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National Clinical Research Center for Respiratory Diseases, Guangzhou, China, 4Department of Pathology, The First Affiliated
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We report a case of successful neoadjuvant four-drug combination therapy to

avoid total pneumonectomy. A 33-year-old male patient was diagnosed with locally

advanced non-squamous NSCLC harboring EGFR mutation in the left lower lobe. The

patient experienced significant clinical downstaging after two cycles of neoadjuvant

therapy, including icotinib, carboplatin, pemetrexed, and bevacizumab. He underwent

a successful lobectomy avoiding pneumonectomy. The patient showed no recurrence

in the follow-up of a chest computed tomographic scan, which is 17 months after

surgery. The promising results of this neoadjuvant combination therapy provided a novel

therapeutic option for patients with locally advanced EGFR-mutated NSCLC facing

total pneumonectomy.

Keywords: neoadjuvant, EGFR mutation, targeted (selective) treatment, chemothearpy, surgery

INTRODUCTION

Even with multidisciplinary treatment, the 5-year overall survival rates in stage III NSCLC
patients are ∼25 to 35% (1). Molecularly targeted agents have been shown to improve the
overall survival for patients with NSCLC harboring epidermal growth factor receptor (EGFR)
mutation in the setting of advanced disease. Researchers have begun to seek the possibility
of applying a single agent of EGFR- tyrosine kinase inhibitor (TKI) from advanced to earlier
stage (2). However, despite achieving significant downstaging of tumors, local or distant disease
relapsed in less than 1 year. Various combination therapy achieved the promising results in the
setting of advanced stage, including chemotherapy/EGFR-TKI (3, 4), chemotherapy/Bevacizumab
(5), EGFR-TKI/Bevacizumab (6, 7), and eventually chemotherapy/EGFR-TKI/Bevacizumab (8).
Currently, some prospective trials (9–11) had investigated the critical role of EGFR-TKI (gefitinib
or erlotinib) in neoadjuvant therapy, the objective response rate (ORR) was ranged from 42.1
to 54.5%, and the rate of major pathological regression (MPR) was from 9.7% up to 24.2%.
Considering the neoadjuvant EGFR-TKI combined with chemotherapy or anti-angiogenesis
was tolerable, and could improve the radical resection rate, so we proposed a four-agent
combination therapy for locally advanced non-squamous non-small-cell lung cancer harboring
EGFR mutations.
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FIGURE 1 | Baseline computed tomography (CT) showing a lung mass in the left lower lobe pulmonary window (A) and mediastinal window (C), and an enlarged left

lower paratracheal (4L) lymph node (E); CT images after two cycles of four drug combination therapy showing partial response in the pulmonary window (B) and

mediastinal window (D), and a significantly reduction in the 4L lymph node (F).

CASE DESCRIPTION

A 33-year-old male smoker presented with cough and sputum
was admitted to the department of thoracic surgery. Computed
tomography (CT) revealed a lung mass in the left lower lobe
(Figures 1A,C) and multiple hilar and mediastinal lymph nodes
(Figure 1E). Cerebral magnetic resonance imaging and the
bone scan did not show any lesion. The bronchoscopic biopsy
confirmed the diagnosis of lung adenocarcinoma (cT2bN2M0,
stage IIIA), and amplification refractory mutation system
(ARMS)-polymerase chain reaction (PCR) showed an EGFR
19 exon deletion mutation. Multidisciplinary team discussion
suggested neoadjuvant therapy over total pneumonectomy.
Based on our previous experience of various combination
therapies within our institute, four-drug combination therapy
with fixed regimens was proposed, including icotinib 125mg

po, tid, and intravenous carboplatin 150mg D1-D2, pemetrexed
800mg D1, and bevacizumab 300mg D1, given a young age and
good general status. After two cycles of neoadjuvant therapy,
the Positron emission tomography/Computed tomography
(PET/CT) revealed that the tumor was reduced from 4.6 ×

2.0 cm to 1.4 × 1.1 cm (Figures 1B,D) with a normal standard
uptake value (SUV), and there were no enlarged mediastinal
or hilar lymph nodes (Figure 1F). No grade 3/4 adverse event
(AE), including hemoptysis, was experienced,while rash and
gastrointestinal symptoms were the most frequent AEs based on
the patient’s self-report.

The re-evaluation workup suggested a significant downstaging
of the tumor (cT1bN0M0, stage IA2). Then 6 weeks after
the last cycle of combination regimens were given, a left
lower lobectomy was proposed. However, an occult parietal
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FIGURE 2 | The HE showed an increase in the number of residue cancer cells, but fibrosis still predominated in 20× (A) and in 40× (B).

FIGURE 3 | The timeline showing the relevant data of treatment.

pleural metastasis was detected during surgery. In the operative
fields, we observed tissue edema and hyperemia of the lung
and moderate fibrosis of the external coat of vessels. The
patient underwent a video-assisted thoracoscopic surgery (VATS)
left lower lobectomy, systematic lymphadenectomy, pleural
biopsy, and intrapleural hyperthermic perfusions, as well as
two additional intrapleural hyperthermic perfusion performed
on the next 2 days. The estimated intraoperative blood loss
was nearly 200ml due to mild tissue hyperemia of the
lung. The perioperative recovery was uneventful. The patient
was discharged on the seventh postoperative day. Pathology
confirmed the diagnosis of lung adenocarcinoma with pleural
metastasis (ypT1bN0M1a, stage IVA). The histologic findings
indicated significant tumor regression. It was characterized by
an increase in the number of residue cancer cells, but fibrosis
still predominated (Figures 2A,B). No lymph nodes metastasis
was found at the dissected nodes station 5 (0/1), 7 (0/2), and
10 (0/1); no vascular cancer thrombus and no residual tumor
in the bronchial stumps were observed. The next-generation
sequencing (NGS) of pathological specimens also confirmed
EGFR 19 exon E746_A750 deletion mutation. Thus, after 1
month for recovery postoperatively, an additional of four-drug
combination therapy was successfully conducted every 3 weeks
± 3 day for four cycles. Single-agent icotinib was continued, with
a follow-up chest CT scan every 3 months and PET/CT every 6
months. The latest follow-up recorded no disease progression in
a chest CT scan when it was 16.7 months after surgery and 19.4

months after initial treatment. The timeline of treatment with
relevant data of care was shown in Figure 3.

DISCUSSION

The patient’s course illustrates the successful use of four-drug
combination therapy to treat a locally advanced non-squamous
NSCLC harboring EGFR mutation. The patient experienced
significant tumor downstaging and underwent lobectomy instead
of total pneumonectomy.

Patients with locally advanced NSCLC, especially N2
disease, should be considered for neoadjuvant chemotherapy
or chemoradiotherapy based on NCCN guidelines. Although
EGFR-TKI monotherapy is considered the standard first-line
treatment for patients with TKI-sensitive EGFR mutations,
most patients develop recurrence within ∼1 year. The rationale
for concurrent use of cytotoxic agents and bevacizumab is
to reduce or even avoid potential de novo resistance (12).
Sugawara (13) obtained the median progression-free survival
(PFS) 18.3 and 15.3 months for the concurrent and sequential
alternating regimens with gefitinib and carboplatin/pemetrexed
in patients with EGFR-mutated NSCLC in a randomized phase
II study, which is more promising in comparison to the PFS in
previous studies with first-line gefitinib monotherapy (14). Two
randomized clinical trials demonstrated erlotinib combined with
bevacizumab harvest a median PFS of 16.0–16.9 months, which
was significantly better than erlotinib monotherapy (7).
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Under the expectation to provide high-level, customized
treatment for patients with resectable NSCLC, several phase II
clinical trials had revealed the efficacy and safety on respect
of preoperative TKI therapy (10, 11). EMERGING-CTONG
1103 showed the improved ORR for neoadjuvant erlotinib with
54.1% compared to gemcitabine plus cisplatin chemotherapy
with 34.3% and doubling PFS with erlotinib (21.5 months) vs.
GC chemotherapy (11.4 months; p < 0.001). Zhang’s study
showed similar ORR to the previous study, and patients with
MPR were associated with improved survival while no patients
reported grade 3 or 4 AEs. These results suggest that biomarker-
guided neoadjuvant EGFR-TKI treatment in resectable NSCLC
is promising. Hence, we combined these four drugs to optimize
the treatment effect by avoiding potential de novo resistance.
This case did reflect a promising effect. It is possible that TKI
played a key role in the significant response of preoperative
therapy. However, the first generation of EGFR-TKI is reversible
TKI, which leaves it a tumor inhibitor. Chemotherapy provides
a curative potential, which is critical for significant response
of preoperative therapy and long-term tumor control. Since
no neoadjuvant therapy can guarantee a full transfer to
complete resection. In the long-term, however, bevacizumab
may reduce potential de novo resistance if complete resection is
unachievable. So it was important to include bevacizumab in the
combination therapy.

Apart from a slight increase in intraoperative blood loss,
there were no significant adverse events reported in this
case, which was mainly the result of careful case selection
and a fixed lower dosage of the cytotoxic agents and is
far from a standard requirement. In our institute, we have
attempt to apply the EGFR-TKI, EGFR-TKI/Chemotherapy, and
Chemotherapy/Bevacizumab in several locally advanced NSCLC
patients. The regimens of Chemotherapy were all adjusted to this
fixed lower dosage. No significant adverse event was observed in
the treatment period. All patients underwent surgery successfully.
Yet, during the surgery, different degrees of tissue edema and
hyperemia of the lung and fibrosis of the external coat of vessels
in the operative fields. In general, any therapy involving EGFR-
TKI was expecting moderate to severe fibrosis of the external
coat of vessels. There are a few reasons that accounted for the
choice of icotinib in this patient. First, we did not choose erlotinib
or gefitinib because there was a beneficence project in China so

that the patient can acquire a free prescription after 10 months of
using icotinib. So it was more economical to use this drug, given
the non-inferior to gefitinib in efficacy with favorable safety in
non-selected or EGFR-mutant NSCLC patients (15). Second, we
did not choose osimertinib because it would be 10-fold higher
than icotinib and nearly 20 times of cost if insurance was taken
into consideration. Thoughmedian progression-free survival was
significantly longer with osimertinib than SoC EGFR-TKI (16),
the overall survival of the FLAURA study of osimertinib was not
reported until recently (17).

In conclusion, treatment with this neoadjuvant combination
therapy provided a novel therapeutic option for patients
with locally advanced EGFR-mutated NSCLC facing
total pneumonectomy.
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Programmed cell death ligand 1 (PD-L1) expressed on tumor tissues is a vital molecule

for immune suppression and its impact on the response to epidermal growth factor

receptor tyrosine kinase inhibitors (EGFR-TKIs) has been reported. The significance

of soluble PD-L1 (sPD-L1) for lung cancer patients remains unknown. This study

investigated whether sPD-L1 could predict the response of EGFR-mutated non-small cell

lung cancer (NSCLC) to EGFR-targeted therapy. We retrospectively evaluated patients

who received first-line treatment with EGFR-TKIs for advanced NSCLC with EGFR

mutations. Pre-treatment plasma concentrations of PD-L1 and on-treatment (1 month

after treatment initiation) plasma concentrations of PD-L1 were measured using the

R-plex Human PD-L1 assay. The association between the sPD-L1 level and the clinical

outcome was analyzed. Among 66 patients who were eligible for the study, patients with

high pre-treatment or on-treatment sPD-L1 levels had decreased objective response rate

(ORR) compared with that of patients with low sPD-L1 levels (39.4 vs. 66.7%, p = 0.026

for pre-treatment sPD-L1 level, and 43.5 vs. 73.9%, p = 0.025 for on-treatment sPD-L1

level). A high baseline sPD-L1 level was associated with a shortened progression-free

survival (PFS) rate (9.9 vs. 16.1 months, p = 0.005). Both univariate and multivariate

analyses showed that a high baseline sPD-L1 level was an independent factor associated

with the PFS (hazard ratio [HR] 2.56, p = 0.011). Our study revealed that the sPD-L1

level was strongly related to the outcome of EGFR-TKIs in NSCLC patients harboring

EGFR mutations.

Keywords: soluble PD-L1, non-small cell lung cancer, EGFR-TKIs, efficacy, prediction

INTRODUCTION

Lung cancer remains the leading cause of cancer-related death around the world. Despite significant
improvements in the treatment of this malignancy, the prognosis remains poor (1). In recent
decades, targeted therapies such as the EGFR-TKIs have markedly improved the management of
NSCLC patients with EGFRmutations (2–4). Nevertheless, in most patients, the disease inevitably
progresses despite an initial dramatic and rapid response to the EGFR-TKIs. Some patients
demonstrate a primary resistance to EGFR-TKIs in spite of harboring EGFR-sensitive mutations
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(5). Preclinical studies have suggested that the immune
microenvironment can influence the effects of targeted therapy
and may serve as one of the mechanisms of resistance to small
molecule inhibitors (6–8), but the clinical significance of this
interaction in EGFR-mutant NSCLC has not been well-verified.

The activation of the programmed cell death protein
1/programmed cell death ligand 1 (PD-1/PD-L1) pathway, which
leads to exhausted T-cells and continuous cancer growth, has
been identified as the most critical mechanism of tumor evasion
(9). PD-1/PD-L1 antibodies have demonstrated impressive anti-
tumor responses by releasing the PD-1/PD-L1-mediated control
of the immune system, and this activity has therefore become a
highly promising treatment strategy for NSCLC in recent years
(10). However, NSCLC patients with EGFR mutations exhibited
a rather low response to PD-1/PD-L1 checkpoint inhibitors
(11). Recent studies have identified the association between
upregulation of the PD-1/PD-L1 pathway and a resistance to
EGFR-targeted therapy. Han et al. detected increased PD-L1
expression when patients acquired a resistance to EGFR-TKIs
(12). High levels of PD-L1 expression were also reported to
be correlated with a primary resistance and predicted a poor
response to EGFR-TKIs (13, 14). These findings may provide
implications for using PD-1/PD-L1 inhibitors in patients with
EGFR-mutant NSCLC.

