel fusion partners are advantages of DNA sequencing.
Additionally, DNA-based NGS can also function to monitor the
development of resistance mutations in patients with NTRK
fusions, such as G667C and G595R mutations in NTRK1 gene,
and G696A and G623R mutations in NTRK3, which are
observed to cause TRK inhibitor resistance (47, 48). However,
several technical limitations should be taken into consideration.
Practically, the sensitivity is determined by the panel coverage of
genomic breakpoints of targeted fusions, and the integrity of its
coverage is presented at the breakpoint. Therefore, false negatives
could appear because of the limited panel size. In the
aforementioned MSK-IMPACT panel, no kinase domain
intron of NTRK3 was covered, because the intronic regions of
NTRK3 are too long to cover, otherwise the coverage for other
genes would be shrunk to reduced overall sensitivity (45).
Another reason is that repetitive elements inside some introns
are hard to tile and infeasible to assemble (49). Thus, the majority
of fusions involving NTRK3 are indirectly detected through
identification of the most common fusion partner ETV6, thus
the sensitivity is restricted. Furthermore, it is uncertain if novel
alterations presented in DNA level can be expressed at the
mRNA and protein levels that possess clinical significance (35).
Thus, further confirmation by RNA-based sequencing is often
necessary. To conclude, broad capacity of molecular profiling,
high sensitivity and specificity, and the ability to identify novel
fusion partners contribute to the advantages of DNA-based NGS.
While limitations of this method include its deficiency to detect
NTRK3 fusions, the uncertain RNA-level expression of detected
fusions, with the addition of high cost, high sample purity, and
long turn-around time.

RNA-Based NGS
Practically, RNA-based NGS is preferred when it comes to the
detection of NTRK fusion. As mentioned, even the most
advanced DNA-based sequencing is incapable of covering large
intronic regions in NTRK3. However, such limitation does not
exist in RNA-based NGS, for introns are already spliced out in
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RNA. Additionally, sequencing carried out in the RNA level can
directly verify in-frame and functionally transcribed genes,
which is of potential significance to determine the response to
targeted therapy (50). In 232 lung adenocarcinoma samples of
which driver alterations were not detected by MSK-IMPACT
(DNA sequencing), 36 cases were identified positive for driver
alterations through RNA sequencing. Among which, 27 patients
were in-frame fusions including two with NTRK3 fusions and
one with NTRK2 fusion. Intriguingly, two patients with NTRK
fusions receiving larotrectinib treatment achieved confirmed PR
or SD (51). Moreover, purity of tumor samples is less required
due to the sufficiently high expression of gene fusions. The major
disadvantage of RNA-based NGS is the labile nature of RNA
extracted from archival samples. In aged materials, the
occurrence of RNA fragmentation and degradation is of
considerably high probability, which might lead to failure of
library preparation and hinder subsequent operations. For
instance, a study testing samples of 44 archival cases stated
that only 23 cases passed quality control thresholds and were
eligible for sequencing (52). Thus, effective quality assessment
measures are required to identify potential false-negative results,
guaranteeing the test reproducibility (53). Currently, the method
termed Anchored multiplex PCR for RNAseq is commercially
available and widely applied. In addition to higher sensitivity and
specificity, it is effective in detecting single nucleotide variants,
copy number variants, insertions, deletions, and gene
rearrangements without previous knowledge of the fusion
partners (54). It highlights the superiority of RNA-based NGS
for NTRK fusion detection to find new fusion partners as well as
second resistance in NTRK gene. Thus, RNA-based NGS is
preferentially recommended for NTRK fusion detection in
tumors where NTRK fusions are uncommon like NSCLC (55).
In conclusion, RNA-based NGS can avoid the tough intron
issues in the detection of fusions like NTRK3, and is able to
directly confirm the transcription of detected fusions, making it
an optimal approach for NTRK fusion detection. Yet the
unstable RNA quality is a major concern, thus extra labor is
required for specimen preservation and quality assessment.

Furthermore, there are some commercially available
platforms that are able to simultaneously assess both RNA and
DNA. For example, Oncomine Comprehensive Assay by
Thermo Fisher and The TruSight Oncology 500 assay by
Illumina are hybrid panels including all three NTRK genes (56,
57). Currently, a number of NGS panels based on DNA or RNA
are designed for liquid biopsy when no sufficient tumor tissue
specimen is available, such as Guardant360 panel (58) and
AVENIO Extended ctDNA Analysis Kits (59). However, the
sensitivity of such methods still requires future improvement.

Immunohistochemistry
As a method analyzing protein expression, IHC shows several
evident advantages. Primarily, IHC is widely used in laboratories,
due to its relatively low expense and low implementation
threshold with only one single unstained slide and
approximately a day of turnaround time. Moreover, IHC
presents higher confidence that fusions detected are
functionally transcribed and translated, allowing a spatial
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assessment of the subcellular localization of the fusion protein,
which is indicative for oncogenic activity and targeted therapy.
In addition, IHC presents high sensitivity and specificity (29, 35,
60, 61). EPR17341 (Abcam, Cambridge, MA, USA), a pan-TRK
monoclonal antibody, is mostly used and is able to detect
proteins TRKA, TRKB, and TRKC expression (35). However,
the utility of IHC is restricted in diagnosis of NTRK fusions.
Initially, the exact fusion partners and precise breakpoints
cannot be identified, since only TRKs are targeted. Second,
false positivity may occur as TRK proteins are not only specific
to NTRK fusions. For instance, TRK proteins can also be
expressed in normal tissues and tumor tissues with neuronal
and smooth muscle differentiation, which do not harbor valid
fusions, while the specificity was high for lung cancer (45, 61).
Furthermore, sensitivity decrease of IHC for TRKC was revealed.
Zoran et al. reported the sensitivity as 55% (29), while Solomon
et al. have found a sensitivity of 79% for NTRK3 fusions, in
contrast with the sensitivity of 96% and 100% for NTRK1 and
NTRK2 fusions, respectively (45). Moreover, there are no
monoclonal TRKC antibodies commercially available, thus,
identification specific to NTRK3 fusions remains stagnated.
Finally, the present estimated sensitivity and specificity data
are established on research of small samples with NTRK fusion
positive, suggesting that verification from studies with larger
cohorts is required. Overall, IHC is a convenient, economic, and
effective testing method. The detected fusion proteins could
provide significant indications for clinical treatment. However,
its incapability to identify fusion partners, ineffectiveness to
detect TRKC, and false positive results due to the non-specific
expression of TRKs jointly limit the application of IHC.
Therefore, IHC mainly perform as a screening tool for NTRK
fusion when NGS is not available or serve as an adjunct to nucleic
acid testing, but orthogonal confirmation through NGS should
be conducted for higher sensitivity if possible.

Fluorescence In Situ Hybridization
FISH is extensively used for detecting oncogenic fusions in solid
tumors via chromosomal rearrangement analysis. In addition to
the good sensitivity and specificity, it requires only one or two
slides and lower tumor purity and takes only a few-day
turnaround time. Notably, FISH is highly effective for
identifying ETV6-NTRK3 fusions, which enables its good
application in mammary analog secretory carcinoma, infantile
fibrosarcoma, and congenital mesoblastic nephroma (52, 62). A
break-apart probe (Abbott, Chicago, IL) is used specifically for the
detection of ETV6 gene. There are also break-apart probes
targeting the three NTRK genes and are commercially available
(63, 64). Still, there are demerits in NTRK fusion detection. First,
three FISH assays are required to be performed to assess three
NTRK genes (65), which consequently costs more expense and
time. Second, FISH is unable to ascertain the 5’ partner of the
fusion, while NTRK fusions involve multiple partners of great
clinical significance. Third, higher probability of false-negative
results is presented particularly for NTRK1 fusions. According
to a study of short inversions and intrachromosomal
translocations related to ALK, split lengths separated by the
break-apart probe is too short to be distinguished from normal
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types (66). Given that most NTRK1 fusions are formed in a
intrachromosomal manner, false-negative results could appear by
insufficient splitting of FISH (67). Finally, no certainty could be
made in FISH that the fusion detected on the DNA level can be
functionally transcribed and finally translated. In brief, FISH is a
widely-applied fusion-testing approach with credible sensitivity
and specificity, and particularly serves as a potent tool for ETV6-
NTRK3 fusion detection. Nevertheless, it fails to recognize fusion
partners, and its sensitivity for NTRK1 is questionable.

RT-PCR
Reverse transcriptase polymerase chain reaction is a method
based on the detection of transcribed RNA, in which either
qualitative assay or quantitative real-time PCR could be
performed. As fusion partners and corresponding exon
breakpoints both required clarification before an RT-PCR
assay can be conducted, noncanonical and novel fusions could
not be identified. In the past years, it has been used mainly for
detecting canonical ETV6-NTRK3 fusions, thus its applicability
is limited to cases enriched of such alterations (64, 68, 69).
However, its sensibility needs further evaluation. In a study
involving 25 cases of salivary gland secretory carcinoma which
were proven to be canonical fusion negative via RT-PCR, four
cases of which were found harboring classical fusion through
more sensitive nested RT-PCR, and five atypical ETV6 exon4-
NTRK3 exon 14 or ETV6 exon5-NTRK3 exon14 fusions were
identified by both PCR and nested RT-PCR (64), which suggests
a considerable possibility of false-negative results. To conclude,
RT-PCR can perform well in ETV6-NTRK3 fusion detection, but
its sensibility still requires improvement. Besides, recognition of
non-canonical and novel fusions is beyond its category.
Therefore, the utility of RT-PCR is largely limited by the
highly variable fusion partners, exons, and breakpoints
involved in NTRK fusions.
TRK INHIBITORS AND RESISTANCE

The first-generation NTRK-TKIs (larotrectinib and entrectinib)
have demonstrated clinically meaningful antitumor activity
(Table 1), thus had been approved for the treatment of locally
advanced or metastatic patients with NTRK-rearranged solid
tumors. According to the NCCN guidelines, both larotrectinib
and entrectinib are recommended as standard therapies for the
first-line treatment of NTRK fusion-positive patients with
advanced or metastatic NSCLC, as well as progressive patients
with previous systemic therapies. However, primary or acquired
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resistance to first-generation NTRK-TKIs is inevitable. The
mechanisms of acquired resistance include “on-target”
mechanisms, secondary mutations occurring at the TRK kinase
domain, and “off-target” mechanisms, such as bypass signaling
pathways activation (48, 70, 71). However, the mechanisms of
primary resistance remain unclear. Currently, the mechanism of
resistance to TRK inhibitors and next-generation TRK inhibitors
are under development, and ongoing clinical trials are in search
of appropriate therapeutic strategies (Table 2).

First-Generation TRK Inhibitors
Larotrectinib, an oral small-molecule and highly selective pan-
TRK inhibitor, was initially approved for adults and pediatric
patients with locally advanced or metastatic solid tumors
harboring NTRK gene fusions without known acquired
resistance mutations in the USA in November 2018 (72), as
the first tissue-agnostic nod of targeted therapy. The antitumor
activity of larotrectinib in patients with locally advanced or
metastatic solid tumors harboring NTRK fusions has been
explored in three clinical trials, including a phase I adult trial
(NCT02122913) (73), a phase I/II pediatric trial (SCOUT,
NCT02637687) (74), and a phase II adult and adolescent trial
(NAVIGATE, NCT02576431). The phase I dose-escalation study
of larotrectinib (NCT02122913) recruited 8 patients with NTRK
gene fusions; the overall response rate (ORR) was 100% by
independent review, including 2 patients assessed as complete
responses (CR) and 6 patients assessed as partial responses (PR)
(73). Drilon et al. reported the results of a primary analysis set of
55 patients with TRK fusion-positive solid tumors in 3 trials
(NCT02122913, NCT02637687, and NCT02576431). The ORR
was 75% (95% CI, 61–85) according to the independent review
committee and 80% (95% CI, 67–90) determined by the
investigator’s assessment (47). Thus, the approval of
larotrectinib was based on which. Hong et al. reported the
pooled analysis result of the abovementioned three phase I/II
clinical trials of larotrectinib (Table 1) (75). The ORR was 79%
(121/153), the median progression-free survival (PFS) was 28.3
months (95% CI 22.1–NE), and the median overall survival (OS)
was 44.4 months (95% CI, 36.5–NE) in the overall population. In
the subgroup of NSCLC, the ORR was 75% (9/12). Furthermore,
the efficacy of larotrectinib was independent of the NTRK gene.
There were 13 (8%) of 159 patients with brain metastases, and a
response to larotrectinib was observed in 9 of 12 (75%) of these
patients. In patients who received larotrectinib treatment with 0,
1–2, and more than 3 prior lines of therapy, the ORR was 86%,
63%, and 80%, respectively, the median duration of response
(DOR) was 27.6 months, not reached, and 32.9 months,
respectively, and the median PFS was 29.4, 33.4, and 34.5
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TABLE 1 | The efficacy of the first-generation TRK inhibitors.

TRK inhibitor Overall population NSCLC

N ORR PFS CNS ORR CNS PFS N ORR CNS ORR

Larotrectinib 159 79% (121/153) 28.3 (22.1–NE) 75% (9/12) NA 12 75% (9/12) NA
Entrectinib 54 57% (31/54) 11.2 (8.0–14.9) 50% (6/12) 7.7 (4.7–NE) 10 70% (7/10) NA
NE, not estimable; NA, not available.
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months, respectively, suggesting that the efficacy of larotrectinib
is independent of prior treatments (76). In addition, a
retrospective analysis showed that larotrectinib can improve
PFS for previous treated patients with advanced TRK fusion
cancer (77). There are several recruiting clinical trials that tend to
further explore the efficacy of the larotrectinib in patients with
NTRK fusion, and the tumor types of patients enrolled included
acute leukemia, lymphoma, or central nervous system neoplasm
(NCT03834961, NCT04655404, NCT03213704, NCT02465060).
Interestingly, two cases harboring NTRK1 gene amplification
were reported a partial response after treatment with
larotrectinib, which indicated that larotrectinib may be effective
for patients with NTRK gene amplification as well as NTRK
Frontiers in Oncology | www.frontiersin.org 729
fusions (73, 78). Moreover, there are clinical trials
(NCT04879121, NCT02693535) exploring the effect of
larotrectinib for patients with locally advanced or metastatic
solid tumors harboring NTRK amplification. Adverse events of
larotrectinib were predominantly of grade 1 or 2, with the most
common adverse events being anemia, an increase in the alanine
aminotransferase or aspartate aminotransferase level, and a
decrease in the neutrophil count (47, 73, 75). Improvement in
health-related quality of life was also observed after treatment
with larotrectinib (79).

Entrectinib, an oral selective inhibitor of TRKA/B/C, ROS1,
and ALK tyrosine kinases, received its first approval for the
treatment of advanced or recurrent adult and pediatric solid
TABLE 2 | Ongoing clinical trials for NTRK fusion-positive tumor.

ID Drug Phase Gene fusion Tumor type Age Primary outcome measures Status

NCT02576431 Larotrectinib Phase 2 NTRK Solid tumors 18 Years and
older

ORR Recruiting

NCT04671849 SIM1803-1A Phase 1 NTRK,
ROS1, ALK

Solid tumors 18 Years and
older

AEs, dose expansion Recruiting

NCT03215511 Selitrectinib Phase 1/
2

NTRK Solid tumors 1 Month and
older

Phase 1: recommended dose,
MTD

Active, not
recruiting

Phase 2: ORR
NCT04687423 FCN-011 Phase 1/

2
NTRK Solid tumors 16 Years and

older
TRAEs, RP2D, ORR Recruiting

NCT04996121 XZP-5955 Phase 1/
2

NTRK, ROS1 Solid tumors 18 years and
older

MTD, AEs, ORR Not yet
recruiting

NCT04094610 Repotrectinib Phase 1/
2

NTRK,
ROS1, ALK

Solid tumors, lymphoma Up to 25 years Phase 1: DLTs, RP2D Recruiting
Phase 2: ORR

NCT04617054 AB-106 Phase 2 NTRK Solid tumors 18 Years and
older

BOR Recruiting

NCT01639508 Cabozantinib Phase 2 RET, ROS1,
NTRK

NSCLC 18 Years and
older

ORR Recruiting

NCT04901806 PBI-200 Phase 1/
2

NTRK Solid tumors 18 Years and
older

Phase 1: AEs, RP2D Recruiting
Phase 2: ORR

NCT02920996 Merestinib Phase 2 NTRK Solid tumors 18 Years and
older

ORR Active, not
recruiting

NCT02675491 DS-6051b Phase 1 NTRK, ROS1 Solid tumors 20 Years and
older

AEs Active, not
recruiting

NCT03556228a VMD-928 Phase 1 NTRK1 Solid tumors, lymphoma 18 Years and
older

AEs Recruiting

NCT02637687
(SCOUT)

Larotrectinib Phase 1/
2

NTRK Solid tumors Up to 21 years Phase 1: TEAEs, DLT Recruiting
Phase 2: ORR

NCT02568267
(STARTRK-2)

Entrectinib Phase 2 NTRK,
ROS1, ALK

Solid tumors 18 Years and
older

ORR Recruiting

NCT03093116
(TRIDENT-1)

Repotrectinib Phase 1/
2

NTRK,
ROS1, ALK

Solid tumors 12 Years and
older

Phase 1: DLTs, RP2D Recruiting
Phase 2: ORR

NCT04655404 Larotrectinib Early
phase 1

NTRK High-grade glioma Up to 21 years DCR, TEAEs, AUC, dose–
response relationship

Recruiting

NCT03213704 Larotrectinib Phase 2 NTRK Solid tumors, non-Hodgkin
lymphoma

12 Months to
21 years

ORR Recruiting

NCT04302025 Entrectinib Phase 2 ROS1N, TRK NSCLC 18 Years and
older

MPR Recruiting

NCT03994796 Entrectinib Phase 2 NTRK, ROS1 Solid rumors with BM 18 Years and
older

ORR Recruiting

NCT03834961 Larotrectinib Phase 2 NTRK Solid tumors, acute leukemia Up to 30 years ORR Recruiting
NCT02650401
(STARTRK-NG)

Entrectinib Phase 1/
2

NTRK, ROS1 Solid tumors Up to 18 years MTD, RP2D, ORR Recruiting

NCT02465060 Larotrectinib Phase 2 NTRK Solid tumors, lymphoma,
multiple myeloma

18 Years and
older

ORR Recruiting
March 2022 | Volume 12 |
Inclusion criteria also include NTRK1 gene amplifications or TRKA protein overexpression.
AEs, adverse events; AUC, area under the curve; BM, brain metastases; BOR, best overall response; DCR, disease control rate; DLT, dose-limiting toxicity; MPR, major pathologic
response; MTD, maximum tolerated dose; ORR, overall response rate; RP2D, recommended phase 2 dose; TEAEs, treatment emergent adverse events; TRAEs, treatment-related
adverse events.
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tumors with positive NTRK fusion in Japan in June 2019 (80).
Then, entrectinib soon received approval for such indication by
the FDA in August 2019 (81). It has also been approved for the
treatment of adult patients with advanced ROS1 fusion-positive
NSCLC. The safety and efficacy of entrectinib have been
explored in four clinical trials: a phase I trial ALKA-372-001, a
phase I trial in adults (STARTRK-1, NCT02097810), a phase I/II
study in chi ldren and adolescents (STARTRK-NG,
NCT02650401), and a phase II basket trial in adults
(STARTRK-2, NCT02568267). Doebele et al. reported an
integrated analysis results of three phases I–II trials (ALKA-
372-001, STARTRK-1, STARTRK-2) that evaluated entrectinib
in patients with advanced or metastatic solid tumors with fusion-
positive NTRK (Table 1) (82). In the efficacy-evaluable
population, the ORR was 57% (31/54) and the median PFS
and OS were 11.2 (8.0–14.9) and 21 (14.9–not estimable)
months, respectively. In patients with baseline CNS metastatic,
the ORR was 50% (6/12) and the median PFS was 7.7 (4.7–not
estimable) months. In the subgroup of NSCLC, the ORR was
70% (7/10). Furthermore, intrapatient comparisons of
entrectinib efficacy in the STARTRK-2 trial indicated that the
ORR was higher and the median PFS was longer for entrectinib
than discontinuation since the last therapy (83). Additionally, a
case report showed that a patient with SQSTM1-NTRK1 fusion-
positive advanced lung adenocarcinoma was treated with
entrectinib, then developed partial response and had a
complete remission of all brain metastases (41). In summary,
treatment with entrectinib led to clinically significant antitumor
activity in patients with positive NTRK fusion. Importantly,
entrectinib is also effective for CNS tumors or CNS metastases.
This is likely due to sustaining CNS exposure of entrectinib,
because it is a weak p-glycoprotein substrate different from
crizotinib and larotrectinib which are strong p-glycoprotein
substrates with poor brain penetration (84). Currently, a head-
to-head study comparing the efficacy of entrectinib and
crizotinib in patients with advanced or metastatic ROS1+
NSCLC with and without CNS metastases is recruiting
(NCT04603807). As for the safety analysis, most adverse
events are grade 1 or 2 and reversible, and the common
treatment-related adverse events include dysgeusia, fatigue,
dizziness, constipation, etc. The commonly reported grade 3 or
4 adverse events are increased weight and anemia, while
cognitive disorder is the most common serious treatment-
related event (82). Thus, we conclude that entrectinib is an
effective therapy with minor adverse events for advanced
patients with NTRK gene fusions, including patients with
primary CNS tumors and metastatic CNS diseases.
Meaningfully, entrectinib as neoadjuvant therapy in patients
with resectable stages II–III NSCLC is currently under
investigation (NCT04302025), and the results of which may
provide a novel perspective for therapeutic strategies in NSCLC.

First-Generation TRK Inhibitor Resistance
“On-Target” Mechanisms
The secondary mutations occurring at the ATP binding pocket of
the TRK kinase domain includes the solvent-front, gatekeeper
Frontiers in Oncology | www.frontiersin.org 830
region, and xDFG motif mutations in the activation loop, also
known as ‘on-target’ mechanisms, which represent the common
acquired-resistance mechanisms for the first-generation TRK
inhibitors (Figure 2). Up to now, several resistance mutations
have been reported. In 2015, the solvent-front mutations (G595R)
and xDFG motif mutation (G667C) in the TRKA kinase domain
were initially reported as acquired resistance mechanisms to
entrectinib in a patient with colorectal cancer involving LMNA-
TRKA rearrangement (48). Then, a NTRK3 G623R mutation was
reported to be related to acquired resistance to entrectinib in a
patient with mammary analog secretory carcinoma with ETV6-
NTRK3 fusion (25). Later, a novel gatekeeper region (F589L)
mutation in TRKA, the xDFGmutations (NTRK1 G667S, NTRK3
G696A), and solvent front mutations (NTRK1 G595R, NTRK3
G623R) were identified as resistance mechanisms to larotrectinib
(47). Furthermore, NTRK1 G595R and NTRK1 G667S mutations
presented in a NSCLC patient, and a gatekeeper mutation
(NTRK3 F617L) presented in a patient with gastrointestinal
stromal tumor after disease progression with larotrectinib
treatment (73). On-target secondary resistant mutations bring
about amino acid substitutions, thus result in sterically
preventing the binding of the first-generation TRK inhibitors.
Next-generation TRK inhibitors have already been developed to
overcome the on-target resistance mutations during treatment
with first-generation TRK inhibitors.

“Off-Target” Mechanisms
Off-target mechanisms can develop during TRK inhibitor
treatment, which include genomic alterations of downstream
pathway mediators and other receptor tyrosine kinases
(Figure 2). Preclinical study showed that the reactivation of
RAF-MEK-ERK signaling was observed in NTRK1-driven
pancreatic cancer and lung cancer treated with entrectinib,
which was possibly one of the acquired-resistance mechanisms
to entrectinib, and combined inhibition of TRKA plus MEK1/2
markedly forestalled the onset of drug resistance in both models
(85). Furthermore, BRAF V600E mutation, KRAS G12D
mutations, and MET amplifications were also identified as the
bypass-mediated resistance mechanisms to TRK inhibitors for
patients with NTRK fusions. Dual blockade of TRK and MEK
could effectively control tumor growth and delay the emergence
of off-target resistance (71). However, the next-generation TRK
inhibitor monotherapy was not effective for resistance mediated
by bypass pathway mutations (71, 86, 87). In a case of pancreatic
adenocarcinoma with CTRC-NTRK1 gene fusion, BRAF-V600E
mutation emerged when disease progressed with larotrectinib,
which previously achieved a PR at its best, then the tumor
continued to progress for 2 months even though the treatment
was switched to selitrectinib, a next-generation TRK inhibitor
(86). Intriguingly, these data provide clues for combination
therapies of blocking both NTRK and MEK in NTRK fusion-
positive tumors for future investigations.

Next-Generation TRK Inhibitors
Selitrectinib (LOXO-195), a selective TRK inhibitor, was
designed to overcome acquired resistance to first-generation
March 2022 | Volume 12 | Article 864666
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TRK inhibitors mediated by secondary mutations in kinase
domain. LOXO-195 showed significant inhibitory cellular
activity against NTRK fusions and acquired resistance
mutations in vitro, including TRKA G595R, TRKA G667C,
and TRKC G623R (88). Notably, LOXO-195 possessed
antitumor activity in two patients that had LMNA-NTRK1
fusion-positive colorectal cancer and ETV6-NTRK3 fusion-
positive infantile fibrosarcoma with TRKA G595R- and TRKC
G623R-driven acquired resistance to larotrectinib, respectively
(88). Furthermore, selitrectinib response was also observed in a
patient with NTRK3 G623R mutation and CNS metastasis who
has acquired resistance to entrectinib with ETV6-NTRK3 fusion-
Frontiers in Oncology | www.frontiersin.org 931
positive mammary analog secretory carcinoma of the parotid
gland (89). In a phase I/II study (NCT03215511, n = 20) and
FDA-expanded access single patient protocol (SPP, n = 11), the
ORR of LOXO-195 was 34% (10/29) in all evaluable patients, and
the ORR was 45% (9/20) in patients with TRK kinase mutation,
but the ORR was 0% (0/3) in patients with resistance mediated
by identified bypass, and the most common adverse events were
dizziness/ataxia, nausea/vomiting, anemia, myalgia, abdominal
pain, fatigue, and lymphopenia (87). It suggests that LOXO-195
is significantly effective in patients with resistance to prior TRK
inhibitors mediated by mutations in kinase domain but not
bypass pathway activation. However, LOXO-195 exhibited
FIGURE 2 | Resistance mechanism for first-generation TRK inhibitors.
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limited response to a pediatric glioma driven by ETV6-NTRK3
fusion with G623A- and G623E-resistant mutations. It was
possibly due to the insufficient CNS concentrations of LOXO-
195 and trophic microenvironment of the pediatric brain that
confers resistance to TRK inhibitors (90). LOXO-195 possessed
poor penetration into the brain because of the blood–brain
barrier and multidrug efflux transporters, such as ABCB1 and
ABCG2 (91, 92). In addition, clinical evidences and preclinical
findings revealed that TRKA xDFG motif substitutions, such as
TRKA G667A and TRKA G667C, conferred resistance to the
next-generation TRK inhibitors including selitrectinib and
repotrectinib through impaired drug binding (93). Recently, a
case report showed that a patient with DCTN1-NTRK1 fusion-
positive undifferentiated pleomorphic sarcoma did not respond
to LOXO-195 who harbored acquired NTRK1 G667C mutation
after disease progression with larotrectinib (94). Thus, resistance
mediated by xDFG mutation remains a major challenge for next-
generation TRK inhibitors. Though recent studies report that
promising drug compounds designed to overcome multiple
resistance possessed potent inhibitory activities to xDFG
mutations as well as solvent-front and gatekeeper substitutions
in vitro and in vivo (95, 96), the exploration of new drugs to
inhibit xDFG mutation is still facing unmet clinical needs.

Repotrectinib (TPX-0005) is a novel next-generation ALK,
ROS1, and pan-TRK inhibitor, which is designed to overcome
resistance mutations and potently inhibit wildtype TRK fusions.
Repotrectinib is highly potent and selective against wildtype
ALK, ROS1, and TRK fusion proteins, as well as their solvent-
front substitutions in preclinical studies, including TRKA
G595R, TRKB G639R, and TRKC G623R (97, 98). Similarly, a
dramatic response to repotrectinib was observed in a patient with
NTRK3 fusion-positive mammary analog secretory carcinoma
harboring NTRK3 G623E mutation. Notably, repotrectinib
achieved partial response in NSCLC patients with ROS1 fusion
and intracranial metastasis, who were treatment naive or
presented solvent-front mutation-mediated resistance to
previous ROS1-TKI, demonstrating an efficient intracranial
antitumor activity of repotrectinib (97, 99). Efficient CNS
penetration of repotrectinib was observed in patients and
mouse models, but inconsistent result was showed in a
bioanalytical assay, revealing that repotrectinib possessed very
poor penetration into the brain in mouse experiment, probably
because of the blood–brain barrier and multidrug efflux
transporters, like ABCB1 and ABCG2 (100, 101). The potent
intracranial activity of repotrectinib in patients with NTRK-
fusion tumors including NSCLC remains unclear, requiring
further investigation. A clinical trial of repotrectinib in patients
with advanced solid tumors harboring NTRK, ALK, or ROS1
rearrangements (TRIDENT-1, NCT03093116) are currently
being conducted, of which the interim data showed evident
antitumor activity of repotrectinib in patients harboring NTRK
fusion-positive cancers both with and without previous NTRK-
TKI treatment (98). Two cases of metastatic NSCLC harboring
NTRK3 rearrangement from TRIDENT-1 study achieved
durable responses to repotrectinib, with one being NTRK-TKI
naive and one with previous entrectinib resistance mediated by
Frontiers in Oncology | www.frontiersin.org 1032
G623R mutation (82). What is more, repotrectinib was more
potent against wildtype TRK fusions and mutations in TRK
kinase domain than selitrectinib in cellular assays and mouse
models. Repotrectinib was also the only TRK inhibitor active
against TRKA G595R/F589L compound mutation in cis in
preclinical Ba/F3 cells (102). This indicates that repotrectinib is
more efficient for wildtype TRK fusions and secondary resistance
mutations in preclinical studies, though evidence from clinical
study is still insufficient. Currently, phase I/II clinical trials
(NCT03093116, NCT04094610) are ongoing to explore the
efficiency of repotrectinib in patients with advanced solid
tumors harboring NTRK, ROS1, and ALK rearrangements.

Taletrectinib (DS-6051b/AB-106) is a selective tyrosine
kinase inhibitor of NTRK and ROS1. Preclinical study showed
that DS-6051b was significantly effective in inhibiting NTRK and
ROS1-rearranged cancers, as well as TKI-resistant tumors with
secondary kinase domain mutations, such as G2032R mutation
in ROS1 and G595R mutation in NTRK1 (103). However,
NTRK1 G667C mutation was resistant to DS-6051b; it was
consistent with previous reports claiming G667C mutation in
xDFG motif being resistant to next-generation TRK inhibitors
(93, 103). Preliminary clinical activity of DS-6051b was observed
in TKI-naive and crizotinib-pretreated ROS1+ NSCLC patients
and a patient with TPM3-NTRK fusion-positive thyroid cancer
who achieved a confirmed partial response of 27 months at the
last follow-up (104, 105). The evidence about antitumor effect of
taletrectinib in patients with advanced NSCLC harboring NTRK
fusion is insufficient; thus, further investigation is required. The
most common treatment-related adverse events are elevation of
aspartate aminotransferase and alanine aminotransferase,
nausea, diarrhea, and vomiting (104, 106).

Next-Generation TRK Inhibitor Resistance
As stated above, resistance mechanisms of tyrosine kinase
inhibitors typically include on-target and off-target
mechanisms, while resistance mechanisms of next-generation
TRK inhibitors are yet to be well described. Two patients, one
with TPR-NTRK1-positive NSCLC and the other one with
TPM3-NTRK1-positive thyroid cancer, harboring xDFG motif
mutations (TRKA G667C, G667S) that emerged as resistance to
larotrectinib, did not respond to next-generation TRK inhibitor
selitrectinib, which represented one of the primary resistance
mechanisms to next-generation TRK inhibitor (93).
Furthermore, patients achieved partial response to selitrectinib
against TRKA G595R-mediated larotrectinib resistance, while
TRKA G667C or TRKA G667A were detected at progression
during selitrectinib treatment, indicating that TRKA G667
mutations were responsible for acquired resistance to next-
generation TRK inhibitors (93). Consistent results were
observed in preclinical models, where NTRK1 G667 mutation
was found insensitive to next-generation TRK inhibitors,
including selitrectinib, repotrectinib, and DS-6051b (93, 103).
Importantly, xDFG motif mutations (NTRK1 G667) were highly
sensitive to type II inhibitors, including altiratinib, cabozantinib,
and foretinib in preclinical studies (93, 107). Also, foretinib and
nintedanib significantly inhibited the growth of cells with TRKA
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G667C mutation, and foretinib was also effective against
NTRK1-G667C mutation in a brain metastasis model (108).
Moreover, Ba/F3 cells expressing TPM3-NTRK1 G667C or
TPM3-NTRK1 fusion were sensitive to gilteritinib but it failed
to suppress G595R-mutant cells (109). This calls on further
studies to overcome G667 mutations. Additionally, in a case
with metastatic undifferentiated sarcoma harboring TPM3-
NTRK1 fusion, selitrectinib was used to overcome acquired
resistance to larotrectinib with a secondary G595R mutation.
KRAS G12V mutation and functional activation of KRAS
signaling were later identified in the lesion developing
resistance to selitrectinib (110). Similarly, a patient with
colorectal cancer harboring LMNA-NTRK1 fusion showed
emergence of KRAS G12A and G12D mutations when
developing acquired resistance to LOXO-195 (71). This
indicated that bypass pathway activating via KRAS mutations
was one of the resistance mechanisms to selitrectinib, and further
exploration of other mechanisms is urgently needed for
appropriate therapeutic strategies toward resistance to next-
generation TRK inhibitors.
NTRK FUSION WITH EGFR-TKI
RESISTANCE

Interestingly, NTRK fusions are recognized as a resistance
mechanism to EGFR-TKIs in NSCLC patients (28, 111).
According to a survey investigating 3,050 EGFR+ NSCLC
samples, the emergence of TPM3-NTRK1 was confirmed to
follow the initiation of EGFR-TKI erlotinib treatment through
the comparison between paired pre- and after-treatment samples
(111). Consistent results can also be seen in other studies, where
TPM3-NTRK1 fusion was detected in patients with resistance to
third-generation EGFR-TKI osimertinib or rociletinib (112,
113). Notably, in a large-scale cohort involving Chinese lung
cancer patients, six of twelve patients with NTRK1 fusion-
positive NSCLC had co-occurring EGFR mutations and were
previously treated with EGFR-TKIs, suggesting that NTRK1
fusions were the potential resistance mechanisms to EGFR-
TKIs regardless of its generation (28). A NSCLC patient with
EGFR 19del received gefitinib followed by osimertinib because of
the emergence of EGFR T790M, then EGFR C797S and LMNA-
NTRK1 fusion were detected when resisting to osimertinib.
Notably, the patient showed continuous slow disease
progression for 9 months with osimertinib combined with
crizotinib as an TRK inhibitor (28). Moreover, a patient with
IRF2BP2-NTRK1 lung adenocarcinoma achieved a durable
stable disease to crizotinib for 16 months (114). It revealed the
antitumor effect of crizotinib for NTRK fusion-positive NSCLC,
suggesting that combining EGFR-TKIs and TRK inhibitors may
be an optional treatment for patients with NTRK fusion-
mediated EGFR-TKI resistance. The effect of first- and next-
generation TRK inhibitors for EGFR-TKI-resistant tumors with
NRTK fusions requires further investigation for better
comprehension of resistance mechanism.
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NTRK FUSION AND IMMUNOTHERAPY

In recent years, immune checkpoint inhibitors (ICIs) have
remarkably changed the treatment landscape of cancers like
NSCLC. However, the clinical efficacy and safety of ICIs for
patients with NTRK fusion positive remains unknown. There are
several studies exploring the relationship between NTRK fusion
and biomarkers for ICIs, including PD-L1 expression,
microsatellite instability, and tumor mutation burden (TMB),
which had been identified as predictive biomarkers for ICIs
(115–117). Evidence can be found in 31 cases with NTRK
fusions, where PD-L1 expression was detected in 23% of cases
with NTRK fusions, but only 2 cases possessed high
microsatellite instability (MSI-H) (29). With the exception of
colorectal cancer, NTRK fusions was demonstrated to be
positively related to MSI-H and mismatch repair deficiency
(MMR-D) (7, 118, 119). A study showed that 6 of 7 patients
with NTRK fusion-positive colorectal cancers were MSI-H and
possessed high median TMB. This is consistent with another
finding that of 12 patients with NTRK fusions including two
MSI-H colorectal cancers, only a patient with colorectal cancer
achieved a complete response to ICIs (30). Additionally, NTRK
fusion-positive tumors presented a lower TMB than those with
NTRK fusion negative, excluding MSI-H colorectal cancers,
which may be due to the uncommon appearance of NTRK
fusion co-existing with alternative oncogenic drivers (30). As
for lung cancer, previous studies revealed that it had a
significantly higher median TMB but a lower frequency of
MSI-H compared with other solid tumors (115, 116). However,
the association between NTRK fusion and TMB is still unclear in
NSCLC. Results from a large real-world study revealed that the
median TMB was similar in NTRK fusion-positive and fusion-
negative NSCLC. Additionally, a genomic testing of 2,522 lung
adenocarcinomas showed that gene fusion was significantly
enriched in driver-negative samples with low TMB, the median
TMB for fusion-positive and fusion-negative samples were 1.97
and 5.58 mutations/Mb, respectively, yet the analysis was
based on all fusion-positive samples and not specific to NTRK
fusion (51). As for immunotherapy, a patient with lung
adenocarcinoma harboring NTRK fusion receiving anti-PD1/
PDL1 treatment achieved stable disease (30). However,
inconsistent result emerged in a case report, where a patient
with advanced lung adenocarcinoma harboring a novel NCOR2-
NTRK1 fusion showed disease progression after receiving two
cycles of anti-PD-1 inhibitor monotherapy, although the
presence of high TMB (58.58 mutations/Mb) and positive PD-
L1 expression (20%–30% of the tumor cells) was also observed in
this case. Predominantly, the patient showed a partial response
after switching to TRK inhibitor larotrectinib (120). It indicates
that TRK inhibitor is more effective than anti-PD-1 inhibitor
monotherapy for patients with NTRK fusion-positive NSCLC in
spite of higher TMB and positive PD-L1 expression
simultaneously. However, there is no sufficient evidence to
draw conclusions based on this single case report. Regarding
the efficacy comparison of TRK inhibitors and ICIs, further
investigations are required. Whether TRK inhibitors
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combining with PD-1/PD-L1 inhibitors have superior
performance than monotherapy is also worthy of exploration.
CONCLUSION

NTRK gene fusions are identified as oncogenic drivers of various
adult and pediatric solid tumors, and the prevalence of NTRK
fusions varies by tumor types. In NSCLC, NTRK fusions are rare,
with an overall prevalence of below 5% and mostly less than 1%.
No clear evidence has been linking NTRK fusion to certain
clinical features, but it has been revealed that NTRK fusion is
mutually exclusive with other canonical mutations. The first-
generation TRK inhibitors (larotrectinib and entrectinib) showed
remarkable efficacy and good safety for locally advanced or
metastatic patients with NTRK fusions, thus they had been
approved for the treatment of NTRK fusion-positive solid
tumors by the FDA. However, resistance is developed
inevitably, and the typical mechanisms of resistance to first-
generation TRK inhibitors include secondary mutations in TRK
kinase domain and bypass signaling activation. Subsequently,
next-generation TRK inhibitors (selitrectinib, repotrectinib, and
taletrectinib) are designed to overcome acquired resistance
mediated by secondary mutations in TRK kinase domain,
which are predominant against wildtype TRK and secondary
mutations. Previous studies have revealed that xDFG motif
substitutions in TRK induce resistance to next-generation TRK
inhibitors, but are high sensitivity to type II inhibitors, which
highlights areas for future study. Interestingly, NTRK fusion was
reported as a potential resistance mechanism to EGFR-TKIs,
suggesting that combining EGFR-TKIs with TRK inhibitors may
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be an optional treatment for patient with NTRK fusion-mediated
EGFR-TKI resistance. Thus, it indicates the importance of
detecting NTRK fusions, secondary mutations, and bypass
signaling in patients with NSCLC, which provides clues for
appropriate therapeutic strategies. Also, the RNA-based NGS is
preferentially recommended for NTRK detection in tumors
including NSCLC. In terms of immunotherapy, no response
was observed in two cases with NSCLC, the efficacy of ICIs in
patients with NTRK fusion has not been well described, and
whether combination of TRK inhibitors with ICIs possesses
better efficacy and safety is not yet clear, thus, further
investigation is urgently required to address these issues
more fully.
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64. Skálová A, Vanecek T, Simpson RH, Laco J, Majewska H, Baneckova M,
et al. Mammary Analogue Secretory Carcinoma of Salivary Glands:
Molecular Analysis of 25 ETV6 Gene Rearranged Tumors With Lack of
Detection of Classical ETV6-NTRK3 Fusion Transcript by Standard RT-
PCR: Report of 4 Cases Harboring ETV6-X Gene Fusion. Am J Surg Pathol
(2016) 40(1):3–13. doi: 10.1097/pas.0000000000000537

65. Penault-Llorca F, Rudzinski ER, Sepulveda AR. Testing Algorithm for
Identification of Patients With TRK Fusion Cancer. J Clin Pathol (2019)
72(7):460–7. doi: 10.1136/jclinpath-2018-205679

66. Martin V, Bernasconi B, Merlo E, Balzarini P, Vermi W, Riva A, et al. ALK
Testing in Lung Adenocarcinoma: Technical Aspects to Improve FISH
Evaluation in Daily Practice. J Thorac Oncol (2015) 10(4):595–602.
doi: 10.1097/jto.0000000000000444

67. Hsiao SJ, Zehir A, Sireci AN, Aisner DL. Detection of Tumor NTRK Gene
Fusions to Identify Patients Who May Benefit From Tyrosine Kinase (TRK)
Inhibitor Therapy. J Mol Diagn (2019) 21(4):553–71. doi: 10.1016/
j.jmoldx.2019.03.008

68. Bourgeois JM, Knezevich SR, Mathers JA, Sorensen PH. Molecular
Detection of the ETV6-NTRK3 Gene Fusion Differentiates Congenital
Fibrosarcoma From Other Childhood Spindle Cell Tumors. Am J Surg
Pathol (2000) 24(7):937–46. doi: 10.1097/00000478-200007000-00005

69. Del Castillo M, Chibon F, Arnould L, Croce S, Ribeiro A, Perot G, et al.
Secretory Breast Carcinoma: A Histopathologic and Genomic Spectrum
Characterized by a Joint Specific ETV6-NTRK3 Gene Fusion. Am J Surg
Pathol (2015) 39(11):1458–67. doi: 10.1097/pas.0000000000000487

70. Combating Acquired TRK Inhibitor Resistance. Cancer Discov (2019) 9
(6):684–5. doi: 10.1158/2159-8290.Cd-nb2019-047
Frontiers in Oncology | www.frontiersin.org 1436
71. Cocco E, Schram AM, Kulick A, Misale S, Won HH, Yaeger R, et al.
Resistance to TRK Inhibition Mediated by Convergent MAPK Pathway
Activation. Nat Med (2019) 25(9):1422–7. doi: 10.1038/s41591-019-0542-z

72. Scott LJ. Larotrectinib: First Global Approval. Drugs (2019) 79(2):201–6.
doi: 10.1007/s40265-018-1044-x

73. Hong DS, Bauer TM, Lee JJ, Dowlati A, Brose MS, Farago AF, et al.
Larotrectinib in Adult Patients With Solid Tumours: A Multi-Centre,
Open-Label, Phase I Dose-Escalation Study. Ann Oncol (2019) 30(2):325–
31. doi: 10.1093/annonc/mdy539

74. Laetsch TW, DuBois SG, Mascarenhas L, Turpin B, Federman N, Albert CM,
et al. Larotrectinib for Paediatric Solid Tumours Harbouring NTRK Gene
Fusions: Phase 1 Results From a Multicentre, Open-Label, Phase 1/2 Study.
Lancet Oncol (2018) 19(5):705–14. doi: 10.1016/s1470-2045(18)30119-0

75. Hong DS, DuBois SG, Kummar S, Farago AF, Albert CM, Rohrberg KS, et al.
Larotrectinib in Patients With TRK Fusion-Positive Solid Tumours: A
Pooled Analysis of Three Phase 1/2 Clinical Trials. Lancet Oncol (2020) 21
(4):531–40. doi: 10.1016/s1470-2045(19)30856-3

76. Bokemeyer C, Vassal G, Italiano A, de la Cuesta E, Hiemeyer F, Fellous M,
et al. Impact of Disease Evolution on Efficacy Outcomes From Larotrectinib
in Patients With Locally Advanced or Metastatic Tropomyosin Receptor
Kinase Fusion-Positive Solid Tumors. JCO Precis Oncol (2021) 5:
PO.21.00089. doi: 10.1200/po.21.00089

77. Italiano A, Nanda S, Briggs A, Garcia-Foncillas J, Lassen U, Vassal G, et al.
Larotrectinib Versus Prior Therapies in Tropomyosin Receptor Kinase
Fusion Cancer: An Intra-Patient Comparative Analysis. Cancers (Basel)
(2020) 12(11):3246. doi: 10.3390/cancers12113246

78. Hempel D, Wieland T, Solfrank B, Grossmann V, Steinhard J, Frick A, et al.
Antitumor Activity of Larotrectinib in Esophageal Carcinoma With NTRK
Gene Amplification. Oncologist (2020) 25(6):e881–6. doi: 10.1634/
theoncologist.2019-0641

79. Kummar S, Berlin J, Mascarenhas L, van Tilburg CM, Geoerger B, Lassen
UN, et al. Quality of Life in Adult and Pediatric Patients With Tropomyosin
Receptor Kinase Fusion Cancer Receiving Larotrectinib. Curr Probl Cancer
(2021) 45(6):100734. doi: 10.1016/j.currproblcancer.2021.100734

80. Al-Salama ZT, Keam SJ. Entrectinib: First Global Approval. Drugs (2019) 79
(13):1477–83. doi: 10.1007/s40265-019-01177-y

81. Marcus L, Donoghue M, Aungst S, Myers CE, Helms WS, Shen G, et al. FDA
Approval Summary: Entrectinib for the Treatment of NTRK Gene Fusion
Solid Tumors. Clin Cancer Res (2021) 27(4):928–32. doi: 10.1158/1078-
0432.Ccr-20-2771

82. Doebele RC, Drilon A, Paz-Ares L, Siena S, Shaw AT, Farago AF, et al.
Entrectinib in Patients With Advanced or Metastatic NTRK Fusion-Positive
Solid Tumours: Integrated Analysis of Three Phase 1-2 Trials. Lancet Oncol
(2020) 21(2):271–82. doi: 10.1016/s1470-2045(19)30691-6

83. Krebs MG, Blay JY, Le Tourneau C, Hong D, Veronese L, Antoniou M, et al.
Intrapatient Comparisons of Efficacy in a Single-Arm Trial of Entrectinib in
Tumour-Agnostic Indications. ESMO Open (2021) 6(2):100072.
doi: 10.1016/j.esmoop.2021.100072

84. Fischer H, Ullah M, de la Cruz CC, Hunsaker T, Senn C, Wirz T, et al.
Entrectinib, a TRK/ROS1 Inhibitor With Anti-CNS Tumor Activity:
Differentiation From Other Inhibitors in its Class Due to Weak
Interaction With P-Glycoprotein. Neuro Oncol (2020) 22(6):819–29.
doi: 10.1093/neuonc/noaa052

85. Vaishnavi A, Scherzer MT, Kinsey CG, Parkman GL, Truong A, Ghazi P,
et al. Inhibition of MEK1/2 Forestalls the Onset of Acquired Resistance to
Entrectinib in Multiple Models of NTRK1-Driven Cancer. Cell Rep (2020)
32(5):107994. doi: 10.1016/j.celrep.2020.107994

86. O'Reilly EM, Hechtman JF. Tumour Response to TRK Inhibition in a Patient
With Pancreatic Adenocarcinoma Harbouring an NTRK Gene Fusion. Ann
Oncol (2019) 30(Suppl_8):viii36–40. doi: 10.1093/annonc/mdz385

87. Hyman D, Ho A, Shukla N, Drilon A, Kummar S, Farago A, et al. Phase I
and Expanded Access Experience of LOXO-195 (BAY 2731954), a Selective
Next-Generation TRK Inhibitor (TRKi). Cancer Res (2019) 79(13
Supplement):CT127. doi: 10.1158/1538-7445.SABCS18-CT127

88. Drilon A, Nagasubramanian R, Blake JF, Ku N, Tuch BB, Ebata K, et al. A
Next-Generation TRK Kinase Inhibitor Overcomes Acquired Resistance to
Prior TRK Kinase Inhibition in Patients With TRK Fusion-Positive Solid
March 2022 | Volume 12 | Article 864666

https://doi.org/10.1097/pai.0000000000000360
https://doi.org/10.1038/nm.3729
https://doi.org/10.1093/annonc/mdz204
https://doi.org/10.1007/s00428-018-2411-4
https://doi.org/10.1016/j.jmoldx.2021.09.008
https://doi.org/10.1158/1078-0432.Ccr-19-1324
https://doi.org/10.1186/s10020-021-00331-1
https://doi.org/10.1097/pas.0000000000001062
https://doi.org/10.1111/his.13666
https://doi.org/10.1097/PAS.0b013e318231542a
https://doi.org/10.1158/2159-8290.Cd-15-0443
https://doi.org/10.1097/pas.0000000000000537
https://doi.org/10.1136/jclinpath-2018-205679
https://doi.org/10.1097/jto.0000000000000444
https://doi.org/10.1016/j.jmoldx.2019.03.008
https://doi.org/10.1016/j.jmoldx.2019.03.008
https://doi.org/10.1097/00000478-200007000-00005
https://doi.org/10.1097/pas.0000000000000487
https://doi.org/10.1158/2159-8290.Cd-nb2019-047
https://doi.org/10.1038/s41591-019-0542-z
https://doi.org/10.1007/s40265-018-1044-x
https://doi.org/10.1093/annonc/mdy539
https://doi.org/10.1016/s1470-2045(18)30119-0
https://doi.org/10.1016/s1470-2045(19)30856-3
https://doi.org/10.1200/po.21.00089
https://doi.org/10.3390/cancers12113246
https://doi.org/10.1634/theoncologist.2019-0641
https://doi.org/10.1634/theoncologist.2019-0641
https://doi.org/10.1016/j.currproblcancer.2021.100734
https://doi.org/10.1007/s40265-019-01177-y
https://doi.org/10.1158/1078-0432.Ccr-20-2771
https://doi.org/10.1158/1078-0432.Ccr-20-2771
https://doi.org/10.1016/s1470-2045(19)30691-6
https://doi.org/10.1016/j.esmoop.2021.100072
https://doi.org/10.1093/neuonc/noaa052
https://doi.org/10.1016/j.celrep.2020.107994
https://doi.org/10.1093/annonc/mdz385
https://doi.org/10.1158/1538-7445.SABCS18-CT127
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. NTRK Fusion in NSCLC
Tumors. Cancer Discov (2017) 7(9):963–72. doi: 10.1158/2159-8290.Cd-17-
0507

89. Florou V, Nevala-Plagemann C, Whisenant J, Maeda P, Gilcrease GW,
Garrido-Laguna I. Clinical Activity of Selitrectinib in a Patient With
Mammary Analogue Secretory Carcinoma of the Parotid Gland With
Secondary Resistance to Entrectinib. J Natl Compr Canc Netw (2021) 19
(5):478–82. doi: 10.6004/jnccn.2021.7022

90. Keddy C, Neff T, Huan J, Nickerson JP, Beach CZ, Akkari Y, et al.
Mechanisms of Targeted Therapy Resistance in a Pediatric Glioma Driven
by ETV6-NTRK3 Fusion. Cold Spring Harb Mol Case Stud (2021) 7(5):
a006109. doi: 10.1101/mcs.a006109

91. Sparidans RW, Li W, Schinkel AH, Beijnen JH. Bioanalytical Assay for the
Novel TRK Inhibitor Selitrectinib in Mouse Plasma and Tissue
Homogenates Using Liquid Chromatography-Tandem Mass Spectrometry.
J Chromatogr B Analyt Technol BioMed Life Sci (2019) 1122-1123:78–82.
doi: 10.1016/j.jchromb.2019.05.026

92. Li W, Sparidans RW, Martins MLF, El-Lari M, Lebre MC, van Tellingen O, et al.
ABCB1 and ABCG2 Restrict Brain and Testis Accumulation and, Alongside
CYP3A, Limit Oral Availability of the Novel TRK Inhibitor Selitrectinib. Mol
Cancer Ther (2021) 20(6):1173–82. doi: 10.1158/1535-7163.Mct-20-0705

93. Cocco E, Lee JE, Kannan S, SchramAM,WonHH, Shifman S, et al. TRK xDFG
Mutations Trigger a Sensitivity Switch From Type I to II Kinase Inhibitors.
Cancer Discov (2021) 11(1):126–41. doi: 10.1158/2159-8290.Cd-20-0571

94. Goh XN, Seng MS, Loh AHP, Gupta A, Chang KTE, Iyer P. Larotrectinib
Followed by Selitrectinib in a Novel DCTN1-NTRK1 Fusion
Undifferentiated Pleomorphic Sarcoma. J Oncol Pharm Pract (2021) 27
(2):485–9. doi: 10.1177/1078155220938849

95. Liu Z, Yu P, Dong L, WangW, Duan S, Wang B, et al. Discovery of the Next-
Generation Pan-TRK Kinase Inhibitors for the Treatment of Cancer. J Med
Chem (2021) 64(14):10286–96. doi: 10.1021/acs.jmedchem.1c00712

96. Zhuo LS, Wang MS, Wu FX, Xu HC, Gong Y, Yu ZC, et al. Discovery of
Next-Generation Tropomyosin Receptor Kinase Inhibitors for Combating
Multiple Resistance Associated With Protein Mutation. J Med Chem (2021)
64(20):15503–14. doi: 10.1021/acs.jmedchem.1c01539

97. Drilon A, Ou SI, Cho BC, Kim DW, Lee J, Lin JJ, et al. Repotrectinib (TPX-
0005) Is a Next-Generation ROS1/TRK/ALK Inhibitor That Potently
Inhibits ROS1/TRK/ALK Solvent- Front Mutations. Cancer Discov (2018)
8(10):1227–36. doi: 10.1158/2159-8290.Cd-18-0484

98. Murray BW, Rogers E, Zhai D, Deng W, Chen X, Sprengeler PA, et al.
Molecular Characteristics of Repotrectinib That Enable Potent Inhibition of
TRK Fusion Proteins and Resistant Mutations. Mol Cancer Ther (2021) 20
(12):2446–56. doi: 10.1158/1535-7163.Mct-21-0632

99. Yun MR, Kim DH, Kim SY, Joo HS, Lee YW, Choi HM, et al. Repotrectinib
Exhibits Potent Antitumor Activity in Treatment-Naïve and Solvent-Front-
Mutant ROS1-Rearranged Non-Small Cell Lung Cancer. Clin Cancer Res
(2020) 26(13):3287–95. doi: 10.1158/1078-0432.Ccr-19-2777

100. Li W, Perpinioti N, Schinkel AH, Beijnen JH, Sparidans RW. Bioanalytical
Assay for the New-Generation ROS1/TRK/ALK Inhibitor Repotrectinib in
Mouse Plasma and Tissue Homogenate Using Liquid Chromatography-
Tandem Mass Spectrometry. J Chromatogr B Analyt Technol BioMed Life Sci
(2020) 1144:122098. doi: 10.1016/j.jchromb.2020.122098

101. Li W, Sparidans RW, Lebre MC, Beijnen JH, Schinkel AH. ABCB1 and
ABCG2 Control Brain Accumulation and Intestinal Disposition of the Novel
ROS1/TRK/ALK Inhibitor Repotrectinib, While OATP1A/1B, ABCG2, and
CYP3A Limit Its Oral Availability. Pharmaceutics (2021) 13(11):1761.
doi: 10.3390/pharmaceutics13111761

102. Drilon A, Zhai D, Deng W, Zhang X, Lee D, Rogers E, et al. Repotrectinib, a
Next Generation Trk Inhibitor, Overcomes Trk Resistance Mutations
Including Solvent Front, Gatekeeper and Compound Mutations. Cancer
Res (2019) 79(13 Supplement):442. doi: 10.1158/1538-7445.AM2019-442

103. Katayama R, Gong B, Togashi N, Miyamoto M, Kiga M, Iwasaki S, et al. The
New-Generation Selective ROS1/NTRK Inhibitor DS-6051b Overcomes
Crizotinib Resistant ROS1-G2032R Mutation in Preclinical Models. Nat
Commun (2019) 10(1):3604. doi: 10.1038/s41467-019-11496-z

104. Papadopoulos KP, Borazanci E, Shaw AT, Katayama R, Shimizu Y, Zhu VW,
et al. U.S. Phase I First-In-Human Study of Taletrectinib (DS-6051b/AB-
106), a ROS1/TRK Inhibitor, in Patients With Advanced Solid Tumors. Clin
Cancer Res (2020) 26(18):4785–94. doi: 10.1158/1078-0432.Ccr-20-1630
Frontiers in Oncology | www.frontiersin.org 1537
105. Ou SI, Fujiwara Y, Shaw AT, Yamamoto N, Nakagawa K, Fan F, et al. Efficacy
of Taletrectinib (AB-106/DS-6051b) in ROS1+ NSCLC: An Updated Pooled
Analysis of U.S. And Japan Phase 1 Studies. JTO Clin Res Rep (2021) 2
(1):100108. doi: 10.1016/j.jtocrr.2020.100108

106. Fujiwara Y, Takeda M, Yamamoto N, Nakagawa K, Nosaki K, Toyozawa R,
et al. Safety and Pharmacokinetics of DS-6051b in Japanese Patients With
non-Small Cell Lung Cancer Harboring ROS1 Fusions: A Phase I Study.
Oncotarget (2018) 9(34):23729–37. doi: 10.18632/oncotarget.25263

107. Somwar R, Hofmann NE, Smith B, Odintsov I, Vojnic M, Linkov I, et al.
NTRK Kinase Domain Mutations in Cancer Variably Impact Sensitivity to
Type I and Type II Inhibitors. Commun Biol (2020) 3(1):776. doi: 10.1038/
s42003-020-01508-w

108. Nishiyama A, Yamada T, Kita K, Wang R, Arai S, Fukuda K, et al. Foretinib
Overcomes Entrectinib Resistance AssociatedWith the NTRK1G667CMutation
in NTRK1 Fusion-Positive Tumor Cells in a BrainMetastasis Model.Clin Cancer
Res (2018) 24(10):2357–69. doi: 10.1158/1078-0432.Ccr-17-1623

109. Mizuta H, Okada K, Araki M, Adachi J, Takemoto A, Kutkowska J, et al.
Gilteritinib Overcomes Lorlatinib Resistance in ALK-Rearranged Cancer.
Nat Commun (2021) 12(1):1261. doi: 10.1038/s41467-021-21396-w

110. Hemming ML, Nathenson MJ, Lin JR, Mei S, Du Z, Malik K, et al. Response
and Mechanisms of Resistance to Larotrectinib and Selitrectinib in
Metastatic Undifferentiated Sarcoma Harboring Oncogenic Fusion of
NTRK1. JCO Precis Oncol (2020) 4:79–90. doi: 10.1200/po.19.00287

111. Schrock AB, Zhu VW, Hsieh WS, Madison R, Creelan B, Silberberg J, et al.
Receptor Tyrosine Kinase Fusions and BRAF Kinase Fusions Are Rare But
Actionable Resistance Mechanisms to EGFR Tyrosine Kinase Inhibitors.
J Thorac Oncol (2018) 13(9):1312–23. doi: 10.1016/j.jtho.2018.05.027

112. Piotrowska Z, Isozaki H, Lennerz JK, Gainor JF, Lennes IT, Zhu VW, et al.
Landscape of Acquired Resistance to Osimertinib in EGFR-Mutant NSCLC
and Clinical Validation of Combined EGFR and RET Inhibition With
Osimertinib and BLU-667 for Acquired RET Fusion. Cancer Discov (2018)
8(12):1529–39. doi: 10.1158/2159-8290.Cd-18-1022

113. Helman E, Nguyen M, Karlovich CA, Despain D, Choquette AK, Spira AI,
et al. Cell-Free DNA Next-Generation Sequencing Prediction of Response
and Resistance to Third-Generation EGFR Inhibitor. Clin Lung Cancer
(2018) 19(6):518–530.e517. doi: 10.1016/j.cllc.2018.07.008

114. Wang B, Gao Y, Huang Y, Ou Q, Fang T, Tang C, et al. Durable Clinical
Response to Crizotinib in IRF2BP2-NTRK1 Non-Small-Cell Lung Cancer.
Clin Lung Cancer (2019) 20(3):e233–7. doi: 10.1016/j.cllc.2018.12.017

115. Sha D, Jin Z, Budczies J, Kluck K, Stenzinger A, Sinicrope FA. Tumor
Mutational Burden as a Predictive Biomarker in Solid Tumors. Cancer
Discov (2020) 10(12):1808–25. doi: 10.1158/2159-8290.Cd-20-0522

116. Zhao P, Li L, Jiang X, Li Q. Mismatch Repair Deficiency/Microsatellite
Instability-High as a Predictor for Anti-PD-1/PD-L1 Immunotherapy
Efficacy. J Hematol Oncol (2019) 12(1):54. doi: 10.1186/s13045-019-0738-1

117. Patel SP, Kurzrock R. PD-L1 Expression as a Predictive Biomarker in Cancer
Immunotherapy. Mol Cancer Ther (2015) 14(4):847–56. doi: 10.1158/1535-
7163.Mct-14-0983

118. Cocco E, Benhamida J, Middha S, Zehir A, Mullaney K, Shia J, et al.
Colorectal Carcinomas Containing Hypermethylated MLH1 Promoter and
Wild-Type BRAF/KRAS Are Enriched for Targetable Kinase Fusions. Cancer
Res (2019) 79(6):1047–53. doi: 10.1158/0008-5472.Can-18-3126

119. Wang J, Yi Y, Xiao Y, Dong L, Liang L, Teng L, et al. Prevalence of Recurrent
Oncogenic Fusion in Mismatch Repair-Deficient Colorectal Carcinoma
With Hypermethylated MLH1 and Wild-Type BRAF and KRAS. Mod
Pathol (2019) 32(7):1053–64. doi: 10.1038/s41379-019-0212-1

120. Zhang L, Liu H, Tian Y, Wang H, Yang X. A Novel NCOR2-NTRK1 Fusion
Detected in a Patient of Lung Adenocarcinoma and Response to
Larotrectinib: A Case Report. BMC Pulm Med (2021) 21(1):125.
doi: 10.1186/s12890-021-01490-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
March 2022 | Volume 12 | Article 864666

https://doi.org/10.1158/2159-8290.Cd-17-0507
https://doi.org/10.1158/2159-8290.Cd-17-0507
https://doi.org/10.6004/jnccn.2021.7022
https://doi.org/10.1101/mcs.a006109
https://doi.org/10.1016/j.jchromb.2019.05.026
https://doi.org/10.1158/1535-7163.Mct-20-0705
https://doi.org/10.1158/2159-8290.Cd-20-0571
https://doi.org/10.1177/1078155220938849
https://doi.org/10.1021/acs.jmedchem.1c00712
https://doi.org/10.1021/acs.jmedchem.1c01539
https://doi.org/10.1158/2159-8290.Cd-18-0484
https://doi.org/10.1158/1535-7163.Mct-21-0632
https://doi.org/10.1158/1078-0432.Ccr-19-2777
https://doi.org/10.1016/j.jchromb.2020.122098
https://doi.org/10.3390/pharmaceutics13111761
https://doi.org/10.1158/1538-7445.AM2019-442
https://doi.org/10.1038/s41467-019-11496-z
https://doi.org/10.1158/1078-0432.Ccr-20-1630
https://doi.org/10.1016/j.jtocrr.2020.100108
https://doi.org/10.18632/oncotarget.25263
https://doi.org/10.1038/s42003-020-01508-w
https://doi.org/10.1038/s42003-020-01508-w
https://doi.org/10.1158/1078-0432.Ccr-17-1623
https://doi.org/10.1038/s41467-021-21396-w
https://doi.org/10.1200/po.19.00287
https://doi.org/10.1016/j.jtho.2018.05.027
https://doi.org/10.1158/2159-8290.Cd-18-1022
https://doi.org/10.1016/j.cllc.2018.07.008
https://doi.org/10.1016/j.cllc.2018.12.017
https://doi.org/10.1158/2159-8290.Cd-20-0522
https://doi.org/10.1186/s13045-019-0738-1
https://doi.org/10.1158/1535-7163.Mct-14-0983
https://doi.org/10.1158/1535-7163.Mct-14-0983
https://doi.org/10.1158/0008-5472.Can-18-3126
https://doi.org/10.1038/s41379-019-0212-1
https://doi.org/10.1186/s12890-021-01490-x
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. NTRK Fusion in NSCLC
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liu, Wei, Zhang, Jiang, Zhang and Chu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
Frontiers in Oncology | www.frontiersin.org 1638
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.
March 2022 | Volume 12 | Article 864666

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Luciano Mutti,

Temple University, United States

Reviewed by:
Yang Xia,

Zhejiang University, China
Manolo D’Arcangelo,
AUSL Romagna, Italy

*Correspondence:
Chunxia Su

susu_mail@126.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Thoracic Oncology,
a section of the journal
Frontiers in Oncology

Received: 22 January 2022
Accepted: 09 March 2022
Published: 29 March 2022

Citation:
Yu X, Ji X and Su C (2022) HER2-

Altered Non-Small Cell Lung
Cancer: Biology, Clinicopathologic
Features, and Emerging Therapies.

Front. Oncol. 12:860313.
doi: 10.3389/fonc.2022.860313

REVIEW
published: 29 March 2022

doi: 10.3389/fonc.2022.860313
HER2-Altered Non-Small Cell Lung
Cancer: Biology, Clinicopathologic
Features, and Emerging Therapies
Xin Yu†, Xianxiu Ji† and Chunxia Su*

Department of Oncology, Shanghai Pulmonary Hospital & Thoracic Cancer Institute, Tongji University School of Medicine,
Shanghai, China

Multiple oncogenic molecular alterations have been discovered that serve as potential
drug targets in non-small cell lung cancer (NSCLC). While the pathogenic and
pharmacological features of common targets in NSCLC have been widely investigated,
those of uncommon targets are still needed to be clarified. Human epidermal growth
factor receptor 2 (HER2, ERBB2)-altered tumors represent a highly heterogeneous group
of diseases, which consists of three distinct situations including mutation, amplification
and overexpression. Compared with breast and gastric cancer, previous studies have
shown modest and variable results of anti-HER2 treatments in lung cancers with HER2
aberrations, thus effective therapies in these patients represent an unmet medical need.
By far, encouraging efforts towards novel treatment strategies have beenmade to improve
the clinical outcomes of these patients. In this review, we describe the biological and
clinicopathological characteristics of HER2 alterations and systematically sum up recent
studies on emerging therapies for this subset of patients.

Keywords: HER2, ERBB2, non-Small Cell Lung Cancer (NSCLC), targeted therapy, immunotherapy
INTRODUCTION: THE HISTORY OF HER2 AT A GLANCE

In the 1980s, researchers in Robert Weinberg’s laboratory isolated a cDNA clone (which was termed
as Neu) from carcinogen-induced tumors and found it displayed a protein structure that highly
resembled epidermal growth factor receptor (EGFR) as earlier identified. From that point, successful
efforts by three independent laboratories to identify EGFR-related cDNA sequences yielded the
human orthologue of Neu (now called HER2 or ERBB2) (1). However, unlike the mutation in the
sequence of rodent Neu reported by Weinberg, human HER2 is usually amplified in tumors. Based
on preclinical studies of breast cancer cell lines, HER2 amplification was found in a subset of
patients with breast cancers and emerged as an important predictor of resistance to hormonal and
chemotherapy regimens, time to relapse and overall survival (OS) (2). This significant finding was
continuously confirmed by later studies and extended to gastric cancer (3).

HER2 amplification and protein overexpression lead to the dimerization of the receptor and
activation of several signaling pathways that drive tumorigenesis. Consequently, targeting HER2 has
been investigated as a promising therapeutic strategy. In 1998, trastuzumab, a monoclonal antibody
(mAb) against HER2, was the first HER2-targeted agent approved by the FDA for treating
metastatic breast cancer, which represented the beginning of a turnaround for the poor clinical
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outcomes of HER2-positive disease. Later on, considerable
progress has been made as several categories of HER2-
targeting agents, including additional mAbs, signal
transduction inhibitors, novel tyrosine kinase inhibitors (TKIs)
which showed excellent efficacy in both early-stage and
metastatic HER2-positive breast cancer. The second
malignancy suitable for trastuzumab-based therapy as a
standard of care was gastric cancer. Additionally, HER2
amplification/overexpression has also been observed in other
solid tumors including the biliary tract, ovarian, endometrial,
bladder, colon and NSCLC (4). Disappointingly, targeting HER2
with traditional anti-HER2 agents which were proved to be
effective in breast and gastric cancer has failed in other tumor
types, indicating the histological and biological diversity of HER2
alternations in distinct malignancies (5).

In the subsequent sections, we will review available data and
describe the biology of the HER2 pathway in normal and
tumorigenesis processes, trying to provide a comprehensive
overview of its dysregulation, clinical implications, as well as
recent studies of emerging therapies for NSCLC patients with
HER2 alterations.
THE BIOLOGY OF HER2 AND ITS
DYSREGULATION IN NSCLC

The ERBB family is comprised of four members that belong to the
transmembrane tyrosine kinase receptors (TKR), including EGFR
(also known as HER1), HER2, HER3 and HER4. HER2 encodes a
transmembrane TKR which consists of three domains: an
extracellular domain (ECD), a transmembrane domain (TMD)
and an intracellular tyrosine kinase domain (TKD). Ligand binding
results in heterodimerization or homodimerization between the
ERBB receptors, and it sequentially stimulates the transactivationof
the intracellular tyrosine kinase domain and activates downstream
signaling pathways concerning cellular proliferation,
differentiation, migration and apoptosis. However, HER2 lacks
specific endogenous ligands and retains in the active
conformation, making it continuously available for dimerization
and to be the preferred heterodimerization partner. In contrast,
HER3has several ligands but lacks intrinsic tyrosine kinase activity.
Interestingly, HER2-HER3 pairing displays the highest potency
regarding the interaction strength and downstream signaling
cascade, suggesting a complementary action between them (6–8).

HER2 is a common oncogene identified in various cancer
types and dysregulation of HER2 signaling can be caused by
mutation, amplification and overexpression. All three types of
HER2 dysregulation could appear in NSCLC with almost no
overlap between mutation and amplification (9). Thus,
associations of the three types of HER2 alterations are much
more complex. This phenomenon partially explains the observed
poor outcomes of classic HER2-targeted therapies in the setting
of NSCLC than in breast cancer, where its oncogenesis
predominantly relies on HER2 overexpression attributed to
gene amplification.
Frontiers in Oncology | www.frontiersin.org 240
HER2 mutation is identified in 2%-4% of NSCLC and
encompasses heterogeneous alterations distributed in the ECD,
TKD and TMD. Exon 20 insertions that occurred within the
kinase domain are the dominant forms of all the HER2
mutations and these insertions might account for about 1.5%
of NSCLC. The most common variant is a 12-base-pair
(encoding YVMA) in-frame duplicated insertion at codon 775
of exon 20, which affects the aC-b4 loop of the kinase domain
and is identified as an early event in lung adenocarcinoma
(LUAD) tumorigenesis (10). The HER2YVMA subtype accounts
for 34%-83% of HER2-mutated NSCLC, followed by
G778_P780dup and G776delinsVC (11–13). In addition, there
are more types of point mutations affecting the TKD but with a
lower prevalence. Mutations in the TKD lead to conformational
changes of ATP-binding pocket, which enhances kinase activity
and downstream signaling. Other rarer mutations could also
affect the ECD (mostly S310 in exon 8) and TMD (mostly V659
and G660 in exon 17) (14, 15). Generally, different mutation
variants have heterogeneous behaviors, which could affect
inhibitor binding affinity and sensitivity (13). In rare cases,
HER2 mutations could be found in germline and cause
hereditary and sporadic LUADs (16). Concomitant EGFR
somatic mutations are often detected in EGFR/ERBB2
germline mutations, suggesting that patients carrying EGFR/
ERBB2 germline mutations could also acquire somatic mutations
in EGFR that eventually drive tumorigenesis (17).

HER2 amplification accounts for 2%-4% in NSCLC, which is
far less common compared with breast cancer (18). Studies have
shown that HER2 amplification and HER2 mutations were
distinct molecular targets that may have different therapeutic
and prognostic values. But they could co-exist in very few cases
(9, 19). Though an official consensus is not available, generally
HER2 amplification is defined as HER2/CEP17 ≥ 2.0 by
fluorescent in situ hybridization (FISH) testing. Notably, it
should be distinguished from HER2 copy number gain (CNG),
which happens even more frequently as a consequence of
chromosome 17 polysomy and is not supposed to drive
tumorigenesis (9, 20, 21). Chromosome 17 polysomy leads to
the increased copy number of HER-2 per cell, so as to the activity
of upstream promoter, resulting in the larger expression of HER2
gene. HER2 CNG is usually defined by HER2/CEP17 < 2.0 and
HER2 gene copy number ≥ 6 per cell. By far, the predictive or
prognostic role of HER2 CNG in NSCLC remains unclear. Apart
from de novo tumorigenesis, HER2 amplification is one of the
most frequent acquired resistance mechanisms following the
EGFR T790M mutation in EGFR-mutant NSCLC treated with
first- or second-generation EGFR-TKIs, which accounts for
about 10% of cases (22). It can also confer resistance to
osimertinib therapy, with a lower incidence rate of 2%-5%
(23). A combination of osimertinib and anti-HER2 agent
trastuzumab emtansine was reported to overcome osimertinib
resistance in T790M-positive EGFR-mutated NSCLC cell lines
which gained HER2 amplification (24).