Evaluating PD-L1 expression in tumor tissue is challenging.
First, it is not easy to obtain sufficient tumor samples for analysis
from inoperable patients. Furthermore, the test results of PD-
L1 expression may differ according to the anti-PD-L1 antibodies
applied (15). And the results may vary due to the intra-tumor
heterogeneity of PD-L1 expression (16). Soluble forms of PD-
L1 (sPD-L1) have recently been identified in blood samples of
patients with various malignancies (17–21). A previous study has
shown that sPD-L1 may impair host immunity and contribute
to systemic immunosuppression, subsequently leading to cancer
progression and a poor clinical outcome (22). In lung cancer,
it has been reported that high sPD-L1 levels in plasma were
associated with a poor prognosis (18). The association between
sPD-L1 level and clinical outcome of EGFR-TKIs have not been
elaborated, however. Therefore, our study aimed to investigate
the impact of sPD-L1 levels on the treatment response to EGFR-
TKIs in treatment-naïve NSCLC patients with EGFRmutations.

MATERIALS AND METHODS

Study Population
For this retrospective study, we included patients with advanced
NSCLC who had started EGFR-TKI treatment between 2014
and 2016 at the Shanghai Pulmonary Hospital. The inclusion
criteria were a diagnosis of histologically or cytologically
confirmed NSCLC, a sensitizing EGFR mutation (defined as
19DEL or L858R), a treatment-naïve status regarding EGFR-
TKIs and a thorough documentation of the response evaluation
for patients. The treatment response was evaluated every 2–
3 months using computerized tomography according to the
Response Evaluation Criteria in Solid Tumors version 1.1. (23)
Clinicopathological characteristics including gender, age, Eastern
Cooperative Oncology Group (ECOG) performance status (PS),

histological type, presence of metastases, EGFR mutation status
and smoking status, were obtained by a review of medical
records. The study was approved by the Ethics Committee of the
Shanghai Pulmonary Hospital and was conducted according to
the Declaration of Helsinki.

Blood Samples
Blood samples were collected in EDTA tubes prior to the
initiation of EGFR-TKI treatment and after 1 month of such
treatment. Plasma samples were isolated by centrifugation
and stored at −80◦C until use. All experiments followed
the standard biosecurity and safety procedures of Shanghai
Pulmonary Hospital.

Determination of Soluble PD-L1 Levels
The plasma sPD-L1 level was measured using the R-plex Human
PD-L1 kit from Meso Scale Discovery (Rockville, MD, USA)
according to the manufacturer’s instructions. All the samples
were tested in duplicate.

Statistical Analysis
Continuous data were summarized as medians and ranges.When
assessing changes in sPD-L1 levels, for each patient with available
blood sample, we estimated the difference between levels at
baseline and at 1 month after initiating an EGFR-TKI. Patients
with a change in sPD-L1 level that was lower than the median
difference for the entire population were considered to have a
reduction in sPD-L1 levels, whereas others were considered to
have no reduction in sPD-L1 levels. For pre-treatment and on-
treatment sPD-L1 levels, values that were lower than the median
concentration for the entire population were considered to be
low, whereas those above or equal to the median concentration
were considered to be high.

The relationship between categorical parameters was
determined using a chi-square test or Fisher’s exact test. The
student’s t-test or Mann-Whitney U-test was used for comparing
continuous data according to the data distribution determined
by the Kolmogorov-Smirnov test. Kaplan-Meier curves and the
log-rank test were used to compare survival times across different
patient groups. The Cox proportional hazards regression analysis
was performed, and HRs and 95% confidence intervals (CIs)
were calculated to determine the survival difference. Variables
were included in the multivariate analysis if they were statistically
significant (p < 0.10) in the univariate analysis. All statistical
analyses were performed using GraphPad Prism software
(version 8; GraphPad, Inc., LaJolla, CA) and SPSS statistical
software (version 22.0; IBM Corporation, Armonk, NY). Results
were considered statistically significant at a two-sided p < 0.05.

RESULTS

Distribution of Plasma sPD-L1 and Patient
Characteristics
In total, 66 patients met the inclusion criteria and were enrolled
in this study. On-treatment blood samples were collected for
46 of these patients. The distributions of pre-treatment and on-
treatment plasma sPD-L1 concentrations are shown in Table 1.
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TABLE 1 | Distribution of plasma soluble PD-L1 concentration.

Variable Concentration (pg/ml)

Plasma sPD-L1 Level (Pre-treatment)

Median (Range) 568.19 (344.96–1889.49)

Plasma sPD-L1 Level (On-treatment)

Median (Range) 560.99 (305.13–2255.57)

Difference Among sPD-L1 Level

Median (Range) 6.88 (−454.08–743.72)

% Change in sPD-L1 Level

Median (Range) (%) 19.19 (0.5–116.61)

The median pre-treatment and on-treatment sPD-L1 levels
were 568.19 pg/ml (range: 344.96–1889.49 pg/ml) and 560.99
pg/ml (range: 305.13–2255.57 pg/ml), respectively. The median
difference among the pre-treatment and on-treatment sPD-L1
concentrations was 6.88 pg/ml (range: −454.08–743.72 pg/ml).
The median % change in the pre-treatment and on-treatment
sPD-L1 level was 19.19% (range: 0.5–116.61%).

The demographic and clinical characteristics are
demonstrated in Table 2. Of the 66 patients, 30 (45.4%)
were female and 36 (54.5%) were male. The median age was
61. Most patients were diagnosed with adenocarcinoma (93.9%,
n = 62) and had an ECOG PS status of 0–1 (97.0%, n = 64).
Fifty-six patients (84.8%) were at stage IIIB to IV at the time of
diagnosis, and 10 patients (15.2%) were with recurred disease.
A majority of patients were non-smokers (75.8%, n = 50), and
16 patients (24.2%) were current or former smokers. Regarding
the baseline EGFRmutation status, 33 patients (50.0%) harbored
the exon 19 deletion and 33 patients (50.0%) had the exon 21
L858R point mutation (of this latter group, one patient had
a co-mutation of L858R and L861Q). A majority of patients
were treated with first-line EGFR-TKIs (gefitinib: n = 49,
icotinib: n = 13, erlotinib: n = 2) and two patients received
afatinib treatment. As for the metastasis status, there were 22
patients (33.3%) with brain metastases, 24 patients (36.4%)
with bone metastases, and four patients with liver metastases
at diagnosis. Among all patients, 38 patients received the
EGFR T790M test at progression; 22 of these patients harbored
an EGFR T790M mutation when they became resistant to
first-line EGFR-TKIs.

The patient cohort was divided into two groups based
on the level of sPD-L1 before treatment had been initiated.
There were no significant differences in gender, age, histological
status, ECOG PS status, stage, smoking status, EGFR mutation
status, type of EGFR-TKI treatment received, metastasis status
or T790M mutation at progression between the low sPD-L1
expression group and high sPD-L1 expression group.

High sPD-L1 Expression Is Associated
With a Poor Response to EGFR-TKIs
Clinical characteristics of patients and distributions of sPD-L1
concentrations according to the therapeutic response to EGFR-
TKIs are listed in Table 3. The ORR among the whole cohort

TABLE 2 | Patient characteristics.

Variable All

N = 66 (%)

Low sPD-L1

N = 33 (%)

High sPD-L1

N = 33 (%)

P-value

Gender

Female 30 (45.4) 16 (48.5) 14 (42.4) 0.621

Male 36 (54.5) 17 (51.5) 19 (57.6)

Age (years)

Range 35–84 43–76 35–84 0.054

Median 61 55 63

Histology

Adenocarcinoma 62 (93.9) 31 (93.9) 31 (93.9) 1.000

NSCLC-NOS 4 (6.1) 2 (6.1) 2 (6.1)

ECOG PS

0–1 64 (97.0) 33 (100.0) 31 (93.9) 0.473

2 2 (3.0) 0 (0.0) 2 (6.1)

Stage

Recurrence 10 (15.2) 4 (12.1) 6 (18.2) 0.492

IIIB-IV 56 (84.8) 29 (87.9) 27 (81.8)

Smoking

Never 50 (75.8) 25 (75.8) 25 (75.8) 1.000

Current/former 16 (24.2) 8 (24.2) 8 (24.2)

EGFR Status

19DEL 33 (50.0) 20 (60.6) 13 (39.4) 0.085

L858R and others 33 (50.0) 13 (39.4) 20 (60.6)

TKIs

Gefitinib 49 (74.2) 24 (72.7) 25 (75.8) 0.207

Erlotinib 2 (3.0) 2 (6.1) 0 (0.0)

Icotinib 13 (19.7) 5 (15.2) 8 (24.2)

Afatinib 2 (3.0) 2 (6.1) 0 (0.0)

Brain Metastasis

Yes 22 (33.3) 10 (30.3) 12 (36.4) 0.602

No 44 (66.7) 23 (69.7) 21 (63.6)

Bone Metastasis

Yes 24 (36.4) 9 (27.3) 15 (45.5) 0.125

No 42 (63.6) 24 (72.7) 18 (54.5)

Liver Metastasis

Yes 4 (6.1) 2 (6.1) 2 (6.1) 1.000

No 62 (93.9) 31 (93.9) 31 (93.9)

T790M Detected at Progression

Yes 22 (33.3) 11 (33.3) 11 (33.3) 1.000

No 16 (24.2) 8 (24.2) 8 (24.2)

NSCLC-NOS, non-small cell lung cancer-not otherwise specified; ECOG PS, Eastern

Cooperative Oncology Group performance status.

L858R and others, one patient had a L858R and L861Q co-mutation.

P-values are calculated using Chi-square test or Fisher’s exact test. Student’ t-test was

used for age. Bolded p-values indicate significance.

was 53.0%, with 35 patients achieving a partial response (PR)
and no patient achieving a complete response. The plasma
sPD-L1 levels were significantly correlated with the treatment
response. Patients with a pre-treatment sPD-L1 level of <568.19
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TABLE 3 | Clinical characteristics of patients and distributions of sPD-L1

concentrations according to the therapeutic response to EGFR-TKIs.

Objective response rate (ORR) P

Yes

N = 35

No

N = 31

Gender

Female 46.7 (14/30) 53.3 (16/30) 0.344

Male 58.3 (21/36) 41.7 (15/36)

Age

<61 63.6 (21/33) 36.4 (12/33) 0.084

≥61 42.4 (14/33) 57.6 (19/33)

ECOG PS

0–1 54.7 (35/64) 45.3 (29/64) 0.217

2 0.0 (0/2) 100.0 (2/2)

Stage

Recurrence 40.0 (4/10) 60.0 (6/10) 0.581

IIIb/IV 55.4 (31/56) 44.6 (25/56)

Smoking

Never 50.0 (25/50) 50.0 (25/50) 0.383

Current/former 62.5 (10/16) 37.5 (6/16)

EGFR Status

19DEL 57.6 (19/33) 42.4 (14/33) 0.459

L858R and others 48.5 (16/33) 51.5 (17/33)

TKIs

Gefitinib 53.1 (26/49) 46.9 (23/49) 0.734

Erlotinib 50.0 (1/2) 50.0 (1/2)

Icotinib 46.2 (6/13) 53.8 (7/13)

Afatinib 100.0 (2/2) 0.0 (0/2)

Brain Metastasis

Yes 63.6 (14/22) 36.4 (8/22) 0.222

No 47.7 (21/44) 52.3 (23/44)

Plasma sPD-L1 Levels (Pre-treatment)

<568.19 66.7 (22/33) 33.3 (11/33) 0.026

≥568.19 39.4 (13/33) 60.6 (20/33)

Plasma sPD-L1 Levels (On-treatment)

<560.99 73.9 (17/23) 26.1 (6/23) 0.025

≥560.99 43.5 (10/23) 56.5 (13/23)

Plasma sPD-L1 Reduction

Yes 60.9 (14/23) 39.1 (9/23) 0.765

No 56.5 (13/23) 43.5 (10/23)

T790M Detected at Progression

Yes 68.2 (15/22) 31.8 (7/22) 0.132

No 43.8 (7/16) 56.2 (9/16)

NSCLC-NOS, non-small cell lung cancer-not otherwise specified; ECOG PS, Eastern

Cooperative Oncology Group performance status.

L858R and others, one patient had a L858R and L861Q co-mutation.

P-values are calculated using Chi-square test or Fisher’s exact test. Bolded p-values

indicate significance.

had an obviously higher ORR than those with a pre-treatment
sPD-L1 level of more than or equal to 568.19 (66.7 vs. 39.4%,
p = 0.026). Meanwhile, a higher on-treatment sPD-L1 level
was also associated with a poor response to EGFR-TKIs. The
ORR was 73.9% in patients with low on-treatment sPD-L1

levels, but the ORR was only 43.5% in patients with high
on-treatment sPD-L1 levels. There were no differences in the
treatment response between patients with or without a reduction
of sPD-L1 levels. Other clinical characteristics, including gender,
age, ECOG PS score, tumor stage, smoking status, EGFR status,
and type of EGFR-TKI received were not associated with the
therapeutic response.