The incidence rate of HER2 overexpression is reported with a
wide range of 2.5%-34% in NSCLC, probably due to the
inconsistency among different methods for positivity
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assessment and low concordance assessment by pathologists (9,
25–27). Currently, there is no consensus on how to define HER2
overexpression using IHC in NSCLC. Immunohistochemistry
(IHC) scoring system and H-score are both applied for the
assessment, with the former used more widely. Contrary to
breast cancer, the co-occurrence of HER2 overexpression and
amplification has not been well confirmed in lung cancer.
However, an overlap between IHC 3+ staining and HER2
amplification was reported in NSCLC, albeit IHC low/negative
has been also shown to be FISH positive. In the IHC 2+ cases,
perhaps mechanisms other than gene amplification (HER2
polysomy, mutation and unknown reasons) cause the
immuno-posi t ive results (8, 26) . Therefore , HER2
overexpression in NSCLC represents a heterogeneous group
with distinct molecular features, making it a less accurate
indicator of inhibitor sensitivities and patient outcomes.
Further analyses need to be done to discriminate among these
possibilities. The associations of HER2 mutation, amplification
and overexpression are depicted in Figure 1A.
CLINICAL CHARACTERISTICS OF
HER2-ALTERED NSCLC

Mutations in HER2 are more frequent in females, never smokers
and lung adenocarcinoma, similar to those observed in patients
with EGFR mutations. However, HER2-mutated patients have a
worse prognosis than their EGFR and ALK counterparts,
partially due to the lack of highly-selective targeted agents (28–
30). HER2 mutations also exhibit a tendency of brain metastases
on treatment (31). Similarly, another study found that the
HER2YVMA subtype was associated with a higher estimated 12-
month brain metastasis incidence compared with the non-
YVMA group (40.2% vs. 3.6%, P=0.002) (32). De novo HER2
mutations in NSCLC are supposed to be mutually exclusive with
Frontiers in Oncology | www.frontiersin.org 341
other driver genes. But the oncogenic role of HER2 varied among
different domains, with most of them occurring in the kinase
domain. A study demonstrated that the frequency of EGFR or
KRAS co-mutation was significantly higher in the non-TKD
mutation compared to the TKD mutation, but OS was
comparable between the two groups (28). Another
retrospective database study revealed that patients harboring
TMD mutations were diagnosed at more advanced stages
(P<0.001) and had poorer OS (median OS 10.0m vs. 61.6m,
P<0.001) than non-TMD mutations (33). TP53 aberrations were
the most prevalent co-mutations in HER2-mutated patients,
followed by aberrations in the PI3K/AKT/mTOR pathway.
Both two co-mutation variants were correlated with shorter
progression-free survival of afatinib treatment (11). This trend
was also observed in another study which reported an impaired
OS in patients with co-mutations in the cell-cycle pathway
especially TP53 (34). These observations indicated different
clinical implications of HER2 mutation variants and their
co-mutations.

De novo HER2 amplification and HER2 overexpression were
detected more often in smokers and male patients, implying their
inconsistent origins of tumorigenesis with HER2 mutations (29,
35). HER2 amplification seemed to have a controversial role on
the prognosis of NSCLC, while HER2 overexpression was a
marker of poor prognosis, especially for adenocarcinoma,
early-stage NSCLC and small cell lung cancer (SCLC) as
suggested by a meta-analysis (36). Compared with their
mutation variants, co-mutations of other driver genes were
more frequent ly seen in HER2 ampl ifica t ion and
overexpression tumors but still remained at a relatively low
incidence rate. Concomitant HER2 alterations were proved to
have an impact on the efficacy of targeted therapies. A
retrospective study demonstrated that patients with concurrent
EGFR mutation and HER2 amplification had a longer median
time on treatment with EGFR-TKIs than those with EGFR
A B

FIGURE 1 | (A) The incidence rates and associations of HER2 alterations in NSCLC. Cohort A, B and C represent HER2 mutation, amplification and
overexpression, respectively. Cohort C includes patients with IHC 2+ and 3+. (B) The underlying mechanisms of TKIs, ADCs and immune checkpoint inhibitors to
cope with HER2-altered NSCLC.
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mutation without HER2 amplification (846 days vs. 286 days, P
=0.004) (37). However, in the post-hoc subgroup study of HER-
CS, HER2 expression in EGFR-mutant patients may negatively
impact the time-to-treatment failure (TTF) of EGFR-TKIs in the
subgroup with a performance status (PS) of 2 (38).
TARGETING HER2 IN NSCLC:
PERPLEXITY AND PROGRESS

Chemotherapy and mAbs
Chemotherapy represents the most conventional treatment
strategy of NSCLC patients with HER2 alterations before the
arrival of targeted therapy. Several studies revealed no association
between HER2 status and objective response to chemotherapy (27,
39). While another retrospective study reported the inferior
outcomes of HER2-mutant NSCLC compared with ALK/ROS1-
rearranged group, with a median PFS of 5.1 months in
pemetrexed-based first-line chemotherapy. Additionally,
subgroup analysis suggested that PFS had a trend to be inferior
in the HER2YVMA group compared with other variants, albeit not
statistically significant (4.2 vs 7.2 months, P=0.085) (40). The
retrospective study of the EUHER2 cohort showed the ORR and
median PFS for patients receiving first-line conventional therapies
(including chemotherapy and EGFR-TKIs) were 43.5% and 6
months. For those receiving second-line therapies, ORR and
median PFS were 10% and 4.3 months (41). A Chinese study
revealed that the median PFS and OS were comparable between
first-line chemotherapy and HER2-targeted agents in HER2-
mutant patients (5.9 vs 4.6 months, P=0.63; 9.8 vs 10.8 months,
P=0.40, respectively) (42). While Xu et al. reported that compared
with HER2-TKIs, chemotherapy achieved better outcomes both in
the first-line and second-line setting. This trend was also observed
in the HER2YVMA subgroup (43).

Trastuzumab is a humanized IgG monoclonal antibody that
could selectively inhibit the proliferation and survival of HER2-
addictive tumors by targeting the extracellular domain of HER2
(44). A phase II study launched by the Eastern Cooperative
Oncology Group (ECOG) evaluated the efficacy of combining
carboplatin, paclitaxel and trastuzumab in advanced NSCLC
patients with HER-2/neu positivity (1+ to 3+). The reported
ORR, median PFS and median OS were 24.5%, 3.3 months and
10.1months, respectively. Notably, patients with 3+ HER-2/neu
expression experienced a survival exceeding that of historical
data, suggesting potential application for trastuzumab in this rare
subgroup (45). Similarly, in a randomized phase II trial, the
addition of trastuzumab to gemcitabine–cisplatin chemotherapy
was beneficial for HER2 3+ or FISH-positive patients, but this
subgroup is too small to provide definitive information (46). A
phase IIa multiple basket study (Mypathway) also demonstrated
a moderate efficacy of dual blockade with trastuzumab and
pertuzumab in HER2-altered NSCLC patients (47). HOT1303-
B trial was a multicenter, single-arm phase II study of
trastuzumab for pretreated HER2-altered NSCLC patients,
which were defined as HER2 mutations, IHC 3+ or IHC 2+/dual
color in situ hybridization [DISH]+. Disappointingly, trastuzumab
Frontiers in Oncology | www.frontiersin.org 442
monotherapy did not produce any response (ORR was 0%) in this
cohort, although DCR was 70.0% and the median PFS reached 5.2
months (48). Amulticenter, phase II study (IFCT 1703-R2D2 trial)
enrolled HER2-mutated advanced NSCLC patients progressing
after platinum-based treatment and evaluated the efficacy and
safety of triple therapy with trastuzumab, pertuzumab, and
docetaxel (49). The ORR, median PFS and median OS were 29%,
6.8months and 17.6months, with tolerable toxicity, suggesting this
triple therapy regimen becoming an option for pretreated patients.

In general, the efficacy of traditional chemotherapy for the
HER2-altered population is far from satisfactory. The successes
of trastuzumab observed in breast and gastric cancer might not
be replicated in NSCLC. The reasons for differences in efficacy
are complicated, but could possibly be explained by a different
spectrum of HER2 alterations and other aspects of disease
biology among cancer types. A combination of trastuzumab,
pertuzumab, and docetaxel seemed to compete favorably with
single mAb or chemotherapy, but this regimen remained to be
defined. Other targeting strategies and agents for NSCLC
patients with HER2 alterations are urgently needed.
Non-Selective TKIs
Second-generation irreversible TKIs developed for the treatment of
EGFR mutations represented early attempts to target HER2 in
NSCLC. De Grève and colleagues reported the clinical benefits of
afatinib in HER2 ex20ins LUAD patients (50). Among the five
identified patients, three patients evaluable for the response all
showed an objective response. Later on, the efficacy of afatinib was
evaluated in a global named patient use program that enrolled
HER2-mutant patients who had exhausted other treatments.
Median TTF was 2.9 months, ORR and DCR were 19% and 69%,
respectively. Notably, for the group of HER2YVMA subtype, median
TTF was 9.6 months and 40% continued treatment for more than
one year (51). Conversely, other studies presented different
perspectives, showing that the clonality status of HER2 ex20ins
and the HER2YVMA subtype were potential indicators for poor
response to afatinib, while G778_P780dup and G776delinsVC
subtypes derived favorable outcomes from afatinib, suggesting a
further investigation into the clinical implications of mutation
variants to help optimize outcomes with HER2-targeted therapies
(11, 34). A prospective phase IINICHE trial exploring the efficacy of
afatinib in pretreated advanced HER2-mutant NSCLC patients
reported that ORR and DCR were 7.7% and 53.8%. Thus, the
accrual into the trial was terminated with 13 patients enrolled
altogether. Median PFS and OS were 15.9 and 56.0 weeks,
respectively (52). Additionally, another phase II trial aimed to
investigate the efficacy of afatinib among the Asian population
with HER2-mutant NSCLC and consisted of two parts. In total, 18
patientswere recruited and received afatinib inPartA.Noneof them
achieved PR, 11 patients achieved SD and 6 patients had progressive
disease as their best response. Median PFS and OS were 2.76 and
10.02 months, respectively. No patients met the Part B inclusion
criteria, resulting in the termination of this study (53). The study of
the EUHER2 cohort assessed the efficacy of chemotherapy and/or
HER2-targeted agents in 101 advanced NSCLC patients with HER2
ex20ins. Sixty-five patients received HER2-targeted therapies.
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Eleven patients were treated with afatinib, with anORR andmedian
PFS of 18.2% and 3.9 months, respectively (41). Modest clinical
activity of afatinib was also observed in a retrospective multicenter
study, in which 27 patients included showed an ORR and median
duration of response (DOR) of 13% and 6 months (54). A Chinese
retrospective study includedpatients harboringHER2mutation and
amplification treated with afatinib and reported an ORR of 24%.
Median PFS and OS were 3.3 and 13.9 months, respectively (55).
Collectively, studies above showed inconsistent efficacy of afatinib
for HER2-mutant patients. A meta-analysis study integrated and
reanalyzed the existing data regarding afatinib treating HER2-
mutant lung cancers. Pooled ORR and DCR were 21% and 66%,
respectively, with the HERYVMA subtype deriving greater clinical
benefit (56). Thus, afatinib was not recommended as the regular
application for treating NSCLC patients with HER2 mutation.

Dacomitinib is a pan-HER2 TKI that could bind to EGFR,
HER2 and HER4 tyrosine kinases. A prespecified cohort from a
phase II study enrolled NSCLC patients with HER2 mutations
(n=26) or amplification (n=4). Three of 26 HER2-mutant
patients had partial responses, but no partial responses were
observed in four patients with HER2-amplified tumors. Median
PFS and OS for HER2-mutant patients were 3 and 9 months,
respectively. Interestingly, two patients harboring p.
P780_Y781insGSP changes showed the longest responses, and
the remaining patient with a partial response was identified with
a p. M774delinsWLV mutation. No responses occurred in the
most common HER2YVMA subtype (57). Subsequently, a
preclinical study demonstrated that the IC50 values of the
HER2 ex20ins Ba/F3 cells harboring the dacomitinib-sensitive
mutations (InsGSP, InsWLV, and InsCPG) were significantly
lower than the other HER2 mutants or Wildtype HER2
(P=0.031), consistent with the previous clinical data (58).

Neratinib is another type of TKI which was applied and
evaluated in HER2-mutant NSCLC. A preclinical in vitro study
assessed the activity of drugs in HER2 mutation variants and
found neratinib and afatinib more effective than other inhibitors
for the HER2YVMA subtype (59). A randomized 2-stage phase II
study compared neratinib monotherapy and the combination of
neratinib with temsirolimus in stage IIIB/IV HER2-mutant
NSCLC patients. Twenty-seven patients were enrolled in stage
1, and 3 of 14 patients (21%) in the combination group had a
response, resulting in a median PFS of 4 months (60). In the
subsequent expansion cohort, the dual inhibition group obtained
an ORR of 19%, a median PFS of 4.1 months and a median OS of
15.8 months. The incidence of grade 3 diarrhea was 12% and
could be managed with loperamide prophylaxis (61). In the
SUMMIT phase II basket trial, neratinib was evaluated across
multiple cancer types. In patients with lung cancer (n=26), only
one patient harboring L775S kinase missense mutation was
observed with objective response (ORR=3.8%), suggesting its
limited efficacy in HER2-mutated lung cancer. The median PFS
in recurrent NSCLC was 5.5 months with 6 patients continuing
therapy for more than one year (62).

The activities of non-selective TKIs in HER2-mutant NSCLC
patients yield moderate or even disappointing results, though
sporadic responses have been reported as HER2 mutation
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location could affect the drug binding affinity. This may be
explained because HER2 ex20ins seem to tighten the drug-
binding pocket, restricting the binding of large-sized inhibitors.
Therefore, structurally novel pan-HER2 TKIs have been developed
to achieve better outcomes in NSCLC with HER2 alterations.

New-Generation TKIs
As a covalent and irreversible EGFR/HER2 inhibitor, poziotinib has
a smaller size and flexible structure. A preclinical study compared
the activity of different TKIs in Ba/F3 cells with HER2 exon 20
mutations, poziotinib showed the most potent activity. Also, the
secondary C805S mutation was identified as a potential mechanism
of acquired resistance to poziotinib (63). Another study indicated
that HER2 20 exon insertions tightened the size of the drug-binding
pockets and restricted the binding of large, rigid inhibitors using 3D
modeling. Poziotinib can avoid these spatial changes owing to its
small size and flexibility, thus becoming a potent inhibitor of the
most common HER2 variant. Its efficacy was further confirmed in
vitro and in vivo studies (64). Similar trends were also reported in
the pan-cancer landscape and functional analysis of HER2
mutation by Robichaux and colleagues (12). In addition, in their
preclinical models, poziotinib upregulated HER2 expression at the
cell surface and potentiated the T-DM1 activity. Early results from a
phase I study showed an encouraging activity of poziotinib and
further justified its application in patients with EGFR/HER2
alterations (65). Based on this study and preclinical evidence, a
phase II clinical trial of poziotinib in NSCLC patients with EGFR
and HER2 exon 20 mutations was initiated. All HER2-mutant
participants enrolled harbored the Y772dupYVMA or
G778dupGSP insertions. Response was confirmed in 5 of 12
HER2-mutated patients (confirmed ORR=42%). The DCR and
median PFS were 83% and 5.6 months. No patients discontinued
treatment due to poziotinib-related toxicity (12). A poziotinib
expanded access program enrolling NSCLC patients with EGFR
or HER2 ex20ins showed a median PFS of 5.6 months and a
median OS of 9.5 months. The ORR was higher in HER2 subgroup
(50% vs. 23%). Grade 3 AEs were reported in 66% of the patients,
and the toxicity rate was high leading to frequent dose interruption
and reduction (66). A single-arm, open-label, phase II study
assessed the efficacy and safety profiles of poziotinib in HER2-
mutant advanced NSCLC. The confirmed ORR was 27% with
responses observed across mutation subtypes. Median PFS and OS
were 5.5 and 15.0 months, respectively. One possible treated-related
death due to pneumonitis was reported (67). ZENITH20 study
evaluated poziotinib in previously treated NSCLC patients with
HER2 exon 20 insertions. In cohort 2, patients received poziotinib
once daily, the ORR and DCR were 27.8% and 70.0%, respectively.
Most patients (74%) had tumor reduction, with a median PFS was
5.5 months. Clinical benefits were seen regardless of types and lines
of previous treatment, presence of brain metastasis and HER2
mutation variants. Severe treatment-related AEs (grade≥3) included
rash (48.9%) diarrhea (25.6%), and stomatitis (24.4%) (68).
Updating results from cohort 4 of ZENITH20 presented a
promising efficacy in treatment-naive patients, with an ORR of
44% and a median PFS of 5.6 months, the safety profile was similar
to cohort 2 of this study (69).
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Pyrotinib is an oral, irreversible pan-HER TKI. The enhanced
antitumor activity of another irreversible pan-HER TKI pyrotinib
was observed in organoids as well as patients-derived xenograft
(PDX) models relative to afatinib and trastuzumab-emtansine (T-
DM1). In a phase II cohort of 15 HER2-mutant NSCLC patients,
pyrotinib resulted in an ORR and a median PFS of 53.3% and 6.4
months. AEs were all grade 1-2 and no dose reduction or treatment
discontinuation occurred (70). In another single-arm prospective
study, pyrotinib exhibited promising efficacy and acceptable safety
in 27 advanced HER2-amplified NSCLC patients, reaching a
confirmed ORR of 22.2%, a median PFS of 6.3 months and a
median OS of 12.5 months. Of note, Patients who received
pyrotinib as a first-line treatment achieved a median PFS of 12.4
months. Treatment-related AEs occurred in all patients, but no
grade 4 or higher AEs were documented (71). A larger phase II
study evaluated the efficacy and safety profiles of pyrotinib in stage
IIIB-IV LUAD patients harboring HER2 mutations after the failure
of platinum-based chemotherapy. Independent reading committee-
assessed ORR was 30.0%, with a favorable ORR observed across all
HER2 subtypes and between patients with and without brain
metastases (25.0% vs. 31.3%). The median PFS and OS were 6.9
and 14.4 months, respectively. Grade 3-4 treatment-related AEs
occurred in 28.3% of patients and diarrhea (20.0%) appeared to be
the most common type (72). In addition, the encouraging efficacy
of pyrotinib was also reported in a study in which patients with
EGFR mutation and HER2 amplification could obtain clinical
benefits from combining EGFR-TKIs and pyrotinib, suggesting
the potential of pyrotinib in targeting the HER2 pathway in patients
after progressing on EGFR-TKIs (73).

The hypoxia-activated prodrug (HAP) tarloxotinib is a potential
treatment forNSCLCwithHER2alterations. Priorworkdemonstrates
that the tarloxotinib can be converted into tarloxotinib-E as its active
form in a hypoxic tumor microenvironment. Preclinical studies
showed that tarloxotinib-E could interfere with cell signaling and
proliferation by inhibiting phosphorylation and activation of ERBB
heterodimers in PDX models. In vivo, tarloxotinib inhibited tumor
growth andprogression. Thepharmacokinetic analysis also confirmed
the accumulations of tarloxotinib-E in tumor sites than plasma or skin
(74).Another in vitro study demonstrated that the IC50of tarloxotinib
for wildtype HER2 was 180 times higher than that of tarloxotinib-E,
suggesting a wide therapeutic index of tarloxotinib (75). The phase I
RAIN-701 trial (NCT03805841) enrolled advanced patients with
HER2 activating mutations (cohort B). First results showed that 2 of
9 patients experienced confirmed PR (22%) and 4 patients had SD.
Grade 3 TEAEs included prolonged QTc (34.8%), increased ALT
(4.3%), diarrhea (4.3%) and rash (4.3%) (76).

Mobocertinib (TAK-788) is a research-based oral EGFR/
HER2 inhibitor designed against ex20ins. The IC50 of
mobocertinib was higher than poziotinib and comparable with
pyrotinib, neratinib and afatinib in HER2 ex20ins cell lines.
Mobocertinib exhibited the lowest HER2 ex20ins IC50/wildtype
EGFR IC50 ratio, implying its excellent selectivity profile.
Additionally, lung cancers with HER2 G776delinsVC subtypes
reported a superior response to mobocertinib than the YVMA
subtypes. The combination of ado-trastuzumab emtansine (T-
DM1) and mobocertinib had a synergistic function in
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HER2YVMA tumors (77). A phase I/II trial (NCT02716116)
showed promising antitumor activities of mobocertinib in
advanced NSCLC patients harboring EGFR ex20ins, with a
similar safety profile compared to other EGFR-TKIs (78, 79).
Results from the expansion cohort 2 of this study which enrolled
NSCLC patients with HER2 exon 20 alterations are still awaited.

Compared with non-selective TKIs originally developed for
EGFR mutations, these novel TKIs have shown greater activities
and broader anti-tumor effects across exons in HER2-mutant
NSCLC. For patients who had previously received platinum-
based chemotherapy where there are limited therapeutic drugs,
new generation TKIs could be an option to consider.

Antibody-Drug Conjugates
ADCs are characterized by the covalent coupling of drugs to
mAbs as an alternative to naked antibody-targeted therapy. The
development of ADCs represents groundbreaking progress in the
treatment of malignancies with actionable targets. After their
successes in breast and gastric cancer, these agents are gradually
attracting much attention in NSCLC with HER2 alterations.

Trastuzumab emtansine (T-DM1) is a second-generation anti-
HER2 ADC composed of trastuzumab and emtansine (DM1),
which is an inhibitor of microtubule aggregation. This complex
enters into HER2-positive cells via receptor-mediated endocytosis.
Proteolytic degradation of the antibody moiety in lysosomes leads
to the release of conjugated agents (80). In a phase II study of T-
DM1 in relapsed HER2-positive NSCLC (IHC 3+, IHC 2+/FISH+,
or exon 20 mutations), among fifteen assessable patients, only one
patient achieved a PR (ORR=6.7%). The median PFS and OS were
2.0 and 10.9 months, respectively. Grade 3-4 AEs included
thrombocytopenia (40%) and hepatotoxicity (20%), with no
treatment-related deaths (81). However, another phase II basket
trial enrolled 18 advanced LUAD patients harboring HER2
mutations. The treatment with T-DM1 might achieve an ORR
as high as 44% and a median PFS of 5 months. Responses to T-
DM1 could be seen across all the subtypes. The toxicities included
grade 1-2 elevated hepatic transaminases, thrombocytopenia and
infusion reactions (82). Peters et al. evaluated the efficacy and
safety of T-DM1 in 49 advanced HER2-overexpressing NSCLC
patients (29 IHC 2+ and 20 IHC 3+) who were previously treated.
Although there were no treatment responses presented in the IHC
2+ cohort, four PR were observed in the IHC 3+ cohort
(ORR=20%). Median PFS and OS were similar between the two
cohorts (median PFS: 2.6 and 2.7 months; median OS: 12.2 and
15.3 months). Forty-five patients (92%) reported an AE of any
grade and ten patients (20%) reported grade 3 AEs. One patient
with a history of brain metastases reported grade 4 seizures while
receiving seizure therapy. There were no deaths due to AEs (83).

Trastuzumab deruxtecan (T-Dxd, also known as DS-8201a) is a
novel HER2-ADC composed of trastuzumab and a novel
topoisomerase I inhibitor (MAAA-1181) linked by an
enzymatically cleavable peptide. The drug moiety of T-Dxd could
bind to topoisomerase I-DNA complexes and induce DNA double-
strandbreaks. T-Dxdhas a drug-to-antibody ratio (DAR) of 8,which
is almost two-fold higher than T-DM1 (DAR of 3-4). Preclinical
results suggested thatT-Dxdhadantitumoractivities towardsabroad
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range of HER2-positive models and acceptable safety profiles.
Featured by a highly membrane-permeable payload, it can exert
the by-stander effect and is favorable in treating tumors that are
insensitive to T-DM1. Thus, T-Dxd is expected to be a promising
therapy to copewithHER2-positiveorHER2-low-expressing tumors
that do not respond to T-DM1 (84, 85). The first evidence of T-DM1
inNSCLCfromadose-expansionphase I study suggested thatT-Dxd
had great potential forHER2-expressing/mutant solid tumors. In the
HER2-mutant/HER2-expressingNSCLCsubgroup, 10of 18patients
(55.6%) had a confirmed objective response, with a median PFS of
11.3 months. Among the subset of HER2-mutant NSCLC patients,
the confirmed ORR even reached 72.7% (8/11) and the median PFS
was 11.3months. Notably, NSCLC patients with documentedHER2
mutations had more pronounced tumor shrinkage than those
without mutations, regardless of IHC status. All patients
experienced at least 1 AE, and 2 of 18 patients (11.1%) had serious
AEs.Threepatientswere adjudicated as interstitial lungdisease (ILD)
related to the study drug, and one patient experienced an AE of
respiratory failure which was associated with a fatal outcome (86).
The DESTINY-Lung01 phase II trial investigated the efficacy of T-
Dxd in NSCLC patients and consisted of two cohorts. Cohort 1
contained patients with HER2 overexpression (IHC 2+ or IHC 3+),
and cohort 2 contained patients with HER2 mutation. Results from
cohort 1 showedanORRandamedianPFSof 24.5%and5.4months.
Response rates were comparable according toHER2 IHC expression
levels (ORR 25.6% vs. 20.0% in IHC2+ and IHC3+ patients,
respectively). All patients had at least one treatment-emergent AEs,
and grade 3 AEs were reported in 73.5% of patients. There were 8
cases of drug-related ILD as adjudicated by an independent
committee. Treatment-emergent AEs were associated with dose
interruption in 26 patients (53.1%), dose reduction in 17 patients
(34.7%), and treatment discontinuation in 11 patients (22.4%) (87).
Recently published results from cohort 2 were promising and more
spectacular in comparison with cohort 1. Among 91 patients
enrolled, centrally confirmed ORR was 55%, the median PFS was
8.2 months and the median OS was 17.8 months (88). Preclinical
findings revealed that HER2-activating mutations facilitated
receptor-mediated endocytosis of the HER2-ADC complex (89).
Thismayprovide themechanistic foundation for its higher efficacy in
HER2-mutantNSCLCpatients incontrast to the lower response rates
among HER2-overexpressing patients. Regarding T-Dxd toxicity,
common events included gastrointestinal and hematologic events,
decreased appetite, and alopecia. Grade 3 or higher drug-related AEs
occurred in 42 patients (46%). Twenty-three patients (25%)
discontinued treatment because of investigator-reported, drug-
related AEs, including pneumonitis in 12 patients and ILD in 5
patients (88). Given the exciting results from DESTINY-Lung01, a
randomized, open-label, phase 3 trial (DESTINY-Lung04;
NCT05048797) is underway to further evaluate the efficacy and
safety of T-Dxd compared to standard of care (pembrolizumab
combined with chemotherapy) in non-squamous NSCLC patients
harboring a HER2 exon 19 or 20 mutations.

By far, ADC-based therapies seem to provide the highest
response rates and best clinical outcomes among the anti-HER2
agents, both in HER2-mutant and HER2-overexpressed NSCLC
patients. However, drug-related ILD is observed during the
Frontiers in Oncology | www.frontiersin.org 745
treatment and further studies should be carried out to
determine which patients are at great risks and how to manage
this potentially fatal AE.

Immunotherapy
Immune checkpoint inhibitors (ICIs) demonstrated significant
improvements in overall response and survival for driver-negative
NSCLC patients, while their application in oncogene-addicted
tumors remains to be elucidated. The presence of HER2 mutations
in NSCLC is correlated with a “cold” tumor microenvironment,
characterizedby a relatively lowerPD-L1positive expression rate and
tumormutation burden (TMB), similar to those of EGFR-dependent
tumors (90, 91). The efficacy of ICIs monotherapy was evaluated in
several studies. A retrospective study identified 26 patients who were
treatedwith ICIs. ORRwas 12% (3/26), themedian PFS andOSwere
1.9and10.4months, respectively.Of the three responders, nonehada
HER2 YVMA mutation, two had PD-L1 ≥50%, and two had TMB
≥median (92). In the IMMUNOTARGET registry, 29 NSCLC
patients with HER2 mutation received ICIs and the ORR was 7%.
ThemedianPFSwas2.5monthsandwassignificantlyassociatedwith
positive smoking status (3.4months in smokers vs. 2months in non-
smokers, P=0.04) (93). The French Lung Cancer Group (GFPC)
reported 6 out of 23 relapsed HER2-mutant NSCLC patients had
objective responses to ICIs, with a median DOR of 15.2 months.
Survival datawere close to previous reports, with amedian PFS of 2.2
months and a median OS of 20.4 months (94). Other studies also
showedmoderate or even dismal responses and survival outcomes of
ICIs monotherapy against HER2 mutations (90, 91, 95).

Considering the synergistic antitumor effects of combining
ICIs and chemotherapy, ICIs-based therapies were explored and
been evaluated. A multicenter retrospective study enrolled 26
HER2-mutant NSCLC patients, most of which received
immunochemotherapy combination regimens. The ORR, DCR
and median PFS were 38.5%, 84.6% and 7.4 months, respectively
(96). Additionally, results from another study demonstrated that
the ORR, median PFS, and one-year OS rate of ICIs combined
with chemotherapy for treatment-naive HER2-mutant NSCLC
were 52%, 6 months and 88%, respectively (97). Tian et al.
reported similar clinical outcomes of chemo-immunotherapy in
13 stage IV HER2 ex20ins LUAD patients, with an ORR of 31%
and a median PFS of 8.0 months. They also found a higher TMB,
a trend toward lower clonality of tumors and a trend toward
lower TCR diversity of peripheral blood in responders compared
with non-responders (P=0.0067, 0.071 and 0.085, respectively).
Patients with baseline TMB-high combined with mutations in
DNA damage repair-related pathways or SWI/SNF complex was
associated with favorable outcomes of chemo-immunotherapy
combinations (98).

Evidence on the efficacy of ICIs in HER2-mutant NSCLC
patients remains limited and is heavily derived from retrospective
results. These studiesdonot encourage theuse of ICIsmonotherapy
as a therapeutic strategy in HER2-mutant NSCLC patients.
Immunotherapy-based approaches could be a potential treatment
option for this patient group and further clinical trials are required
to confirm these results. Clinical trials of anti-HER2 agents in
NSCLC patients mentioned in this review are summarized in
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TABLE 1 | Clinical trials of anti-HER2 agents in NSCLC patients.

ORR n
(%)

Median PFS
months, (95% CI)

Median OS
months, (95% CI)

13 (24.5) 3.3 (NA) 10.1 (6.7-14.6)
18 (36) 6.1 (0.1-19.6) 12.2 (0.1-19.6)

2 (13) NA NA

3 (21) NA NA
0 (0) 5.2 (1.4-6.3) NA

13 (29) 6.8 (4.0-8.5) 17.6 (11.6-18.9)

3/16 (19)a NA NA

1 (7.7) 3.7 (1.4-8.3) 13.1 (3.8-NE)

0 (0) 2.76 (1.87-4.60) 10.02 (8.47-10.08)
3 (11.5) 3 (2-4) 9 (7-21)
0 (0) 1,1,5,5 5,7,15,22
0 (0) 2.9 (1.4-NE) NA
3 (21) 4.0 (2.9-9.8)
0 (0) 3.0 (1.4-6.9) 10.0 (4.9-19.0)
8 (19) 4.1 (2.9-5.6) 15.8 (10.8-19.5)
1 (3.8) 5.5 (NA) NA

5 (42) 5.6 (NA) NA
4 (50) 5.6 (3.6-6.7) c 9.5 (5.3-NE) c

8 (27) 5.5 (4.0-7.0) 15 (9.0-NE)

25 (27.8) 5.5 (3.9-5.8) NA
21 (44) 5.6 (NA) NA
8 (53.3) 6.4 (1.60-11.20) 12.9 (2.05-23.75)
6 (22.2) 6.3 (3.0-9.6) 12.5 (8.2-16.8)

18 (30) 6.9 (5.5-8.3) 14.4 (12.3-21.3)
1 (6.7) 2.0 (1.4-4.0) 10.9 (4.4-12.0)

8 (44) 5 (3-9) NA

0 (0) 2.6 (1.4-2.8) 12.2 (3.8-23.3)
4 (20) 2.7 (1.4-8.3) 15.3 (4.1-NE)

10 (55.6) 11.3 (7.2-14.3) NR (17.3-NE)

12 (24.5) 5.4 (2.8-7.0) NA
50 (55) 8.2 (6.0-11.9) 17.8 (13.8-22.1)

DISH, dual color in situ hybridization; FISH, fluorescence in situ

data were evaluated based on the whole cohort (n=30).
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References Agents Clinical trials N Population HER2 alterations

Langer et al. (45) Trastuzumab + CT Phase II study 53 Recurrent, Stage IIIB/IV NSCLC HER2 positivity (1+ to 3+)
Gatzemeier et al. (46) Trastuzumab + CT Phase II study 50 Untreated stage IIIB/IV NSCLC HER2 IHC 2+/3+ or serum

HER2 ECD positive
Hainsworth et al. (47) Pertuzumab +

Trastuzumab
Phase IIa basket study
(MyPathway)

16 Refractory, metastatic NSCLC HER2 amplification or
overexpression

14 HER2 mutation
Kinoshita et al. (48) Trastuzumab Phase II study

(HOT1303-B)
10 NSCLC patients pretreated with ≥2

regimens
HER2 IHC 3+, IHC2+/DISH+
or mutation

Mazieres et al. (49) Pertuzumab +
Trastuzumab + Docetaxel

Phase II study (IFCT-
1703 R2D2)

45 Advanced NSCLC, progressed after ≥1
platinum-based treatment

HER2 mutation

Peters et al. (51) Afatinib Global Named Patient
Use Program

28 Heavily pretreated, stage IV NSCLC HER2 mutation

Dziadziuszko et al.
(52)

Afatinib Phase II study (NICHE) 13 Pretreated, advanced NSCLC HER2 mutation

Fan et al. (53) Afatinib Phase II study 18 Pretreated, advanced NSCLC HER2 mutation
Kris et al. (57) Dacomitinib Phase II study 26 Advanced NSCLC, 83% pretreated with

CT
HER2 mutation

4 HER2 amplification
Besse et al. (60) Neratinib (N)

±Temsiromilus (TEM)
Phase II study 13 Stage IIIB/IV NSCLC (N) HER2 mutation

14 Stage IIIB/IV NSCLC (N + TEM)
Gandhi et al. (61) Phase II study

(Expansion cohort)
17 Stage IIIB/IV NSCLC (N) HER2 mutation
43 Stage IIIB/IV NSCLC (N + TEM)

Hyman et al. (62) Neratinib Phase II basket study
(SUMMIT)

26 Pretreated, advanced NSCLC HER2 mutation

Robichaux et al. (12) Poziotinib Phase II study 12 Metastatic, recurrent NSCLC HER2 mutation
Prelaj et al. (66) Poziotinib Phase II study 8b Advanced NSCLC HER2 mutation
Elamin et al. (67) Poziotinib Phase II study 30 Stage IV or recurrent NSCLC, 90% of

patients were pretreated
HER2 mutation

Le et al. (68) Poziotinib Phase II study (ZENITH
20)

90 Pretreated, advanced NSCLC HER2 mutation
Cornelissen et al. (69) 48 Treatment naïve, advanced NSCLC HER2 mutation
Wang et al. (70) Pyrotinib Phase II study 15 Pretreated, advanced NSCLC HER2 mutation
Song et al. (71) Pyrotinib Prospective, single-arm

trial
27 Stage IIIB/IV NSCLC HER2 amplification

Zhou et al. (73) Pyrotinib Phase II study 60 Pretreated, advanced NSCLC HER2 mutation
Hotta et al. (81) T-DM1 Phase II study 15 Pretreated, advanced NSCLC HER2 IHC 3+, IHC2+/FISH+

or mutation
Li et al. (82) T-DM1 Phase II basket study 18 Advanced NSCLC, 83% pretreated with

CT
HER2 mutation

Peters et al. (83) T-DM1 Phase II study 29 Locally advanced or metastatic NSCLC,
pretreated with ≥1 CT

HER2 IHC 2+
20 HER2 IHC 3+

Tsurutani et al. (86) T-DXd Phase I study 18 Pretreated, advanced or recurrent NSCLC HER2 overexpression or
mutation

Nakagawa et al. (87) T-DXd Phase II study
(DESTINY-Lung01)

49 Pretreated, metastatic NSCLC HER2 overexpression
Li et al. (88) 91 Pretreated, unresectable or metastatic

NSCLC
HER2 mutation

N, number; ORR, objective response rate; PFS, progression-free survival; OS, overall survival; CT, chemotherapy; IHC, immunohistochemistry; ECD, extracellular domain;
hybridization; NA, not available; NE, not estimable; NR, not reached.
aTumor response data were available for 16 patients. bThis phase II study enrolled 30 patients, 22 had EGFR 20 exon mutations and 8 had HER2 mutations. cPFS and OS
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Table 1. Promising strategies to cope with HER2-altered NSCLC
and their underlying mechanisms are shown in Figure 1B.
DISCUSSION

HER2 alterations, including mutation, amplification and
overexpression, have emerged as novel potential targets for
anti-HER2 agents in NSCLC. Following new drug designations
rapidly changing the treatment landscape of this particular
subset of NSCLC patients, several matters still need to be
discussed and addressed.