We next compared both the pre-treatment and on-treatment
sPD-L1 concentrations in patients who achieved a PR and
patients who had a best response of stable disease (SD)
or progressive disease (PD). The PR group demonstrated
significantly lower levels of pre-treatment plasma sPD-L1
compared with the SD+PD group. As for the on-treatment
plasma sPD-L1 levels, although the finding was marginally
significant, the PR group also showed a lower level of sPD-
L1. In whole patient group and subgroups divided by treatment
response, the levels of sPD-L1 were not significantly changed by
EGFR-TKIs treatment (Figure 1).

Lower Levels of sPD-L1 Before EGFR-TKI
Initiation Are Associated With Improved
Survival Rates
The median progression-free survival (PFS) in the whole
patient group was 12.5 months (95% CI: 9.7–15.2 months). As
demonstrated in Figure 2, patients with a lower level of pre-
treatment sPD-L1 had a statistically superior PFS rate compared
with patients with higher pre-treatment sPD-L1 levels. The
median PFS was 16.1 months (95% CI: 13.0–19.2 months) vs.
9.9 months (95% CI: 8.6–11.2 months), and the log-rank p-value
was 0.005. Although it was not statistically significant, a shorter
PFS rate was also observed in patients with higher on-treatment
sPD-L1 concentrations (median PFS, 11.1 vs. 16.4 months). The
change in sPD-L1 levels was not correlated with the PFS rate of
patients treated with EGFR-TKIs, however.

To further evaluate the potential impact of clinical variables on
the therapeutic efficacy of treatment with first-line EGFR-TKIs,
we performed both univariate and multivariate analyses on the
whole patient cohort. Typical factors of age, sex, smoking history,
stage, EGFR drivermutation type, brainmetastasis status, sPD-L1
concentration, and T790M status at progression were included in
the Cox regression analysis. A worse outcome for patients with
high sPD-L1 levels before EGFR-TKI treatment was also found
for the PFS rate in the Cox regression model with an HR of 2.56
(95% CI: 1.24–5.27, p = 0.011). No clinicopathological factors
were associated with the PFS rate (Table 4), but the emergence
of the T790M resistance mutation at progression was correlated
with a better PFS rate (HR= 0.45, 95% CI: 0.22–0.94, p= 0.033).

DISCUSSION

A growing number of studies have demonstrated that sPD-L1
might play a crucial role in the prediction of the treatment
response of PD-1/PD-L1 inhibitors and also the prognosis of
cancer patients (17, 20, 21, 24). However, the significance of
the sPD-L1 level in predicting the response to EGFR-TKIs in
NSCLC patients remains unclear. The results of the present study
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FIGURE 1 | (A) Distribution of sPD-L1 concentrations prior to the initiation of EGFR-TKI treatment according to therapeutic responses. (B) Distribution of sPD-L1

concentrations 1 month after initiating EGFR-TKI treatment according to therapeutic responses. (C) sPD-L1 concentrations at pre-treatment and on-treatment in

whole patient group. (D) sPD-L1 concentrations at pre-treatment and on-treatment in patients with PR. (E) sPD-L1 concentrations at pre-treatment and on-treatment

in patients with SD or PD (Results are presented as mean ± SD. **P < 0.01; NS, Not Significant).

revealed that the ORR for first-line EGFR-TKI treatment was
higher in EGFR-mutant NSCLC patients with low plasma sPD-
L1 levels than in those with high sPD-L1 levels. Furthermore,
a prolonged PFS rate was significantly associated with a lower
pre-treatment sPD-L1 level. Our results suggested that the
plasma PD-L1 concentration could be a promising marker for
determining the efficacy of EGFR-TKIs for NSCLC patients
harboring EGFRmutations.

The underlying mechanisms of generation and regulation
of the soluble forms of PD-L1 are still unclear. One possible
source is spliced variant. Zhou et al. showed that alternative
splicing of PD-L1 occurred in all melanoma cell lines and
splice variants could result in the secretion of sPD-L1 (21).
Besides, it has been reported that tumor-derived extracellular
vesicles including exosomes carried PD-L1 on their surfaces (25).
Chen et al. demonstrated in their study that sPD-L1 could also
be produced through proteolytic cleavage of membrane-bound
proteins because the release of sPD-L1 was decreased after tumor
cells were treated with the inhibitor of matrix metalloproteinase
(26). Frigola et al. reported that the tumor stage and the presence
of aggressive pathological features were associated with sPD-
L1 levels in renal cell carcinoma, suggesting that circulating
sPD-L1 might be derived from tumor tissue (22). Whether

sPD-L1 concentrations are correlated with clinicopathological
features such as tumor stage in lung cancer is controversial,
however. Cheng et al. reported a positive association between
sPD-L1 levels and stages of NSCLC (27). In advanced lung
cancer, no obvious difference was identified in clinical stage
between the low sPD-L1 and high sPD-L1 groups (18, 24). If
most of the circulating PD-L1 is derived from membrane PD-
L1 on tumor cells, the levels of sPD-L1 should be elevated
with an increase in tumor burden. The fact that the patients
involved in our study had advanced or recurrent lung cancer
explains why we did not observe any correlation between the
initial tumor stage and the sPD-L1 level. It has been reported
that concentrations of sPD-L1 in blood samples from healthy
donors increased as age grew (26). Interestingly, although it
was only marginally significant, our results also revealed that
sPD-L1 levels tended to be correlated with the age distribution
in NSCLC patients. These data suggested that the level of
circulating PD-L1 could be associated with the status of the entire
immune system.

The impact of membrane form of PD-L1 on the treatment
response and prognosis of NSCLC with EGFR mutations has
been identified in recent studies (16, 28, 29). However, the
conclusions remain controversial. In a study carried out by Lin
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FIGURE 2 | Kaplan-Meier curves for progression-free survival (PFS). (A) PFS among all patients. (B) PFS according to the baseline level of sPD-L1. (C) PFS according

to the sPD-L1 levels 1 month after initiating EGFR-TKI treatment. (D) PFS according to the changes in sPD-L1 during EGFR-TKI treatment.

et al. of EGFR-mutant lung adenocarcinoma patients, PD-L1
represented a favorable biomarker for the response to EGFR-
TKIs and outcomes of these patients (28). There were also studies
showed that high levels of PD-L1 expression were associated
with a primary resistance and inferior response to EGFR-TKIs
(13, 14). Because the soluble forms of PD-L1 are believed to
be released from the PD-1/PD-L1 interaction site in tumor
tissue, it is possible that the level of sPD-L1 may be correlated
with membrane PD-L1 expression and also have a predictive
or prognostic value. In our study, a higher level of sPD-L1
was significantly correlated with a lower ORR and a shorter
PFS in EGFR-mutant NSCLC treated with EGFR-TKIs. In a
recent study, Meyo et al. demonstrated that levels of sPD-
L1 did not correlate with PFS in NSCLC patients with EGFR
mutations (30). Several possible explanations of the conflicting
results would be the differences in sPD-L1 testing assays, patients’
characteristic and the definition of a low or high sPD-L1 level.
Further studies should be done to validate the association
between EGFR-TKI efficacy and sPD-L1 levels. The sPD-L1
level was not only revealing for targeted therapy; low sPD-
L1 levels were also favorable markers for outcomes following
chemotherapy and immunotherapy (20, 31, 32). In NSCLC,

increasing evidences showed that sPD-L1 levels might represent
a novel biomarker for the prediction of the efficacy of immune
checkpoint therapy (24, 30, 32). These results supported the
hypothesis that sPD-L1 binds to PD-1 on circulating T cells in
peripheral blood before cytotoxic T cells reach the tumor site,
thus impairing T cell-mediated antitumor immune activity and
resulting in a poor treatment response for patients with high
sPD-L1 levels.

Pre-clinical studies showed that the concentration of sPD-L1
was positively correlated with the expression of PD-L1 in various
tumor cell lines and that sPD-L1 also played an important role in
immunosuppression (26, 33). In studies carried out in lymphoma
patients, serum sPD-L1 levels significantly correlated with the
expression of PD-L1 in lymphoma cells and patients with low
sPD-L1 levels demonstrated a favorable clinical outcome (33, 34).
In gastric cancer, although serum sPD-L1 levels showed a trend
of elevation in patients with high tissue PD-L1 expression, a
statistically significance was not observed (20). A recent study
performed in soft tissue sarcomas also revealed that there were
no obvious differences in sPD-L1 levels between tissue PD-L1
positive group and PD-L1 negative group (35). One possible
explanation is the mPD-L1 expression may vary within the same
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TABLE 4 | Univariate and multivariate analysis of the clinical factors associated

with progression-free survival.

Variable Progression-free survival

Univariate

analyses

Multivariate

analyses

HR (95% CI) HR (95% CI)

P P

Age: 1.15 (0.68–1.94)

≥61 vs. <61 0.605

Sex: 1.04 (0.62–1.76)

male vs. female 0.881

Smoking: 1.30 (0.71–2.39)

current/former vs. never 0.391

Stage: 1.35 (0.66–2.76)

IIIB-IV vs. recurrence 0.412

EGFR status: 1.36 (0.80–2.30)

L858R and others vs. 19DEL 0.254

Brain metastasis: 1.29 (0.74–2.23)

Yes vs. No 0.371

sPD-L1 level (pre-treatment): 2.15 (1.24–3.74) 2.56 (1.24–5.27)

≥568.19 vs. < 568.19 0.007 0.011

sPD-L1 level (on-treatment): 1.39 (0.75–2.57)

≥560.99 vs. <560.99 0.299

sPD-L1 reduction: 0.95 (0.51–1.77)

Yes vs. No 0.879

T790M detected at progression: 0.55 (0.28–1.10) 0.45 (0.22–0.94)

Yes vs. No 0.089 0.033

HR, hazard ratio; CI, confidence interval.

Bolded p-values indicate significance. Independent variables with p < 0.10 in the

univariate analyses were included in the model.

tumor spatially and temporally. It is possible that assessment
of PD-L1 expression from a single lesion or at a single time
point may cause variability. The generation of sPD-L1 may
also explain for the inconsistency of sPD-L1 and tissue PD-L1.
Except for the main sources mentioned above, the circulating
PD-L1 may also be produced by other sources like immune
cells, cell injury, or cell death. The correlation between soluble
forms and membrane PD-L1 in NSCLC has not been well-
described. It is regrettable that the PD-L1 expression on tumor
cells was not tested in our patients and that we could not,
therefore, analyze the association between levels of membrane
PD-L1 and sPD-L1. Costantini et al. revealed in their study
that there was no association observed between IHC positivity
of PD-L1 and sPD-L1 concentration at the time of diagnosis
in NSCLC (32). Further study needs to be done to identify
this correlation in NSCLC patients, especially in patients with
EGFRmutations.

There have been studies supporting the theory that PD-
L1 is a downstream molecule of EGFR signaling and EGFR-
TKI could down-regulate PD-L1 expression on NSCLC cells
by pathways like IL-6/JAK/STAT3, NKκB, or p-ERK1/2/p-c-Jun

(36–38). However, the impact of EGFR-TKI treatment on sPD-
L1 levels has not been well-elaborated in NSCLC patients with
EGFR mutations. In our study, there was no significant change
between the baseline and on-treatment sPD-L1 concentration.
Similarly, Vecchiarelli et al. demonstrated in their study that
sPD-L1 levels were elevated in NSCLC patients who received
chemotherapy, but not in those who received treatments like
TKIs or immunotherapy (39). There are evidences suggesting
that EGFR-TKI may have an immunostimulatory effect by
potentiating the induction of antigen presenting proteins in
response to interferon-γ and enhancing T cells or NK cells
mediated tumor killing (40–43). Considering the production
of circulating PD-L1 was reported to be correlated with
stimulation with interferon-γ (25), it is understandable that
EGFR-TKI treatment did not decrease sPD-L1 levels like
membrane PD-L1 on tumor cells do. Also, the sPD-L1 levels
at the time when patients developed acquired resistance to
EGFR-TKI treatment were not evaluated in this study. It
has been reported that the expression of membrane PD-
L1 was elevated when patients became resistant to first-
line EGFR-TKIs (12). Further studies including a larger
patient cohort should be done to verify this phenomenon
with sPD-L1.

Emergence of the T790M resistance mutation accounts for
50–60% of cases with acquired resistance to first-generation
EGFR-TKIs (44). Osimertinib, a third-generation EGFR-TKI
that selectively inhibits the EGFR T790M mutation, has
been a successful treatment for patients with T790M-positive
NSCLC who have acquired resistance to prior-line EGFR-
TKIs (45). However, the underlying mechanism is unknown
in many patients with acquired resistance to EGFR-TKIs.
Recently, the correlation between membrane PD-L1 expression
and T790M status after disease progression during EGFR-
TKI treatment was reported. It seemed that among T790M-
negative patients, more demonstrated high levels of PD-L1
expression when they were resistant to first-line EGFR-TKIs
(46), making us wonder if PD-L1 expression could represent a
novel mechanism of resistance. In our study, although baseline
sPD-L1 levels could predict the response to EGFR-TKIs, no
significant association was observed between the plasma PD-
L1 level and the T790M status. The small sample sizes in
this study may have had an influence. Only 38 patients had a
T790M mutation test when they progressed to prior-line EGFR-
TKI treatment.

There are several limitations in this present study. First, as
a retrospective study, the conclusions generated in our study
still need further prospective studies to be confirmed. Second,
our study mainly discussed the correlation between sPD-L1 level
and response to EGFR-TKI treatment. The influence of sPD-
L1 level on overall survival of NSCLC needs to be assessed
in further studies. Third, as a study carried out in a single
institution, the patient number is relatively small, especially
when analyzing patients with secondary T790Mmutation. Multi-
centered study with a larger patient number is needed to verify
our results.