First of all, the inconsistency in the clinical efficacy of anti-HER2
drugsamongHER2variants implies their distinctmolecular entities
and features. Currently, most studies evaluating anti-HER2 agents
in NSCLC patients are relatively small-sampled and do not
distinguish the three types of HER2 alterations. Thus, it leaves us
the question of how we define the term ‘HER2-positive’ and which
types of ‘HER2-positive’ lung cancers are suitable for receiving anti-
HER2 targeted therapy. Asmentioned above, apart frombreast and
gastric cancers, the patterns of HER2 staining in other cancer types
have not been thoroughly investigated. This probably explains the
variations of IHC overexpression rates reported in different studies.
Consequently, IHCexpression isnot adefinitivebiomarker for anti-
HER2 activity in NSCLC. In order to define HER2 alterations and
determine their response patterns, it is crucial to advocate for
standardized methods in the future to establish the definitive
formulation of HER2 activating mutation, amplification and
overexpression. Patient cohorts enrolled for evaluating HER2-
targeted drugs should also be distinguished by the particular
HER2 alteration present.

Secondly, given the substantial variant efficacy and safety
profiles of anti-HER2 drugs, it is imperative to investigate the
pharmacodynamic and pharmacokinetic properties of these
agents. Studies also reported that HER2-mutated NSCLCs are
associated with central nervous system (CNS) metastases during
treatment in approximately half of the patients. Therefore,
frequent monitoring for the early identification of CNS
involvement along with the attentive assessment of the
intracranial activity of both existing and forthcoming anti-
HER2 drugs are of great importance.

Thirdly, most of the current studies focused on the efficacy of
single anti-HER2 agents. But preclinical studies have demonstrated
the additional or synergistic effects of combining ADCs with
irreversible TKIs or immunotherapy. Li et al. reported that co-
treatment with irreversible pan-HER inhibitors promoted receptor
ubiquitination and consequent internalization of ADC complex,
resulting in improved efficacy. Switching from T-DM1 to T-Dxd,
which exhibited a different cytotoxic payload, could achievedurable
responses after developing resistance to T-DM1 (89).Moreover, T-
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Dxd increased tumor-infiltrating CD8+ T cells and enhanced the
expressionofPD-L1 andMHC-I on tumor cells.CombiningT-Dxd
and PD-1 inhibitors is more effective than single-agent
monotherapy in mouse models. These findings provide evidence
for the rationale of combination therapy in patients with HER2-
altered NSCLC (99). Therefore, a paradigm shift from
monotherapies towards combination therapies will probably
change the current treatment landscape for HER2-addicted
NSCLC. ADC-based therapies seem to provide the highest
response rates and the best survival outcomes in HER2-altered
NSCLC patients by far. Several clinical trials (NCT03334617,
NCT04686305) have been launched to address this issue. Also,
with more agents in the pipeline are waited to be approved, the
sequencing of these novel therapies is attracting more attention.

Another issue is the not-infrequent situation of concomitant
mutations in HER2-altered NSCLC patients (for example, TP53),
which can impair the efficacy of anti-HER2 agents and affect
prognosis. Furthermore, acquired HER2 mutation and
amplification are considered to be the main mechanisms of
bypass pathways driving EGFR-TKIs resistance, suggesting the
expansion of TKIs-induced selection of HER2-driven cell clones.
Under these circumstances, concomitant treatment of EGFR-
TKIs and HER2-targeted agents could become a promising
therapeutic strategy. Further investigations are needed to
provide the rationale for targeting HER2 in these clinical settings.

Not long ago, HER2 alterations were considered poor targets
in NSCLC and were deemed to have inferior clinical outcomes
than those with other genetic alterations. Nowadays, owing to
advances in preclinical biology-based drug development, the
wide array of the investigating HER2-targeted agents is a
glimmer of hope shooting through the past prejudice. With
emerging therapies requiring further clinical validation,
exploration of targeting HER2 in NSCLC is underway.
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Background: There is no standard treatment for stage III lung cancer due to its low
surgical resection rate, and improving PFS and survival of patients with III NSCLC has
become an urgent challenge in clinical treatment. For EGFR mutation-positive patients,
targeted therapy has the remarkable feature of high efficiency and low toxicity compared
with first-line standard chemotherapy, and targeted neoadjuvant therapy needs to be
further explored.

Method: We report 3 diagnosed cases of locally advanced unresectable NSCLC with
EGFR-sensitive mutations who first received 1–2 cycles of preoperative chemotherapy
neoadjuvant therapy and were treated with 110 mg daily of 3rd-generation EGFR-TKI
aumolertinib instead because of poor efficacy or safety intolerance.

Result: After 2 cycles of aumolertinib treatment, all 3 patients achieved symptomatic
remission and significant tumor size reduction and achieved downstaging to allow surgical
treatment. No additional operative difficulties were added during the surgery. They
continued to receive adjuvant therapy with the original dose of aumolertinib after
surgical treatment, and no evidence of tumor recurrence was found until the most
recent imaging examination. In addition, the course of neoadjuvant and adjuvant
therapy was free of serious adverse effects.

Conclusion: Perioperative treatment of these three cases of locally advanced
unresectable NSCLC with EGFR-sensitive mutations with the third-generation EGFR-
TKI aumolertinib showed significant efficacy and excellent safety and may be a new option
for targeted therapy in the perioperative period.
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INTRODUCTION

Patients with stage III non-small cell lung cancer (NSCLC) have
considerable disease heterogeneity (1, 2). Treatment options include
neoadjuvant therapy followed by surgical resection, adjuvant
chemotherapy after surgery, or radical radiotherapy. A large meta-
analysis confirmed the survivalbenefit ofpreoperativechemotherapy
(3). However, the lung damage caused by preoperative
chemotherapy may also make subsequent surgical resection more
difficult (4, 5). No consensus exists with regard to optimal treatment
approaches, particularly for unresectable advanced NSCLC
characterized by single-site or multisite lymph node metastases
identified by preoperative staging; the role of surgical resection
after preoperative therapy remains controversial (6–8).

Epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKI) significantly prolong progression-free survival
(PFS) in patients with advanced EGFR mutation-positive
(EGFRm) NSCLC compared to chemotherapy as first-line
therapy (9–11). Aumolertinib (HS-10296), a third-generation
EGFR-TKI, has attracted much attention due to its reliable
antitumor activity and favorable safety profile (12–14).

Although EGFR-TKI was established as an effective first-line
therapy for advanced EGFRm NSCLC (9–11), the efficacy and
tolerability of EGFR-TKI preoperative induction therapy remain
Frontiers in Oncology | www.frontiersin.org 252
uncertain. We report three cases of stage III NSCLC with
confirmed EGFR mutations, who reached a descending stage
after preoperative neoadjuvant treatment with aumolertinib and
had successful surgical resection of the malignant tumor.
PRESENTATION

Case 1
A 64-year-old Chinese male, a 40-year smoker and hypertension,
presented to a local hospital in January 2021 with an irritating
cough and sputum with blood in the sputum, and a computed
tomography chest (CT) scan showed a 7.8 × 4.9-cm left upper lung
space. Lung puncture biopsy showed squamous carcinoma, and
immunohistochemistry showed high PD-L1 expression, TPS ≥
90%, EGFRmutation (exon 19 deletion) by NGS, and clinical stage
IIIC (T3N3M0). PET/CT showed left lung cancer with obstructive
pneumonia, enlarged lymph nodes in the left clavicular region,
posterior to the anterior vena cava, aortic window, left
paratracheal area, and both hila, and increased FDG
metabolism. Magnetic resonance imaging (MRI) of the brain
showed no evidence of central nervous system (CNS)
involvement, which made her malignancy compatible. Figure 1
shows the imaging findings of case 1.
A B

DC

FIGURE 1 | Disease status before and after neoadjuvant chemotherapy and aumolertinib treatment. Computed tomography chest (CT) scan showed (A) pulmonary
nodule in the left upper lobe of the lung, size 7.8 × 4.9 cm before chemotherapy. PET/CT showed (B) lymph node enlargement in the right hilar and pulmonary
nodule in the left upper lobe before chemotherapy. (C) Stable disease (SD) based on imaging findings after 2 cycles of chemotherapy. (D) Pulmonary nodule in the
left upper lobe of the lung, size 2.2 × 2.0× 1.8 cm after almost 2 months of aumolertinib treatment, with tumor remission reaching partial remission (PR).
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Systemic chemotherapy was started in January 2021 with an
initial dose of albumin-bound paclitaxel 400mg and carboplatin 0.4
mg. Rash and pruritus developed during the second chemotherapy
infusion of carboplatin, so treatment with carboplatin was
discontinued. After 2 cycles of chemotherapy, objective tumor
remission was evaluated as disease stabilization (SD) by RECIST
1.1 (efficacy evaluation criteria for solid tumors). After nearly 8
weeks of oral administration of the third-generation EGFR-TKI
aumolertinib (110 mg/day) started in February 2021, imaging
showed significant tumor regression, lesion volume reduction to
2.2×2.0×1.8 cm,partial remission (PR), and clinical stage reduction
to stage IB (T2N0M0). After evaluation by the surgeon, the patient
was eligible for surgery and underwent VATS left upper lung
lobectomy + lymph node dissection with the patient’s consent in
April 2021. Postoperative pathology showed interstitial fibrous lung
tissue with numerous lymphocytic infiltrates, with large necrotic
tissue and <10% residual tumor cells (major pathological response,
MPR),whichwas considered as posttreatment changes of squamous
carcinoma. There was no metastasis of cancer tissue in any of the
lymph nodes examined. After discussion with the patient, he was
willing to receive adjuvant therapy with aumolertinib, and the
disease was judged to be stable by imaging results in February 2022.

Case 2
A 68-year-old Chinese male with grade 3 hypertension was
admitted to the hospital in December 2020 with a 1-week
history of pulmonary occupancy found on physical examination.
Chest CT revealed a left lingual lobe occupancy with obstructive
pneumonia and enlarged mediastinal and left axillary lymph
nodes; the size of the tumor was 4.0 × 3.8 × 2.3 cm, and cranial
MRI, abdominal ultrasound, and bone scan was unremarkable.
Lung puncture biopsy was diagnosed as adenocarcinoma, and
Frontiers in Oncology | www.frontiersin.org 353
immunohistochemistry showed a negative PD-L1 expression with
TMB: 6.38 mut/bp; NGS revealed that the patient had EGFR exon
21 L858R point mutation, combined with HEBB2 amplification,
EGFR amplification, and TP53 mutation; and the clinical stage
was IIIA (T2N2M0). The patient’s enlarged lymph node in the left
hilum was completely fused with the left pulmonary artery trunk
and could not be completely removed surgically, which was an
unresectable stage III lung cancer. After 2 cycles of pemetrexed
combined with carboplatin chemotherapy in December 2020, the
tumor did not shrink significantly according to chest CT.
Considering that the patient had EGFR 21 exon L858R
mutation, she was treated with oral aumolertinib 110 mg/day in
January 2021, and after nearly 2 months of treatment, chest CT
indicated significant regression of the left hilar lymph nodes, and
the mass volume was reduced to 1.2 × 1.0 × 1.5 cm, achieving PR;
clinical stage was reduced to stage IB (T2N0M0); and the tumor
was clearly demarcated from the left pulmonary artery trunk,
which could be considered for surgical radical treatment. Figure 2
shows the imaging findings of case 2.

Therefore, VATS left upper lung lobectomy and lymphatic
dissection were performed on February 22, 2021. Postoperative
pathology showed moderately differentiated adenocarcinoma
with elastic plaque formation, tumor involvement in 0/10
lymph nodes, and residual tumor cells <10% (MPR). The
postoperative pathological stage was stage IA (T1N0M0). After
surgery, the patient had been receiving adjuvant therapy with
aumolertinib for 11 months, and no evidence of malignancy
recurrence was seen on spiral CT of the chest.

Case 3
A 60-year-old Chinese female with grade 2 hypertension was
admitted with cough for 1 month. Chest CT showed a left lower
A

B

FIGURE 2 | Disease status before and after neoadjuvant almonertinib therapy. Computed tomography chest (CT) scan showed (A) left lingual lobe occupancy with
a size of 4.0 × 3.8 × 2.3 cm, and subaortic lymph nodes before aumolertinib treatment. (B) Left lingual lobe occupancy with a size of 1.2 × 1 × 1.5 cm, and subaortic
lymph nodes after aumolertinib treatment.
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lung occupancy with pulmonary atelectasis; PET/CT showed a left
lower lung soft tissue mass (10.9 × 8.9 × 6.5 cm), left lower lobe
bronchial truncation, aortic window, and multiple lymph node
enlargement in the left hilar, and left lung cancer with obstructive
pneumonia was considered. Lung puncture biopsy and
immunohistochemistry diagnosed squamous carcinoma;
immunohistochemistry results showed negative PD-L1
expression, and NGS test results were EGFR L858R mutation
combined with TP53 mutation, clinical stage IIIB (T4N2M0).
Thoracic surgery specialists consulted and judged that there was
no indication for surgery for the time being and recommended
medical treatment. Figure 3 shows the imaging findings of case 3.

The patient was treated with a chemotherapy regimen of
albumin paclitaxel combined with carboplatin for two cycles in
November 2020, and a chest CT review showed that the lesion was
still stable, but the tumor did not shrink significantly. Therefore,
the patient received oral aumolertinib (110 mg/day) for 2 cycles
from January 2021, and the tumor shrank significantly from
before to 3.0 × 4.0 × 4.0 cm, reaching PR and clinical stage
down to stage IB (T2N0M0), which was eligible for surgery.
Therefore, the patient requested surgical treatment and
underwent VTAS left lower lung lobectomy, lymph node
dissection, and pleural adhesion release in March 2021.
Postoperative pathology showed focal fibrous tissue hyperplasia
with inflammatory cell infiltration in lung tissue, focal bronchial
epithelial adenoid formation, and mild alveolar epithelial cell
hyperplasia; some multinucleated giant cell reaction was seen;
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posttreatment changes were considered; no tumor residual was
seen; and the status of pathological complete response (pCR) was
achieved. 0/10 lymph nodes had tumor involvement, and the
postoperative pathological stage was stage 0 (T0N0M0). After
surgery, the patient was treated with aumolertinib for adjuvant
therapy, and the disease was judged to be stable on the chest CT
findings in January 2022.
DISCUSSION

Three patients with unresectable stage III non-small-cell lung
cancer were first treated with chemotherapy and were switched
to aumolertinib for 2 cycles due to poor efficacy, and all achieved
downstaging and met resectability criteria after neoadjuvant
aumolertinib treatment. Postoperative pathology showed MPR
in the first two cases and pCR in the last case. In addition, the
safety profile of aumolertinib in neoadjuvant attempts was
satisfactory, with no events that delayed surgery or increased
surgical complications. Patient characteristics and treatment
response before and after surgery are shown in Table 1.

In this case series report, the first patient who received
chemotherapy had a more severe rash and pruritus, which the
physician judged to be a hypersensitivity reaction caused by
carboplatin, which has been shown to predispose patients treated
with carboplatin in combination with paclitaxel (15).
Symptomatic treatment was replaced with oral aumolertinib
A B

D E F

C

FIGURE 3 | Disease status before and after neoadjuvant chemotherapy and aumolertinib treatment. Computed tomography chest (CT) scan showed that (A) before
chemotherapy, the size of the left lower lung soft tissue mass was 10.9 × 8.9 × 6.5 cm. PET/CT showed (B) mediastinal lymph node enlargement before
chemotherapy. (C) Multiple lymph node enlargement in the left hilar before chemotherapy. CT scan showed that (D) after 2 cycles of chemotherapy, the disease was
judged to be stable based on imaging findings. (E) After 2 cycles of aumolertinib treatment, the size of the left lower lung soft tissue mass was 3.0 × 4.0 × 4.0 cm,
and the tumor achieved partial remission. (F) After 2 cycles of aumolertinib treatment, multiple lymph nodes disappeared in the left hilar.
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and continued for 8 weeks, with imaging showing partial
remission and no serious adverse events.

The second and third cases also received 2 cycles of
preoperative chemotherapy without significant tumor remission.
After chemotherapy and switching to oral aumolertinib treatment
for 4–8 weeks with the patient’s consent, imaging showed that
both patients responded well to treatment, with significant tumor
volume reduction to a descending stage that allowed them to
undergo surgery.

This may indicate an efficacy advantage of aumolertinib in the
neoadjuvant phase of therapy. Similarly, results from the
EMERGING-CTONG 1103 study showed a trend toward
improved ORR, lymph node step-down, MPR, and R0
resection rates with neoadjuvant erlotinib compared to
neoadjuvant chemotherapy for patients with EGFRm NSCLC,
and significantly prolonged PFS (16). Evidence from case reports
and small non-randomized clinical trials reported suggests that
neoadjuvant EGFR-TKI therapy is potentially efficacious in
patients with resectable NSCLC (17–21). This suggests that
neoadjuvant-targeted therapy modalities are potentially
clinically applicable and may be a viable option for patients
who are not optimal chemotherapy candidates due to medical
comorbidities or who refuse chemotherapy.

Finally, overall oncologic outcomes may be influenced by the
timing of surgical intervention after neoadjuvant therapy. A large
retrospective study found that in patients with stage IIIa NSCLC, 1-
and 3-year survival rates were significantly lower in the short-
delayed group after preoperative neoadjuvant therapy compared
with the long-delayed group (22). Due to the significant safety
advantage of targeted agents over chemotherapy, preoperative
EGFR-TKI neoadjuvant therapy may reduce lung injury and make
surgery less difficult. Therefore, it may shorten the time between the
end of neoadjuvant therapy and surgery, thus affecting prognostic
survival. Currently, the optimal duration of preoperative induction-
targeted therapy is unclear, and whether 6 weeks of EGFR-TKI
induction therapy is sufficient has yet to be verified, so theremaybe a
problem of insufficient induction-targeted therapy.
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Aumolertinib has demonstrated excellent tumor remission
and a favorable safety profile in the neoadjuvant and adjuvant
phases of these three phase III NSCLC cases, which has
implications in guiding targeted therapy in the perioperative
setting of NSCLC. However, its ability to be a firm choice for
neoadjuvant and adjuvant treatment of NSCLC still needs to be
validated by large randomized controlled studies.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the research ethics committee of the Affiliated Brain
Hospital of Nanjing Medical University. The patients/participants
provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

All authors contributed toward data analysis, drafting, and
critically revising of the paper, gave final approval of the
version to be published, and agree to be accountable for all
aspects of the work.
ACKNOWLEDGMENTS

The authors thank the patients for their participation in the study
and agreeing to the publishing of the report.
REFERENCES
1. van Meerbeeck JP, Surmont VF. Stage IIIA-N2 NSCLC: A Review of its

Treatment Approaches and Future Developments. Lung Cancer (2009)
65:257–67. doi: 10.1016/j.lungcan.2009.02.007

2. Pang Z, Yang Y, Ding N, Huang C, Zhang T, Ni Y, et al. Optimal
Managements of Stage IIIA (N2) Non-Small Cell Lung Cancer Patients: A
Population-Based Survival Analysis. J Thorac Dis (2017) 9(10):4046–56.
doi: 10.21037/jtd.2017.10.47
3. NSCLC Meta-analysis Collaborative Group. Preoperative Chemotherapy for
Non-Small-Cell Lung Cancer: A Systematic Review and Meta-Analysis of
Individual Participant Data. Lancet (2014) 383(9928):1561–71. doi: 10.1016/
S0140-6736(13)62159-5

4. Pisters KMW, Vallières E, Crowley JJ, Franklin WA, Bunn PA Jr, Ginsberg
RJ, et al. Surgery With or Without Preoperative Paclitaxel and Carboplatin in
Early-Stage Non-Small-Cell Lung Cancer: Southwest Oncology Group Trial
S9900, an Intergroup, Randomized, Phase III Trial. J Clin Oncol (2010) 28
(11):1843–9. doi: 10.1200/JCO.2009.26.1685
TABLE 1 | Patient characteristics and response to treatment before and after surgery (N = 3).

Patient Gender/
age

Histological types EGFR mutation
subtypes

PD-LI expres-
sion status

First-line treatment Second-line treatment Pathologicalassessment

Treatment Response Treatment Response

1 M/64 Squamous carcinoma exon19 deletion Positive Chemotherapy SD Aumolertinib PR MPR
2 M/68 Adenocarcinoma L858R mutation Negative Chemotherapy SD Aumolertinib PR MPR
3 F/60 Squamous carcinoma L858R mutation Negative Chemotherapy SD Aumolertinib PR pCR
March 2022 | V
SD, stable disease; PR, partial response; MPR, major pathological response; pCR, pathological complete response.
olume 12 | Article 872225

https://doi.org/10.1016/j.lungcan.2009.02.007
https://doi.org/10.21037/jtd.2017.10.47
https://doi.org/10.1016/S0140-6736(13)62159-5
https://doi.org/10.1016/S0140-6736(13)62159-5
https://doi.org/10.1200/JCO.2009.26.1685
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Feng et al. Aumolertinib as Neoadjuvant Therapy for NSCLC
5. Depierre A, Westeel V. Preoperative Chemotherapy in Non-Small Cell Lung
Cancer: Advantages, Disadvantages, Level of Evidence. Rev Mal Respir (2007)
24:6S59–63. doi: 10.1019/200720130

6. Rusch VW, Giroux DJ, Kraut MJ, Crowley J, Hazuka M, Winton T, et al.
Induction Chemoradiation and Surgical Resection for Superior Sulcus Non-
Small-Cell Lung Carcinomas: Long-Term Results of Southwest Oncology
Group Trial 9416 (Intergroup Trial 0160). J Clin Oncol (2007) 25:313–8.
doi: 10.1200/JCO.2006.08.2826

7. Darling GE, Li F, Patsios D, Massey C, Wallis AG, Coate L, et al. Neoadjuvant
Chemoradiation and Surgery Improves Survival Outcomes Compared With
Definitive Chemoradiation in the Treatment of Stage IIIA N2 Non-Small-Cell
Lung Cancer. Eur J Cardiothorac Surg (2015) 48:684–90. doi: 10.1093/ejcts/
ezu504

8. Uy KL, Darling G, Xu W, Yi Q-L, De Perrot M, Pierre AF, et al. Improved
Results of Induction Chemoradiation Before Surgical Intervention
for Selected Patients With Stage IIIA-N2 Non-Small Cell Lung
Cancer. J Thorac Cardiovasc Surg (2007) 134:188–93. doi: 10.1016/
j.jtcvs.2007.01.078

9. Fukuoka M, Wu Y-L, Thongprasert S, Sunpaweravong P, Leong S-S,
Sriuranpong V, et al. Biomarker Analyses and Final Overall Survival
Results From a Phase III, Randomized, Open-Label, First-Line Study of
Gefitinib Versus Carboplatin/Paclitaxel in Clinically Selected Patients With
Advanced non-Small-Cell Lung Cancer in Asia (IPASS). J Clin Oncol (2011)
29:2866–74. doi: 10.1200/JCO.2010.33.4235

10. Wu Y-L, Zhou C, Hu C-P, Feng J, Lu S, Huang Y, et al. Afatinib Versus
Cisplatin Plus Gemcitabine for First-Line Treatment of Asian Patients With
Advanced Non-Small-Cell Lung Cancer Harbouring EGFR Mutations (LUX-
Lung 6): An Open-Label, Randomised Phase 3 Trial. Lancet Oncol (2014)
15:213–22. doi: 10.1016/S1470-2045(13)70604-1

11. Cheng Y, He Y, Li W, Zhang H-l, Zhou Q, Wang B, et al. Osimertinib Versus
Comparator EGFR TKI as First-Line Treatment for EGFR-Mutated Advanced
NSCLC: FLAURA China, A Randomized Study. Target Oncol (2021) 16
(2):165–76. doi: 10.1007/s11523-021-00794-6

12. Lu S, Wang Q, Zhang G, Dong X, Yang CT, Song Y, et al. Efficacy of
Aumolertinib (HS-10296) in Patients With Advanced EGFR T790M+
NSCLC: Updated Post-National Medical Products Administration Approval
Results From the APOLLO Registrational Trial. J Thorac Oncol (2022) 17
(3):411–22. doi: 10.1016/j.jtho.2021.10.024

13. Romero D. Aumolertinib Is Effective in NSCLC. Nat Rev Clin Oncol (2022) 19
(1):6. doi: 10.1038/s41571-021-00586-x

14. Lu S, Dong X, Jian H, Chen J, Chen G, Sun Y, et al. Randomized Phase III Trial
of Aumolertinib (HS-10296, Au) Versus Gefitinib (G) as First-Line Treatment
of Patients With Locally Advanced or Metastatic Non-Small Cell Lung Cancer
(NSCLC) and EGFR Exon 19 Del or L858R Mutations (EGFRm). J Clin Oncol
(2021) 39. doi: 10.1200/JCO.2021.39.15_suppl.9013

15. Pujade-Lauraine E, Wagner U, Aavall-Lundqvist E, Gebski V, Heywood M,
Vasey PA, et al. Pegylated Liposomal Doxorubicin and Carboplatin
Compared With Paclitaxel and Carboplatin for Patients With Platinum-
Sensitive Ovarian Cancer in Late Relapse. J Clin Oncol (2010) 28(20):3323–
9. doi: 10.1200/JCO.2009.25.7519
Frontiers in Oncology | www.frontiersin.org 656
16. Zhong WZ, Chen KN, Chen C, Gu CD, Wang J, Yang XN, et al. Erlotinib
Versus Gemcitabine Plus Cisplatin as Neoadjuvant Treatment of Stage IIIA-
N2 EGFR-Mutant Non-Small-Cell Lung Cancer (EMERGING-CTONG
1103): A Randomized Phase II Study. J Clin Oncol (2019) 37(25):2235–45.
doi: 10.1200/JCO.19.00075

17. Zhong W, Yang X, Yan H, Zhang X, Su J, Chen Z, et al. Phase II Study of
Biomarker-Guided Neoadjuvant Treatment Strategy for IIIA-N2 Non-Small
Cell Lung Cancer Based on Epidermal Growth Factor Receptor Mutation
Status. J Hematol Oncol (2015) 8:54. doi: 10.1186/s13045-015-0151-3

18. Lara-Guerra H, Chung CT, Schwock J, Pintilie M, Hwang DM, Leighl NB,
et al. Histopathological and Immunohistochemical Features Associated With
Clinical Response to Neoadjuvant Gefitinib Therapy in Early Stage Non-Small
Cell Lung Cancer. Lung Cancer (2012) 76:235–41. doi: 10.1016/
j.lungcan.2011.10.020

19. Lara-Guerra H, Waddell TK, Salvarrey MA, Joshua AM, Chung CT, Paul N,
et al. Phase II Study of Preoperative Gefitinib in Clinical Stage I Non-Small-
Cell Lung Cancer. J Clin Oncol (2009) 27:6229–36. doi: 10.1200/
JCO.2009.22.3370

20. Hishida T, Nagai K, Mitsudomi T, Yokoi K, Kondo H, Horinouchi H, et al.
Salvage Surgery for Advanced Non-Small Cell Lung Cancer After Response to
Gefitinib. J Thorac Cardiovasc Surg (2010) 140:e69-e71. doi: 10.1016/
j.jtcvs.2010.06.035

21. Schaake EE, Kappers I, Codrington HE, Valdes Olmos RA, Teertstra HJ, van
Pel R, et al. Tumor Response and Toxicity of Neoadjuvant Erlotinib in
Patients With Early-Stage non-Small-Cell Lung Cancer. J Clin Oncol
(2012) 30:2731–8. doi: 10.1200/JCO.2011.39.4882

22. Rice JD, Heidel J, Trivedi JR, van Berkel VH. Optimal Surgical Timing After
Neoadjuvant Therapy for Stage IIIa Non-Small Cell Lung Cancer. Ann Thorac
Surg (2020) 109(3):842–7. doi: 10.1016/j.athoracsur.2019.09.076

Conflict of Interest: Authors ZZ and XY are employed by Jiangsu Hansoh
Pharmaceutical Group Co., Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Feng, Qiang, Wanwan, Zhaozhun, Yuewu and Shencun. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
March 2022 | Volume 12 | Article 872225

https://doi.org/10.1019/200720130
https://doi.org/10.1200/JCO.2006.08.2826
https://doi.org/10.1093/ejcts/ezu504
https://doi.org/10.1093/ejcts/ezu504
https://doi.org/10.1016/j.jtcvs.2007.01.078
https://doi.org/10.1016/j.jtcvs.2007.01.078
https://doi.org/10.1200/JCO.2010.33.4235
https://doi.org/10.1016/S1470-2045(13)70604-1
https://doi.org/10.1007/s11523-021-00794-6
https://doi.org/10.1016/j.jtho.2021.10.024
https://doi.org/10.1038/s41571-021-00586-x
https://doi.org/10.1200/JCO.2021.39.15_suppl.9013
https://doi.org/10.1200/JCO.2009.25.7519
https://doi.org/10.1200/JCO.19.00075
https://doi.org/10.1186/s13045-015-0151-3
https://doi.org/10.1016/j.lungcan.2011.10.020
https://doi.org/10.1016/j.lungcan.2011.10.020
https://doi.org/10.1200/JCO.2009.22.3370
https://doi.org/10.1200/JCO.2009.22.3370
https://doi.org/10.1016/j.jtcvs.2010.06.035
https://doi.org/10.1016/j.jtcvs.2010.06.035
https://doi.org/10.1200/JCO.2011.39.4882
https://doi.org/10.1016/j.athoracsur.2019.09.076
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Chunxia Su,

Shanghai Pulmonary Hospital, China

Reviewed by:
Fan Yun,

Zhejiang Cancer Hospital, China
Qingzhu Jia,

Army Medical University, China

*Correspondence:
Ningning Yan

yanningrj@alumni.sjtu.edu.cn;
yanningrj@163.com

Xingya Li
fcclixy1@zzu.edu.cn

Specialty section:
This article was submitted to

Thoracic Oncology,
a section of the journal
Frontiers in Oncology

Received: 26 January 2022
Accepted: 22 February 2022
Published: 31 March 2022

Citation:
Yan N, Guo S, Zhang H, Zhang Z,

Shen S and Li X (2022) BRAF-Mutated
Non-Small Cell Lung Cancer:
Current Treatment Status and

Future Perspective.
Front. Oncol. 12:863043.

doi: 10.3389/fonc.2022.863043

REVIEW
published: 31 March 2022

doi: 10.3389/fonc.2022.863043
BRAF-Mutated Non-Small Cell Lung
Cancer: Current Treatment Status
and Future Perspective
Ningning Yan*, Sanxing Guo, Huixian Zhang, Ziheng Zhang, Shujing Shen and Xingya Li*

Department of Medical Oncology, First Affiliated Hospital of Zhengzhou University, Zhengzhou, China

V-Raf murine sarcoma viral oncogene homolog B (BRAF) kinase, which was encoded by
BRAF gene, plays critical roles in cell signaling, growth, and survival. Mutations in BRAF
gene will lead to cancer development and progression. In non-small cell lung cancer
(NSCLC), BRAF mutations commonly occur in never-smokers, women, and aggressive
histological types and accounts for 1%–2% of adenocarcinoma. Traditional
chemotherapy presents limited efficacy in BRAF-mutated NSCLC patients. However,
the advent of targeted therapy and immune checkpoint inhibitors (ICIs) have greatly
altered the treatment pattern of NSCLC. However, ICI monotherapy presents limited
activity in BRAF-mutated patients. Hence, the current standard treatment of choice for
advanced NSCLC with BRAFmutations are BRAF-targeted therapy. However, intrinsic or
extrinsic mechanisms of resistance to BRAF-directed tyrosine kinase inhibitors (TKIs) can
emerge in patients. Hence, there are still some problems facing us regarding BRAF-
mutated NSCLC. In this review, we summarized the BRAF mutation types, the diagnostic
challenges that BRAF mutations present, the strategies to treatment for BRAF-mutated
NSCLC, and resistance mechanisms of BRAF-targeted therapy.

Keywords: BRAF, NSCLC, targeted therapy, immune checkpoint inhibitors, tyrosine kinase inhibitors
INTRODUCTION

Lung cancer is the most commonly diagnosed cancer and the leading cause of cancer mortality in
China (1). Lung cancer could be divided into non-small cell lung cancer (NSCLC) and small cell
lung cancer (SCLC); of these, approximately 60% of NSCLC were adenocarcinoma (2). Generally,
about 80% of lung adenocarcinoma harbors driver mutations in east Asians (3). Over the past
decades, targeted therapies have dramatically revolutionized the treatment pattern of NSCLC and
greatly improved the prognosis of NSCLC patients.

V-Raf murine sarcoma viral oncogene homolog B (BRAF) gene encodes BRAF kinase, a member
of mammalian cytosolic serine/threonine kinases, which plays important roles in cell signaling,
growth, and survival (4–6). BRAFmutations are rare mutations in NSCLC, which account for 2% of
lung adenocarcinoma, and more frequently occur in never-smokers, women, and aggressive
histological types (micropapillary) (7). Additionally, BRAF V600E mutations are mostly mutually
exclusive with most druggable abnormalities present in this tumor (8, 9). It should be noted that
certain BRAF mutations can coexist with KRAS mutations (9). However, routine platinum-based
chemotherapy presents lower efficacy and is associated with poorer survival (10). Currently, the
advent of BRAF inhibitors (BRAFi) and immune checkpoint inhibitors (ICIs) has transformed the
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landscape of BRAF-mutated NSCLC. In the present review, we
will discuss BRAF biology within the context of oncogenesis. In
addition, we will describe the evolving science of molecularly
targeted therapies and ICIs for BRAF-dependent cancers.
BRAF MUTATIONS IN CANCER

BRAF is involved in mitogen-activated protein kinase (MAPK)
pathway that includes the rat sarcoma (RAS)–rapidly accelerated
fibrosarcoma (RAF)–mitogen-activated protein/extracellular signal-
regulated kinase kinase (MEK)–extracellular signal-regulated kinase
(ERK) mitogen-activated protein kinase. After activation of
epithelial growth factor receptor (EGFR), RAS–RAF–MEK–ERK
pathway will be activated and modulate cell proliferation and
survival (11) (Figure 1). In normal tissue, the BRAF kinase is
Frontiers in Oncology | www.frontiersin.org 258
generally silenced via negative feedback once the signal has moved
on to the next point in the cascade. However, when BRAF
mutations occur, the activation of the RAS–RAF–MEK–ERK
pathway will be sustained and will lead to uncontrolled cell
growth and proliferation; this makes BRAF mutations potential
oncogenic drivers (12, 13). Generally, BRAF mutations commonly
present in human cancers with an 8% incidence in all human
cancers, predominantly in hairy cell leukemia (100%) (14),
melanoma tumors (40%–50%) (15–17), thyroid carcinoma (10%–
70%, based on the histologic classification) (18, 19), colorectal
cancer (10%) (20, 21), and rarely in lung cancer (1%–2%) (11, 22).

BRAF mutations could be divided into three classes based on
mutation site. Class I mutants including V600E/K/D/R, which
occurs in the valine residue at amino acid position 600 of exon
15, promote constitutive activation of MAPK pathway, causing
strong activation of BRAF kinase; in addition, this type of
RAS

RAF

MEK

ERK

Proliferation,growth, 
survival

p p
pp

RTK

FIGURE 1 | RAS/RAF/MEK/ERK signaling pathway. RTK, receptor tyrosine kinase; RAS, rat sarcoma; RAF, v-raf murine sarcoma viral oncogene; MEK, mitogen-
activated protein kinase kinase; ERK, extracellular signal-regulated kinase.
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mutations often presents high sensitivity to BRAF and MEK
inhibitors (23, 24). Class II mutants, including K601, L597, G464,
and G469 mutations, are located in the activation segment or P-
loop and signal as RAS-independent dimers (24, 25).