In conclusion, this retrospective study revealed that high
plasma sPD-L1 levels were associated with poor response to
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EGFR-TKIs and that this finding could be a promising biomarker
in patients with EGFR-mutant advanced NSCLC.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of the Shanghai Pulmonary
Hospital. The patients/participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in
this article.

AUTHOR CONTRIBUTIONS

YJ, XL, and CZho designed this study and drafted themanuscript.
YJ, XL, CZha, FZ, and JL reviewed the patient record, collected
patient samples, and conducted the relevant experiments. YJ,
CZha, GG, and WL performed the statistical analyses. SR and
CS provided critical comments and revised the manuscript. All
authors read and approved the final version of the manuscript.

FUNDING

This work was supported by grants from the National
Natural Science Foundation of China Nos. 81871865 and
81874036, the Science and Technology Commission of Shanghai
Municipality No. 19411950300, and the Shanghai Key Clinical
Department Construction Project of Shanghai Municipal Health
Commission-Respiratory Medicine.

REFERENCES

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer

statistics, 2012. CA Cancer J Clin. (2015) 65:87–108. doi: 10.3322/caac.21262

2. Zhou C, Wu YL, Chen G, Feng J, Liu XQ, Wang C, et al. Erlotinib

versus chemotherapy as first-line treatment for patients with advanced EGFR

mutation-positive non-small-cell lung cancer (OPTIMAL, CTONG-0802):

a multicentre, open-label, randomised, phase 3 study. Lancet Oncol. (2011)

12:735–42. doi: 10.1016/S1470-2045(11)70184-X

3. Wu YL, Zhou C, Hu CP, 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 EGFRmutations (LUX-Lung

6): an open-label, randomised phase 3 trial. Lancet Oncol. (2014) 15:213–

22. doi: 10.1016/S1470-2045(13)70604-1

4. Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, Isobe H,

et al. Gefitinib or chemotherapy for non-small-cell lung cancer with mutated

EGFR. N Engl J Med. (2010) 362:2380–8. doi: 10.1056/NEJMoa0909530

5. Tan CS, Gilligan D, Pacey S. Treatment approaches for EGFR-inhibitor-

resistant patients with non-small-cell lung cancer. Lancet Oncol. (2015)

16:e447–59. doi: 10.1016/S1470-2045(15)00246-6

6. Steinberg SM, Shabaneh TB, Zhang P, Martyanov V, Li Z, Malik BT,

et al. Myeloid cells that impair immunotherapy are restored in melanomas

with acquired resistance to BRAF inhibitors. Cancer Res. (2017) 77:1599–

610. doi: 10.1158/0008-5472.CAN-16-1755

7. Kakavand H, Rawson RV, Pupo GM, Yang JYH, Menzies AM,

Carlino MS, et al. PD-L1 expression and immune escape in

melanoma resistance to MAPK inhibitors. Clin Cancer Res. (2017)

23:6054–61. doi: 10.1158/1078-0432.CCR-16-1688

8. Smith MP, Sanchez-Laorden B, O’Brien K, Brunton H, Ferguson J, Young H,

et al. The immune microenvironment confers resistance to MAPK pathway

inhibitors throughmacrophage-derived TNFα. Cancer Discov. (2014) 4:1214–

29. doi: 10.1158/2159-8290.CD-13-1007

9. Balar AV, Weber JS. PD-1 and PD-L1 antibodies in cancer: current

status and future directions. Cancer Immunol Immunother. (2017) 66:551–

64. doi: 10.1007/s00262-017-1954-6

10. Meng X, Liu Y, Zhang J, Teng F, Xing L, Yu J. PD-1/PD-L1 checkpoint

blockades in non-small cell lung cancer: new development and

challenges. Cancer Lett. (2017) 405:29–37. doi: 10.1016/j.canlet.2017.

06.033

11. Gainor JF, Shaw AT, Sequist LV, Fu X, Azzoli CG, Piotrowska Z, et al. EGFR

mutations and ALK rearrangements are associated with low response rates

to PD-1 pathway blockade in non-small cell lung cancer: a retrospective

analysis. Clin Cancer Res. (2016) 22:4585–93. doi: 10.1158/1078-0432.CCR-

15-3101

12. Han JJ, Kim DW, Koh J, Keam B, Kim TM, Jeon YK, et al. Change

in PD-L1 expression after acquiring resistance to Gefitinib in EGFR-

mutant non-small-cell lung cancer. Clin Lung Cancer. (2016) 17:263–

70.e2. doi: 10.1016/j.cllc.2015.11.006

13. Hsu KH, Huang YH, Tseng JS, Chen KC, Ku WH, Su KY, et al. High PD-

L1 expression correlates with primary resistance to EGFR-TKIs in treatment

naive advanced EGFR-mutant lung adenocarcinoma patients. Lung Cancer.

(2019) 127:37–43. doi: 10.1016/j.lungcan.2018.11.021

14. Su S, Dong Z-Y, Xie Z, Yan L-X, Li Y-F, Su J, et al. Strong programmed death

ligand 1 expression predicts poor response and de novo resistance to EGFR

tyrosine kinase inhibitors among NSCLC patients with EGFR mutation. J

Thorac Oncol. (2018) 13:1668–75. doi: 10.1016/j.jtho.2018.07.016

15. Yu H, Boyle TA, Zhou C, Rimm DL, Hirsch FR. PD-L1 expression in lung

cancer. J Thorac Oncol. (2016) 11:964–75. doi: 10.1016/j.jtho.2016.04.014

16. Taube JM, Klein A, Brahmer JR, XuH, Pan X, Kim JH, et al. Association of PD-

1, PD-1 ligands, and other features of the tumor immune microenvironment

with response to anti-PD-1 therapy. Clin Cancer Res. (2014) 20:5064–

74. doi: 10.1158/1078-0432.CCR-13-3271

17. Finkelmeier F, Canli O, Tal A, Pleli T, Trojan J, Schmidt M, et al. High levels

of the soluble programmed death-ligand (sPD-L1) identify hepatocellular

carcinoma patients with a poor prognosis. Eur J Cancer. (2016) 59:152–

9. doi: 10.1016/j.ejca.2016.03.002

18. Okuma Y, Hosomi Y, Nakahara Y, Watanabe K, Sagawa Y, Homma S. High

plasma levels of soluble programmed cell death ligand 1 are prognostic

for reduced survival in advanced lung cancer. Lung Cancer. (2017) 104:1–

6. doi: 10.1016/j.lungcan.2016.11.023

19. Chang B, Huang T, Wei H, Shen L, Zhu D, He W, et al. The correlation

and prognostic value of serum levels of soluble programmed death protein

1 (sPD-1) and soluble programmed death-ligand 1 (sPD-L1) in patients

with hepatocellular carcinoma. Cancer Immunol Immunother. (2019) 68:353–

63. doi: 10.1007/s00262-018-2271-4

20. Shigemori T, Toiyama Y, Okugawa Y, Yamamoto A, Yin C, Narumi A,

et al. Soluble PD-L1 expression in circulation as a predictive marker for

recurrence and prognosis in gastric cancer: direct comparison of the clinical

burden between tissue and serum PD-L1 expression. Ann Surg Oncol. (2019)

26:876–83. doi: 10.1245/s10434-018-07112-x

21. Zhou J, Mahoney KM, Giobbie-Hurder A, Zhao F, Lee S, Liao

X, et al. Soluble PD-L1 as a biomarker in malignant melanoma

treated with checkpoint blockade. Cancer Immunol Res. (2017)

5:480–92. doi: 10.1158/2326-6066.CIR-16-0329

22. Frigola X, Inman BA, Lohse CM, Krco CJ, Cheville JC, Thompson RH, et al.

Identification of a soluble form of B7-H1 that retains immunosuppressive

activity and is associated with aggressive renal cell carcinoma. Clin Cancer Res.

(2011) 17:1915–23. doi: 10.1158/1078-0432.CCR-10-0250

Frontiers in Oncology | www.frontiersin.org 8 August 2020 | Volume 10 | Article 145519

https://doi.org/10.3322/caac.21262
https://doi.org/10.1016/S1470-2045(11)70184-X
https://doi.org/10.1016/S1470-2045(13)70604-1
https://doi.org/10.1056/NEJMoa0909530
https://doi.org/10.1016/S1470-2045(15)00246-6
https://doi.org/10.1158/0008-5472.CAN-16-1755
https://doi.org/10.1158/1078-0432.CCR-16-1688
https://doi.org/10.1158/2159-8290.CD-13-1007
https://doi.org/10.1007/s00262-017-1954-6
https://doi.org/10.1016/j.canlet.2017.06.033
https://doi.org/10.1158/1078-0432.CCR-15-3101
https://doi.org/10.1016/j.cllc.2015.11.006
https://doi.org/10.1016/j.lungcan.2018.11.021
https://doi.org/10.1016/j.jtho.2018.07.016
https://doi.org/10.1016/j.jtho.2016.04.014
https://doi.org/10.1158/1078-0432.CCR-13-3271
https://doi.org/10.1016/j.ejca.2016.03.002
https://doi.org/10.1016/j.lungcan.2016.11.023
https://doi.org/10.1007/s00262-018-2271-4
https://doi.org/10.1245/s10434-018-07112-x
https://doi.org/10.1158/2326-6066.CIR-16-0329
https://doi.org/10.1158/1078-0432.CCR-10-0250
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Jia et al. sPD-L1 Predicts Response to EGFR-TKIs

23. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al.

New response evaluation criteria in solid tumours: revised RECIST guideline

(version 1.1). Eur J Cancer. (2009) 45:228–47. doi: 10.1016/j.ejca.2008.10.026

24. Okuma Y, Wakui H, Utsumi H, Sagawa Y, Hosomi Y, Kuwano K, et al.

Soluble programmed cell death ligand 1 as a novel biomarker for nivolumab

therapy for non-small-cell lung cancer. Clin Lung Cancer. (2018) 19:410–

7.e1. doi: 10.1016/j.cllc.2018.04.014

25. Chen G, Huang AC, ZhangW, Zhang G,WuM, XuW, et al. Exosomal PD-L1

contributes to immunosuppression and is associated with anti-PD-1 response.

Nature. (2018) 560:382–6. doi: 10.1038/s41586-018-0392-8

26. Chen Y, Wang Q, Shi B, Xu P, Hu Z, Bai L, et al. Development of a

sandwich ELISA for evaluating soluble PD-L1 (CD274) in human sera of

different ages as well as supernatants of PD-L1+ cell lines. Cytokine. (2011)

56:231–8. doi: 10.1016/j.cyto.2011.06.004

27. Cheng S, Zheng J, Zhu J, Xie C, Zhang X, Han X, et al. PD-L1 gene

polymorphism and high level of plasma soluble PD-L1 protein may be

associated with non-small cell lung cancer. Int J Biol Markers. (2015) 30:e364–

8. doi: 10.5301/jbm.5000170

28. Lin C, Chen X, Li M, Liu J, Qi X, Yang W, et al. Programmed death-

ligand 1 expression predicts tyrosine kinase inhibitor response and better

prognosis in a cohort of patients with epidermal growth factor receptor

mutation-positive lung adenocarcinoma. Clin Lung Cancer. (2015) 16:e25–

35. doi: 10.1016/j.cllc.2015.02.002

29. Takashima Y, Sakakibara-Konishi J, Hatanaka Y, Hatanaka KC, Ohhara Y,

Oizumi S, et al. Clinicopathologic features and immune microenvironment

of non-small-cell lung cancer with primary resistance to epidermal growth

factor receptor tyrosine kinase inhibitors. Clin Lung Cancer. (2018) 19:352–

9.e1. doi: 10.1016/j.cllc.2018.02.004

30. Tiako Meyo M, Jouinot A, Giroux-Leprieur E, Fabre E, Wislez M, Alifano M,

et al. Predictive value of soluble PD-1, PD-L1, VEGFA, CD40 ligand and CD44

for nivolumab therapy in advanced non-small cell lung cancer: a case-control

study. Cancers. (2020) 12:473. doi: 10.3390/cancers12020473

31. Buderath P, Schwich E, Jensen C, Horn PA, Kimmig R, Kasimir-Bauer

S, et al. Soluble programmed death receptor ligands sPD-L1 and sPD-

L2 as liquid biopsy markers for prognosis and platinum response in

epithelial ovarian cancer. Front Oncol. (2019) 9:1015. doi: 10.3389/fonc.2019.