Class III mutants that occur in the P-loop, catalytic loop, or
DFG motif have impaired BRAF kinase activity; however, the
activity of MAPK pathway signaling is enhanced via Raf-1 proto-
oncogene CRAF activation (Figure 2) (24). All the class II and III
mutations are non-V600 mutations, and BRAF mutations are
usually classified as V600 mutations and non-V600 mutations in
routine clinical practice. Actually, approximately 50% of BRAF
mutations in NSCLC are non-V600 mutations (26–28). In
addition, class II and III BRAF mutations are sensitive to
current BRAF inhibitors; hence, novel-generation BRAF
inhibitors warrant being developed.
BRAF DELETION MUTATIONS

Several previous studies have demonstrated that BRAF deletion
mutations can occur in melanoma, pancreatic cancer, and thyroid
cancer; in addition, activating BRAF deletion mutations might
serve as a type of resistance mechanism to BRAF inhibitors plus
MEK inhibitors (29–31). Generally, deletion mutations happen
adjacent to the aC helix in the kinase domain of BRAF, resulting
in enhanced kinase activity by suppressing the aC helix in its
active conformation (29). This type of BRAFmutation is similar to
class I mutants functioning as RAS-independent monomers (31).
BRAF FUSIONS

At least 18 different 5´ fusion partners have been found across
different cancer types including NSCLC, and the most common
fusion partner is AGK in NSCLC (13, 32). The occurrence rate of
BRAF fusions is smaller than 1% in NSCLC, and all NSCLCs with
BRAF fusions were adenocarcinomas or NSCLC with
adenocarcinoma features. Most BRAF fusion patterns are in-
frame with breakpoints on the BRAF kinase domain (13, 32). In
addition, remarkably, conserved fusions have been reported to
occur in 85% of astrocytic pilocytomas (33). Activating BRAF
fusions occur in truncation of the N-terminal CR1 auto-inhibitory
domain, leading to the constitutive activation of BRAF pathway
that resembles class II BRAF mutants (34). Up to now, limited
data have revealed the activities of BRAF inhibitors and MEK
inhibitors in treating BRAF fusion mutations.
Frontiers in Oncology | www.frontiersin.org 359
DETECTION OF BRAF MUTATIONS

Single-gene assays for BRAF mutations are extensively used across
other cancer types including melanoma. The most commonly used
assay is RT-PCR. So far, the cobas 4800 BRAF V600 Mutation Test
and THxID-BRAF kit are Food and Drug Administration (FDA)-
approved companion diagnostic tests (35–37). In addition,
laboratory-developed tests also could be applied to test a patient’s
BRAF mutation status, although confirmatory tests via other
methods are necessary. The major advantages of RT-PCR are
faster turnaround time, better reproducibility, higher specificity
and sensitivity, and lower cost compared with multiple gene
sequencing methods. However, most of these methods are merely
for BRAF V600E mutation located in exon 15. They lack the ability
to detect exon 11mutations that also are seen inNSCLC (38). Hence,
next-generation sequencing (NGS) including a multiple gene panel
should be applied to evaluate V600E mutation and non-V600E
mutations that could happen in exon 11 and exon 15 (15, 26).

The other kind of single-gene test is immunohistochemistry
(IHC) for BRAF mutations. However, the only available antibody
used in IHC for mutant BRAF protein is monoclonal antibody VE1.
The advantage of this method is to identify a qualitative change (i.e.,
the presence or absence of the protein), but the accuracy is limited in
quantitating changes in expression than other antibody-based
assays, such as the enzyme-linked immunosorbent assay (39). The
limitation of this test is similar to RT-PCR that only can test BRAF-
V600E mutation. In addition, only a few cases of lung cancer have
shown that VE1 clone has the potential to stain between 90% and
100% of p.V600E-mutant adenocarcinomas (40). It was previously
reported that IHC using VE1 antibody is incapable of testing non-
V600E mutation (41). However, another study has demonstrated
that 599T insertion mutation in 1/21 cases stained with VE1 is
positive for VE1 antibody. Hence, no standard recommendation or
consensus was obtained for using BRAF p.V600E IHC (VE1) testing
in NSCLC; extension validationmust be deployed when IHC is used
to test BRAF-V600E mutation.
NEXT-GENERATION SEQUENCING

As mentioned above, single-gene tests for BRAF mutation are
unable to identify mutations occurring in exon 11; hence, a
multiple-gene panel including BRAF mutations is more practical.
In addition, with more novel rare driver genes discovered, there is
an increased need for multigene testing compared to single-gene
N
CR1 CR2 CR3

RBD CRD

C

PKD
V600

FIGURE 2 | The structure of BRAF gene. N, C, amino and carboxyl end; RBD, Ras-binding domain; CR, conserved region; CRD, cysteine-rich domain; PKD,
protein kinase domain; CR1/2/3; conserved region-1/2/3, CR1 contains RBD and CRD, V600E mutation occurs in CR3.
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approaches. Current guidelines for gene testing in NSCLC should
include BRAF, mesenchymal epithelial transition factor receptor
(MET), rearranged during transfection (RET), Human Epidermal
Growth Factor Receptor 2 (HER2), neurotrophic tropomyosin
receptor kinase (NTRK), and Kirsten Rat Sarcoma Viral Oncogene
Homolog (KRAS) for cases in which the common oncogenic drivers
(EGFR, anaplastic lymphoma kinase (ALK), and ROS proto-
oncogene 1 (ROS1) are negative and whenever an adequate
technique is available (42). The advantages of NGS are as follows:
1) fewer tumor tissue; 2) facilitates testing of multiple biomarkers;
3) includes emerging biomarkers for clinical trial enrollment.
Generally, it is more economical than sequential testing (43, 44).
However, because of more data, interpreting the NGS reports
becomes complex and its availability in the community or rural
region is poor. Besides, the turnaround time of NGS is longer than
those of RT-PCR and IHC assay. Hence, multiple-gene RT-PCR kit
might be a more reasonable choice for gene tests.
CURRENT TREATMENT LANDSCAPE

Chemotherapy
The activities of chemotherapy have been fully explored in patients
with BRAF V600E mutation advanced NSCLC. Documented
studies have revealed that advanced NSCLC patients harboring
BRAF V600E mutations present poor prognosis when
administered with chemotherapy; in addition, patients with
BRAF V600E mutations appear to be insensitive to platinum-
based chemotherapy (45–47). However, several reports showed
that NSCLC patients harboring BRAFV600E mutations seemed to
have extended survival compared with patients without oncogenic
drivers (47, 48). Additionally, Claire Tissot et al. (49) have reported
that patients’ survival is not connected with BRAF mutation status.
Another French study also observed similar results that BRAF
mutation was not prognostic of overall survival (50). In addition, a
recent study suggested that class I BRAFV600Emutations have the
potential to be less aggressive than class II and III non-V600E
mutations, which present more possibilities to occur in brain
metastases and RAS co-alterations; hence, this specific behavior
made non-V600E patients have shorter progression free survival
(PFS) and overall survival (OS) to chemotherapy, although the
difference might be driven by fewer extrathoracic metastases and
higher use of targeted therapies in class I patients (51). However,
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because of limited cases included in these studies, the results
presented here should be interpreted with caution. Hence, future
larger randomized trials are urgently warranted.

Immune Checkpoint Inhibitor Monotherapy
Previous retrospective small-sample studies have found that
BRAF-mutated NSCLC patients tend to display positive
programmed cell death ligand 1 (PD-L1) expression (52–56);
however, because of limited cases, no clear correlation between
PD-L1 and BRAF mutations were found. Recently, a study
including 29 NSCLC patients harboring BRAF mutations
showed us that approximately 69% (20/29) of patients were PD-
L1 positive; among them, over 40% (13/29) of patients presented
higher PD-L1 expression (PD-L1 ≥50%). In addition, BRAF-
mutated NSCLC patients were correlated with low/intermediate
tumor mutation burden (TMB) and microsatellite-stable status
(57). In this study, researchers have reported that patients
harboring BRAF mutations displayed limited response to ICIs.
Additionally, several retrospective studies also observed a similar
phenomenon. The objective response rate (ORR) to single anti–
PD-(L)1 agent in BRAF-mutant patients is about 10%–30%, with a
median PFS of 2–4 months, which is equal to that of a second-line
ICI monotherapy in wild-type NSCLC (57–61) (Table 1).
Combining these data, we can conclude that ORR and PFS of
patients with BRAF non-V600E are higher than those in patients
harboring BRAF V600E mutations, but OS results seem
paradoxical, potential exploration might be that BRAF V600E
mutations could benefit from targeted therapy. On the other hand,
non-V600E mutations usually happen in smokers, and smoking
status was found to be related to response to immunotherapy (62).
In summary, these data indicated limited efficacy of ICIs in BRAF-
mutant NSCLC. Recently, a case with BRAF V600E mutation
presented durable response to ICI combined chemotherapy with
PFS of 20 months (63). This is the first evidence of patients with
BRAF V600E alteration treated with ICI combination regimens.
This case provided evidence that the ICI combined regimens
might be a promising choice for BRAF V600E-mutated NSCLC.
Further prospective clinical trials are eagerly needed.

Targeted Therapy
Sorafenib, an early-generation BRAF inhibitor, was developed as a
targeted therapy against BRAF mutant kinase. Sorafenib is an oral
multikinase inhibitor that displays activities to target B/C-RAF,
TABLE 1 | ICI monotherapy for BRAF-mutated NSCLC.

Trial Mutation type Numbers objective response rate
(ORR)

progression free survival
(PFS)

overall survival
(OS)

Immunotarget V600E 17 NA 1.8 8.2
Non-V600E 18 NA 4.1 17.2

Memorial Sloan Kettering Cancer center
(MSKCC)

V600E 10 10 1.4 26
Non-V600E 36 22 3.2 24

Isarel lung cancer group (ICLG) V600E 12 25 3.7 NA
Non-V600E 10 33 4.1

Expanded Access Program (EAP) Nivolumab BRAF 11 9 NA 10.3
French Lung Cancer Group (GFPC) 01-2018 V600E 26 26 5.3 22.5

Non-V600E 18 35 4.9 12
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Vascular Endothelial Growth Factor Receptor (VEGFR2/3),
platelet-derived growth factor receptor (PDGFR-b), and c-Kit
(64, 65). Preclinical models suggested that sorafenib could
suppress various cancer cell proliferation and tumor growth via
inhibiting MEK and ERK phosphorylation (64). These studies
provide a theoretical basis for sorafenib as a BRAF inhibitor.
However, a previous study showed that the antitumor activities of
sorafenib are correlated with EGFR mutation status but not K-ras
mutation status (67). Carter et al. (68) have demonstrated that
concurrent administration of sorafenib with chemotherapeutics
could effectively delay tumor growth without increasing toxicity.
These data promoted some researchers who have designed clinical
trials to testify the value of sorafenib in NSCLC; however, these
trials have not tested the patients’ BRAF mutation status (69, 70).
Hence, whether sorafenib could serve as a BRAF inhibitor remains
to be explored.

Dabrafenib and vemurafenib, novel-generation BRAF inhibitors,
are ATP-competitive inhibitors of BRAF kinase. Both agents are
specific in targeting BRAF V600E mutations. Vemurafenib was
initially tested in a “basket” study includingmultiple non-melanoma
cancers with BRAF V600 mutants. In the NSCLC cohort, 20
pretreated NSCLC patients were included and achieved a 42%
ORR and 7.3 months of PFS (Table 2) (71). Gautschi et al. (72)
also found that vemurafenib showed promising antitumor activities
in BRAF V600-mutated NSCLC patients. Additionally, a recent
research revealed that vemurafenib was specifically targeting BRAF-
V600 mutants but was ineffective in patients with BRAF non-V600
mutants (73). Combining these data, current lung cancer guidelines
recommended that vemurafenib could serve as an optional regimen
in certain circumstances. A prospective trial showed that dabrafenib
had clinical activity in BRAF V600-mutant NSCLC, and dabrafenib
might act as a promising treatment choice for patients harboring
BRAF V600E-mutant NSCLC, which lacks effective treatment
options (74). In addition, a recent study has reported that BGB-
283, a novel inhibitor of key RAF family kinases, showed promising
antitumor activity with acceptable toxicity in patients with BRAF
V600-mutated solid tumors including NSCLC (75). However, the
activity of single BRAF inhibitors is limited; hence, researchers
began to explore combination therapy. Several studies are ongoing
to investigate the novel BRAF inhibitors in BRAF-mutated
NSCLC patients.

Dabrafenib plus trametinib, a type of MEK inhibitor, was the first
explored combination regimen focusing on BRAF pathway
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inhibition. A previous phase 2, multicohort, multicenter, non-
randomized, open-label study included 36 patients harboring
BRAF V600E mutant who were treated with first-line dabrafenib
plus trametinib. The ORR was 64% and PFS was 14.6 months, as
assessed by an independent review committee; in addition, an OS of
24.6 months was achieved (76, 77). This study indicated that dual
blockade of the BRAF pathway with BRAF inhibitors and MEK
inhibitors could produce a much stronger efficacy. Besides,
dabrafenib plus trametinib combination as second-line or later
setting was also evaluated (76, 77). Surprisingly, dual blockade of
the BRAF pathway achieved similar results compared to that in first-
line setting, with 63.2% ORR and almost 10 months of PFS. This
study further confirmed the survival advantage of dabrafenib plus
trametinib combination compared to single agents. Furthermore,
LXH254, a novel BRAF/CRAF inhibitor, plus LTT462, an ERK1/2
inhibitor, was explored to evaluate its activity in patients with
advanced/metastatic K-ras- or BRAF-mutant NSCLC in a phase Ib
dose escalation study; preliminary analysis showed signs of efficacy in
patients with BRAF-mutant NSCLC (78). Dose expansion is
ongoing, and further efficacy analysis remains to be seen.

Immune Checkpoint Inhibitor Combined
Therapy
ICIs have transformed the treatment pattern of advanced NSCLC
without oncogenic driver mutations. However, the activity of ICIs in
NSCLC with oncogenic driver mutations remains limited. Recently,
Lu et al. reported a case diagnosed with stage IV NSCLC with BRAF
V600E mutation that achieved a longer response after being treated
with atezolizumab plus chemotherapy (63). This study suggested
that ICI combined therapy might be a promising regimen for
NSCLC with BRAF V600E mutations. In addition, preclinical data
revealed that selumetinib and trametinib could improve T-cell
activation and increase CTLA-4 expression. Besides, anti-Cytotoxic
T lymphocyte associate protein-4 (CTLA-4) antibody plus
selumetinib and trametinib presented a survival benefit in mice
bearing tumors with K-ras mutation (79, 80). Based on the
preclinical data, Hellmann et al. (81) have designed a study to
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TABLE 2 | Targeted therapy for BRAF-mutated NSCLC.

Trial Treatment
lines

Agents ORR PFS OS

NCT01524978 ≥2 Vemurafenib 42% 7.3 NA
EURAF
Cohort

≥2 Vemurafenib, dabrafenib, or
sorafenib

53% 5.0 10.8

AcSé ≥2 Vemurafenib 44.9% 5.2 10
NCT01336634 ≥2 Dabrafenib 33% 5.5 NA
NCT02610361 ≥2 BGB-283 20% NA NA
NCT01336634 ≥2 Dabrafenib+Trametinib 63% 10.2 18.2
NCT01336634 1 Dabrafenib+Trametinib 64% 10.9 24.6
NCT02974725 ≥2 LXH254+LTT462 66.7% NA NA
TABLE 3 | Several ongoing trials of ICIs combined with targeted therapy.

Trial Phase Treatment
lines

Experimental
arm

Enrolled
population

Status

NCT03600701 II ≥2 Atezolizumab
+combimetinib

Metastatic,
Recurrent,
or
Refractory
non-small
cell lung
cancer

Recruiting

NCT03299088 Ib ≥2 Pembrolizumab
+trametinib

Stage IV
non-small
cell lung
cancer with
K-ras gene
mutations

Active

NCT03225664 Ib/II ≥2 Pembrolizumab
+trametinib

Recurrent
non-small
cell lung
cancer

Active
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investigate the safety and clinical activity of combining a MEK
inhibitor, cobimetinib, and a PD-L1 inhibitor, atezolizumab, in
patients with solid tumors (n = 152). Among them, 28 NSCLC
patients were recruited. For NSCLC patients, the median OS was
13.2 months, and the ORR was 18% (81). Additionally, another
phase I/II trial was designed to evaluate the safety and efficacy of
durvalumab plus tremelimumab with continuous or intermittent
administration of selumetinib in advanced NSCLC patients (82)
(Table 3). Up to now, clinical trials in melanoma have demonstrated
the activities of ICI plus BRAF-targeted therapy; notably, the safety
profile of this combination regimen warranted more attention. In
addition, for NSCLC, data about ICI-combined BRAF-targeted
Frontiers in Oncology | www.frontiersin.org 662
therapies remained limited. The safety and clinical efficacy of this
pattern warrant further investigation.

Mechanisms of Resistance to BRAF
Tyrosine Kinase Inhibitors
Exactly as other targeted therapies in NSCLC, resistance to BRAF
pathway inhibitors would inevitably occur, leading to disease
progression. However, information about resistance mechanisms
of BRAF pathway inhibitors is poorly defined.

Currently, bypass activation is the main cause of secondary
resistance of targeted therapy. However, there is limited report
thus far that has revealed the resistance mechanisms of BRAF
mTOR

PI3K
PTEN loss
PI3K mutation

AKT

RAS

RAF

MEK

ERK

proliferation, growth, survival

CRAF/ARAF 
gene overexpression

BRAF inhibitors

MEK inhibitors

NRAS Q61K

MAPK8/COT

FIGURE 3 | Resistance mechanisms of targeted therapies.
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inhibitors inBRAFV600ENSCLC. Inmelanoma, other isoforms of
RAF proteins (CRAF and A-Raf proto-oncogene (ARAF)) could
also activate the MAPK pathway when BRAF was inhibited, which
leads to resistance to BRAF pathway inhibitors (83). Several studies
have also demonstrated that MAPK pathway stimulation by
MAP3K8 or COT is associated with BRAF inhibitor resistance
(83, 84) (Figure 3). However, the combination of BRAF inhibitors
and MEK inhibitors could effectively reverse the resistance to
monotherapy in BRAF-mutant NSCLC.

Additionally, Rudin et al. (85) have reported that acquired K-ras
G12D mutation might be contributing to secondary resistance to
dabrafenib. Coincidentally, K-ras G12V was also considered as
mediating resistance to BRAF inhibitors (86). Besides, in a previous
case report, researchers presented a case that was treated with
dabrafenib and trametinib that developed N-ras Q61K mutation
(87). These reports revealed that RAS gene might a critical gene
modulator in resistance mechanisms to BRAF/MEK inhibitors. The
last European Society For Medical Oncology (ESMO) congress
reported a novel combination of LXH254 and LTT462 that might
overcomeRAS-related resistance toBRAF/MEKinhibitors (78).This
regimen has shown antitumor activity in BRAF-mutant and K-ras-
mutated patients.However, further investigation remainswarranted.

Inactivationofphosphatase and tensinhomolog (PTEN), a tumor
suppressor, was also found to be involved in resistance to BRAF
inhibitors inmelanoma (88–90). A previous study has suggested that
shorter PFS to anti-BRAF drugs was found in PTEN-deficient
patients, further supporting the role of PTEN in resistance to BRAF
inhibitors (91). Notably, PTEN lack-of-function alterations may be
resistant to dabrafenib–trametinib combinations, the current
standard of care, which lacks effective resolutions to this resistance.
CONCLUSIONS

Targeted therapy in driver gene-positive NSCLC has obtained
significant progress and greatly revolutionized the landscape of
Frontiers in Oncology | www.frontiersin.org 763
NSCLC. However, the current treatment choice for BRAF-
mutated NSCLC patients is not satisfactory because of lower
incidence. Current guidelines recommend dabrafenib plus
tremetinib as the only one standard targeted therapy option for
BRAF-mutated NSCLC. However, the underlying resistance
mechanisms of this combination regimen have not been clearly
defined; in addition, current targeted therapy specifically targeted
to BRAF V600E mutation exhibited poorer efficacy against non-
V600E mutation.

Furthermore, clinical investigations will be also confronted
with ongoing challenges. Firstly, randomized prospective phase
III trials are difficult to conduct owing to the low incidence of
BRAFmutant-positive NSCLC. Secondly, the utility and ethics of
randomizing patients to a control arm with poorer efficacy and
shorter survival durations are controversial. In addition, several
studies have demonstrated that ICIs could show efficacy in this
population; the problem that lies ahead is which regimen should
be given first.

In the future, the activity of chemoimmunotherapy and
combinations of TKIs with chemotherapy, anti VEGF/VEGFR
agents, and/or immunotherapy in patients with BRAF-mutated
cancers needs to be determined. In addition, the development of
agents targeting non-V600E mutations should speed up.
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Anaplastic lymphoma kinase (ALK) alterations in non-small cell lung cancer (NSCLC) can
be effectively treated with a variety of ALK-targeted drugs. After the approval of the first-
generation ALK inhibitor crizotinib which achieved better results in prolonging the
progression-free survival (PFS) compared with chemotherapy, a number of next-
generation ALK inhibitors have been developed including ceritinib, alectinib, brigatinib,
and ensartinib. Recently, a potent, third-generation ALK inhibitor, lorlatinib, has been
approved by the Food and Drug Administration (FDA) for the first-line treatment of ALK-
positive (ALK+) NSCLC. These drugs have manageable toxicity profiles. Responses to
ALK inhibitors are however often not durable, and acquired resistance can occur as on-
target or off-target alterations. Studies are underway to explore the mechanisms of
resistance and optimal treatment options beyond progression. Efforts have also been
undertaken to develop further generations of ALK inhibitors. This review will summarize
the current situation of targeting the ALK signaling pathway.

Keywords: lung cancer, ALK, rearrangement, tyrosine kinase inhibitor, resistance
1 BACKGROUND

1.1 ALK Signaling Pathway
NSCLC accounts for around 80% of lung cancers, with ALK+ NSCLC accounting for 3%–7% of
these (1). ALK is a proto-oncogene which encodes anaplastic lymphoma kinase that is primarily
expressed in the nervous system. ALK signaling is activated in cancer cells primarily through three
mechanisms: gene fusions, gene amplification, and activating point mutations (2). ALK
rearrangements were first identified in 2007 in NSCLC, where the 3′ region of the ALK gene was
fused with the 5′ sequence of the echinoderm microtubule-associated protein-like 4 (EML4) gene.
The rearrangement results in the expression of the EML4-ALK fusion protein (3). Many kinds of
ALK fusion genes have been found in multiple cancer types (4). In ALK fusions, the partner drives
ALK activity at the level of gene expression and through multimerization of the ALK kinase domain,
which is presumed to promote several biological functions including cell differentiation,
April 2022 | Volume 12 | Article 863461167
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proliferation, and anti-apoptosis (5). ALK can activate signaling
cascades, such as the mitogen-activated protein kinase (MAPK),
(phosphatidylinositol 3−kinase) PI3K/(protein kinase B) AKT,
MEK/ERK kinase 2/3 (MEKK2/3), Crk-like/CRK SH3 domain-
binding guanine nucleotide-releasing factor (CRKL/C3G),
Janus kinase/signal transducer and activator of transcription
(JAK/STAT), and mitogen-activated protein kinase kinase
5-extracellular signal-regulated kinase 5 (MEK5-ERK5)
pathways (6).

1.2 Diagnosis of ALK Rearrangement
The ALK locus is prone to translocation, and more than 20
different ALK fusion protein partners have been discovered (5).
The detection of ALK rearrangements is widely recognized
in NSCLC. Different methods are now available, with
immunohistochemistry (IHC) and fluorescence in situ
hybridization (FISH) representing validated diagnostic
techniques for the assessment of ALK status (7, 8). As
chromogenic in situ hybridization (CISH) allows concurrent
analysis of histological features and gene rearrangement of the
tumors, it is also a useful method in assessing ALK status (9).
Next-generation sequencing (NGS) can detect a fusion between
any partners, which makes it advantageous. Multiplexed PCR
amplicon-based targeted NGS interrogates fusion transcripts
involving many known driver genes and partners (10).
Furthermore, NGS is able to assess multiple other genes
simultaneously with great sensitivity.

Other than identification of ALK rearrangements from tissue
biopsy, non-invasive genotyping of circulating tumor nucleic
acids has gained attention as an alternative strategy. Compared
to mutations and insertions/deletions, ALK rearrangements are
more complex as they incorporate diverse breakpoints and
multiple fusion partners (11). As DNA shedding in plasma of
patients with advanced disease increases, the sensitivity of ALK
fusion detection in ctDNA improves at disease progression (12,
13). The longitudinal ctDNA assays for early detection of disease
progression in ALK+ patients receiving treatment is under
intense investigation.

1.3 Characteristics of
ALK+ NSCLC Patients
ALK+ NSCLC patients tend to be younger, with no smoking
history, and have adenocarcinoma as the most common
histological subtype (14). A recent meta-analysis confirmed
that there is an increased incidence of thromboembolism in
ALK+ NSCLC patients as compared to non-ALK+ patients (15).
Real-world data also suggested an increased risk of venous
thromboembolism in ALK-rearranged NSCLC patients (16, 17).

Advanced ALK+ NSCLC has different imaging features of
primary tumor and metastatic patterns from those of EGFR+ or
wild-type NSCLC (18). ALK+ NSCLC often presents with central
tumor location, large pleural effusion, and absence of a pleural
tail (19). ALK+ tumors are also prone to nodal metastasis and
lymphangitic carcinomatosis. The radiological features can
clinically help discriminate ALK+ from ALK- tumors, but
genetic evidence is always required.
Frontiers in Oncology | www.frontiersin.org 268
1.4 ALK Variants and Fusion Partners
ALK variants have been reported to influence the efficacy of ALK
TKIs, but results were inconsistent. A prospective study from
Camidge et al. did not find that different ALK variants would
impact PFS for first-line alectinib or crizotinib (20). In two other
studies, ALK V3a/b had a worse OS (21, 22). A recent study also
suggested a prognostic role of ALK variants on treatment
outcome (23). In that study, 64 ALK variants were identified in
59 patients, with V1 (32.8%) and V3a/b (28.1%) being the most
common. Patients with non-V3a/b showed a trend toward
longer OS. Meanwhile, although ALK+ NSCLC patients have a
high PD-L1 expression rate, there is no significant association
with ALK variant subtypes (23). A meta-analysis suggested that
there was no significant difference of patients with the V1 variant
from non-V1 in terms of PFS and OS, while V3 was associated
with shorter OS (24). However, a propensity score analysis did
not find a difference of ALK variants regarding clinical features
and outcomes (25), which was consistent with sensitivity of ALK
variants to alectinib in ALK-transformed cells (26). The
molecular link between ALK variants, the differential response
to TKIs, and resistance mutations support NGS-based detection
of ALK status to guide treatment strategies (27).

Other than ALK variants, other ALK fusion partners include
ATIC-ALK, RANBP2-ALK, NPM1-ALK, TFG-ALK, KIF5B-ALK,
SQSTM1-ALK, TPM4-ALK, and CLTC-ALK (28). Their responses
to ALK TKIs have been reported in several case reports, some of
which were associated with better prognosis (29).

The impact of 5′-ALK on the efficacy of crizotinib was
reported (30). Compared with 3′-ALK fusion alone, patients
with non-reciprocal/reciprocal ALK translocation had a higher
incidence of central nervous system (CNS) metastasis at baseline.
Harboring non-reciprocal/reciprocal ALK translocation was
an independent predictor of worse PFS for crizotinib-treated
ALK\+ NSCLC.

1.5 Treatment Modality
As ALK+ NSCLC is a gene fusion-driven cancer, tyrosine kinase
inhibitors (TKIs) have been developed to treat this unique
disease. Currently, six ALK-target agents have been approved
to treat advanced ALK+ NSCLC, including crizotinib, alectinib,
ceritinib, ensartinib, brigatinib, and lorlatinib. These targeted
agents induce durable responses and improve survival outcomes.
Treatment with ALK inhibitors is recognized as the standard of
care for advanced ALK+ NSCLC.
2 ALK TARGETED THERAPIES IN NSCLC

2.1 First-Generation ALK TKI
The six currently approved ALK TKIs for advanced ALK+ NSCLC
were classified into three generations (Figure 1). The drug targets,
approved indication by FDA, trial design, and primary endpoint of
clinical trials are summarized in Table 1, which can help illustrate
the currently available ALK-TKIs. The development of crizotinib, a
first-in-class and first-generation ALK TKI, revolutionized the
treatment of ALK+ NSCLC (52). Crizotinib is a small-molecule
April 2022 | Volume 12 | Article 863461
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inhibitor of the receptor tyrosine kinases ALK, ROS1, and c-MET.
In phase I and II studies, crizotinib demonstrated durable responses
in advanced ALK-positive NSCLC patients (53, 54), leading to the
accelerated FDA approval in 2016. In a phase III study PROFILE
1007, crizotinib showed improved PFS compared with
chemotherapy in first-line and previously treated patients (34).
However, the pharmacokinetic failure to crizotinib is mainly due
to its poor blood–brain barrier penetration, and CNS is a common
site of progression with crizotinib (55). Crizotinib-treated patients
will virtually develop acquired resistance. L1196M, and G1269A,
and C1156Y mutations alter the structure of the ATP-binding
pocket and thus prevent crizotinib from binding to ALK (56).

2.2 Second-Generation ALK TKIs
The second-generation ALK-TKIs alectinib, ceritinib, ensartinib,
and brigatinib were developed to overcome crizotinib resistance,
Frontiers in Oncology | www.frontiersin.org 369
and they exhibited potent activity to crizotinib-resistant ALK+
NSCLC patients.

2.2.1 Alectinib
Alectinib is a next-generation inhibitor that is highly selective for
ALK (57). Alectinib, which is not a P-glycoprotein substrate, has a
better penetration to the blood–brain barrier compared with
crizotinib (58). Alectinib was approved by the FDA for second-
line treatment in 2015 based on two single-arm trials (NP28761
and NP28673) including 225 patients treated with alectinib 600
mg orally twice daily (59). The J-ALEX trial was the first study to
show that the second-generation ALK inhibitor alectinib provides
a PFS advantage and is more tolerable than crizotinib with the
dose of 300 mg twice daily (37). Alectinib was approved by the
FDA for the first-line treatment of ALK+NSCLC in 2017 based on
the phase III ALEX trial with alectinib 600 mg twice daily (36). In a
TABLE 1 | Pivotal clinical trials of currently approved ALK TKIs in NSCLC.

Drug Targets FDA approval Study Phase Trial design Region Primary endpoint

Crizotinib ALK, MET, ROS1 (31) First line (January 2013) PROFILE 1014 (32) 3 RCT Global PFS
PROFILE 1029 (33) 3 RCT Asia PFS

Later line (August 2011) PROFILE 1007 (34) 3 RCT Global PFS
Alectinib ALK, GAK, LTK (35) First line (November 2017) ALEX (36) 3 RCT Global PFS

J-ALEX (37) 3 RCT Japan PFS
ALESIA (38) 3 RCT Asia PFS

Later line (June 2013) ALUR (39) 3 RCT Global PFS
Brigatinib ALK, EGFR, IGFR1 (40) First line (May 2020) ALTA-1L (41) 3 RCT Global PFS

Later line (April 2017) ALTA (42) 2 RCT Global ORR
Ceritinib ALK, IGFR1, InsR, STK22D (43) First line (May 2017) ASCEND-4 (44) 3 RCT Global PFS

Later line (April 2014) ASCEND-5 (45) 3 RCT Global PFS
Ensartinib ALK, ROS1, TRK1/2/3 (46) First linea eXalt3 (47) 3 RCT Global PFS

Later linea (NMPA 2020) NCT03215693 (48) 2 Single-arm China ORR
Lorlatinib ALK, ROS1 (49) First line (March 2021) CROWN (50) 3 RCT Global PFS

Later line (November 2018) NCT01970865 (51) 2 Single-arm Global ORR, iORR
April 202
2 | Volume
RCT, randomized clinical trial; TKI, tyrosine kinase inhibitor; PFS, progression-free survival; ORR, objective response rate; iORR, intracranial objective response rate; FDA, Food and Drug
Administration; NMPA, National Medical Products Administration.
aNot approved by the FDA.
FIGURE 1 | Timeline of approved ALK TKIs.
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final analysis of the J-ALEX study, compared to crizotinib,
alectinib did not achieve overall survival (OS) benefit (60),
reflecting that the crossover to the post first-line treatment
might greatly influence OS, especially in ALK+ NSCLC who
could get significant benefit from all ALK TKIs. A prospective
real-world study investigated the strategy of switching to alectinib
in ALK+ NSCLC patients that did not experience disease
progression with initial crizotinib (61). The results indicated that
an early switch from crizotinib to alectinib might be a viable
option and may promote better treatment compliance.

Data from J-ALEX suggested that compared with ALEX
wherein 600 mg twice daily was used, alectinib 300 mg twice
daily did not produce a markedly different primary outcome of
PFS in a Japanese population. Since alectinib 300 mg twice daily
will produce fewer adverse events (AEs) and fewer treatment
interruptions, the lower dose is therefore an attractive approach
in the study population (62). The on-target resistance of the
mechanism of alectinib is related with emergence of G1202R and
I1171N/S/T mutations (63).

2.2.2 Brigatinib
In preclinical models, brigatinib (AP26113) has been shown to
overcome resistance to first- and second-generation ALK TKIs (40).
In crizotinib-treated (ALTA trial) and crizotinib-naïve (ALTA-1L
trial) patients with ALK+ NSCLC, brigatinib has shown promising
antitumor activity, including substantial activity against central
nervous system (CNS) metastases (41, 64). In the final analysis of
ALTA-1L, brigatinib demonstrated superior efficacy over crizotinib
regardless of ALK fusion variant or TP53 mutation status, especially
in patients with baseline brain metastases (65). In a network meta-
analysis, brigatinib ranked the highest by efficacy in the CNS
metastasis subgroup compared with alectinib, while alectinib
ranked the highest by efficacy in the overall population (66). In
general, brigatinib is well tolerated; however, the early-onset
pulmonary toxicity has raised some concerns. The ATOMIC
ARI-AT-002 trial (NCT02706626) is ongoing to evaluate the
efficacy of brigatinib against ALK-resistant mutations after
second-generation ALK inhibitor treatment other than brigatinib
in patients with ALK+ NSCLC (67). A phase III ALTA-3 trial
(NCT03596866) comparing brigatinib versus alectinib in the first-
line ALK+ NSCLC is also ongoing (68).

2.2.3 Ceritinib
Ceritinib obtained FDA approval for the treatment of ALK-
positive patients who progressed or were intolerant to crizotinib
in 2014, and as a first-line therapy in 2017. Approval was based
on the ASCEND-1 (69) and ASCEND-2 studies (70). In the
phase II ASCEND-2 study, crizotinib-pretreated ALK+ NSCLC
received ceritinib at a standard dose of 750 mg daily and achieved
an objective response rate (ORR) of 38.6% (70). A phase I, three-
arm ASCEND-8 study demonstrated that ceritinib 450 mg with
food showed similar efficacy and less gastrointestinal toxicity
compared to 750-mg fasted (71). Two randomized Phase III
trials compared ceritinib vs. standard chemotherapy in the first-
line (ASCEND-4) (44) or second-line (ASCEND-5) setting (45).
However, the toxicity profile of ceritinib from ASCEND-4 and
ASCEND-5 indicated a higher frequency of dose interruptions
Frontiers in Oncology | www.frontiersin.org 470
and modifications due to adverse events (AEs) compared to
chemotherapy. Real-world data comparing ceritinib versus
alectinib in ALK+NSCLC found that alectinib exposure was
associated with longer OS compared with ceritinib in ALK+
NSCLC (72). The pharmacokinetic (PK) data from the
ASCEND-8 study (71) led to the FDA approval of ceritinib
450 mg QD, administered with food.

2.2.4 Ensartinib
Ensartinib (X-396) is an aminopyridazine-based small molecule
that inhibits ALK. Furthermore, ensartinib has reported some
activity against ROS1, AXL, and cMET (73). In a phase 1/2 trial,
ensartinib has shown promising clinical activity in ALK+
NSCLC (46). A single-arm phase 2 trial investigating
ensartinib in second-line ALK+ NSCLC demonstrated an ORR
of 52% (48), which led to its approval by the National Medical
Products Administration (NMPA) of China. The phase III
eXalt3 study comparing ensartinib versus crizotinib for the
first-line treatment of ALK+ NSCLC demonstrated that
ensartinib is superior to crizotinib in both systemic and
intracranial diseases (47). Of note, crossover was not allowed
in this trial. A dynamic sequencing of circulating tumor DNA
(ctDNA) in ensartinib-resistant ALK+ NSCLC patients revealed
that ALK-dependent resistance mechanisms of ensartinib were
mainly due to G1269A, G1202R, and E1210K mutations (74).

2.3 Third-Generation ALK TKI
Approximately half of resistance to second-generation ALK-
TKIs is associated with secondary mutations in the ALK kinase
domain (75). Lorlatinib is a 3rdz-generation ALK TKI and is a
small and compact macrocyclic inhibitor. The macrocyclic
formation had an improved metabolic stability and a low
frequency of P-glycoprotein-mediated efflux in vitro. Diverse
compound ALK mutations were identified in lorlatinib-resistant
cells or patient samples after sequential ALK-TKI treatments (76,
77). Lorlatinib can inhibit G1202R mutation, but not compound
mutations (78). Lorlatinib was approved by the FDA in 2018 for
the second- or third-line treatment of ALK+ NSCLC (51). The
phase III CROWN study comparing lorlatinib versus crizotinib
achieved the best-in-class differential PFS benefit of HR 0.28
(50), which led to its first-line approval of the FDA in March
2021. Crossover was not allowed in the CROWN study. This
result may redefine the new potential standard of care in the first-
line setting. As there are no head-to-head comparisons of
lorlatinib to second-generation ALK TKIs, debates were raised
regarding whether lorlatinib is the best first-line treatment for
ALK+ NSCLC (79, 80). Compared with alectinib, lorlatinib was
associated with a higher incidence of grade 3 or higher AEs (81)
mostly related to its higher penetration in the CNS.