01015

32. Costantini A, Julie C, Dumenil C, Helias-Rodzewicz Z, Tisserand J,

Dumoulin J, et al. Predictive role of plasmatic biomarkers in advanced

non-small cell lung cancer treated by nivolumab. Oncoimmunology. (2018)

7:e1452581. doi: 10.1080/2162402X.2018.1452581

33. Nagato T, Ohkuri T, Ohara K, Hirata Y, Kishibe K, Komabayashi

Y, et al. Programmed death-ligand 1 and its soluble form are

highly expressed in nasal natural killer/T-cell lymphoma: a potential

rationale for immunotherapy. Cancer Immunol Immunother. (2017)

66:877–90. doi: 10.1007/s00262-017-1987-x

34. Cho I, Lee H, Yoon SE, Ryu KJ, Ko YH, Kim WS, et al. Serum levels

of soluble programmed death-ligand 1 (sPD-L1) in patients with primary

central nervous system diffuse large B-cell lymphoma. BMC Cancer. (2020)

20:120. doi: 10.1186/s12885-020-6612-2

35. Asanuma K, Nakamura T, Hayashi A, Okamoto T, Iino T, Asanuma

Y, et al. Soluble programmed death-ligand 1 rather than PD-L1

on tumor cells effectively predicts metastasis and prognosis in soft

tissue sarcomas. Sci Rep. (2020) 10:9077. doi: 10.1038/s41598-02

0-65895-0

36. Chen N, Fang W, Zhan J, Hong S, Tang Y, Kang S, et al. Upregulation

of PD-L1 by EGFR activation mediates the immune escape in EGFR-

driven NSCLC: implication for optional immune targeted therapy for

NSCLC patients with EGFR mutation. J Thorac Oncol. (2015) 10:910–

23. doi: 10.1097/JTO.0000000000000500

37. Zhang N, Zeng Y, Du W, Zhu J, Shen D, Liu Z, et al. The EGFR pathway

is involved in the regulation of PD-L1 expression via the IL-6/JAK/STAT3

signaling pathway in EGFR-mutated non-small cell lung cancer. Int J Oncol.

(2016) 49:1360–8. doi: 10.3892/ijo.2016.3632

38. Lin K, Cheng J, Yang T, Li Y, Zhu B. EGFR-TKI down-regulates PD-L1

in EGFR mutant NSCLC through inhibiting NF-κB. Biochem Biophys Res

Commun. (2015) 463:95–101. doi: 10.1016/j.bbrc.2015.05.030

39. Vecchiarelli S, Passiglia F, D’Incecco A, Gallo M, De Luca A,

Rossi E, et al. Circulating programmed death ligand-1 (cPD-

L1) in non-small-cell lung cancer (NSCLC). Oncotarget. (2018)

9:17554–63. doi: 10.18632/oncotarget.24785

40. Pollack BP, Sapkota B, Cartee TV. Epidermal growth factor receptor inhibition

augments the expression of MHC class I and II genes. Clin Cancer Res. (2011)

17:4400–13. doi: 10.1158/1078-0432.CCR-10-3283

41. He S, Yin T, Li D, Gao X, Wan Y, Ma X, et al. Enhanced interaction

between natural killer cells and lung cancer cells: involvement

in gefitinib-mediated immunoregulation. J Transl Med. (2013)

11:186. doi: 10.1186/1479-5876-11-186

42. KimH, Kim S-H, KimM-J, Kim S-J, Park S-J, Chung J-S, et al. EGFR inhibitors

enhanced the susceptibility to NK cell-mediated lysis of lung cancer cells. J

Immunother. (2011) 34:372–81. doi: 10.1097/CJI.0b013e31821b724a

43. Okita R, Wolf D, Yasuda K, Maeda A, Yukawa T, Saisho S, et al. Contrasting

effects of the cytotoxic anticancer drug gemcitabine and the EGFR tyrosine

kinase inhibitor gefitinib on NK cell-mediated cytotoxicity via regulation

of NKG2D ligand in non-small-cell lung cancer cells. PLoS ONE. (2015)

10:e0139809. doi: 10.1371/journal.pone.0139809

44. Lim SM, Syn NL, Cho BC, Soo RA. Acquired resistance to EGFR targeted

therapy in non-small cell lung cancer: mechanisms and therapeutic strategies.

Cancer Treat Rev. (2018) 65:1–10. doi: 10.1016/j.ctrv.2018.02.006

45. Cross DA, Ashton SE, Ghiorghiu S, Eberlein C, Nebhan CA, Spitzler PJ,

et al. AZD9291, an irreversible EGFR TKI, overcomes T790M-mediated

resistance to EGFR inhibitors in lung cancer. Cancer Discov. (2014) 4:1046–

61. doi: 10.1158/2159-8290.CD-14-0337

46. Haratani K, Hayashi H, Tanaka T, Kaneda H, Togashi Y, Sakai K, et al. Tumor

immune microenvironment and nivolumab efficacy in EGFR mutation-

positive non-small-cell lung cancer based on T790M status after disease

progression during EGFR-TKI treatment. Ann Oncol. (2017) 28:1532–

9. doi: 10.1093/annonc/mdx183

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.

Copyright © 2020 Jia, Li, Zhao, Ren, Su, Gao, Li, Zhou, Li and Zhou. 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.

Frontiers in Oncology | www.frontiersin.org 9 August 2020 | Volume 10 | Article 145520

https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.cllc.2018.04.014
https://doi.org/10.1038/s41586-018-0392-8
https://doi.org/10.1016/j.cyto.2011.06.004
https://doi.org/10.5301/jbm.5000170
https://doi.org/10.1016/j.cllc.2015.02.002
https://doi.org/10.1016/j.cllc.2018.02.004
https://doi.org/10.3390/cancers12020473
https://doi.org/10.3389/fonc.2019.01015
https://doi.org/10.1080/2162402X.2018.1452581
https://doi.org/10.1007/s00262-017-1987-x
https://doi.org/10.1186/s12885-020-6612-2
https://doi.org/10.1038/s41598-020-65895-0
https://doi.org/10.1097/JTO.0000000000000500
https://doi.org/10.3892/ijo.2016.3632
https://doi.org/10.1016/j.bbrc.2015.05.030
https://doi.org/10.18632/oncotarget.24785
https://doi.org/10.1158/1078-0432.CCR-10-3283
https://doi.org/10.1186/1479-5876-11-186
https://doi.org/10.1097/CJI.0b013e31821b724a
https://doi.org/10.1371/journal.pone.0139809
https://doi.org/10.1016/j.ctrv.2018.02.006
https://doi.org/10.1158/2159-8290.CD-14-0337
https://doi.org/10.1093/annonc/mdx183
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Wenhua Liang,

First Affiliated Hospital of Guangzhou
Medical University, China

Reviewed by:
Jai Narendra Patel,

Levine Cancer Institute, United States
Janaki Deepak,

University of Maryland, Baltimore,
United States

*Correspondence:
Jann-Yuan Wang

jywang@ntu.edu.tw
Jin-Yuan Shih

shihjy@ntu.edu.tw

Specialty section:
This article was submitted to

Thoracic Oncology,
a section of the journal
Frontiers in Oncology

Received: 15 July 2020
Accepted: 09 October 2020
Published: 28 October 2020

Citation:
Chang C-H, Lee C-H, Ko J-C,

Chang L-Y, Lee M-C, Zhang J-F,
Wang J-Y, Shih J-Y and Yu C-J (2020)
Effect of b-Blocker in Treatment-Naïve

Patients With Advanced Lung
Adenocarcinoma Receiving First-

Generation EGFR-TKIs.
Front. Oncol. 10:583529.

doi: 10.3389/fonc.2020.583529

ORIGINAL RESEARCH
published: 28 October 2020

doi: 10.3389/fonc.2020.583529
Effect of b-Blocker in Treatment-
Naïve Patients With Advanced Lung
Adenocarcinoma Receiving First-
Generation EGFR-TKIs
Chia-Hao Chang1, Chih-Hsin Lee2,3, Jen-Chung Ko1, Lih-Yu Chang1, Ming-Chia Lee4,5,
Jun-Fu Zhang6, Jann-Yuan Wang6*, Jin-Yuan Shih6* and Chong-Jen Yu6

1 Department of Internal Medicine, National Taiwan University Hospital, Hsinchu Branch, Hsinchu City, Taiwan, 2 Division of
Pulmonary Medicine, Wanfang Hospital, Taipei Medical University, Taipei, Taiwan, 3 School of Medicine, College of Medicine,
Taipei Medical University, Taipei, Taiwan, 4 Department of Pharmacy, New Taipei City Hospital, New Taipei City, Taiwan,
5 School of Pharmacy, College of Pharmacy, Taipei Medical University, Taipei, Taiwan, 6 Department of Internal Medicine,
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Background: Through activation of adrenergic receptors, chronic stress can trigger the
secretion of neurotransmitters and hormones that enhance tumor growth, increase
angiogenesis, and promote drug resistance. This study aimed to evaluate the effect of
b-blockers in patients receiving first-line epidermal growth factor receptor tyrosine kinase
inhibitors (EGFR-TKIs) for lung adenocarcinoma.

Methods: This retrospective cohort study enrolled patients with advanced lung
adenocarcinoma under first-line EGFR-TKIs between 2011 and 2014 in the National
Health Insurance Research Database of Taiwan. The effects of b-blockers use, defined as
≥60 defined daily doses within 180 days before initiation of EGFR-TKI therapy, on the 2-
year time-to-discontinuation (TTD) of EGFR-TKIs and 4-year overall survival (OS) were
investigated using Cox regression analyses with inverse propensity score weighting and
sensitivity analysis in subgroup with either hypertension or ischemic heart diseases.

Results: Among 4988 enrolled patients, 552 (11.1%) were in the b-blocker group.
Patients in the b-blocker group were more likely to be older than 75 and had diabetes
mellitus and cardiovascular comorbidities. In Cox regression analysis, b-blocker usage
was associated with a longer TTD (hazard ratio, HR: 0.91 [0.86–0.96]) and OS (HR: 0.68
[0.64–0.72]). The results also favored b-blocker group in sensitivity analysis.

Conclusions: In treatment-naïve patients with advanced lung adenocarcinoma under
first-line EGFR-TKIs, prior use of b-blocker was associated with a better outcome. The
findings encourage further prospective clinical study to validate the possibility of b-
blockers as adjuvant anticancer therapy.

Keywords: lung cancer, epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI), b-blocker, overall
survival, time-to-discontinuation
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INTRODUCTION

Epidermal growth factor receptor (EGFR) mutations account for
51.4% of advanced lung adenocarcinoma driver mutations in
Asia and 15% to 22% in non-Asia area (1, 2). EGFR tyrosine
kinase inhibitors (TKIs) are highly effective in patients with lung
adenocarcinoma, harboring sensitive EGFR mutations (3, 4).
Preventing emergence of acquired resistance is crucial in
prolonging the overall survival (OS).

Chronic stress increases the production of stress hormones
from the adrenal medulla and sympathetic neurons. The effects
of stress hormones are mediated through binding to b-
adrenergic receptors (ARs) on target cells, which contributes to
tumor development and progression of multiple malignancies,
such as non-small cell lung cancer (NSCLC) in animal models
(5). Evidence from preclinical and epidemiological studies have
implicated the strong association of stress hormones or
behavioral changes with tumor cell growth, migration,
invasion, and metastasis (6–8).

b-blockers are widely used in patients with hypertension
(HTN), coronary artery disease, and arrhythmia. In preclinical
studies, b-blockers were observed to inhibit cell growth,
proliferation, and EGFR inhibitor acquired resistance in lung
cancer cell lines (7, 9, 10). However, human studies on the
therapeutic value of b-blockers in lung cancer are controversial.
Certain studies have revealed no survival benefits with b-blockers
(11, 12), whereas others have demonstrated prolonged survival
(10). The possible mechanism is to decrease the stress
stimulation cell growth and mutation by reducing growth
hormone such as cyclic AMP (cAMP)-mediated pathways or
insulin-like growth factor 2 (6, 13). Until now, no large-scale
clinical data regarding the effect of b-blockers in patients with
lung adenocarcinoma receiving EGFR-TKIs is available. Herein,
a retrospective study was performed using the National Health
Insurance Research Database (NHIRD) of Taiwan to investigate
the effect of b-blockers on patients with lung adenocarcinoma
receiving first-line EGFR-TKIs.
MATERIALS AND METHODS

This study was approved by the Institutional Review Board of
National Taiwan University Hospital (NTUH REC:
201212001W). Given the retrospective design and use of an
encrypted database in this study, the need for informed consent
was waived.

Case Selection
Patients with lung cancer were identified using a compatible
diagnosis (International Classification of Disease, 9th Revision,
Clinical Modification [ICD-9-CM] code 162) from the Registry
of Catastrophic Illness Patients Database, a subset of the NHIRD.
Application to this registry obligated histological confirmation.
The date on which patient applied to this registry for lung cancer
was defined as the index date. The NHIRD was linked with the
Taiwan Cancer Registry for histopathology and cancer stage and
Frontiers in Oncology | www.frontiersin.org 222
those with clinical stage IIIb or IV histology-confirmed
adenocarcinoma were selected.

In this study, patients receiving gefitinib and erlotinib were
enrolled because afatinib had not yet approved by the National
Health Insurance (NHI) of Taiwan during study period. Both
gefitinib and erlotinib required preaudit approval by the NHI
administration and were of benefit to patients with lung
adenocarcinoma harboring sensitive EGFR mutations during
first-line therapy.

Information on key chemotherapeutic agents for NSCLC, as
defined by the National Comprehensive Cancer Network
guidelines, was retrieved from the NHIRD; the drugs included
gemcitabine, vinorelbine, docetaxel, paclitaxel, etoposide, and
pemetrexed (14). Patients who initiated EGFR-TKI therapy after
the start date of key chemotherapeutic agent were excluded. The
complete selection process is shown in Figure 1.

Outcome Measurement
Because of the FLAURA study, the median PFS and OS in
Gefitinib/Erlotinib group were around 10.2 months and 31.8
months (15, 16). The endpoints of this study were time-to-
discontinuation (TTD) of EGFR-TKIs within 2 years and 4-year
overall survival (OS) (both starting from the first date of EGFR-
TKIs). Discontinuation of EGFR-TKIs was based on the decision
of primary care physicians as well as the expert panel of the NHI
because approval of gefitinib and erlotinib was reaudited every 90
days, and the therapy was reissued only to patients without
progression under to treatment with EGFR-TKIs, which was
determined according to the response evaluation criteria in solid
tumors (RECIST) group (i.e., stable disease, partial, or complete
response) (17).

Exposure
The prescription duration of b-blockers was converted from the
claims data according to the defined daily doses (DDDs) (18). b-
blockers were identified by Anatomical Therapeutic Chemical
codes C07AA, C07BA, C07CA, C07DA, C07FA, C07AB, C07BB,
C07CB, C07DB, C07FB, C07AG, C07BG, and C07CG. Patients
on b-blockers for ≥60 DDDs within 180 days before initiation of
EGFR-TKI therapy were defined as b-blocker users, whereas
others were classified as b-blocker nonusers. The definition was
made because of the length of refillable prescriptions for patients
with chronic illnesses in Taiwan.

Disease Severity
Disease severity of lung cancer was recorded according to the
status between the index date and start date of EGFR-TKIs,
including cachexia (19), intracranial metastasis (20), duration of
hospitalization (days), and anemia (21). Patients were defined as
having cachexia if they had received megestrol or
medroxyprogesterone. Those exhibiting increased intracranial
pressure (IICP) were considered as having intracranial
metastasis, which was determined based on whether they had
received glycerin or mannitol prescription. Patients who
required transfusion of packed red blood cells (PRBCs) were
defined as having anemia (22).
October 2020 | Volume 10 | Article 583529
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Comorbidities
Comorbidities such as chronic obstructive pulmonary disease
(COPD), diabetes mellitus (DM), end-stage renal disease
(ESRD), HTN, ischemic and other heart disease, cerebrovascular
disease, peripheral artery disease, and other malignancies were
identified by international classification of diseases, ninth revision,
clinical modification (ICD-9-CM) code according to a previous
study (23). Patients with vascular diseases were defined as those
having at least one of the following comorbidities including HTN,
heart disease, ischemic heart disease, cerebrovascular disease, and
peripheral artery disease.

Statistical Analysis
Intergroup differences were compared using the t test or Mann–
Whitney U test for continuous variables on the basis of their
normality, and the chi-squared test or Fisher’s exact test for
categorical variables, as appropriate. For each variable, TTD
within 2 years of EGFR-TKIs and 4-year OS were generated
Frontiers in Oncology | www.frontiersin.org 323
using the Kaplan–Meier method and compared using the log-
rank test. Cox regression analysis was performed to identify the
independent prognostic factors.

A propensity score was derived, which is the logit
(probability) for receiving b-blockers or not calculated from a
binomial logistic regression model by using crucial background
covariates. Inverse propensity score weighting (IPSW) was used
in the Cox model to adjust for potential confounders in selecting
b-blocker users and nonusers (24).

In the multivariate analysis, potential interactions between
variables were evaluated, and all variables were included.
Statistical significance was set at p < 0.05. All analyses were
conducted using R version 3.3.1 (R Foundation for Statistical
Computing, Vienna, Austria).

Sensitivity Analysis
To avoid confounding by the indications of b-blocker, mainly
HTN and ischemic heart disease, a subgroup including patients
FIGURE 1 | Selection and disposition of the study subjects. EGFR-TKIs, epidermal growth factor receptor tyrosine kinase inhibitors; DDD, defined daily dose.
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with either of the two comorbidities were formed to evaluate the
effect of b-blocker use on TTD within 2 years of EGFR-TKIs and
4-year OS.
RESULTS

Patient Selection
For the 2011 to 2014 period, 31,232 patients with lung cancer
were identified. After selection, a total of 4,988 patients were
identified for further analysis (Figure 1). Among them, 552
(11.07%) received b-blocker ≥ 60 DDD and were classified into
the b-blocker user group. The other 4,436 (88.93%) were
classified into the b-blockers nonuser group.

Table 1 shows the demographic data of the enrolled cases. In
the study cohort, 15.6% of the patients were aged 75 years or
older, 41.8% of the patients were men, 86.2% of the patients were
in stage IV, and 34.4% of the patients had distant metastases.
Cachexia and IICP were noted in 28.8% and 22.9% of the
patients, respectively. The mean duration of hospitalization
was 2.9 days between the index date and start date of EGFR-
TKI treatment, and the mean unit of PRBC transfusion was 1.6.
The most common underlying comorbidities were vascular
diseases (56.7%), HTN (40.8%), and ischemic heart
disease (16.0%).

In compare with the b-blocker nonuser group, the user group
had significantly more patients being >75 years old (22.3% vs.
14.8%, p < 0.001), having IICP (17.6% vs. 23.6%, p = 0.001) and
other comorbidities, including DM (25.5% vs. 10.1%, p < 0.001),
HTN (90.4% vs. 34.7%, p < 0.001), heart disease (30.8% vs.
13.9%, p < 0.001), ischemic heart disease (38.0% vs. 13.2%, p <
0.001), cerebrovascular disease (18.3% vs. 9.1%, p < 0.001),
peripheral artery disease (6.7% vs. 3.3%, p < 0.001), vascular
Frontiers in Oncology | www.frontiersin.org 424
diseases (56.9% vs. 28.3%, p < 0.001), and malignancies other
than lung cancer (7.8% vs. 4.6%, p < 0.001).

Propensity Score of b-Blocker Use
Factors in Table 1 that were significantly associated with use of b-
blockers were identified by logistic regression. All these significant
factors were included in the propensity score calculation.

Prognostic Factors of 2-Year TTD of
EGFR-TKIs
The Kaplan–Meier analysis with IPSW adjustment revealed that
the b-blocker user group had a more favorable 2-year TTD
than the nonuser group (HR: 0.85 [0.75–0.97]; Figure 2A). HTN
was also a favorable prognostic factor. Poor prognostic factors
included male sex, cachexia, IICP, longer duration of
hospitalization, and PRBC transfusion (Table 2). In the
multivariate Cox regression analysis with IPSW adjustment, b-
blocker users were independently associated with a more
favorable 2-year TTD than nonusers [HR: 0.91 (0.86–0.96)].
Other independent good prognostic factor was HTN [HR: 0.77
(0.72–0.82)]. Poor prognostic factors of the 2-year TTD included
cachexia [HR: 1.37 (1.29–1.45)], IICP [HR: 1.16 (1.08–1.23)],
PRBC transfusion [HR: 1.02 (1.02–1.03)], and DM [HR: 1.13
(1.02–1.24)] (Table 2).

Prognostic Factors of 4-Year
Overall Survival
The Kaplan–Meier analysis with IPSW adjustment revealed that
the b-blocker user group had more favorable 4-year OS than the
nonuser group (HR: 0.85 [0.75–0.97]) (Figure 2B). Other poor
prognostic factors of 4-year OS included male sex, age ≥ 75 years,
cachexia, IICP, longer duration of hospitalization, PRBC
transfusion, DM, and vascular disease (Table 3).
TABLE 1 | Patient characteristics, stratified by beta-blocker use.

Variables All (N = 4988) Beta-blocker <60 DDD (n = 4436) Beta-blocker ≥60 DDD (n = 552) p value

Male 2,087 (41.8%) 1,869 (42.1%) 218 (39.5%) 0.254
Age >75 779 (15.6%) 656 (14.8%) 123 (22.3%) <0.001
Stage IV lung cancer 4,299 (86.2%) 3,833 (86.4%) 466 (84.4%) 0.226
Distant metastasis (M1b) 1,714 (34.4%) 1,537 (34.7%) 177 (32.1%) 0.247
Disease severity
Megest use 1,437 (28.8%) 1,292 (29.1%) 145 (26.3%) 0.132
Mannitol/glycerol use 1,143 (22.9%) 1,046 (23.6%) 97 (17.6%) 0.001
Length of hospitalization (days) 2.9 ± 2.6 3.0 ± 2.6 2.8 ± 2.8 0.137
PRBC transfusion (unit) 1.6 ± 3.8 1.5 ± 3.8 1.6 ± 3.7 0.465
Comorbidity
Diabetes mellitus 589 (11.8%) 448 (10.1%) 141 (25.5%) <0.001
COPD 217 (4.4%) 197 (4.4%) 20 (3.6%) 0.437
Other malignancies 245 (4.9%) 202 (4.6%) 43 (7.8%) <0.001
Hypertension 2,037 (40.8%) 1,538 (34.7%) 499 (90.4%) <0.001
Heart disease 788 (15.8%) 618 (13.9%) 170 (30.8%) <0.001
Ischemic heart disease 796 (16.0%) 586 (13.2%) 210 (38.0%) <0.001
Cerebral vascular disease 504 (10.1%) 403 (9.1%) 101 (18.3%) <0.001
Peripheral artery disease 185 (3.7%) 148 (3.3%) 37 (6.7%) <0.001
End-stage renal disease 15 (0.3%) 11 (0.3%) 4 (0.7%) 0.129
Vascular diseases 2,828 (56.7%) 1,257 (28.3%) 1571 (56.9%) <0.001
October 2020 | Volume 10 | Article
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In the multivariate Cox regression analysis with IPSW
adjustment, the b-blocker user group was independently
associated with a more favorable 4-year OS than the nonuser
group [HR: 0.68 (0.64–0.72)]. Other independent factors of a
poor prognosis included age ≥ 75 years (HR: 1.22 (1.12–1.33)],
cachexia [HR: 1.42 (1.33–1.51)], IICP [HR: 1.47 (1.37–1.58)],
longer duration of hospitalization [HR: 1.02 (1.01–1.03)], PRBC
transfusion [HR: 1.02 (1.01–1.03)], DM [HR: 1.12 (1.02–1.24)],
HTN [HR: 1.12 [1.04–1.20)], and vascular disease [HR: 1.22
(1.13–1.31)] (Table 3).

Subgroup Analysis
The benefit of b-blockers on both 2-year TTD and 4-year OS was
observed in male patients, patients aged ≥50 years, those with
stage IV diseases, those with cachexia, those with or without
IICP, those without DM, those without HTN, those without
Frontiers in Oncology | www.frontiersin.org 525
vascular disease, and those without COPD. In contrary, b-
blockers was not beneficial in patients with DM and those with
vascular disease. b-blockers was a poor prognostic factor in
patients aged <50 years (Figures 3A, B).

In patients with either HTN or COPD, the benefit was only
observed in 2-year TTD but not 4-year OS. On the other hand, in
patients with stage IIIb disease or non-cachexic patients, the
benefit of b-blocker was only seen in 4-year OS. Female patients
were associated with shorter 2-year TTD but not 4-year OS
(Figures 3A, B).

Sensitivity Analysis
A total of 2,507 patients with either HTN or ischemic heart
disease were included in the sensitivity analysis. Among them,
511 (20.38%) received b-blocker ≥ 60 DDD and 1,996 (79.62%)
received b-blocker < 60 DDD. The results of multivariate Cox
A B

FIGURE 2 | Kaplan-Meier curves for time to discontinuation of epidermal growth factor receptor-tyrosine kinase inhibitors within 2 years (A) and 4-year overall
survival (B) between b-blocker users and nonusers.
TABLE 2 | Multivariate Cox proportional hazards regression analysis for time to discontinuation of first-line epidermal growth factor receptor tyrosine kinase inhibitors in 2 years.

Variables Kaplan–Meier Analysis Multivariate Cox Regression

HR 95% CI p value HR 95% CI p value

Male 1.22 1.13–1.32 <0.001 0.92 0.87–0.97 0.002
Age >75 1.02 0.92–1.13 0.704 0.95 0.88–1.03 0.244
Beta–blocker ≥60 DDD 0.85 0.75–0.97 0.015 0.91 0.86–0.96 <0.001
Disease severity
Megestrol use 1.70 1.57–1.84 <0.001 1.37 1.29–1.45 <0.001
Mannitol/Glycerol use 1.46 1.34–1.59 <0.001 1.16 1.08–1.23 <0.001
Length of hospitalization (days) 1.05 1.04–1.06 <0.001 1.01 0.99–1.01 0.706
PRBC transfusion (unit) 1.04 1.03–1.04 <0.001 1.02 1.02–1.03 <0.001
Comorbidity
Diabetes mellitus 1.05 0.93–1.19 0.401 1.13 1.02–1.24 0.038
COPD 1.03 0.86–1.24 0.755 0.90 0.76–1.06 0.253
Hypertension 0.88 0.81–0.95 0.002 0.88 0.82–0.94 <0.001
Vascular disease 0.99 0.91–1.08 0.793 1.01 0.94–1.08 0.784
October
 2020 | Volume 10 | Artic
Multivariate Cox regression adjusted for sex, age, disease severity, and comorbidities, including COPD, diabetes mellitus, end-stage renal disease, hypertension, heart disease, ischemic
heart disease, cerebral vascular disease, and peripheral artery disease.
COPD, chronic obstructive pulmonary disease; DDD, defined daily dose.
le 583529

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


Chang et al. Impact of b-Blockers in EGFR-TKIs
analysis with IPSW adjustment are presented in Tables S1 and
S2. Use of b-blockers remained an independent prognostic factor
for 2-year TTD of EGFR-TKIs [HR: 0.89 (0.82–0.97)] with a
trend of better 4-year OS [HR: 0.93 (0.85–1.01)].
DISCUSSION

This nationwide cohort study investigating the effect of b-blocker
usage on stage IIIb/IV lung adenocarcinoma has two major
findings. First, in patients with lung adenocarcinoma harboring
sensitive EGFR mutation receiving first-generation EGFR-TKIs,
prior use of b-blockers was independently associated with a
better 2-year TTD and 4-year OS compared with nonusers. The
benefit from prior use of b-blockers may also exist in lung cancer
patients with either HTN or ischemic heart diseases. Second, the
survival benefit of b-blockers was even greater for men and those
with age ≥ 50 years, stage IV disease, cachexia, IICP, and absence
of comorbidities.