2.4 Fourth-Generation ALK TKIs
Under Investigation
The sequential use of ALK TKIs which is active to ALK “single
mutant” will lead to double ALK resistance mutations. Fourth-
generation ALK TKIs such as TPX-0131 and NVL-655 have been
developed, which are “double mutant active.” TPX-0131 is a
compact macrocyclic inhibitor, which was designed to fit
April 2022 | Volume 12 | Article 863461
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completely in the ATP-binding pocket. It may reduce the
susceptibility to a variety of ALK TKI-resistant mutations,
including solvent front, hinge region, gatekeeper, and compound
mutations (82). Other than being sensitive to most single resistant
mutations, TPX-0131 is effective for compound mutations such as
G1202R+L1198F, G1202R+L1196M, L1196M+ L1198F, and
G1202R+C1156F. Another 4th-generation ALK TKI, NVL-655, is
a brain-penetrant small-molecule inhibitor with activity against
solvent front drug-resistance mutations, such as G1202R,
G1202R+L1196M, and G1202R+G1269A (83). Furthermore,
NVL-655 displayed brain penetrance to open up the potential to
treat brain metastases while avoiding off-target CNS adverse events.

2.5 Other ALK TKIs
Entrectinib is a selective inhibitor of TRKA/B/C, ALK, and ROS1
(84). Combined results from twophase I/II basket trials (ALKA-372-
001 and the STARTRK-1 trial) suggested that entrectinib was well
toleratedandactive againstALK+NSCLC(85).Aphase IIbasket trial
STARTRK-2 (NCT02568267) is currently ongoing to evaluate
entrectinib for the treatment of patients with NTRK, ROS1, and
ALK gene rearrangements. Repotrectinib (TPX-0005) is a rationally
designed macrocyclic TKI developed to inhibit ALK, ROS-1, and
TRKA-C (86). It is smaller than lorlatinib and has a high activity in
CNS. The TREDENT-1 study (NCT03093116) for repotrectinib
showed encouraging data in ALK+ NSCLC patients (87).

Other novel ALKTKIs include TQ-B3139 (88),WX-0593 (89),
PLB-1003 (90), SAF-189s (91), and CT-707 (92). Several other
ALK TKIs are under preclinical investigation, such as gilteritinib
(93) and XMU-MP-5 (94). An ALK proteolysis-targeting
chimeric (PROTAC) degrader is also under development. The
six different ALK PROTACs are all based on the second-
generation ALK-TKIs, including ceritinib-based (95–98),
TAE684-based (96), and brigatinib-based ALK PROTACs (99).
During this process, kinase mutations and off-target effects may
occur, which is a major clinical challenge (100). The ongoing
clinical trials investigating novel-generation ALK TKIs in ALK+
NSCLC are summarized in Table 2 (up to December 18, 2021).

2.6 Treatment Options Other Than
ALK TKIs
2.6.1 Chemotherapy
As chemotherapy has limited efficacy in ALK+ NSCLC after
failure of a second-generation ALK TKI, combination therapy
with ALK TKI and chemotherapy has been proposed in ALK+
NSCLC refractory to at least one second-generation ALK TKI.
This strategy has been proved to be a possible choice by several
studies. Crizotinib plus pemetrexed in ALK+ NSCLC patients
with multiple CNS metastases demonstrated better efficacy than
monotherapy (101). Chemotherapy in combination with ALK
TKI proved to be of higher efficacy, suggesting a potential role for
ongoing ALK inhibition (102).

2.6.2 Anti-Angiogenic Drugs
Anti-angiogenic drugs have also been investigated in ALK+NSCLC.
Vascular endothelial growth factor (VEGFR) expression has been
reported to be upregulated in ALK+ NSCLC, which induces
resistance to ALK TKIs (103). A single-arm study of involving 12
Frontiers in Oncology | www.frontiersin.org 571
patients of ALK+ NSCLC demonstrated that crizotinib plus
bevacizumab showed benefit in first-line ALK+ NSCLC, with an
acceptable safety profile (104). In another phase 1/2 single-arm trial,
alectinib plus bevacizumab was also well tolerated (105).

2.6.3 Immune Checkpoint Inhibitors
The PD-L1-positive and strongly positive rates among ALK+
NSCLC patients were 46.7%–50% and 13.3%–16%, respectively
(23, 106). Studies have shown that the ALK oncoprotein is able to
upregulate PD-L1 expression in lung cancer cells. Upregulation of
PD-L1 by EML4-ALK was mediated by activating MEK-ERK and
PI3K-AKT signaling pathways in NSCLC, which suggests a link
between oncogene and PD-L1 expression (107). The expression of
PD-L1 in ALK+ NSCLC has brought immunotherapy drugs such
as immune checkpoint inhibitors (ICIs) into consideration for
ALK+ NSCLC. A real-world analysis of ICIs in ALK+ NSCLC
patients from a Flatiron Health electronic health record
demonstrated limited efficacy of ICIs provided either before or
after TKIs (108). Recent evidence indicated new roles of ALK and
its genetic aberrations in immune evasion and in innate and cell-
mediated immunity (109). The tumor microenvironment of ALK
+ NSCLC suggested a poorly immunogenic “immune desert” of
ALK+ NSCLC that also prevents the successful use of immune
checkpoint inhibitors (ICI) (110). Furthermore, the toxicity of ICI
for ALK+NSCLC patients was too high. The sequential use of ICIs
and crizotinib has also been reported with an increased risk of
hepatotoxicity in retrospective studies (111). The challenge to
researchers is not only to improve the efficacy of ICI in ALK+
NSCLC but also to find immunotherapeutic drugs that have
acceptable toxicity in combination regimens.

2.6.4 Radiotherapy
There are no firm data for concurrent usage of ALK TKIs and
radiotherapy. However, radiotherapy acts as a salvage treatment for
patients who have oligoprogressive metastatic disease while under
targeted therapy (112). In oligoprogressive diseases of ALK+ lung
cancer, continuation of ALK TKIs with local ablative therapy should
be considered for sustained control, which can potentially eradicate
resistant cancer cell clones and confer survival benefit (113). Ablative
and hypofractionated radiotherapy is one strategy for ALK+ lung
cancer, since many ALK+ NSCLC patients treated with ALK TKIs
experienced local disease progression (114). Timing of radiotherapy
remains unclear, especially under different clinical settings.
Furthermore, the safety of the combination of ALK TKIs and
radiotherapy is unclear (115). Case reports using radiotherapy
combined with alectinib and lorlatinib presented radiation-induced
CNSnecrosis, andthis toxicity remains longafter radiation(116,117).
3 DISCUSSION

3.1 How to Choose the Optimal
First-Line Treatment?
There is a continuous debate regarding the choice of the optimal
upfront ALK TKI for the first-line treatment of ALK+ NSCLC, the
subsequent sequencing strategies, and whether these considerations
April 2022 | Volume 12 | Article 863461
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should be based on specific on-target ALK resistance mutations or
not. Our recently published Bayesian network meta-analysis has
compared the efficacy and safety of 6 ALK TKIs and chemotherapy
in the first-line setting (118). Regarding PFS benefit for the first-line
setting, lorlatinib ranks first, while the toxicity of lorlatinib needs to
be paid attention to. However, the goal of treating advanced ALK+
NSCLC should not just be limited to improve median PFS in the
first-line setting. There is no consensus on how to best sequence the
ALK TKIs which are “single mutant active.” Some advocate using
second-generation ALK TKIs due to their favorable toxicity profile,
while leaving lorlatinib, the only third-generation ALK TKI, for
salvage treatment (Figure 2).

ALK+ NSCLC has a high tendency for brain metastases
compared to non-oncogene-driven NSCLC subtypes (119).
Compared with first-generation ALK TKI, second- and third-
generation ALK TKIs have a better efficacy of brain metastases.
Ceritinib demonstrated an intracranial ORR of 35%–73% and an
intracranial disease control rate (DCR) of 61%–86% in ALK-TKI
naïve and -pretreated patients (44, 45, 69, 70). The intracranial ORR
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and intracranial DCR of alectinib in clinical trials were 54%–81%
and 78%–90%, respectively (36, 39, 120, 121). Brigatinib showed an
encouraging activity in the CNS, with an intracranial ORR of 42%–
73% and an intracranial DCR of 83%–93% (42). A meta-analysis
investigated the role of ALK TKIs in the treatment of ALK+NSCLC
patients with brain metastases, who had been pretreated with
radiotherapy or not and/or chemotherapy (122). The results also
confirmed better intracranial control with second-generation ALK
TKIs (alectinib, brigatinib, and ceritinib) compared with crizotinib.
Ensartinib demonstrated an intracranial ORR of 63.6%–70% and an
intracranial DCR of 98%–100% (47, 48). Lorlatinib had an
intracranial ORR of 61%–66% in the first-line setting (50).
Lorlatinib also showed substantial intracranial activity in second-
generation ALK TKI-pretreated patients, with or without baseline
CNS metastases (123, 124). This evidence suggested that
withholding brain radiotherapy in patients with asymptomatic
brain metastases and use of radiotherapy during progression
could be an option. Prospective trials are warranted to confirm
the validity of this strategy.
TABLE 2 | Ongoing clinical trials of novel ALK TKIs against ALK-arranged NSCLC.

Clinical trial identifier Study design Intervention Setting Primary endpoint Phase Status

NCT04009317 260 participants
Parallel assignment
Randomized, open label

TQ-B3139 vs. crizotinib First line PFS 3 Recruiting

NCT04632758 330 participants
Parallel assignment
Randomized, open label

WX-0593 vs. crizotinib First line PFS 3 Recruiting

NCT04056572 135 participants
Single-group assignment
Non-randomized, open label

TQ-B3139 Second line ORR 2 Recruiting

NCT04641754 176 participants
Single-group assignment
Non-randomized, open label

WX-0593 Second line ORR 2 Recruiting

NCT04211922 104 participants
Single-group assignment
Non-randomized, open label

Alkotinib Second line ORR 2 Recruiting

NCT02568267 60 participants (basket)
Single-group assignment
Non-randomized, open label

Entrectinib (RXDX-101) Second line ORR 2 Recruiting

NCT03093116 500 participants (basket)
Single-group assignment
Non-randomized, open label

Repotrectinib (TPX-0005) Second line DLT, RP2D, ORR 1/2 Recruiting

NCT04849273 210 participants
Single-group assignment
Non-randomized, open label

TPX-0131 Second line DLT, RP2D, ORR 1/2 Recruiting

NCT04237805 280 participants
Single-group assignment
Non-randomized, open label

SAF-189s (foritinib) First/second line DLT, ORR 1/2 Recruiting

NCT03130881 60 participants
Single-group assignment
Non-randomized, open label

PLB1003 Second line DLT 1 Recruiting

NCT03607188 18 participants
Single-group assignment
Non-randomized, open label

Alkotinib Second line DLT 1 Recruiting

NCT05055232 120 participants
Single-group assignment
Non-randomized, open label

XZP-3621 Second line Toxicity, DLT, MTD 1 Recruiting

NCT02695550 40 participants
Single-group assignment
Non-randomized, open label

CT-707 Second line DLT, toxicity 1 Unknown
April 2022 | Volu
me 12 | Artic
PFS, progression-free survival; ORR, objective response rate; DLT, dose-limiting toxicity; RP2D, recommended phase 2 dose; MTD, maximum tolerated dose.
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3.2 Resistance Mechanism of ALK TKIs
There are two main categories of resistance mechanisms to ALK
TKIs, namely, on-target alterations such as ALK mutation/gene
amplification and off-target changes such as bypass signaling
pathways (75). Substitution with ALK-destabilizing mutations
could activate the ALK signaling pathway, which confers drug
resistance to inhibitors (125). Inherent ALK resistance mutations
are only found in a proportion of patients with acquired resistance
to ALK-TKI, for first- and second-generation ALK-TKIs. ALK
mutations such as somatic kinase domain mutations are the
primary resistant mechanism. Two major ALK mutations after
first-generation ALK TKI crizotinib were L1196M (7%) and
G1269A (4%) (75), which alter 3D conformation and hinder TKI
binding (126). Resistance to second-generation ALK TKIs is
associated with specific mutations, such as G1202R, I1171N,
S1206Y, and E1201K, for which not all TKIs are equally effective.
In patient samples post-ceritinib, secondary mutations were
detected in 56% of the cases, with 17% of double mutations:
G1202R (21%), F1174 C/L (17%), and C1156Y (8%) (75).
Acquired mutations of alectinib have been identified in 53% of
the patients: G1202R (29%), I1171T/S (12%), V11180L (6%), and
L1196M (6%) (75). Although brigatinib showed activity against
G1202R, which is a frequent mutation associated with alectinib-
resistant cancer (127), it is worth noting that G1202R has also been
detected in brigatinib-resistant samples, raising the question of how
clinically useful brigatinib is against this solvent front mutation
(128). Of note, G1202R was not the most common ALK mutation
in ensartinib-resistant patients, in which G1269A (6.6%) was the
more identified than G1202R (2.8%) among 14.2% of the patients
with secondary ALK mutations post second-line ensartinib (74).
On-target resistance to the third-generation ALK inhibitor lorlatinib
is primarily mediated by compound ALK mutations (129).
Interestingly, some compound mutations that lead to lorlatinib
resistance result in re-sensitization to first- or second-generation
ALK TKIs, such as I1171N + L1256F, and C1156Y + L1198F which
lead to re-sensitization to alectinib and crizotinib, respectively (76,
130). Patients with secondary ALK mutations refractory to the
previous ALK TKI can be treated with other ALK TKIs. This re-
sensitization phenomenon supported the sequential and possibly
alternating use of different ALK TKIs.

ALK-independent mechanisms are only partially understood
and particularly challenging, as they may result in refractoriness to
Frontiers in Oncology | www.frontiersin.org 773
further ALK inhibition. ALK-independent resistance mechanisms
involve bypass pathways, such as EGFR, cMET, and AXL, or
histological transformation into small cell lung cancer (SCLC)
(131–133). Mechanisms of resistance to novel generation ALK
TKIs are complex and diverse, reflecting the selective genetic
pressure of drugs (134). In a prospective MATCH-R study,
adaptive mechanisms driving resistance to lorlatinib were
explored by a longitudinal assessment of tumor biopsies and
ctDNA and the development of patient-derived xenograft (PDX)
and cell lines (135). Epithelial–mesenchymal transition (EMT)
mediated resistance in two patient-derived cell lines, and a novel
bypass mechanism of resistance caused by NF2 loss-of-function
mutations was described.

3.3 Toxicity Considerations
Clinical trials have established that ALK TKIs are generally safe
and well tolerated. First-generation crizotinib has demonstrated
a spectrum of toxicities, such as visual disorders (diplopia,
photopsia, blurred vision), as well as QTc prolongation and
bradycardia, while most of the AEs are grades 1–2 (136).
Gastrointestinal toxicities were associated with different ALK
TKIs, such as vomiting, nausea, and diarrhea. Brigatinib was
characterized by a peculiar and early-onset interstitial lung
toxicity (137). The most common AEs of lorlatinib were
notably hypercholesterolemia (81%) and hypertriglyceridemia
(60%), with cases of grade 3–4 toxicities occurring in 16% of
patients. Special AEs of lorlatinib include CNS effects such as
changes in mood, mental status, and peripheral neuropathy
(138). Although different ALK TKIs share some common AEs,
they have some unique toxicities, which should be taken into
account to identify the right drug for the right patient. Finding
ways to tackle these toxicities will play an essential role in drug
strategies for ALK+ NSCLC patients.

A list of different parameters could potentially affect the
interpretation of toxicity (139). Among them, the drug dose is one
of the reasons which influence the tolerability and toxicity of ALK
TKIs. As toxicity is related to drug dose, fewer toxicities were noted
with the 300-mg dose than with the 600-mg dose of alectinib (62).
Exposure-response analyses indicated that a lower dose of alectinib
and crizotinib could result in diminishing treatment efficacy (140).
Therefore, monitoring drug dose and toxicity might influence the
treatment outcome of patients receiving ALK TKIs.
FIGURE 2 | Treatment strategy for ALK+ NSCLC.
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3.4 Beyond Advanced NSCLC
The treatment strategyof advancedALK+NSCLChasbroughtALK-
targeted therapy into early and locoregional (N2) stages. As acquired
resistance of targeting ALK in the advanced stage setting emerges
inevitably, TKIs are able to inhibit cancer cell proliferation, hinder
tumor growth, and control cancer metastasis, but not to eradicate or
cure the disease. There are no clear data regarding the frequency in
early-stageor locoregionaldisease (141). Inhibiting theALKsignaling
pathway at earlier stages still facesmany challenges.Neoadjuvant and
adjuvant ALK TKIs in ALK+ NSCLC have yielded mixed results
(142). Table 3 shows the clinical trials of ALK TKIs in neoadjuvant
and adjuvant settings (up to December 18, 2021).
4 CONCLUSIONS

In this “precision medicine” era, although the detection of
oncogenes is common practice and the administration of targeted
agents is a recognized option, molecular results should be
interpreted with caution. The integration of the roles including
pathologists, molecular biologists, and clinicians is needed. The
treatment algorithm of ALK+ NSCLC is becoming more complex.
New-generation TKIs have better CNS penetration across the
blood–brain barrier, resulting in superior intracranial response
rates and preventing brain metastases. A head-to-head
comparison between all ALK TKIs is still lacking, but novel ALK
TKIs are being developed to overcome resistance to currently
available ALK TKIs, hypothesizing a defined sequential ALK TKI
strategy in this disease. After failure of targeted therapies,
chemotherapy might still be a valid option, while the role of
immunotherapy is yet to be clarified. Overcoming the challenges
for the development of more potent drugs will be essential to
improving the survival rate of ALK+ NSCLC in the future.
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Background: Rearranged during transfection (RET) fusion is a kind of uncommon
mutation (about 1%) in non-small cell lung cancer (NSCLC). Although selective tyrosine
kinase inhibitors (TKI) (selpercatinib and pralsetinib) have been available, there are no real-
world data about the difference in the efficacy between RET-TKI and other regimens in
China.

Methods: We conducted a multicenter retrospective analysis of 49 patients with RET-
fusion-positive NSCLC. The characteristics and the clinical outcomes with RET-TKI, multi-
kinase inhibitor (MKI), systematic chemotherapy, and immune-checkpoint inhibitor (ICI)-
based regimens were evaluated.

Results: Of the 92 treatments in patients included, RET-TKI was administered 24 times
(26.1%), systematic chemotherapy was 35 times (38.0%), ICI-based regimens was 26
times (28.3%), and MKI was 7 times (7.6%). RET-TKI had a higher objective response rate
than the chemotherapy and ICI-based regimens (63.6% vs. 14.3% vs. 21.0%, p < 0.001).
The median progress-free survival (mPFS) of RET-TKI, chemotherapy, immunotherapy, and
MKI was 16.9 (95% CI: 1.8–32.0) months, 11.9 (95% CI: 7.7–16.1) months, 6.7 (95% CI:
2.9–10.5) months, and 2.8 (95% CI: 1.1–4.4) months, respectively. The mPFS of RET-TKI
was longer than MKI and immunotherapy (p < 0.001), while without difference with
chemotherapy (p = 0.096). Moreover, chemotherapy had longer mPFS than MKI (p <
0.001). In subgroup analysis, patients with brain metastases in RET-TKI treatment had
worse mPFS than the one of patients without brain metastases (6.1 (95% CI: 0.0–13.9)
months and 8.5 (95% CI: 6.3–10.6) months, p = 0.012). For patients having chemotherapy
with or without angiogenesis inhibitors, the mPFS was 12.0 (95% CI: 11.05–13.02) months
and 9.1 (95% CI: 8.31–9.89) months (p = 0.468). In the group of ICI-based regimens, the
expression level of PD-L1 did not affect the mPFS of ICI [PD-L1 (+) vs. PD-L1 (–): 4.7 (95%
May 2022 | Volume 12 | Article 864367180

https://www.frontiersin.org/articles/10.3389/fonc.2022.864367/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.864367/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.864367/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.864367/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.864367/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:doctorzcz@163.com
mailto:susu_mail@126.com
https://doi.org/10.3389/fonc.2022.864367
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.864367
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.864367&domain=pdf&date_stamp=2022-05-24


Meng et al. Treatment Efficacy in RET-fusion NSCLC

Frontiers in Oncology | www.frontiersin.org
CI: 1.8–9.0) months vs. 7.6 (95% CI: 1.1–14.0) months, p = 0.910]. For overall patients,
ECOG PS score, therapy lines, and therapeutic regimens were the independent factors
affecting the prognosis.

Conclusions: In RET-fusion-positive NSCLC, RET-TKI is the best choice for a better
response rate and PFS. In addition, chemotherapy which may bring a good PFS, is still a
good choice for this group of patients.
Keywords: RET, NSCLC, tyrosine kinase inhibitors, survival, risk factor
INTRODUCTION

Rearranged during transfection (RET) is a kind of transmembrane
receptor tyrosine kinase, which plays an important role in the early
development of kidneys and the enteric nervous system. With
proto-oncogene properties, RET associates with cell proliferation,
growth, differentiation, and survival through activation of
downstream signaling pathways such as RAS/MAPK, PI3K/AKT,
and JAK/STAT (1, 2). RET aberration mainly has two forms of
mutation, namely, pointmutations and fusions. The former ismore
related to the occurrence and development of medullary thyroid
cancer, while the latter is more related to papillary thyroid cancer
and non-small cell lung cancer (NSCLC) (3).

First found in 2012, RET fusion is one of the rare gene
mutations in NSCLC (about 1%–2%) (4, 5). Although the
incidence is low, basing on the huge base of the NSCLC
population, it is worth to study the characteristics, prognosis,
and the treatments, which could bring better efficacy of this
group of patients. Over the past decade, the treatment of RET-
fusion-positive NSCLC patients has evolved from chemotherapy
alone to multi-kinase inhibitor (MKI) to selective RET (tyrosine
kinase inhibitors) (RET-TKI) nowadays. In particular, due to the
excellent efficacy results of RET-TKIs, they were quickly
approved for indications in just 2 years and became the first-
line treatment recommendation for patients with RET-fusion-
positive NSCLC in the National Comprehensive Cancer Network
guidelines. Chinese Society of Clinical Oncology guidelines also
list selpercatinib as a level III recommendation for RET-fusion-
positive patients no matter in any treatment line; pralsetinib as a
level II recommendation for subsequent-line treatment.

Although the efficacy of the regimens except RET-TKIs is
limited, they are still a reasonable choice for NSCLC patients
with RET fusion, especially under the prelude of the RET-TKI
application, meaning that issues such as not only price but also
accessibility may turn many patients away (6). According to
previous data, other treatments such as chemotherapy can also
bring efficacy and can still be the treatment options for this
population. However, there is lack of study to directly compare
the efficacy of different regimens in the real world.

In order to bring more data support for the better choice of
regimens for NSCLC patients with RET fusion, we study the
efficacy of RET-TKI in the real world and explore the difference
between other treatment options and RET-TKI, including MKI,
chemotherapy, and immune-checkpoint inhibitor (ICI)-
based regimens.
281
MATERIALS AND METHODS

Study Design and Patients
Weconducteda retrospective studyof all patientswithRET+NSCLC
in three centers (center 1: HainanCancerHospital, center 2: the First
Affiliated Hospital of Guangzhou Medical University & State Key
Laboratory of Respiratory Disease, center 3: Shanghai Pulmonary
Hospital & Thoracic Cancer Institute) from January 2015 to
December 2021. The selected patients must be NSCLC patients
with RET rearrangement at the time of initial diagnosis and had a
specific treatmenthistory (including regimens, the timeof start ofuse,
the time of end of use, and the reason of discontinuation). The
patients who acquired other treatable mutations such as EGFR
mutation were excluded due to the concern of the potential
prognostic impact of other TKI administration.

Data Collection
The baseline information at the time of diagnosis of included
patients was collected including age, sex, smoking history, history
of lung disease, Eastern CooperativeOncologyGroup Performance
Status score (ECOG PS) score, histologic types, tumor node
metastasis (TNM) stage, with or without brain metastases, RET
fusion partner, and the expression of programmed cell death ligand
1 (PD-L1) of patients using ICIs. The histologic type was based on
the fifth edition of the WHO classification of lung tumors. The
TNM stage was classified according to the eighth edition of the
TNM Classification for Lung Cancer (6). RET fusion was detected
locally at each center and collected retrospectively. Detection
methods include next-generation sequencing and reverse
transcription-polymerase chain reaction. The expression of PD-
L1 was assessed by immunohistochemistry using the 22C3
antibody. When the expression <1%, it was recorded as negative
PD-L1 expression [PD-L1 (–)]; when the expression≥1%, a positive
PD-L1 expression [PD-L1 (+)] was recorded.

Tumor Response Assessment
The information of treatment for each patient was recorded
including treatment line, treatment regimen, efficacy, date of
treatment beginning, progression or loss to follow-up or latest
follow-up, and survival status. The specific treatment regimens
were divided into four cohorts, namely, RET-TKI, MKI,
chemotherapy, and ICI-based regimens, and their objective
response rate (ORR) and progression-free survival (PFS) were
set as the main outcomes. Since median overall survival time has
not been reached, it was not included as one of the outcomes of
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this study. We performed further subgroup analyses of the
efficacy of different treatments in first-line or subsequent-line
treatments. Besides, in order to figure out the influence of brain
metastasis on the efficacy of RET-TKI, a subgroup analysis of
RET-TKI in patients with or without brain metastasis was
performed. For the reason that the addition of angiogenesis
inhibitors may affect the efficacy, we performed subgroup
analyses of the efficacy of chemotherapy with or without
angiogenesis inhibitors. For ICI-based regimens, whether the
expression of PD-L1 would affect the efficacy was analyzed.

The efficacy assessment was based on the Response Evaluation
Criteria in Solid Tumors (RECIST version 1.1), and the tumor
response included complete response (CR), partial response (PR),
stable disease (SD), and progressive disease (PD) (7). ORR was
defined as the proportion of patients with tumor response in CR or
PR to the total population. PFS was defined as the time from the
beginning of treatment to disease progression or death.

Statistical Analysis
Continuous variables are described by median (minimum to
maximum), and categorical variables were described by
frequencies (percentages). Differences in ORR between groups
were achieved by the chi-square test, and the Z test was used for
pairwise comparisons. The median PFS and its 95% confidence
interval (CI) were obtained through the Kaplan–Meier method,
and the log-rank test and Breslow test were used to compare
survival curves.

Age, sex, smoking history, ECOG PS score, brain metastasis,
RET fusion partner, treatment regimens, and treatment line were
included in the risk factor analysis of PFS. We used the Cox
regression model to do the univariate survival analysis and
multivariable survival analysis. If the p-value is less than 0.1 in
the univariate survival analysis, the factors would be included in
the multivariable survival analysis. A hazard ratio (HR) with 95%
CI and its p-value was used to describe the results. Except for
special instruction, a two-sided p value of less than 0.05 (p <
0.05) was considered statistically significant. Bonferroni
correction was used if there were more than two groups
needed to be compared. Statistical analyses were conducted by
SPSS version 25.0 (IBM Corporation, Armonk, NY, USA), while
data were visualized with GraphPad Prism version 8.0.0 for
Windows (GraphPad Software, San Diego, CA, USA).
RESULTS

Patient Characteristics
A total of 49 patients with RET-rearranged NSCLC were
included in this study (15 in center 1, 10 in center 2, 24 in
center 3). The median age of the included patients was 56 (range:
26–77). The distribution of men (26, 53.1%) and women (23,
46.9%) was almost equal. A percentage of 69.4% of patients never
smoked. Except one who had sarcomatoid carcinoma, all
patients were diagnosed with adenocarcinoma. A percentage of
20.8% of patients had brain metastases at initial diagnosis. As for
the gene-fusion spectrum, KIF5B was the most common RET
fusion partner, while others included CCDC6, NCOA4, and
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TXNDC11. The specific information of patient characteristics
is shown in Table 1.

Efficacy of Overall Patients
Of the 92 treatments in 49 patients, 24 had received RET-TKI, 7
for MKI, 35 for chemotherapy, and 26 for ICI-based regimens
(Figure 1A). The specific regimens are shown in Table 2. The
median follow-up time was 9.4 (95% CI: 6.8–12.0) months.

A total of 22 patients with RET-TKI, 1 with MKI, 28 with
chemotherapy, and 19 with ICI-based regimens had information
to assess the best tumor response. The ORRs of RET-TKI,
chemotherapy, and immunotherapy-based regimens were
63.6% (95% CI: 41.8–85.5), 14.3% (95% CI: 0.5–28.1), and
21.0% (95% CI: 0.9–41.2), respectively (p < 0.001) (Figure 2A).
As for pairwise comparison, the ORR of RET-TKI was better
than that of chemotherapy or ICI-based regimens (p < 0.05), but
there was no statistically significant difference between
chemotherapy and ICI-based regimens.

All patients in any treatment regimen participated in the PFS
analysis. RET-TKI had the longest median PFS (mPFS) (16.9 [95%
CI: 1.8–32.0) months]. This was followed by chemotherapy [11.9
(7.7–16.1) months], ICI-based therapy [6.7 (95% CI: 2.9–10.5)
months], and MKI [2.8 (95% CI: 1.1–4.4) months]. No matter in
the log-rank test or Breslow test, the difference inmPFS of RET-TKI
compared with ICI-based regimens or MKI and the difference
TABLE 1 | The baseline information of patients at the time of diagnosis.

Characteristics Patients (n = 49)

Age—y
Median
Range

56
26–77

Male/female—no. (%) 26 (53.1%)/23 (46.9%)
Smoking status—no. (%)
Former/current
Never

15 (30.6%)
34 (69.4%)

Histologic types—no. (%)
Adenocarcinoma
Sarcomatoid carcinoma

48 (98.0%)
1 (2.0%)

TNM stages—no. (%)
IIIA
IIIB
IIIC
IVA
IVB

1 (2.0%)
1 (2.0%)
2 (4.2%)

23 (46.9%)
22 (44.9%)

ECOG PS
0
1
2

1 (2.0%)
40 (81.6%)
8 (16.3%)

Brain metastasis
Yes
No
Unknown

11 (22.4%)
37 (75.5%)
1 (2.0%)

RET fusion
KIF5B
CCDC6
NCOA4
TXNDC11
Unknown

13 (26.5%)
6 (12.2%)
1 (2.1%)
1 (2.1%)

28 (57.1%)
May 2022 | Volum
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between mPFS of chemotherapy and the one of MKI were
statistically significant. In the comparison of chemotherapy and
ICI-based regimens, the statistical difference existed only in the
Breslow test, suggesting that there was a significant difference at the
beginning, but thedifference isno longer significantas timewhenon.
The difference inmedian PFS betweenRET-TKI and chemotherapy
was not statistically significant (Figure 2B and Table S1).

Efficacy in Different Treatment Lines
Different regimens were used at different frequencies in each
treatment line. In the first line, there were more patients used
chemotherapy (46.8%), while in subsequent-line treatments, ICI-
based regimensandRET-TKIwere themain choices (Figures1B,C).

For the reason that the number of patients using MKI in each
subgroup was too small be analyzed, the subgroup analysis did not
include it. The ORR of RET-TKI, chemotherapy, and ICI-based
regimens had a significant difference in first-line treatments (70%
(95%CI: 34.8–93.3) vs. 11.1% (95%CI: 1.4–34.7) vs. 20.0% (95%CI:
2.5–55.6), p = 0.005) (Figure 3A). In pairwise comparisons, the
difference only existed between RET-TKI and chemotherapy.
Although a numerical difference is shown among different
regimens in subsequent-line treatments [58.3% (95% CI: 27.7–84.8)
for RET-TKI, 20.0% (95% CI: 2.5–55.6) for chemotherapy, 22.2%
(95%CI: 2.8–60.0) for ICI-based regimens] (Figure3B), therewasno
significant difference for these subgroup analyses (p = 0.146).

The mPFS of RET-TKI in first-line treatments had not been
achieved, and its median follow-up time was 7.6 (95% CI: 5.6–
9.6) months. For chemotherapy and ICI-based regimens, the
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median PFS in the first-line treatment was 11.9 (95% CI: 7.2–
16.6) months and 11.4 (95% CI: 3.1–19.7) months, respectively.
However, there was no significant difference among these three
regimens (p = 0.527) (Figure 4A; Table S2). In subsequent-line
treatments, RET-TKI [16.9 (95% CI: 7.9–32.4) months] and
chemotherapy [8.6 (95% CI: 3.6–13.6) months] had longer
mPFS than ICI-based regimens [3.0 (95% CI: 0.0–9.0) months]
(p = 0.001 and p = 0.004) (Figure 4B; Table S2).

Subgroup Analysis for Different Regimens
In a subgroup analysis for the RET-TKI group, six patients had
brain metastases. The ORR and intracranial ORR were 50.0%
(95% CI: 11.8%–88.2%) and 33.3% (95% CI: 4.3%–77.7%).
However, there was no statistical difference in ORR with or
without brain metastases (50.0% vs. 68.8%, p = 0.624)
(Figure 3C). For chemotherapy, 16 patients used it with
angiogenesis inhibitors (C+A) and 19 patients without (C-A).
Although the ORR of C+A was numerically higher [21.4% (95%
CI: 4.7%–50.8%) vs. 7.1% (95% CI: 0.2%–33.9%)], the difference
was not statistically significant (p = 0.596) (Figure 3D). In the
group of ICI-based regimens, a total of 13 patients had evaluated
the expression of PD-L1, among which the ORR of patients with
a negative PD-L1 expression was 11.1% (95% CI: 0.3%–48.2%),
and the ORR of patients with a positive PD-L1 expression was
25.0% (95% CI: 0.6%–80.6%) (p = 1.000) (Figures 3E).

The mPFS of patients with brain metastases in the RET-TKI
group was 6.1 (95% CI: 0.0–13.9) months; the mPFS of patients
without brain metastases was not reached [the median follow-up
A

B C

FIGURE 1 | Status of different treatments for RET-fusion non-small cell lung cancer patients in different treatment-lines. (A) The usage status of different treatments
in any treatment line. (B) The usage status of different treatments in first-line treatments. (C) The usage status of different treatments in subsequent-line treatments.
N, usage count. RET-TKI, rearranged during transfection-tyrosine kinase inhibitors. ICI, immune-checkpoint inhibitor; MKI, multi-kinase inhibitor.
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time was 8.5 (95% CI: 6.3–10.6) months] (p = 0.012) (Figure 4C).
The mPFS was 12.0 (95% CI: 11.1–13.0) months for C+A and 9.1
(95% CI: 8.3–9.9) months for C-A, but the difference was not
significant (p = 0.468) (Figure 4D). For ICI-based regimens, the
expression of PD-L1 did not bring a statistically significant
difference for mPFS [4.7 (95% CI: 1.8–9.0) months vs. 7.6 (95%
CI: 1.1–14.0) months, p = 0.910] (Figure 4E).

Risk Factor Analysis
In the overall population, age<60, ECOG PS score ≥2, brain
metastases, subsequent-line treatment, and chemotherapy,
immunotherapy, and MKI compared with RET-TKI were
associated with worse PFS in the univariate analysis. In the
multivariate analysis, the p-value of ECOG PS score ≥2 [HR:
2.672 (95% CI: 1.224–5.834)], subsequent line treatment [HR:
2.42 (95% CI: 1.29–4.57)], and treatments other than RET-TKI
(chemotherapy (HR: 3.48 (95% CI: 1.23–9.84), ICI-based regimens
[HR: 7.20 (95% CI: 2.55–20.34), MKI (HR: 17.63 (95% CI: 4.87–
Frontiers in Oncology | www.frontiersin.org 584
63.87)] were less than 0.05, suggesting that the above factors were
independent risk factors for poor PFS (Figure 5; Table 3).
DISCUSSION

In this multicenter retrospective research of RET-fusion-positive
NSCLC patients, we described the clinical characteristics and
compared the efficacy among the latest treatment regimens
including RET-TKI, chemotherapy, ICI-based regimens, and
MKI. The results support that RET-TKI is the first choice of
NSCLC patients with RET fusion, while chemotherapy especially
with angiogenesis inhibitors is still a good choice. Similar with
the former studies, the efficacy brought by ICI and MKI was
limited. In our knowledge, this is a comparative efficacy study to
date that includes the latest and most comprehensive treatment
options for patients with RET-fusion-positive NSCLC in the real
world. Moreover, the findings from this study can give advices
for the better clinical decision making.

TKI of other genemutations such as EGFR and ALK has brought
long survival to patients harboring corresponding mutations.
However, patients with a RET-fusion mutation have not been able
to obtain a good prognosis until the emergence of two RET-TKIs,
selpercatinib and pralsetinib, in 2018 (8). The phase 1–2 clinical trial
LIBRETTO-001 of selpercatinib showed that the objective response
(OR) was 64% for patients previously receiving at least platinum-
based chemotherapy and 85% for treatment-naïve patients, while the
median PFS was 16.5 (95% CI: 13.7 to NE) months and not reached,
retrospectively (9).For theChinesepopulation, a furtherphase2 study
LIBRETTO-321 was conducted by Lu et al. Similar to LIBRETTO-
001, theORRwas 66.0%with 96.8%of responses ongoing at amedian
follow-up of 10.3months, further demonstrating the stable efficacy of
selpercatinib (10). Another phase 1–2 clinical trial ARROW of
pralsetinib also achieved a good outcome, showing 61% OR for
patients treated in subsequent lines and 70% for patients treated in
the first line; the mPFS was 16.5 months for patients after treatment
and 13.0months for treatment-naïve patients (11). Based on far better
efficacy and safety than other previous treatments, the FDA approved
A B

FIGURE 2 | Efficacy analysis of different regimens in overall patients. (A) Tumor response of different regimens including RET-tyrosine kinase inhibitors (RET-TKI) or
chemotherapy or immune-checkpoint inhibitor (ICI)-based regimens or multi-kinase inhibitor (MKI). (B) Progression-free survival (PFS) of patients treated with RET-TKI
or chemotherapy or ICI-based regimens or MKI. PR, partial response; SD, stable disease; PD, progressive disease.
TABLE 2 | Specific treatment regimens of included patients.