The eight hallmarks of cancer development and progression
are revised in 2011 (25). The stress hormones are highly
associated with each of these hallmarks (26), which makes b-
blockers a potential adjuvant therapy in malignancies (27–29).

A previous study has demonstrated that s tress
neurotransmitters activate stem cell-like cells in NSCLC
through multiple cAMP-mediated pathways, and the growth of
NSCLC xenografts in a mouse model was significantly decreased
after stress reduction (13). Another study found that mice
expressing lung-specific insulin-like growth factor type-1
receptor exhibited accelerated lung tumor development in
response to chronic stress via exocytosis of insulin-like growth
factor 2 (6). Moreover, a cell-line study suggested that nicotine
fac i l i ta tes growth and progression of NSCLC and
pharmacological intervention using b-blockers may lower the
risk of NSCLC development in smokers (10).
Frontiers in Oncology | www.frontiersin.org 626
This is the first human study showing the benefit of b-
blockers in patients with lung adenocarcinoma harboring
EGFR mutation receiving first-line EGFR-TKIs. Previously,
several observational studies have discussed the therapeutic
value of b-blockers in lung cancer, but the results are
controversial. In one retrospective study that included patients
with stage I to IIIa NSCLC, the administration of b-blockers
during the perioperative period did not improve recurrence-free
or overall survival (12). Another study retrospectively reviewed
722 patients with NSCLC who received definitive radiotherapy
or concurrent chemoradiotherapy, administration of b-blockers
was associated with significantly more favorable distant
metastasis-free survival [HR: 0.67 (0.50–0.91)], disease-free
survival [HR: 0.74 (0.58-0.95)], and OS [HR: 0.78 (0.63–0.97)]
(30). Recently, a population-based cohort study including
patients with all stage lung cancer in Germany demonstrated
b-blocker use before and after diagnosis was not associated with
a more favorable OS (11).

It is already known that EGFR-TKIs delay tumor progression
greater than chemotherapy. However, only a small advantage in OS
was noted in previous studies probably due to drug resistance (3, 4,
31). It usually occurs within 1–2 years of starting therapy. EGFR
target alteration accounts for approximately 60% acquired
resistance, and T790M is the most common mutation (32).
Recently, a mouse and cell-line model study demonstrated b2-
activation of adrenergic receptors (b2-ARs) on NSCLC cells due to
stress hormones, which cooperatively signal with mutant EGFR,
resulting in the inactivation of the tumor suppressor liver kinase B1
and subsequent induction of interleukin-6 expression (5). This
preclinical concept was used in LUX-lung 3 study and confirmed
in patients receiving afatinib. Afatinib improved PFS, with a median
PFS of 13.6 and 11.1 months in the b-blockers group and non-b-
blockers group, respectively. The likelihood of progression
reduction in the afatinib group was 75% and 40% in the b-
blockers group and non-ß-blockers group, respectively (7).
TABLE 3 | Multivariate Cox proportional hazards regression analysis for 4-year overall survival after using first-line epidermal growth factor receptor tyrosine kinase
inhibitors.

Variable Kaplan–Meier Analysis Multivariate Cox Regression

HR 95% CI p value HR 95% CI p value

Male 1.17 1.09–1.27 <0.001 0.82 0.77–0.87 <0.001
Age >75 1.28 1.16–1.43 <0.001 1.22 1.12–1.33 <0.001
Beta-blocker ≥60 DDD 0.91 0.80–1.03 0.145 0.68 0.64–0.72 <0.001
Disease severity
Megest use 1.57 1.45–1.70 <0.001 1.42 1.33–1.51 <0.001
Mannitol/glycerol use 1.48 1.36–1.61 <0.001 1.47 1.37–1.58 <0.001
Length of hospitalization (days) 1.05 1.04–1.07 <0.001 1.02 1.01–1.03 <0.001
PRBC transfusion (unit) 1.03 1.03–1.04 <0.001 1.02 1.01–1.03 <0.001
Comorbidity
Diabetes mellitus 1.15 1.02–1.30 0.019 1.12 1.02–1.24 0.025
COPD 1.13 0.94–1.36 0.191 0.99 0.83–1.17 0.884
Hypertension 1.00 0.92–1.08 0.871 1.12 1.04–1.20 0.002
Vascular disease 1.15 1.06–1.25 0.001 1.22 1.13–1.31 <0.001
October
 2020 | Volume 10 | Artic
Multivariate Cox regression adjusted for sex, age, disease severity, and comorbidities, including COPD, diabetes mellitus, end-stage renal disease, hypertension, heart disease, ischemic
heart disease, cerebral vascular disease, and peripheral artery disease.
COPD, chronic obstructive pulmonary disease; DDD, defined daily dose.
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In our study, we observed that former b-blocker use
prolonged survival in patients with lung adenocarcinoma
harboring sensitive EGFR mutation receiving first-line EGFR-
TKIs. The result was consistent with a previous study that
chronic stress hormones promote EGFR-TKI resistance and
combinations of b-blockers and EGFR-TKIs may delay drug
resistance (7). In sensitivity analysis, beta-blocker remains
protective in TTD of EGFR-TKIs but not OS. The
inconsistence may due to that the cause of death may result
from underlying comorbidities but not lung cancer.

The present study has some limitations. First, though we have
included cachexia, IICP, red blood cell transfusion, and duration
of hospitalization as surrogates for disease severity, the
performance status of each patient was unavailable and likely
to bias the results. Second, beta-blocker use during EGFR-TKI
treatment was not considered in the study. This could also
introduce bias. Third, NHIRD does not contain information
on smoking status, an important prognostic factor in previous
studies (33, 34). However, we use COPD as a surrogate of
smoking status for adjustment.
CONCLUSION

The results of this study suggest that in treatment-naïve patients
with advanced lung adenocarcinoma receiving first-line EGFR-
TKIs, prior b-blocker use was associated with a longer TTD and
OS. The benefit remains present after considering the
confounders. The findings encourage further prospective
clinical study to test the possibility of using b-blockers as
adjuvant anticancer therapy not only in lung cancer patient
with hypertension or cardiovascular disease, but also
normotensive patients. Second, b-blocker user during EGFR-
TKI treatment was not considered in the study and the definition
of b-blocker user was somewhat arbitrary. Both could introduce
bias either toward or against null hypothesis. A prospective
observational study using time-dependent analysis in patients
with hypertension or those for whom b-blocker is indicated may
be necessary to confirm the findings and provide more
solid evidence.
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Cancer patients who initially benefit from Erlotinib, a drug targeting EGFR path, eventually

develop resistance to the drug. The underlying mechanism is largely unknown. This study

investigated the role of ARL4C in Erlotinib resistance development of NSCLC. qRT-PCR

and Western blotting were performed to analyze the expression of mRNA and protein

of ARL4C in two NSCLC cell lines (HCC827 and PC-9). Several assays (MTS, colony

formation, transwell migration, luciferase reporter, and chromatin-immunoprecipitation)

were used to explore the role of ARL4C in biofunctional changes of Erlotinib-resistant

cells and their associations with Jak2/Stat 5/β-catenin signaling. Results demonstrated

that (1) long-term use of Erlotinib resulted in downregulation of ARL4C; (2) overexpression

of ARL4C could regain the sensitivity to Erlotinib in the drug-resistant HCC827/ER

cells, while downregulation of ARL4C increased HCC827, and PC-9 cells’ resistance

to the drug; (3) Erlotinib-induced downregulation of ARL4C resulted in phosphorylation

of Jak2/Stat5 and upregulation of β-catenin and their related molecules Axin2, CD44,

Ccnd1, Lgr-5, andMMP7, which promoted the malignant behaviors of Erlotinib-resistant

cells; (4) chromatin immunoprecipitation and luciferase reporter assay revealed that Stat5

could bind to β-catenin promoter to upregulate molecules to maintain the malignant

behaviors, which might count for how Erlotinib-resistant cell survived while EGFR path

was blocked; (5) the expression of ARL4C was not associated with known EGFR

gene mutations in both Erlotinib-resistant cells and NSCLC tissues. Our data suggest

that Erlotinib resistance of NSCLCs is associated with downregulation of ARL4C via

affecting Jak/Stat/β-catenin signaling. ARL4C could serve as a biomarker to predict the

effectiveness of TKI targeting therapy and a potential therapeutic target for overcoming

Erlotinib resistance in NSCLC.
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INTRODUCTION

Lung cancer is the most commonly diagnosed malignancy
and a leading cause of cancer death worldwide (1). Non-
small cell lung cancer (NSCLC) accounts for ∼80% of all lung
cancer cases (2). EGFR (Epidermal Growth Factor Receptor)
tyrosine kinase inhibitors (TKIs) are a group of important
targeting drugs for the treatment of NSCLCs with EGFR
mutations, including exon 19 deletions or L858R substitutions.
However, the acquired drug resistance occurs within 1 year
after the treatment with the first generation of EGFR-TKI,
which is related partially with the T790M secondary gatekeeper
mutation (3), or activation of other alternative pathways, such
as HGF/Met (hepatocyte growth factor/mesenchymal-epithelial
transition factor), HER2 (Erb-B2 Receptor Tyrosine Kinase 2),
and PIK3CA (Phosphatidylinositol-4,5-Bisphosphate 3-Kinase
Catalytic Subunit Alpha) (4). However, mechanisms of TKI
resistance in about 30% cases remain unclear (5). Seeking for
the unknown mechanisms is a hot research topic in lung cancer
research (6).

With selected methods, we found that downregulation of
ARL4C (ADP-ribosylation factor-like 4C) might be associated
with TKI resistance. ARL4C, also known as arl7, is a 192-amino-
acid protein belonging to a small GTP enzyme. It is one of
the subfamily members of ADP ribosylation factor and plays
an important role in vesicle transport and signal transduction
(7). The biofunction of ARL4C is not very clear yet. A study
conducted by Su and his colleagues showed that high-level
expression of ARL4C could inhibit the migration of ovarian
cancer cells. Patients with high level of ARL4C mRNA had a
good prognosis (8). Another study with gastric cancer showed
that the expression of ARL4C was abnormal and the molecule
was involved in tumor cell growth and cell migration (9). Using
immunohistochemical analysis, Fujii et al. showed that ARL4C
was abnormally expressed in lung cancer tissues. It was involved
in the proliferation and invasion of lung cancer cells in vitro
and in vivo (10). However, the role of ARL4C in TKI resistance
is unexplored.

In this study, we investigated the role of ARL4C in TKI
resistance of NSCLC cells by analyzing its functions with various
assays. Our data demonstrated for the first time that ARL4C
contributed to TKI resistance by activation of the JAK/STAT
(Janus Kinase/signal transducer and activator of transcription)
signaling pathway for survival when EGFR path blocked. The
results suggest that ARL4C could be a promising biomarker for
patients who likely benefit from TKI-based targeting therapy.

METHODS

NSCLC Tissue Samples
NSCLC tissues from 42 patients (22 men and 20 women with
a median age of 60.5 years old) who have undergone lung
cancer resection in Fujian Cancer Hospital between January 2008
and June 2009 were collected. None of the patients received
chemotherapy before surgery, and cancer tissues were obtained
immediately after surgical resection. One part of every cancer
specimen was frozen at −80◦C for measuring ARL4C mRNA

level. The remaining part of the tissues was fixed in formalin and
embedded in paraffin (FFPE) for detecting EGFR mutations.

Selection of TKI Erlotinib-Resistant Cell
Line
HCC827 and PC-9 (EGFR 19del) cell lines purchased from
ATCC were cultured in H1640 medium, containing 10% FBS
(GIBCO BRL, Rockville, MD, U.S.A. Cat No. 10099233), 100
U/ml penicillin, and 100µg/ml streptomycin in an incubator
containing 5% CO2 at 37

◦C. The cells were exposed to gradually
increased concentration of Erlotinib (Selleck, Houston, TX,
USA. Cat No. S1023) from 0, 100, 200, 400, 800, 1,600, and
3,200 nM in their culture medium. After passing 17 generations
in 6 months of the selection, Erlotinib was removed from the
medium. The cells growing in 3,200 nM of Erlotinib were labeled
as TKI Erlotinib-resistant (ER) cell lines HCC827/ER and PC-
9/ER, respectively.

ARL4C Overexpression or Knockdown Cell
Lines
Several virus vectors were purchased from Hanheng
Biotechnology Co Ltd (Beijing, China). To create cell lines
with ARL4C overexpression, ARL4C expression vector HBLV-
ARL4C (pHBLV-CMV-mcs-3flag-EF1-ZsGReen-T2A-PURO
inserted with ARL4C gene) was used. The original vector
was used as vector alone control. For ARL4C knockdown
in cells, HBLV-ARL4C-shrna1, HBLV-ARL4C-shrna2, and
HBLV-ARL4C-shrna3 were used and their parental vector
pHBLV-U6-MCS-CMV-Zsgreen was used as vector alone control.
HCC827, HCC827/ER, PC-9, and PC-9/ER cells cultured in
six-well-plates (5 × 105/well) were infected with 10 MOI of
respective viral vectors in the presence of 6µg/ml of polyamine.
After 48 h, the cells were selected with 2µg/ml of Puromycin for 2
weeks to obtain stable infected cells. Newly established cells were
HCC827/ER/vector, HCC827/ER/ARL4C-OE, HCC827/vector,
HCC827/ARL4C-SH, PC-9/ER/vector, PC-9/ER/ARL4C-OE,
PC-9/vector, and PC-9/ARL4C-SH. The symbols -OE and -SH
means overexpression and knockdown, respectively.