Treatment Patients n (%)

RET-TKI
Selpercatinib
Pralsetinib

24
9 (37.5%)
15 (62.5%)

Chemotherapy
Pemetrexed-based regimens
Paclitaxel-based regimens
Docetaxel
Platinum

35
25 (71.4%)
7 (20.0%)
2 (5.7%)
1 (2.9%)

ICI-based regimens
Anti-PD-1
Anti-PD-L1
Unknown

26
20 (76.9%)
2 (7.7%)
4 (15.4%)

MKI
Cabozantinib
Alectinib
Lenvatinib

7
4 (57.1%)
2 (28.6%)
1 (14.3%)
RET-TKI, rearranged during transfection-tyrosine kinase inhibitors; ICI, immune-
checkpoint inhibitor; PD-1, programmed cell death protein 1; PD-L1, programmed cell
death ligand 1; MKI, multi-kinase inhibitor.
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selpercatinib and pralsetinib for adult patients with metastatic RET
fusion-positive NSCLC in 2020, while the NationalMedical Products
Administration of China granted accelerated approval for pralsetinib
in 2021. The overall results of our study also showed a good efficacy of
Frontiers in Oncology | www.frontiersin.org 685
RET-TKI with 63.6% ORR and a 16.9-month mPFS. The ORR of
RET-TKI was 58% in subsequent-line treatments and 70% for
treatment-naïve patients. The mPFS was 16.9 months for patients
after treatment, andtheone forpatients infirst-line treatmentswasnot
A B

D EC

FIGURE 4 | Progression-free survival (PFS) of patients with rearranged during transfection rearrangements (RET) in different conditions. (A) PFS of patients with RET-TKI,
chemotherapy, or ICI-based regimens in first-line treatments. (B) PFS of patients RET-TKI, chemotherapy, or ICI-based regimens in subsequent-line treatments. (C) PFS of
patients treated with RET-TKI with or without brain metastases. (D) PFS of patients treated with chemotherapy with or without angiogenesis inhibitors. (E) PFS of patients
treated with ICI-based regimens with negative PD-L1 expression or positive one. PFS, progression-free survival, RET-TKI, rearranged during transfection-tyrosine kinase
inhibitors. ICI, immune-checkpoint inhibitor. MKI, multi-kinase inhibitor; PD-L1, programmed death-ligand 1.
A B
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FIGURE 3 | Subgroup analysis of tumor response. (A) Analysis of tumor response of different regimens in first-line treatment. (B) Analysis of tumor response of
different regimens in subsequent-line treatment. (C) Analysis of tumor response in group of patients treated with RET-TKI with brain metastases or without. (D)
Analysis of tumor response in group of patients treated with chemotherapy with or without angiogenesis inhibitor. (E) Analysis of tumor response in group of patients
treated with ICI-based regimens with negative PD-L1 or positive PD-L1. PR, partial respons;. SD, stable disease; PD, progressive disease.
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reached. These data are very close to the results of clinical trials.
However, thedifferencebetweenRET-TKIwithchemotherapyorICI-
based regimens seems to just exist in subsequent-line treatments. As
the follow-up time of patients with RET-TKI was not long enough,
and the number of patients was limited, the results still need further
follow-up data to certify.

For the reason that RET mutation is the risk factor for brain
metastasis (12), and the incidence of brain metastasis during the
lifetime of patients with RET fusion is nearly 50% (13), the
intracranial response of RET-TKIs is one of the focuses. Both
selpercatinib and pralsetinib showed good intracranial efficacy in
clinical trials. In LIBRETTO-001, 22 patients with measurable
intracranial disease at baseline achieved 82% ORR including 23%
with CR. In overall patients, the median intracranial PFS was
13.7 months (14). In the ARROW study, four in eight patients
with brain metastases at the time of diagnosis obtained OR, with
two CRs (11). All these results show that both two RET-TKIs can
cross the blood–brain barrier and bring good efficacy. Among 24
patients treated with RET-TKI in this study, 25% patients had
brain metastases when diagnosed. According to the mPFS of
subgroup analysis, brain metastases were an independent risk
factor for a shorter time to RET-TKI benefit although the mPFS
still had more than 6 months. Among the six patients, the
intracranial ORR was 33.3% (all had CR), which seems lower
than the results of clinical trials. This bias may be related to the
heterogeneity caused by the small number of patients. At the
same time, different RET-TKIs may also affect the results as
Frontiers in Oncology | www.frontiersin.org 786
the intracranial efficacy of selpercatinib seems to be better as seen
in clinical trials. However, there will not be any head-to-head
comparison, and a meta-analysis may be helpful to find out the
detailed differences between the two RET-TKIs when clinical
trial data gradually increase in the future. Besides, a real-world
study with larger numbers of patients with brain metastases is
needed to further evaluate the intracranial efficacy of RET-TKIs.

Before the development of RET-TKIs, chemotherapy was the
recommendation of first-line therapy. A retrospective study from
Drilon et al. showed that themPFSof 18RET-rearranged lung cancer
patients was 19 months (15), proving that RET-rearranged patients
could also benefit from pemetrexed-based systemic therapies.
Besides, a study from China also proved that pemetrexed-based
chemotherapy is better than other chemotherapy regimens (mPFS:
9.2 vs. 5.2 months) (16). In our study, the mPFS of chemotherapy is
similar to the former studies. Although it was shorter than the one of
RET-TKI numerically, the difference did not have a statistical
significance. We also try to figure out whether the addition of
angiogenesis inhibitors will bring better efficacy. Unfortunately,
there was no statistically significant difference. As the numerical
difference of mPFS between chemotherapies with or without
angiogenesis exists, further studies may be of implementation value.

Different from chemotherapy, patients with RET fusionNSCLC
have been unable to benefit well from MKI and ICI, and the same
outcomes were shown in this study, though MKIs including
cabozantinib and vandetanib were recommended in clinical
guidelines (17–20). The expressions of PD-L1 in patients with
TABLE 3 | Univariate and multivariate Cox regression analyses for PFS in overall patients.

Factors Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

Age (years)
<60
≥60

1
0.457 (0.228–0.916) 0.027 0.384

Sex
Male
Female

1
0.713 (0.392–1.297) 0.267

Smoking history
No
Yes

1
0.708 (0.366–1.367) 0.304

ECOG PS
0–1
2

1
3.543 (1.734–7.239) 0.001

1
2.672 (1.224–5.834) 0.014

Brain metastases
No
Yes

1
1.763 (0.977–3.181) 0.060 0.779

RET fusion partner
KIF5B
Others

1
1.097 (0.431-2.793) 0.846

Treatment line
First
Subsequent

1
1.809 (1.009–3.244) 0.047

1
2.423 (1.286–4.567) 0.006

Treatment regimens
RET-TKI
Chemotherapy
ICI-based regimens
MKI

1
2.362 (0.872–6.393)
5.581 (2.050–15.196)
15.054 (4.401–51.495)

0.091
0.001
<0.001

1
3.478 (1.232–9.842)
7.198 (2.547–20.340)
17.628 (4.865–63.873)

0.019
<0.001
<0.001
May 2022 | Volume 12 | Article
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RET fusionareheterogeneous, butmost patients had anegativePD-
L1 expression (21).The former studyhasproved that the expression
of PD-L1 cannot affect the treatment efficacy in this group of
patients (22). The same as the former study, the PD-L1 expression
level did not correlate with the efficacy of ICI in patients with RET-
fusion NSCLC in our result. Besides, the mPFS of ICI-based
regimens was 6.7 months which seems longer than the one in a
former study (17). This resultmay be caused by the use of immune-
combination therapy in most patients, which may bring better
efficacy than ICI monotherapy, and its efficacy is not directly
correlated with the expression of PD-L1. In former studies, the
mPFS ofMKI in patients with RET-fusionNSCLC ranged from3.4
to 7.3monthswith poor tolerability due to off-targeted activity (23).
Although safety analysis was not performed in this study, the
efficacy of MKI was also poor as in previous studies, further
suggesting the importance of precise targeting.

There are still some limitations of this study. First, this is a
multicenter retrospective study, which means that bias was
inevitable in the data collection process and some data were
missing. Second, the number of patients in this study is not large
enough, which prevented some more detailed subgroup analyses
from being completed. Moreover, for the reason that we lack the
records of adverse events, the safety analysis among different
regimens cannot be achieved.

In conclusion, RET-TKI is the best choice for patients with
RET-fusion-positive NSCLC nowadays, and chemotherapy is
still a good choice. Besides, ICI-based regimens and MKI
should not be recommended for this group of patients.
Frontiers in Oncology | www.frontiersin.org 887
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Non-small-cell lung cancer (NSCLC) is the most common subtype of lung cancer, of
which approximate 4% had BRAF activation, with an option for targeted therapy. BRAF
activation comprises of V600 and non-V600 mutations, fusion, rearrangement, in-frame
deletions, insertions, and co-mutations. In addition, BRAF primary activation and
secondary activation presents with different biological phenotypes, medical senses
and subsequent treatments. BRAF primary activation plays a critical role in proliferation
and metastasis as a driver gene of NSCLC, while secondary activation mediates acquired
resistance to other targeted therapy, especially for epidermal growth factor tyrosine kinase
inhibitor (EGFR-TKI). Treatment options for different activation of BRAF are diverse.
Targeted therapy, especially two-drug combination therapy, is an important option.
Besides, immune checkpoint inhibitors (ICIs) would be another option since BRAF
activation would be a positive biomarker of tumor response of ICIs therapy. To date, no
high level evidences support targeted therapy or immunotherapy as prioritized
recommendation. After targeted therapy, the evolution of BRAF includes the activation
of the upstream, downstream and bypass pathways of BRAF. In this review, therapeutic
modalities and post-therapeutic evolutionary pathways of BRAF are discussed, and future
research directions are also provided.

Keywords: BRAF activation, EGFR mutation, non-small cell lung cancer, targeted therapy, acquired resistance,
immune checkpoint inhibitors
INTRODUCTION

Lung cancer is the leading reason of cancer death worldwide, accounting for 18% of all and non-
small-cell lung cancer (NSCLC) is the most common subtype of lung cancer (1). With the
development of precision medicine, especially next-generation sequencing (NGS) technology and
circulating tumor DNA (ctDNA) technology, targeted therapy has replaced platinum-based
chemotherapy as the first-line treatment for NSCLC patients with driver gene mutations (2, 3).
More and more driver genes have been found in NSCLC, among which activated BRAF proto-
oncogene accounts for approximate 4% (4, 5). BRAF mutant tumors are characterized as an
aggressive histologic pattern with micropapillary features, and indicates a poor prognosis.

This review provides a comprehensive overview of characteristics, treatment modalities, and
outcomes for NSCLC patients with different BRAF mutations. The pathways of activation and
evolution of BRAF are divided into primary and secondary mutations. And different BRAF types
have different clinical, biological and pathological features. The mechanism of acquired resistance
and subsequent evolution of BRAF activation and the strategies after resistance are also discussed.
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A BRIEF HISTORY OF BRAF SIGNALING

The RAF kinase has been closely and inextricably linked to
cancer since 1983, when v-raf was first described by Ulf Rapp
et al. (6) This is a murine retroviral oncogene with a mammalian
cell homolog, called CRAF. And in 1984-1985, two CRAF-
related genes were identified in studies in mice and humans:
ARAF and BRAF (7, 8). In 2002, following the pioneering work
of Davies et al. (9) on the BRAF gene, a number of studies have
clarified the specific implications of BRAF mutations in lung
cancer (10, 11). In 2011, following the results of a phase III trial
(BRIM-3), the FDA approved the first drug targeting BRAF-
mutated cancers, PLX4032 (vemurafenib) (12). Two years later,
based on the results of the Phase III trial (NCT01227889),
another targeted agent against BRAF mutations, Dabrafenib
(GSK21188436), was also approved by the FDA for the
treatment of advanced melanoma (13). In the same year,
Trametinib (GSK1120212) was also approved for the treatment
of patients with advanced melanoma with the BRAF V600E
mutation (14). In 2017, dabrafenib and trametinib received FDA
approval for the treatment of metastatic non-small cell lung
cancer carrying the BRAF V600E mutation (15). The next year,
the FDA approved encorafenib in combination with binimetinib
which is an anti-MEK1/2 protein kinase inhibitor for the
treatment of unresectable or metastatic melanoma patients
with mutations in BRAF V600E or BRAF V600K based on a
Phase III randomized, active-controlled, open-label, multicenter
trial (COLUMBUS) (16). (Figure 1).
THE ACTIVATION OF BRAF

The Primary Activation of BRAF
BRAF is a mammalian cytosolic serine/threonine kinase that
belongs to the rapidly accelerated fibrosarcoma (RAF) kinase
family (ARAF, BRAF, CRAF), which uses the mitogen-
Frontiers in Oncology | www.frontiersin.org 290
activated protein kinase (MAPK) pathway to transmit signals
downstream of RAS (17). The primary activation of BRAF
comprises of BRAF classic mutations, BRAF rare mutations,
BRAF fusion and amino acid insertion, etc. (17, 18). Different
types of BRAF classical mutations have different clinical,
pathological and biological characteristics. Studies have found
that the occurrences of BRAF V600E mutations were not
associated with age, tumor size, lymph node status, tumor
stage and BRAF V600E mutation is more common in female
lung adenocarcinoma, but very rare in male or squamous cell
carcinoma (19). Besides, BRAF non-V600E mutations were
prone to be found in smokers. Their occurrences were not
associated with clinicopathological parameters or had no
impact on prognosis. When treated with platinum-based
chemotherapy, NSCLC patients with BRAF V600E mutation
had a tendency of shorter progression-free survival (PFS) than
those with BRAF non-V600E mutations, and the clinical
outcomes between patients with BRAF mutation-positive and
wild-types were similar, suggesting that BRAF mutations were
not sensitive to chemotherapy.

The BRAF primary classic mutations process that leads to
tumors can be broadly divided into three categories. Compared
to wild-type, Class I (BRAF V600 mutation) increases 500-700
times kinase activity and activates downstream MAPK cascade
pathways through activating monomers in a non-RAS
dependent form and transcription factors. Class II and class III
are mainly BRAF non-V600 mutations. Class II mutants have
moderate kinase activity and can transmit signals through RAS
independent constituent dimer to activate MEK1, which in turn
activate ERK1/2, ultimately promote cell growth and infinite
reproduction. Unlike class II mutants, class III mutants have no
or little kinase activity, relying on RAS generates upstream
signals that induce class III mutants to signal in the form of
dimers (17, 20, 21). In general, class I and class II BRAF mutants
can be independent of RAS signals and inhibit the negative
feedback of ERK signals. In addition, class I BRAF mutants
transmit signals in the form of active monomer, while class II
FIGURE 1 | Timeline of key events in BRAF signaling research.
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and III BRAF mutants in the form of dimer, and the final signal
transduction leads to the continuous activation of MAPK.

In addition to the three types of BRAF mutations, there are
other forms of mutations that lead to over-activation of the
pathway and ultimately the development of tumors. For
example, BRAF in-frame deletions are mutually exclusive with
RAS mutations, and these mutations can continuously transmit
signals to activate the MAPK pathway by forming BRAF
homologous dimers (22). Another study has also demonstrated
that BRAF internal deletion is a mechanism of acquired drug
resistance to BRAF/MEK inhibitors (23).

BRAF fusion has also been reported to be associated with
tumorigenesis and progress. It was reported that BRAF fusion
could cause the deletion of n-terminal inhibitory domain and
activate downstream MAP kinase signal through recruiting
CRAF protein to form a dimer (24, 25). In addition, a study
reported that two melanoma cases whose pathogenesis was
similar to BRAF fusion leading to tumorigenesis, but different
from BRAF fusion, these two cases leaded to the over-activation
of the pathway through the loss of BRAF inhibitory domain
caused by chromosomal translocations of BRAF oncogene (26).

Amino acid insertions were found at position 599 of the
BRAF codon, which is rare in the BRAF primary gene alteration.
It is speculated that this may be related to the increase of kinase
activity caused by changes in the spatial structure of the
P ring (18).

NGS technology has revealed better comprehensive
understanding of the gene mutations in various tumors. For
BRAF, more and more co-mutations have been found between
BRAF and other genes, which also indicates that the branching
cloning process occurs at the early stage of tumor evolution,
which leads to the generation of BRAF co-mutations. According
to literature reports, BRAF can co-occur with KRAS mutation
(27, 28), NRAS mutation (29), PTEN mutation (30, 31), MEK2
mutation (32), PIK3CAmutation (33) and other gene mutations.
And most of these BRAF co-mutations occur in melanoma and
lung cancer, but also found in other tumors.

The Secondary Activation of BRAF
The secondary activation of BRAF includes BRAF classic
mutations, BRAF fusion and rearrangement, which are mainly
acquired resistance to EGFR-TKI (25). Osimertinib has been
prior recommended to the resistance caused by first- and second-
generation EGFR-TKIs (34). But it will inevitably cause acquired
resistance. It has been reported that the underlying mechanisms
of acquired resistance to third-generation EGFR-TKIs include
activation of parallel pathways, such as mutations of BRAF or
other genes, and rearrangement of resistant genes, such as
fusions of BRAF or other genes (25). The mutation and fusion
mechanism of BRAF induced by EGFR-TKI resistance constitute
an important part of BRAF gene evolution, and different
treatment schemes have been explored for different types of
BRAF evolution. BRAF rearrangement accounts for 4.4% of
BRAF changes in NSCLC, and BRAF fusion is a form of BRAF
rearrangement. Four cases were reported that BRAF fusion was a
Frontiers in Oncology | www.frontiersin.org 391
mechanism of EGFR-TKI acquired resistance in EGFR mutant
lung adenocarcinoma (25).

Three cases revealed BRAF V600E mutation may be the
mechanism for acquired crizotinib resistance after ROS1
rearrangement in NSCLC, two of them had acquired ROS1
rearrangement co-existing with BRAF V600E (35, 36). In
another patient, ROS1 rearrangement was lost during
treatment, leaving only the BRAF V600E mutation (37).
Through single circulating tumor cell (CTC) sequencing,
researchers found that patients with ALK mutation developed
acquired drug resistance after ALK-TKIs therapy (27). And the
mechanism of ALK-TKIs resistance mainly included mutations
of RTK-KRAS pathway and TP53 pathway independent of ALK
pathway. In the RTK-KRAS pathway, BRAF mutations
accounted for 6.2% of the RTK-KRAS pathway (38). In
addition, studies showed that BRAF mutation and BRAF
fusion were secondary to adagrasib therapy in patients with
KRAS G12C mutation (39).
THE THERAPY OF BRAF ACTIVATION

The treatment of BRAF mutation is mainly divided into two
types, one is BRAF V600 mutation and the other is BRAF non-
V600 mutation. BRAF V600 accounts for approximately 50% of
BRAF mutation, and is more aggressive, and it occurs by
mutation of glutamate into valine at position 600 of exon 15
(40). BRAF V600 develops by the previously described Class I
mutation that activates the pathway in RAS independent
monomer form. The other type of BRAF non-V600 mutation
is mainly the previously described Class II and III BRAF
mutations, which develop from signaling to downstream
molecules in the form of dimers (17). The class II BRAF
mutant is divided into class IIa within the activation segment
and class IIb within the glycine-rich p-loop (20). The different
structure, mechanism of occurrence and development leads to
different treatment modalities for BRAF V600 and BRAF non-
V600 mutations. On the other hand, current targeted drugs are
mainly targeted at BRAF V600E, while there is no specific
treatment modality for BRAF non-V600E.

Targeting BRAF V600 Mutation
BRAF V600 mutations including V600E, V600K, V600D and
other subtypes, among which V600E is the most common
subtype. The initial treatment for BRAF V600 mutation was
monotherapy and FDA approved the first successful therapy
targeting BRAF mutant melanoma called vemurafenib, an oral
small molecule inhibitor of BRAF V600 mutations in 2011 (41).
The evidence came from a histology-independent, flexible, early
phase II “basket” study of vemurafenib in patients with non-
melanoma cancers harboring BRAF (42). In this study, the
objective response rate (ORR) was 42% (95% confidence
interval [CI], 20 to 67%) and the median PFS was 7.3 months
(95% CI, 3.5 to 10.8 months). The 12-month rate of PFS was 23%
(95% CI, 6 to 46%) and the preliminary 12-month overall
July 2022 | Volume 12 | Article 882940
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survival (OS) rate was 66% (95% CI, 36 to 85%). The most
common adverse event was nausea. Vivek Subbiah et al. (43)
explored whether BRAF V600E mutations in NSCLC were
sensitive to vemurafenib or not. The results turned out that
among sixty-two NSCLC patients with BRAF V600 mutation,
the overall ORR was 37.1% (95% CI, 25.2 to 50.3%), and 37.5%
(95% CI, 8.5 to 75.5%) in previously untreated patients, and
37.0% (95% CI, 24.3 to 51.3%) in previously treated patients. The
median PFS was 6.5 months (95% CI, 5.2 to 9.0 months), and the
median OS was 15.4 months (95% CI, 9.6 to 22.8 months).
Vemurafenib had a similar safety profile in studies focused on
melanoma patients. Furthermore, the French National Cancer
Institute (INCA) conducted a trial to assess the efficacy and
safety of vemurafenib in cancers with various BRAF mutations
(44). Among 118 NSCLC patients, 101 of them presented with a
BRAF V600E mutation and 17 with BRAF non-V600 mutations.
In the BRAF V600 cohort, the ORR was 44.9%, the median PFS
was 5.2monthes (95% CI: 3.8 to 6.8%), and the OS was 10
months (95% CI, 6.8 to 15.7 months). The results indicated that
vemurafenib is beneficial to NSCLC patients with BRAF
V600E mutation.

By inhibiting BRAF V600E kinase activity, dabrafenib resulted
in decreased phosphorylation of MEK and ERK, inhibition of cell
proliferation, and ultimately G1 cell cycle arrest and cell death (45).
In a phase II, multicenter, nonrandomized, open-label study, 84
advanced NSCLC patients with BRAF V600E mutation showed
dabrafenib had some active killing effect, though the effect was
limited. The adverse events were mainly skin-related, but these
adverse events were tolerable (46).

A study had demonstrated that the acquire resistance to
BRAF inhibitors was largely caused by reactivating the MAPK
signaling pathway (47). Trametinib is a MEK1/2 inhibitor which
blocks MEK1/2 kinase activity and prevents RAF-dependent
MEK phosphorylation (48). A phase II, multicenter, non-
randomized, open-label study assessed the efficacy of the
combination of trametinib and dabrafenib, among previously
treated or untreated metastatic NSCLC patients with BRAF
V600E mutation. All patients were divided into three cohorts.
In cohort B, 57 patients were enrolled and resulted in an ORR of
63.2%, disease control rate (DCR) of 79%, median PFS of 9.7
months (95%CI: 6.9-19.6) and 37 patients (65% [95% CI 51–76])
achieved 6-month PFS and median duration of response was 9·0
months ([95% CI 6·9–18·3]. The median OS data are immature,
but 47 (82%) of 57 patients were alive at 6 months. The most
common adverse event is pyrexia in 26 patients (46%) (49). The
results of cohort C of this phase II study demonstrated promising
results with ORR of 64% and DCR of 75%,the median PFS of OS
10.9 months and OS of 24.6 months, which was slightly better
than in the previously treated cohort (cohort B) of this trial (50).
In addition, the side effect profile was mostly similar to that of
cohort B, BRAF-MEK combination therapy (dabrafenib plus
trametinib) demonstrated tolerability and efficacy in a recent
phase II clinical trial and in light of these promising results,
combination dabrafenib and trametinib was approved by the US
FDA for patients with metastatic melanoma and BRAF V600E
mutation. Moreover, a real-life cohort of patients with BRAF
Frontiers in Oncology | www.frontiersin.org 492
mutant advanced NSCLC shows that treatment with BRAF
inhibitors and MEK inhibitors in BRAF V600E tumors is
associated with ORR of 67%, median PFS of 5.5 months, and
median OS since treatment initiation of 9.5 months, which
indicate the combination of BRAF inhibitors and MEK
inhibitors is clearly superior to monotherapy with a BRAF
inhibitors (51). In addition, the incidences of pyrexia and
myelosuppression are higher with combination therapy than
with monotherapy.

NSCLC patients with EGFR mutation could develop BRAF
V600E mutation after acquiring resistance to targeted therapy.
Given the secondary activation of BRAF, Huang et al. (52)
proposed a strategy of combination of dabrafenib, trametinib
and osimertinib, and the patient achieved long-term control of
the disease. Another study also demonstrated that the
combination of dabrafenib, trametinib and osimertinib was
effective to NSCLC patient who developed a BRAF V600
mutation after EGFR-TKI resistance. In addition, the adverse
events could be controlled by reducing the dose (53). In another
experiment, the treatment of patient also demonstrated that the
BRAF inhibitor encorafenib inhibited MEK signaling but had no
significant effect on ERK phosphorylation, while the
combination of encorafenib and osimertinib significantly
reduced MEK and ERK phosphorylation and cell growth (54).
In addition, in the review of 7 additional patients who were also
reported to be treated with combined therapy of dabrafenib,
trametinib and osimertinib, all patients obtained extended PFS
and clinical benefit (54–57). In summary, NSCLC patients
harbored secondary BRAF V600E mutations because of
acquired resistance to EGFR-TKI could benefit from the
combination with EGFR-TKI (e.g., osimertinib) and FDA-
approved two-drug therapy (e.g., dabrafenib, trametinib).

In 3 patients with secondary activation of BRAF V600E, two
patients had both ROS1 rearrangement and BRAF V600E
mutations and one of them died 15 days after taking
dabrafenib, while the other one died 11 days after taking
dabrafenib and trametinib (35, 36). The third patient who
developed BRAF V600E secondary to ROS1 rearrangement
loss on crizotinib received a partial response of more than 6
months with dabrafenib and trametinib (37).

To date, two-drug therapy is only approved in NSCLC with
BRAF V600E for FDA indication and recommended by the
NCCN guideline. However, some studies showed that the
treatment mode and clinical characteristics of BRAF V600E
were similar with other subtypes, such as BRAF V600K (58).
In light of guidelines for BRAF V600 mutated melanoma, dual-
targeted therapy is also recommended. Therefore, this review
recommends that dual-targeted therapy (dabrafenib and
trametinib) could be initiated in BRAF V600 mutated patients,
as a congener disease as well. Now that we know the treatment
for BRAF V600, and then we talk about how to treat BRAF
non-V600?

Targeting BRAF Non-V600
The most patients of BRAF non-V600mutation has less aggressive
phenotype and significantly superior survival compared to those
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with BRAF V600 mutation, suggesting the potential need of
different therapeutic strategies (59). A retrospective multicenter
cohort study concluded that patients with BRAF non-V600E
mutations located outside of the activation segment of the BRAF
kinase domain were resistant to BRAF therapy (60). Another trial
recommended chemotherapy as the dominant strategy for non-
V600 mutation patients in the first-line treatment (61).

Recent experiences in vitro and in vivo show that class IIa
BRAF mutant cells were sensitive to single-agent BRAF
inhibitors, whereas class IIb BRAF mutant cells were not (62).
Moreover, dual MAPK pathway inhibition (dMAPKi) effectively
impaired the growth of subsets of non-V600 (62). In vitro, other
trials have also demonstrated that BRAF non-V600 (L597,
K601E) had significant response to MEK inhibitors (63).

Instead, research about class III mutant that have impaired
kinase activity or are kinase-dead and linked with high RAS
levels suggest Class III BRAF mutants may be treated with MEK
inhibitors which co-existing with mutations in RAS and NF1 in
melanomas, but in epithelial tumors, the great majority of class
III mutations are not associated with RAS/NF1 alterations and
may be treated with receptor tyrosine kinase (RTK) inhibitors
that block the RAS pathway (20). Another study came to similar
conclusions (64). A case report have also shown that dMPAKi is
also benefit for patients harboring a dual G469A and W604C
BRAF mutations and the response is more than 15 months (65).
However, other studies found vemurafenib is not effective in
NSCLC patients with BRAF non-V600 mutation (44, 66).

There is no evidence for patients resisted to EGFR-TKI yet,
which could result in BRAF non-V600 mutations. A basic
research demonstrated that, in osimertinib resistant PC9 cells
transfected with BRAF G469A mutant plasmid, the combination
of osimertinib, selumetinib (MEK 1/2 inhibitor) and trametinib
(MEK 1/2 inhibitor) or dabrafenib reversed osimertinib
resistance (67). Except for the two classical mutations of BRAF
V600 and non-V600, there are also co-mutations of BRAF, and
we will continue to discuss the treatment of BRAF co-mutations.

Treatment Recommendations for BRAF
Co-Mutations
There is no high-level clinical trial for primary BRAF co-mutations
to date. Since BRAF co-mutations were a clinical problem, we
provide some recommendations for reference. Based on the studies
on EGFR/ALK co-mutations, the phosphorylation level of the
mutant genes would be a rational treatment option, and the
abundance of gene mutations was also a positive biomarker for
clinical decision (68). Besides, the treatment of primary BRAF co-
mutation can refer to the treatment of secondary BRAF activation
with EGFR/ALK/ROS1 mutation and adopt double or triple
targeted therapy (53, 69). Considering the cost effectiveness and
adverse events, immunotherapy, specifically immune checkpoint
inhibitors (ICIs) would be a choice for BRAF co-mutations, which is
introduced in detail as follows. We have solutions for all three of
BRAF mutation patterns. And in recent years, the rise of
immunotherapy has also brought new solutions to
BRAF mutations.
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Immunotherapy
Studies have reported BRAF mutant NSCLC patients have high
expression of programmed cell death ligand 1 (PD-L1), which
means that patients with BRAF mutation have great potential for
ICIs (4). A retrospective cohort study conducted in 31 NSCLC
patients with BRAF mutations showed that there was no
statistically significant difference in OS among BRAF classic
mutant patients who received first-line chemotherapy or
immunotherapy (70). In a multi-institution retrospective chart
review of 39 patients with BRAF mutated NSCLC, 22 of whom
received ICIs, the ORR for V600E and non-V600E were 25% and
33%, respectively (P =1.0); PFS was similar in patients received
ICIs treatment; median OS was equal for patients who received
or did not receive ICIs (71). Another study collecting 4178
patients and 4462 samples from a cBioPortal database showed
that BRAF wild-type mutants had a longer OS than BRAF
mutants. Unlike previous study, this study showed that non-
V600E had a longer OS than V600E under ICIs treatment (72). A
BRAF G469A mutant NSCLC case obtained a deep and durable
response after ICIs treatment, which suggested that BRAF non-
V600 mutation may benefit more from immunotherapy than
EGFR/ALK-driven mutation in NSCLC (73). However, in a
retrospective, multicenter and real world analysis, 44 of 107
patients with BRAF mutations (V600:26, non-V600:18) received
ICIs, with the response rates of 26% in BRAF V600 cohort and
35% in the non-V600 cohort. Besides, BRAF V600 cohort have
longer PFS and OS than non-V600 cohort (74).

The above studies demonstrate the survival in various types of
BRAF mutations treated with ICIs immunotherapy or targeted
therapy are different. However, there is a lack of high-level
evidence to prove which is better. Further prospective clinical
trials are necessary to prove which is the optimal first line
strategy. We have solutions for all three of BRAF mutation
patterns. In recent years, the rise of immunotherapy has also
brought new solutions to BRAF mutations.

Strategies for Resistance to
BRAF Inhibitors
BRAF mutant tumors might initially respond to treatment with
BRAF inhibitors, but eventually developed drug resistance. For
acquired resistance to BRAF inhibitors caused by BRAF fusion,
clinical trials have demonstrated the efficacy of pan-RAF
inhibitors in patients with BRAF fusion (75). Evidence suggests
that BRAF proteins undergo homodimerization and
heterodimerization, therefore BRAF rearrangement is very
insensitive to BRAF inhibitors. And RAF inhibitors could bind
and inhibit all RAF isomers, so they are effective for BRAF fusion
(76, 77). Evidence is also provided that a combination of MEK
inhibitors and EGFR inhibitors is effective in patients with BRAF
fusion (25, 77). As for acquired drug resistance, a series of post-
resistance measures were reported. Intermittent dosing would be
a choice. A melanoma case with vemurafenib showed the
accelerated growth of RAS-mutant leukemia, and intermittent
dosing of vemurafenib relieved the disease and reduced the
disease burden (78). Subsequent studies showed that
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intermittent dosing of BRAF inhibitors and RAF inhibitors may
delay the progression of resistant tumors and make it sensitive to
inhibitors again (79, 80). An international team of 180 scientists
proposed the concept of a low toxicity “broad-spectrum”
treatment based on the sequencing of the cancer’s genome,
which targeted multiple key tumorigenesis pathways and
mechanisms to prevent cancer growth (81). What’s more, for
resistant mutations at different gene target, different drug
combinations could be adopt. For example, FDA has approved
the combination of BRAF inhibitors (Vemurafenib and
Dabrafenib) and MEK inhibitor trametinib for the treatment of
BRAF inhibition resistance. And clinical studies of PI3K/AKT
inhibitor plus MAPK inhibitor, everolimus (RAD001) plus
bevacizumab, everolimus (RAD001) plus temozolomide
(TMZ), and targeted therapy plus immunotherapy have also
been conducted, but there is a lack of more data to support these
therapies, so further exploration is needed (82). The strategies for
resistance to BRAF inhibitors were listed in Table 1.
THE EVOLUTION OF BRAF ACTIVATION

The Pathways of BRAF Evolution
As reported, the evolution of BRAF comes from the changes of
various genes mainly in the following three ways after targeted
therapy (Figure 2). First, the changes of BRAF itself and BRAF
downstreammolecules which lead to resistance to BRAF targeted
inhibitors mainly come from the following aspects. BRAF splice
variants are the most common situation. Studies has
demonstrated that AGK-BRAF fusion leads to loss of the CR1
region of BRAF, thereby eliminating the inhibitory RAS-binding
domain, and results in RAS-independent constitutive activation
of the kinase (83). A research has found that the loss of the
inhibitory RAS binding domain resulting from the loss of the
internal BRAF leads to the reactivation of RAS-RAF-MEK-ERK
signaling and mediates resistance to BRAF inhibitors (23).
Besides, BRAF copy number amplification also can lead to
resistance to BRAF targeted inhibitors. Hubing Shi et al. (84)
proved that BRAF V600E amplification was the mechanism of
acquired resistance of BRAF inhibitors, providing evidence for
drug target changes leading to clinical relapse. Moreover,
Montagut et al. (85) found that CRAF overexpression to
increased ERK1/2 level indicating some BRAF mutant tumor
cells were primary insensitive to RAF inhibition in the
experiment, which was related to a switch from BRAF to
CRAF dependency in tumor cells. And Lu et al. (86) found
p21-activated kinases phosphorylate CRAF and MEK to
Frontiers in Oncology | www.frontiersin.org 694
reactivate ERK, which drive acquired drug resistance to MAPK
inhibitors in BRAF mutants. Furthermore, MEK1 mutation can
also lead to reactivation of the MAPK pathway. MEK is
downstream of RAS signaling MEK reactivation caused by
MEK mutation does not require stimulation of BRAF
signaling, so BRAF inhibitors are ineffective against MEK1/2
mutation. Therefore, MEK1 mutation can promotes ERK
phosphorylation, and MEK2 can also heterodimerize with
MEK1, ultimately leading to the reactivation of EKR (87).

Second, changes in upstream molecules of BRAF lead to the
evolution of BRAF mainly from the following aspects. First of all,
studies have shown that NRAS upregulation is another resistance
mechanism of BRAF inhibitors and NRAS upregulation may
promote the dimerization of RAF, which will cause insensitivity
of ERK signaling to drugs, leading to tumor drug resistance
(88–90). And the mutation of RAS gene may lead to the
reactivation of MAPK pathway. On the one hand, the mutant
RAS protein will not dissociate after binding to GTP but become
permanently activated. On the other hand, overactivated RAS
may lead to overactivation of ARAF and CRAF, and thus cell
proliferation. These two aspects jointly promote signal
transduction of MAPK pathway (89, 91, 92). And ERK protein
is a negative regulator of RAS protein, BRAF inhibitors can
inhibit ERK pathway, thereby inducing part of RAS activity and
leading to the activation of MAPK pathway (93, 94). And as well
as RTKs alteration, overexpression of platelet derived growth
factor receptor (PDGFR)-b or siRNA knockdown of PDGFRb
demonstrates the potential role of PDGFRb signaling in drug
resistance, and the introduction of PDGFRb into untreated cells
reduces sensitivity to vemurafenib (89). In addition, up-
regulation of EGFR expression was found in BRAF inhibitor
resistant cell lines and resistant tumor biopsies (95). EGFR
activation binds to specific tyrosine residues on the receptor
and results in a conformation change of Sos protein, thereby
recruiting and activating RAS-GDP, and finally ERK activation
induces cell proliferation (96). Besides, the upregulation of
IGF1R/IR in BRAF and MEK inhibitor resistant cells and the
maintenance of P-ERK and P-Akt suggest that IGF1R/IR may
mediate resistance to inhibitors through the reactivation of
MAPK (97).

Third, activation of bypass pathways leads to overactivation
of the BRAF signaling pathway mainly come from the following
aspects. At first, elevate expression of COT, like CRAF, activates
ERK through MEK-dependent mechanisms that do not require
RAF signals, thus driving resistance to RAF inhibition (98).
Besides, studies have shown that loss of STAG2 or STAG3
inhibits CCCTC-binding factor (CTCF) mediated dual
TABLE 1 | Strategies for resistance to BRAF inhibitors.

Situation Strategies Ref.

BRAF fusion pan-RAF inhibitors (75)
BRAF inhibitors and RAF inhibitors (76, 77)
combination of MEK inhibitors and EGFR inhibitors (25, 77)

Acquired drug resistance to vemurafenib intermittent dosing (78–80)
Changes in multiple key tumorigenesis pathways and mechanisms low toxicity “broad-spectrum” treatment (81)
Resistant mutations at different gene target different drug combinations (82)
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specificity phosphatase 6 (DUSP6) expression, leading to a
significant decrease in DUSP6 protein levels and ultimately
reactivation of MEK-ERK signaling in BRAF-inhibitor treated
melanoma cells (99). What’s more, RAC1 is a GTP-binding
protein that modulates cytoskeletal rearrangement by signaling
g-protein-coupled receptors and other molecules and RAC1
P29S mutations may mediate resistance to vemurafenib and
dabrafenib by maintaining MAPK signaling (100).
Additionally, NF1 is a tumor suppressor that inhibits RAS
activity. Experiments have proved that loss of NF1 can re-drive
MAPK pathway by activating RAS activity and increasing CRAF,
thus mediating resistance to RAF inhibitors (101). Moreover,
studies have found that ACK1 can inhibit the expression of
EGFR, so the loss of ACK1 induces the increase of EGFR protein,
thus increasing cell signal transduction to mediate the generation
of drug resistance (102). Furthermore, it has been confirmed that
increased Notch signaling results in increased expression of
markers associated with cell dedifferentiation and increased cell
migration and does not reactivate ERK in the presence of drug
therapy to mediate acquired resistance to MAPK inhibitors (103).
Finally, the study of Hubing Shi et al. (56) named the PI3K-PTEN-
AKT pathway as the second core resistance pathway, and it has
been reported that upregulation of the PI3K pathway accounts for
approximately 22% of BRAF inhibitor acquired resistance
melanoma. PTEN is an important tumor suppressor, which acts
to counteract the effect of PI3K and when PTEN is lost, mutant or
methylated, the activity of PI3K pathway will increase, and cells
can finally survive by adopting PI3K signal (104). The evolution
and pathways of BRAF activation were listed in Table 2 and
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Figure 2. We have collected several paths of BRAF evolution. In
addition, we hope to find certain rules from the evolutionary
pathway, so we need to study the pathway of BRAF evolution
through some methodologies.

Methodology to Track the BRAF Evolution
Due to the diversity and randomness of gene evolution, we need
to use various emerging technologies and methods to find certain
rules from dynamic evolution, so as to obtain certain therapeutic
effects, and also to find effective therapeutic strategies. With the
advent of cancer genomics and the development of multi-region
sequencing, single-cell correlation sequencing and cloning
techniques, it has become possible to describe gene phylogeny
and evolution (105–107). In recent years, studies have been
carried out on clonal phylogeny using single time point
snapshot, multi-region sampling and spatio-temporal modeling
to analyze diseases. In addition, mathematical models and other
methods can be used to explore new evolutionary methods. At
the same time, it also puts forward the direction and challenge to
bioinformatics and computer science (108). In addition, it has
been proposed that the development of single-cell multi-omics
technology is crucial for a comprehensive understanding of the
evolutionary mechanism. For example, multiple sampling
methods can be used to analyze the evolutionary mechanism
of tumors by different sampling methods (such as multiple
regions or multiple times). And examples include in vivo and
in vitro modeling of tumor evolution through optical or
sequencing barcodes (109). Furthermore, deep sequencing of
multiple regions of a tumor directly to detect evolutionary
mutations is another way (110).
UNDERGOING STUDIES FOR
BRAF ACTIVATION

The efficacy and safety of BRAF inhibitors are being explored in
several clinical studies (e.g., NCT03915951, NCT04543188 etc.).
In addition, more treatment options for patients with BRAF
mutations can be explored, for example, BRAF inhibitors as
adjuvant/neoadjuvant therapy for patients with NSCLC; BRAF
inhibitor combined with MEK inhibitor and EGFR-TKI as three-
target combination therapy; BRAF inhibitors combined with
immunotherapy, anti-angiogenic drugs and other drug
combinations. With the success of the ADAURA study, a new
direction of targeted therapy in the adjuvant treatment for
NSCLC patients has been opened. Therefore, we believe that
the use of dabrafenib in combination with trametinib in
neoadjuvant/adjuvant therapy for early-stage NSCLC patients
is worthy of further exploration (111). Besides, for patients with
acquired resistance to BRAF inhibitors, re-biopsy and NGS test
to find new targeted drugs or new combination therapy are
necessary. Finally, we still want to know if the strategy of dual-
targeted or triple-targeted therapy could be re-challenged. Small-
sample case reports suggest that sequential therapy with targeted
therapy and immunotherapy, combined with the “rechallenge”
FIGURE 2 | The resistance pathways of BRAF inhibitor. BRAF mutated
tumor cells evolve different drug resistance pathways to maintain cell growth
after chronic inhibition by BRAF inhibitors. These evolutionary mechanisms
(Table 2) include BRAF splice variants, BRAF copy number amplification,
CRAF overexpression, MEK1 mutations, and other mechanisms. Different
pathways of BRAF evolution can tell us how to overcome the problem of
resistance to BRAF inhibitors and how to develop more rational protocols to
address the resistance problem.
July 2022 | Volume 12 | Article 882940

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. The Evolution of BRAF Activation
of dabrafenib and trametinib, may benefit patients with V600E
mutation and positive PD-L1 (112). Among the 2 patients in the
prospective match-R study, 1 patient was switched to
chemotherapy and then dual-target therapy after double-target
drug resistance. Another patient, after double-target drug
resistance, was first switched to immunotherapy, followed by
chemotherapy, and then sequential double-target therapy, all of
which achieved disease stability in the “re-challenge” of double-
target therapy (113). These explorations are expected to become
hot research directions in the future, and we eagerly look forward
Frontiers in Oncology | www.frontiersin.org 896
to more effective drugs or treatments. The undergoing studies for
BRAF activation were listed in Table 3.
CONCLUSIONS

There are many forms of activation of BRAF in primary and
secondary activation, including classical mutations (BRAF V600
and non-V600), other mutations, BRAF fusion, rearrangement,
in-frame deletions, insertions, co-mutations, etc. with different
TABLE 3 | Selected ongoing trials with BRAF Inhibitors for NSCLC.

Clinical Trial
Identifier

Study Design Intervention/s Setting Primary Endpoint Phase Status

NCT03915951 90 participants
Open-label, Multicenter, Non-randomized,
Phase 2 study

Encorafenib plus Binimetinib First
line

ORR Phase 2 Recruiting

NCT04543188 225 participants
two-part, phase 1A/B, open-label,
multicenter trial evaluating pharmacokinetics

PF-07284890 plus Binimetinib plus
Midazolam

First
line

DLTs,
AEs,
Overall response

Phase 1 Recruiting

NCT04526782 119 participants
Open-label, Multicenter, multi-cohort Phase
2 study

encorafenib plus binimetinib First
line

ORR Phase 2 Recruiting

NCT05003622 6 participants
Multicenter, Open-label, Phase 1 Study

Encorafenib First
line

DLTs Phase 1 Active, not
recruiting

NCT05065398 20 participants
Open Label, Multicenter Phase II Clinical
Trial

HLX208 First
line

ORR Phase 2 Recruiting

NCT05275374 221 participants
Dose-escalation and Expansion Phase I/IIa
Study

XP-102 or XP-102 plus Trametinib or First
line

Characterize the safety of
XP-102,
Evaluate the
pharmacokinetics of XP-
102,
Establish maximum
tolerated dose of XP-102

Phase 1
Phase 2

Not yet
recruiting

NCT05195632 55 participants
Multicenter, Open-label, phase 2 study

Encorafenib plus Binimetinib First
line

DLTs,
ORR

Phase 2 Not yet
recruiting

NCT02974725 331 participants
Phase Ib, Open-label, Multicenter Study

LXH254 plus LTT462 or LXH254 plus
Trametinib or LXH254 plus Ribociclib

First
line

DLTs,
AEs, Tolerability

Phase 1 Recruiting

NCT04620330 100 participants
Multicenter, Non-randomized, Open-label
Phase 1b/2 study

VS-6766 or VS-6766 plus Defactinib First
line

the optimal regimen,
the efficacy of the
optimal regimen

Phase 2 Recruiting
July 2022 | Volu
me 12 | Art
TABLE 2 | The evolution and pathways of BRAF activation.

Cancer types Evolutionary types Evolutionary pathways Ref.

Melanoma changes in BRAF itself BRAF splice variants (23, 83)
Melanoma - BRAF copy number amplification (84)
Melanoma downstream of the BRAF CRAF overexpression (85, 86)
Melanoma - MEK1 mutations (87)
Melanoma upstream of the BRAF RAS alteration (88, 94)
Melanoma – RTKs alteration (89, 95, 97)
Melanoma activation of bypass pathways Elevated expression levels of COT (98)
Melanoma – Loss of stromal antigen 2 (STAG2) or STAG3 (99)
Melanoma – RAC1 mutation (100)
Melanoma – Loss of NF1 (101)
Melanoma – Loss of ACK1 (102)
Breast cancer and melanoma – Activation of the Notch1 pathway (103)
Melanoma – Phosphoinositide 3-kinase (PI3K)/AKT pathway dysregulation (56, 104)
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biological phenotypes, medical senses and different subsequent
treatments. Currently, the FDA recommends dual targeted drug
combination for BRAF V600, while there is no unified treatment
regimen for other types of BRAF mutations. As for the treatment
of primary BRAF co-mutations, it could base on a comprehensive
consideration of the phosphorylation level and abundance of the
mutant genes, cost effectiveness and adverse events of combined
targeted therapy. Immunotherapy can also benefit for patients
with BRAFmutations with high PD-L1 expression in small sample
size studies. After resistance of BRAF inhibitors, the evolution of
BRAF mainly evolves through activation of upstream,
downstream and bypass pathways of BRAF. The evolutionary
pathway can be tracked by various emerging technologies
including genomics, next-generation sequencing, single-cell
sequencing and cloning techniques, which may find a solution
for the resistance of BRAF inhibitors.

In the future, it’s necessary to explore head to head clinical
trials to compare targeted therapy with immunotherapy, to
develop drugs for other BRAF mutations except V600, to find
Frontiers in Oncology | www.frontiersin.org 997
new strategies for the resistance of BRAF inhibitors. Furthermore,
whether BRAF inhibitors can be used as adjuvant/neoadjuvant
therapy or re-challenged treatment are likely to be hot topics.
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44. Mazieres J, Cropet C, Montané L, Barlesi F, Souquet PJ, Quantin X, et al.
Vemurafenib in Non-Small-Cell Lung Cancer Patients With BRAFV600 and
BRAFnonV600 Mutations. Ann Oncol (2020) 31:289–94. doi: 10.1016/
j.annonc.2019.10.022

45. King AJ, Arnone MR, Bleam MR, Moss KG, Yang JS, Fedorowicz KE, et al.
Dabrafenib; Preclinical Characterization, Increased Efficacy When
Combined With Trametinib, While BRAF/MEK Tool Combination
Reduced Skin Lesions. PloS One (2013) 8(7):e67583. doi: 10.1371/
journal.pone.0067583

46. Planchard D, Kim TM, Mazieres J, Quoix E, Riely G, Barlesi F, et al.
Dabrafenib in Patients With BRAFV600E-Positive Advanced Non-Small-
Cell Lung Cancer: A Single-Arm, Multicentre, Open-Label, Phase 2 Trial.
Lancet Oncol (2016) 17:642–50. doi: 10.1016/S1470-2045(16)00077-2

47. Rissmann R, Hessel MHM, Cohen AF. Vemurafenib/dabrafenib and
Trametinib. Br J Clin Pharmacol (2015) 80(4):765–7. doi: 10.1111/bcp.12651

48. Khunger A, Khunger M, Velcheti V. Dabrafenib in Combination With
Trametinib in the Treatment of Patients With BRAF V600-Positive
Advanced or Metastatic non-Small Cell Lung Cancer: Clinical Evidence
and Experience. Ther Adv Respir Dis (2019) 12:1753466618767611.
doi: 10.1177/1753466618767611

49. Planchard D, Besse B, Groen HJM, Souquet P-J, Quoix E, Baik CS, et al.
Dabrafenib Plus Trametinib in Patients With Previously Treated BRAF
(V600E)-Mutant Metastatic Non-Small Cell Lung Cancer: An Open-Label,
Multicentre Phase 2 Trial. Lancet Oncol (2016) 17:984–93. doi: 10.1016/
S1470-2045(16)30146-2

50. Planchard D, Smit EF, Groen HJM, Mazieres J, Besse B, Helland Å., et al.
Dabrafenib Plus Trametinib in Patients With Previously Untreated
BRAFV600E-Mutant Metastatic Non-Small-Cell Lung Cancer: An Open-
Label, Phase 2 Trial. Lancet Oncol (2017) 18:1307–16. doi: 10.1016/S1470-
2045(17)30679-4

51. Dudnik E, Bar J, Peled N, Bshara E, Kuznetsov T, Cohen AY, et al. Efficacy
and Safety of BRAF Inhibitors With or Without MEK Inhibitors in BRAF-
Mutant Advanced Non-Small-Cell Lung Cancer: Findings From a Real-Life
Cohort. Clin Lung Cancer (2019) 20:278–286.e1. doi: 10.1016/
j.cllc.2019.03.007

52. Huang Y, Gan JD, Guo KB, Deng YY, Fang WF. Acquired BRAF V600E
Mutation Mediated Resistance to Osimertinib and Responded to
Osimertinib, Dabrafenib, and Trametinib Combination Therapy. J Thorac
Oncol (2019) 14:10. doi: 10.1016/j.jtho.2019.05.040

53. Mauclet C, Collard P, Ghaye B, Hoton D, Nana FA. Tumor Response to
EGFR/BRAF/MEK Co-Inhibition in a Patient With EGFR Mutated Lung
Adenocarcinoma Developing a BRAFV600 Mutation as an Acquired
Resistance Mechanism. Lung Cancer (2021) 159:42–4. doi: 10.1016/
j.lungcan.2021.06.025

54. Ho C-C, Liao W-Y, Lin C-A, Shih J-Y, Yu C-J, Chih-Hsin YJ. Acquired
BRAF V600E Mutation as Resistant Mechanism After Treatment With
Osimertinib. J Thorac Oncol (2017) 12:567–72. doi: 10.1016/
j.jtho.2016.11.2231

55. Zhou F, Zhao W, Chen X, Zhang J, Zhou CC. Response to the Combination
of Dabrafenib, Trametinib and Osimertinib in a Patient With EGFR-Mutant
July 2022 | Volume 12 | Article 882940

https://doi.org/10.1111/pcmr.12674
https://doi.org/10.1038/onc.2016.486
https://doi.org/10.1016/j.jtho.2018.12.038
https://doi.org/10.1038/sj.jid.5700725
https://doi.org/10.1016/j.cllc.2020.02.018
https://doi.org/10.1016/j.cllc.2020.02.018
https://doi.org/10.21873/anticanres.12535.
https://doi.org/10.1111/bjd.18641
https://doi.org/10.1177/2050313X17711064
https://doi.org/10.1177/2050313X17711064
https://doi.org/10.1016/j.ctarc.2021.100429
https://doi.org/10.1016/j.ctarc.2021.100429
https://doi.org/10.1016/j.celrep.2013.08.023
https://doi.org/10.7150/jca.37437
https://doi.org/10.1016/j.celrep.2013.08.023
https://doi.org/10.1016/j.jtho.2017.11.125
https://doi.org/10.1016/j.ctarc.2021.100377
https://doi.org/10.1002/onco.13979
https://doi.org/10.1158/1078-0432.CCR-19-1176
https://doi.org/10.1158/1078-0432.CCR-19-1176
https://doi.org/10.1056/NEJMoa2105281
https://doi.org/10.1016/j.jtho.2020.05.021
https://doi.org/10.1016/j.jtho.2020.05.021
https://doi.org/10.1007/s11864-021-00827-2
https://doi.org/10.1007/s11864-021-00827-2
https://doi.org/10.1056/NEJMoa1502309
https://doi.org/10.1056/NEJMoa1502309
https://doi.org/10.1200/PO.18.00266
https://doi.org/10.1016/j.annonc.2019.10.022
https://doi.org/10.1016/j.annonc.2019.10.022
https://doi.org/10.1371/journal.pone.0067583
https://doi.org/10.1371/journal.pone.0067583
https://doi.org/10.1016/S1470-2045(16)00077-2
https://doi.org/10.1111/bcp.12651
https://doi.org/10.1177/1753466618767611
https://doi.org/10.1016/S1470-2045(16)30146-2
https://doi.org/10.1016/S1470-2045(16)30146-2
https://doi.org/10.1016/S1470-2045(17)30679-4
https://doi.org/10.1016/S1470-2045(17)30679-4
https://doi.org/10.1016/j.cllc.2019.03.007
https://doi.org/10.1016/j.cllc.2019.03.007
https://doi.org/10.1016/j.jtho.2019.05.040
https://doi.org/10.1016/j.lungcan.2021.06.025
https://doi.org/10.1016/j.lungcan.2021.06.025
https://doi.org/10.1016/j.jtho.2016.11.2231
https://doi.org/10.1016/j.jtho.2016.11.2231
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. The Evolution of BRAF Activation
NSCLC Harboring an Acquired BRAFV600E Mutation. Lung Cancer (2019)
139:219–20. doi: 10.1016/j.lungcan.2019.10.014

56. Shi H, Hugo W, Kong X, Hong A, Koya RC, Moriceau G, et al. Acquired
Resistance and Clonal Evolution in Melanoma During BRAF Inhibitor
Therapy. Cancer Discovery (2014) 4:80–93. doi: 10.1158/2159-8290.CD-
13-0642

57. Solassol J, Vendrell JA, Senal R, Audran P, Leenhardt F, Quantin X. Challenging
BRAF/EGFR Co-Inhibition in NSCLC Using Sequential Liquid Biopsies. Lung
Cancer (2019) 133:45–7. doi: 10.1016/j.lungcan.2019.05.003

58. Zengarini C, Mussi M, Veronesi G, Alessandrini A, Lambertini M, Dika E.
BRAF V600K vs BRAF V600E: A Clinical, Dermoscopic, and Response to
Immunotherapies and Targeted Therapies Comparison. Clin Exp Dermatol
(2022). doi: 10.1111/ced.15113

59. Fontana E, Valeri N. Class(y) Dissection of BRAF Heterogeneity: Beyond Non-
V600. Clin Cancer Res (2019) 25:6896–8. doi: 10.1158/1078-0432.CCR-19-2732

60. Gautschi O, Milia J, Cabarrou B, Bluthgen M-V, Besse B, Smit EF, et al.
Targeted Therapy for Patients With BRAF-Mutant Lung Cancer Results
From the European EURAF Cohort. J Thorac Oncol (2015) 10:1451–7.
doi: 10.1097/JTO.0000000000000625

61. Mu Y, Yang K, Hao X, Wang Y, Wang L, Liu Y, et al. Clinical Characteristics
and Treatment Outcomes of 65 Patients With BRAF-Mutated Non-Small
Cell Lung Cancer. Front Oncol (2020) 10:603. doi: 10.3389/fonc.2020.00603

62. Dankner M, Lajoie M, Moldoveanu D, Nguyen T-T, Savage P, Rajkumar S,
et al. Dual MAPK Inhibition Is an Effective Therapeutic Strategy for a Subset
of Class II BRAF Mutant Melanomas. Clin Cancer Res (2018) 24:6483–94.
doi: 10.1158/1078-0432.CCR-17-3384

63. Dahlman KB, Xia J, Hutchinson K, Ng C, Hucks D, Jia P, et al. BRAF(L597)
Mutations in Melanoma Are Associated With Sensitivity to MEK Inhibitors.
Cancer Discov (2012) 2:791–7. doi: 10.1158/2159-8290.CD-12-0097

64. Kotani H, Adachi Y, Kitai H, Tomida S, Bando H, Faber AC, et al. Distinct
Dependencies on Receptor Tyrosine Kinases in the Regulation of MAPK
Signaling Between BRAF V600E and Non-V600E Mutant Lung Cancers.
Oncogene (2018) 37:1775–87. doi: 10.1038/s41388-017-0035-9

65. Reyes R, Mayo-de-las-Casas C, Teixidó C, Cabrera C, Marıń E, Vollmer I,
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Background: Epidermal growth factor receptor (EGFR) exon 20 insertion mutations are
uncommon EGFR mutations and generally resistant to first- and second-generation
EGFR-tyrosine kinase inhibitors (TKIs). In precision oncology, treatment regimens are
tested for improving the clinical outcomes. Zebrafish embryo tumor transplant models are
used in cancer research.

Methods: We report two Chinese females who were diagnosed with stage IV lung
adenocarcinoma and shown to harbor EGFR exon 20 insertion mutations by next-
generation sequencing (NGS). Then, we established lung cancer patient-derived
xenografts using a zebrafish model. The tumor cells were isolated from the patient. For
case one, tumor cells were collected from lymph node biopsy, while the tumor cells were
obtained from the pleural effusion. Zebrafish were inoculated with tumor cells and placed
in the culture medium containing the third-generation EGFR-TKI, osimertinib.
Fluorescence microscope photographs were used to record the red fluorescence area,
which represented the proliferation and migration of tumor cells in the zebrafish.

Results: Case one was diagnosed with lung adenocarcinoma (cT4N3M1b, stage IVB)
and had an EGFR exon 20 mutation (p. N771delinsHH [abundance 14.08%]). Tumor cell
proliferation and migration were significantly reduced in the osimertinib group compared
with the control group. The patient received first-line osimertinib (160 mg). According to
RECIST v1.1, she achieved a partial response. Case two had stage IVA lung
adenocarcinoma with a pleural effusion. The pleural effusion sample was selected to
obtain tumor cells for injection, and the zebrafish lung cancer model was established. The
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proliferation of tumor cells in the osimertinib group was significantly reduced compared to
the control group. The migration of tumor cells was not significantly reduced compared to
the control group. The patient also received first-line osimertinib (160 mg). The lung lesions
were stable, but the pleural effusion was poorly controlled.

Conclusion: Our study demonstrates the applicability of a zebrafish embryos model as
an innovative platform to targeted drug testing. More precise methods are needed to
select treatment options in the future.
Keywords: non-small cell lung cancer, zebrafish, EGFR mutation, xenograft, screening
1 INTRODUCTION

The emergence of targetable oncogenic driver alterations has
transformed treatment models of non-small cell lung cancer
(NSCLC) by incorporating tumor genotyping into therapeutic
strategies. Specifically, epidermal growth factor receptor (EGFR)-
activating mutations have resulted in routine use of EGFR
tyrosine kinase inhibitors (TKIs) (1, 2). EGFR mutations
mainly occur between exons 18 and 21 in NSCLC; common
mutations are an EGFR 19 deletion and EGFR mutations in exon
21. Drugs against cancers harboring common EGFR mutations
have a response rate of 60%–70%, with a median progression-
free survival (mPFS) of 9.2–18.9 months (1, 3–6).

An EGFR exon 20 insertion mutation is an uncommon
subtype of EGFR mutation that accounts for 4%–10% of all
EGFR mutations (6). Exon 20 insertion mutations include A767-
V769dup and D770-N771ins NPG, which are also associated
with a lack of sensitivity to first- or second-generation EGFR-
TKIs (6, 7). Therefore, the standard treatment for patients with
EGFR exon 20 insertions is a chemotherapy-based treatment
regimen (8). The development of novel targeted drugs, such as
poziotinib (9), mobocertinib (TAK-788) (10), and amivantamab
(JNJ-61186372) (11), have shown better efficacy in the treatment
of EGFR exon 20 insertion mutations. Poziotinib, is an
irreversible pan-HER TKI, initially being investigated in the
Asian population, shown a slightly better ORR/DCR and PFS
in EGFR exon 20 insertion mutations. Mobocertinib inhibited
viability of various EGFRex20ins-driven cell lines more potently
than approved EGFR TKIs and demonstrated in vivo antitumor
efficacy in patient-derived xenografts and murine orthotopic
models. Amivantamab inhibited proliferation by effectively
downmodulating EGFR-MET levels and inducing immune-
directed antitumor activity with increased IFN g secretion in
various models. However, these targeted drugs are not currently
available in China.

Osimertinib is an irreversible, selective EGFR TKI that is
indicated for sensitizing EGFR and EGFR T790M resistance
mutations. Preclinical studies have reported that osimertinib is
active in EGFR exon 20 insertion mutant cell lines (12, 13) and
some clinical trials have also demonstrated clinical activity in
EGFR 20 insertion mutant NSCLC (14–16); however, in vitro
evidence demonstrated 20 insertion mutation cell lines that
responded poorly to osimertinib (12, 13, 17). Several studies
have reported that the overall response rate (ORR) and
2102
progression-free survival (PFS) differed among patients with 20
insertion mutations (15, 16, 18).

Currently, patient-derived xenografts (PDXs) or patient-
derived organoids (PDOs) are used in tumor preclinical
models in which the genetic mutation map of tumor
characteristics is highly consistent with the original tumor
tissue with respect to morphology and genetic characteristics
(19, 20). Tumor cell behavior in zebrafish xenografts correlates
with human cancers as follows: similar growth kinetics;
histology; and proliferation and apoptosis rates (21). Herein, to
give patients more precision treatment options, we studied two
NSCLC patients with EGFR exon 20 insertion mutations who
were the source of PDXs used in zebrafish embryos as in vitro
tumor models for therapeutic screening. In addition, we assessed
the antitumor activity of osimertinib in the two NSCLC patients
with EGFR exon 20 insertion mutations.
2 METHODS

2.1 Lung Cancer PDXs Using a
Zebrafish Model
In this model, 48 hpf AB wild-type zebrafish embryos were
selected for microinjection of tumor cells, with approximately
800 cells/embryo, to establish a PDX model of zebrafish lung
cancer. The 48 hpf AB wild-type zebrafish embryos were
obtained from the Model Animal Research Center of Nanjing
University (Nanjing, China). The zebrafish embryos were
maintained at 28.5°C in a 14:10 h light/dark cycle. Embryos
were obtained by mixing two males and two females in a water
tank equipped with a grill to avoid the introduction of new eggs.
The fish were mated and spawned at the beginning of the light
period. Embryos were collected and placed in petri dishes
containing an embryo medium (0.2 g/L of Instant Ocean® Salt
in distilled water) at 28.5°C. Whole embryos were pooled and
counted, and the malformed embryos were discarded. The age of
the embryos is represented by hours post-fertilization (HPF).
After removal of the chorionic villi, the embryos were immersed
in an embryo medium containing 0.2 mM 1-phenyl-2-thiourea
after 24h of incubation at 28.5°C. At 48 HPF, the embryos were
anesthetized with 0.0003% tetracaine (Sigma-Aldrich) and
placed on a wet agarose pad with the right side up.
Approximately 200 cells were injected into the yolk sac of the
embryos using a microinjector (im-31; Narishige, Japan). The
July 2022 | Volume 12 | Article 884798
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zebrafish were placed in an incubator at 28°C for 3 h. The
zebrafish that were successfully transplanted with tumor cells
and relatively uniform in size were selected using a stereoscopic
fluorescence microscope for follow-up observation of tumor
migration and angiogenesis. At least 10 fish were subjected to
each treatment. The images of the sub-intestinal venous plexus
(SIV) were obtained using a Leica MZ10 F fluorescence
microscope. For tumor proliferation, a group of 10 embryos
was selected and dissociated into a single cell suspension.

One day after tumor cell inoculation (1 dpi), zebrafish
embryos of uniform tumor size were screened and randomly
divided into control and experimental groups (soaked drugs
[grouped by different drugs]). Zebrafish inoculated with tumor
cells for 1 day (1 dpi) were placed in the culture medium
containing drugs, and the fresh culture medium containing
drugs was replaced every 24 h for 3 consecutive days. The red
fluorescence area (representing zebrafish with proliferation and
migration of tumor cells in the body) were recorded in control
and experimental groups with fluorescence microscope photos
after 3 consecutive days.

2.2 Follow-Up Data
The patients were followed by one year or until death.

2.3 DNA Extraction and Next-Generation
Sequencing
Two paraffin blocks of formalin fixed tissue or mass cells were
collected from department of pathology from Affiliated Hospital
of Nanjing University of Chinese Medicine. The DNA extraction
and the next generation sequencing was conducted by Burning
Rock Company (Guangzhou, China).

2.4 Image and Data Analysis
Image J software was used for image processing. Graphpad Prism
8 software was used for statistical analysis. All statistical tests
were two-sided, and a P value <0.05 was considered
statistically significant.
3 CASE REPORT

The study was approved by the Institutional Review Board of
Jiangsu Province Hospital of Chinese Medicine and by the Ethics
Frontiers in Oncology | www.frontiersin.org 3103
Committee of Jiangsu Province Hospital of Chinese Medicine.
Informed consent was obtained from both patients.

3.1 Case One
A 73-year-old non-smoking female was admitted to the hospital
in September 2020 for evaluation of a cough. A computed
tomography (CT) scan showed a right middle lobe mass,
multiple mediastinal lymph node metastases, metastatic
supraclavicular lymph nodes, multiple solid nodules in both
lungs with bilateral pleural effusions, and a pericardial effusion.
A brain MRI showed no metastases and bone imaging revealed
bone destruction in the third thoracic vertebra with bone
metastases. Cytology of the pleural fluid showed a profiled
epithelial cell mass that was suspected to be adenocarcinoma.
A puncture biopsy of the right mediastinal lymph node suggested
lung adenocarcinoma (Figure 1). The patient was subsequently
diagnosed with lung adenocarcinoma (cT4N3M1b, stage IVB).
DNA was extracted from the cell block of the pleural effusion for
next-generation sequencing (NGS). Genetic testing showed that
the patient had an EGFR exon 20 mutation (p.N771delinsHH
[abundance 14.08%]).

A lymph node biopsy tissue sample of the patient was selected
to obtain tumor cells for injection. A zebrafish lung cancer model
was established with the above method for therapeutic screening.
Tumor cell proliferation and migration were significantly
reduced in the osimertinib group compared with the control
group (Figures 2A, B).

Therefore, due to the patient’s advanced age and PS score of 3,
chemotherapy was not acceptable. The patient received first-line
osimertinib (160 mg) in October. According to RECIST v1.1, she
achieved a partial response (Figure 3) after 1 month of
treatment, then unfortunately developed interstitial
pneumonia. She discontinued osimertinib and received steroid
treatment. After 2 weeks, a CT showed interstitial pneumonia
that progressed in December. Beginning in December 2020 the
patient received anlotinib as second-line treatment; however, the
disease progressed and she died on 31 December 2020.

3.2 Case Two
A 52-year-old non-smoking female was admitted to the hospital
in October 2020 due to chest pain that persisted > 1 month. A CT
scan showed that the right lung had bilateral pleural effusions
and pulmonary atelectasis. A brain MRI and bone imaging
A B C

FIGURE 1 | Pathology of Case one patient (A) H&E staining suggested lung adenocarcinoma (X400) (B) The result of IHC-Napsin A was positive (X400). (C) The
result of IHC-TTF-1 was positive (X400).
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showed no metastases. Cytologic evaluation of the pleural fluid
was consistent with lung adenocarcinoma (Figure 4). The
patient was diagnosed with lung adenocarcinoma (cT4N0M1a,
stage IVA). DNA was extracted from the cell block of pleural
effusion for NGS. Genetic testing showed the patient had an
EGFR exon 20 mutation (p.H773_V774insPHPH).

A pleural effusion sample from the patient was selected to
obtain tumor cells for injection, and the zebrafish lung cancer
model was established with the above method for therapeutic
Frontiers in Oncology | www.frontiersin.org 4104
screening. The proliferation of tumor cells in the osimertinib
group was significantly reduced compared with the control
group, and the difference was statistically significant
(Figure 5A). The migration of tumor cells in the osimertinib
group was not significantly reduced compared with the control
group (Figure 5B), suggesting that osimertinib could be used as a
treatment choice for this patient.

Chemotherapy was not acceptable, thus the patient received
first-line osimertinib (160 mg) in October. According to RECIST
A

B

FIGURE 3 | Chest computerized tomography (CT) scan images of patient one before and after one month of osimertinib treatment. (A) The images were before
osimertinib treatment. (B) The images of were receiving osimertinib treatment after one month.
A

B

FIGURE 2 | Zebrafish lung cancer model was established (A) Tumor cell proliferation was significantly reduced in the osimertinib group compared with the control
group (B) Migration were significantly reduced in the osimertinib group compared with the control group. Whole-body image of the zebrafish embryo at 4 dpi (25×
magnification). *(P<0.05), ***(P<0.001).
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v1.1, she achieved stable disease (Figure 6) and the pleural
effusion was not controlled. The pleural fluid was repeatedly
drained. Osimertinib treatment was continued for 3 months.
4 DISCUSSION

The results of these two cases indicated that third-generation
EGFR-TKIs could be used as a therapeutic choice for patients
with an EGFR 20 exon insertion mutation, and patient-derived
zebrafish embryo xenotransplantation was used as an in vitro
tumor model for therapeutic screening with accurate prediction
and guidance for precise clinical treatment.

Innate immunity in zebrafish plays a key role in engraftment
success of implanted cancer cells that is cell line-dependent (22).
Currently, > 50 zebrafish models of human cancer have been
established in which the histologic and/or genomic levels were
closely human counterparts (23). Zebrafish in cancer models have
Frontiers in Oncology | www.frontiersin.org 5105
promoted the exploration of new mechanisms and identified new
drugs (24). The zebrafish embryos have a short generation time
and the transparency which enables non-invasive imaging could
facilitate visualization of tumor cell behavior (25, 26). Recently,
research illustrated that the zebrafish tumor xenograft platform
provide a fast, accurate, and clinically relevant system for
evaluation of treatment outcome and invasion/dissemination of
PDX models, providing an attractive platform for combined
mouse-zebrafish PDX trials and personalized medicine (27). In
the current study we collected pleural effusion samples from both
patients with lung adenocarcinoma, which successfully established
the zebrafish embryo PDXmodel. This method greatly reduces the
time of establishing the PDXmodel and has the advantage of more
rapid screening of effective treatment in the clinic setting.

NSCLC with EGFR exon 20 insertion mutations represent a
unique subset of advanced NSCLC patients, in whom target
therapy has demonstrated little efficacy and the standard first-
line therapy is the same as EGFR-negative patients (28). In recent
A

B

FIGURE 5 | Zebrafish lung cancer model was established (A) The proliferation of tumor cells were significantly reduced in the osimertinib group compared with the
control group (B) The migration of tumor cells was not significantly reduced compared with the control group. Whole-body image of the zebrafish embryo at 4 dpi
(25× magnification). **(P<0.01), ns: no significance.
A B C

FIGURE 4 | Pathology of Case two patient (A) H&E staining suggested lung adenocarcinoma (X100) (B) The result of IHC-Napsin A was positive (X400). (C) The
result of IHC-TTF-1 was positive (X400).
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years, targeted therapies for EGFR 20 insertion mutations have
been explored; however, because of the availability of the drugs
and the demonstration in several preclinical studies that
osimertinib is active in cell lines with EGFR exon 20 insertion
mutations, osimertinib is a preferred treatment option. In some
studies, the efficacy of osimertinib has been controversial. Fang
et al. (15) reported a mPFS of 6.2 months in 6 Chinese EGFR exon
20 insertion-mutated NSCLC patients. Although there are some
studies addressing the poor activity of osimertinib for EGFR 20
insertion mutations. Yang and colleagues (28) showed that the
mPFS in 62 patients was 2.3 months and the A763_Y764insFQEA
and D770delinsGY might respond better to osimertinib than the
other exon 20 insertion subtypes (18). Therefore, we reasoned that
different EGFR 20 insertion mutation subtypes have different
efficacies for osimertinib treatment. We are of the opinion that
the PDX model is a promising platform to perform preclinical
drug screening. In case one, drug screening in vitro showed that
osimertinib significantly inhibited the proliferation and migration
of tumor cells. The tumor was significantly reduced and
anastomosed after treatment. In case two, drug screening in
vitro showed that osimertinib inhibited the proliferation of
tumor cells, but had no significant effect on migration. The
primary tumor of the patient was well-controlled after
osimertinib treatment, however, metastatic lesions were not
well-controlled, which was consistent with the results of a
zebrafish model. Moreover, zebrafish can be used to
demonstrate the heterogeneity of tumors. Therefore, two
patients received precision treatment through PDXs in zebrafish
embryos as in vitro cancer models for therapeutic screening.
CONCLUSIONS

In conclusion, we showed the applicability of PDXs in zebrafish
embryos model as an innovative platform to targeted drug
Frontiers in Oncology | www.frontiersin.org 6106
screening. Our future studies with a larger sample size will
focus on more accurate localization of beneficial populations
of NSCLC.
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