Detection of mRNA Levels of ARL4C,
β-Catenin, Axin2, CD44, Ccnd1, Lgr-5, and
MMP-7
The level of ARL4CmRNA expression was determined in 42 lung
cancer tissues by real-time PCR. ARL4C and β-atenin, Axin2
(Axis Inhibition Protein 2), CD44, Ccnd1 (Cyclin D1), Lgr-5
(Leucine Rich Repeat Containing G Protein-Coupled Receptor
5), and MMP-7 (Matrix Metallopeptidase 7) were assessed in
NSCLC cell lines (HCC827, PC-9, HCC827/ER, and PC-9/ER)
also by real-time PCR. Total RNA was extracted from tissues
and cell lines using Trizol reagent (Invitrogen, Grand Island,
NY, USA) following the manufacturer’s instruction. cDNA was
synthesized from 1 µg of total RNA using M-MuLV reverse
transcriptase (Promega, Madison, WI, USA). Real-time PCR
was performed using SYBR1 Green Dye detection systems
(Roche, Switzerland). The primers for amplifying ARL4C, β-
catenin, Axin2, CD44, Ccnd1, Lgr-5, and MMP-7 are shown in
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Supplementary Table 1. Real-time PCR parameters were 95◦C
for 10min, followed by 40 cycles of 95◦C for 10 s, 55◦C for
10 s and 72◦C for 20 s, and 40◦C for 30 s at the end of the
40 cycles. Relative quantity of mRNA expression was calculated
by using the 2−11Ct method. All measurements were repeated
in triplicate.

Relative mRNA expression levels of ARL4C were quantified in
all lung cancer samples using the comparative 2−11Ct method
and lung cancer sample T27 as reference reported previously
(11, 12). The housekeeping gene glyceraldehyde phosphate
dehydrogenase (GAPDH) was used to normalize expression
levels of ARL4C.

Protein Levels of ARL4C, β-Catenin, and
JAK/STAT Signaling
Cells were harvested and lysed using RIPA buffer (50mM Tris–
Cl, pH 8.0, 150mM NaCl, 5mM EDTA, 0.1% SDS, and 1%
NP-40) supplemented with protease inhibitor cocktail (Abcam,
Cambridge, MA, USA. Cat No. ab65621). The cell lysates were
centrifuged at 12,000 rpm for 30min at 4◦C. Supernatants were
collected and protein concentrations were determined by BCA
protein assay (Thermo Scientific, Rockford, Illinois, USA). The
supernatants (each with 25 µg proteins) were electrophoresed on
10–12% polyacrylamide gel with sodium dodecyl sulfate (SDS)
and then transferred onto nitrocellulose membranes (Millipore,
Burlington, MA, USA) at 100V for 1.5 h. After blocking with
3% BSA in TBST (TBS−1% Tween 20) for 1 h, the membranes
were incubated with primary antibodies of ARL4C (1:500.
Abcam, Cambridge, UK, Cat No. ab122025), and 1:1,000 diluted
antibodies against β-catenin (CST, Danvers, MA, USA. Cat No.
8480), p-JAK 2 (CST, Danvers, MA, USA. Cat No. 4406), and p-
STAT5 (Cell Signaling Technology, Danvers, MA, USA. Cat No.
4322) overnight at 4◦C, respectively. After wash, the membranes
were further incubated with horseradish peroxidase-conjugated
anti-rabbit antibody. Finally, protein bands were developed
with the enhanced chemiluminescence Western blot detection
kit Immobilon ECL Ultra Western HRP Substrate (Millipore,
Bedford, MA, USA. Cat No. WBULS0500), and images were
captured on image station 4,000mm pro (Carestream, Canada).
Image J program was used to quantify the protein band intensity
relative to loading control of β-actin.

Effects of Erlotinib on Cell Proliferation and
IC50
Cells were plated into 96-well-plates (5,000 cells/well) and
grew overnight. Different concentrations of Erlotinib (0, 100,
200, 400, 800, 1,600, and 3,200 nM) were added into the cell
cultures in triplicate. After culturing for 72 h, 20 µl of MTS
(Promega, Madison, WI, USA. Cat No. g3582) and 100 µl of
serum containing medium were added to each well-followed by
incubation at 37◦C for 2 h. H1640 only with serum was used
as background control. The absorption of the palates at 490 nm
was read on a Bio-Rad (Hercules, CA, USA) plate reader (model
680). The proliferation of Erlotinib-treated cells was normalized
with the control cells (no Erlotinib). IC50 was calculated with
SPSS17.0. The experiment was repeated three times.

Colony Formation Assay
For colony-formation assay, cells (about 500 cells/well) were
seeded and grew in six-well-plates for 48 h before adding
Erlotinib. After 14 days, the cells were fixed in methanol and
stained with 0.2% crystal violet. Cell colonies (>50 cells/colony)
were pictured with Image Scanner (GE, Piscataway, NJ, USA).
The number of colonies in each well was counted using Image J.

Transwell Invasion Experiment
Cell concentration was adjusted to 7 × 105/ml, and 100 µl
of the cell suspension was placed onto the upper chamber of
each well on 24-well-Transwell plates coated with 1 mg/ml
fibronectin (Millipore). The lower chamber contained medium
with 20% FBS. After incubation at 37◦C for 48 h, the cells in
the upper chamber were wiped off with cotton swabs, and the
cells in the other side of chamber membrane were fixed with
methanol for 15min, dried, stained with 0.1% crystal violet, and
randomly pictured with a magnification of ×200 under inverted
microscope (Olympus, Japan). The cells were counted with Image
J program and the average number of the cells from 15 fields was
used. The experiment was repeated three times.

Luciferase Assays
Using the online transcription factor binding sites (TFBS)
software (http://alggen.lsi.upc.es), we predicted the CTNNB1
promoter containing a STAT5A binding site. CTNNB1 (β-
catenin) promoter (−200 to 0 regions) was inserted into
pGL3-basic vector (Promega, Madison, WI, USA) as pGL3-
CTNNB1 luciferase reporter plasmid (wild-pGL3-CTNNB1).
The STAT5 site of the CTNNB1 promoter was mutated
(from 5′-atttttctgtcag-3′ to 5′-taaaaagacagtc-3′) and was
cloned into pGL3-basic vector to generate CTNNB1 promoter
mutated reporter plasmid mut-pGL3-CTNNB1. All constructs
were verified by sequencing. For the luciferase reporter
assay, HEK293T cells, HEK293T/ARL4C-SH, HCC827, and
HCC827/ARL4C-SH cells were transfected with pGL3-CTNNB1-
Luc or mut-pGL3-CTNNB1 using X-treme GENE HP DNA
Transfection Reagent (Roche, Basel, Switzerland. Cat No.
6366236001). Renilla luciferase was used as internal control.
Forty-eight hours later, the transfected cells were harvested
and the luciferase activity was measured by Dual-luciferase
Reporter Assay System (Promega Corporation, Madison, WI,
USA). The relative firefly luciferase activity was calculated
by normalizing transfection efficiency using the Renilla
luciferase activity.

Chromatin-Immunoprecipitation (ChIP)
ChIP assay was carried out using a SimpleChIP Enzymatic
Chromatin IP Kit (Cell Signaling Technology, Beverly,
MA, USA, Cat No. 9002) following the manufacturer’s
instruction. Briefly, 5 × 106 cells were fixed with 1%
formaldehyde and quenched in 0.125M glycine. Cells
were sonicated by Bioruptor Sonication System UCD-300.
DNA was immunoprecipitated by either control IgG or
phospho-stat5 antibody. Precipitated DNA samples and
inputs were amplified by PCR. The primers used for the
amplification of stat5 binding site in β-catenin promoter are
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5′-cctcttccccgttgtttcca-3′ (sense) and 5′-ggggtgattctttgctaattt
ca-3′ (antisense).

Detection of EGFR Mutations in Both
NSCLC Samples and Cell Lines
Two methods were used to detect EGFR mutations. For
42 NSCLC paraffin specimens, DNA was obtained using a
paraffin tissue DNA Extraction kit (Qiagen, Hilden, Germany.
Cat No. 56404). The concentration of DNA was adjusted
to 1 ng/ml, and EGFR mutations were detected using the
amplification refractory mutation system (ARMS) with human
EGFR Mutations Detection kit (Amoy Diagnostics, Xiamen,
China. Cat No. ADx-EG01) according to the manufacturer’s
protocol as previously described (13). Briefly, ARMS-PCR assay
was performed in a 50-µl volume containing 5 µl of PCR buffer,
10 pM forward and reverse primers, 20 pM probe, and 12.5mM
dNTPs. The thermocycling conditions were as follows: 95◦C for
5min, then 15 cycles of 95◦C for 25 s, 64◦C for 20 s, and 72◦C
for 20 s, followed by 31 cycles of 93◦C for 25 s, 60◦C for 35 s, and
72◦C for 20 s.

To determine if there is any association between ARL4C
expression and EGFR mutations, eight cell lines with different
levels of ARL4C were examined with the next-generation
sequencing (NGS). DNA was extracted using the GONOROAD
kit (Qiagen, Hilden, Germany) and 200 ng of DNA was
used to build the library using NEBNext Ultra II DNA
library Prep Kit for Illumina (NEB, Ipswich, MA, USA).
Integrated DNA technologies (IDT, Skokie, IL, USA) customized
probes were used for hybridization capture. All libraries
were performed on an MGISEQ2000 instrument according to
the manufacturer’s instructions (BGI, Shenzhen, Guangdong,
China) with 200 cycles, standing for paired-end 100 bp.
Then, IDT 10-hotspot gene panels from all eight libraries
were used, which included ALK, BRAF, EGFR, ERBB2,
KRAS, MET, NRAS, PIK3CA, RET, and ROS1, and were
quantitated using Library Quantification Kit-Illumina/Universal
(Kapa Biosystems, Wilmington, MA, USA) on an ABI 7500
Real Time PCR system (Applied Biosystems, Waltham, MA,
USA). The mutations were detected by the following methods:
the Trimmomatic (version 0.39, parameter: PE -threads 4 -
phred33 ILLUMINACLIP: adapter.fa:2:30:10 MINLEN:15), and
the adapter sequences were AAGTCGGAGGCCAAGCGGTCT
TAGGAAGACAA and AAGTCGGATCGTAGCCATGTCGTT
CTGTGAGCCAAGGAGTTG and were used to narrow down
the raw sequencing data (Fastq), filtering out the adapter
contamination reads and low-quality reads to get clean data.
Bwa Aln (Version: 0.7.12-r1039) algorithm was used to align
the clean data of the human reference genome (hg19) and
to get the Sequence Alignment/Map format (sam) file. For
the Binary Alignment/Map format (bam) file, the sam file
was sorted and the artificial duplication reads were removed
by samtools (Version: 0.1.19-44428cd). According to the
bed interval file of the 10-hotspot gene panels, Freebayes
(version: v1.0.2-6-g3ce827d, parameter: -j -m 10 -q 30 -F
0.001 -C 1 -t bed.file –f hg19.fa) was used to determine
the single-nucleotide polymorphisms (SNPs) and insertions

or deletions (indels) and then ANNOVAR was used for
the annotation.

Statistical Analysis
All data were presented as mean ± SD. Student’s t-test
was used for analysis. ANOVA was used to determine the
statistical difference between or among different experimental
groups. The value P < 0.05 was considered as statistically
significant difference.

RESULTS

TKI Resistant NSCLC Cell Lines Expressed
a Low Level of ARL4C
Two NSCLC cell lines, HCC827 and PC-9, were subjected to
Erlotinib selection in culture. After 6 months, IC50 of Erlotinib
was significantly increased from 289 to 1,843 nM for HCC827
and from 71.08 to 5232.12 nM for PC-9. These Erlotinib-resistant
(ER) cell lines were named HCC827/ER and PC-9/ER, which
were 5.37 and 73.60 times more resistant to Erlotinib than their
parental cells, respectively (Figures 1A–C). However, results of
qPCR and Western blotting demonstrated that the levels of
ARL4C were significantly lower in HCC827/ER and PC-9/ER
cells than in their parental cells (Figures 1D–G, P < 0.0001).
Furthermore, β-Catenin expression significantly increased in
HCC827/ER and PC-9/ER, compared with their parental cells
(Figures 1D–G, both P < 0.0001). Collectively, these results
showed that the expression of ARL4C was reduced in TKI-
resistant cells (HCC827/ER, PC-9/ER), while the expression of
β-catenin was elevated in TKI-resistant cells.

Knocking Down ARL4C Resulted in
Enhancing Erlotinib Resistance and
Increasing Cell Migration
To confirm that the downregulation of ARL4C was associated
with the increased Erlotinib resistance, sh-ARL4C-knockout
lentivirus was used to infect HCC827 and PC-9 cells. Western
blotting showed that the expression level ofARL4C in the infected
cells HCC827/ARL4C-sh and PC-9/ARL4C-sh were significantly
lower than those in control cells infected with lentivirus vector
alone (HCC827/Vector and PC-9/Vector) (Figures 2A–C, both
P < 0.0001).

Effect of low ARL4C on Erlotinib IC50 was examined
with MTS assay. Results showed that knockdown of ARL4C
significantly increased Erlotinib resistance as compared to
their parental cells. IC50 values of Erlotinib for HCC827,
HCC827/vector, and HCC827/ARL4C-sh were 222.8, 393.2, and
1236.2 nM, respectively. The values for PC-9, PC-9/vector, and
PC-9/ARL4C-sh were 71.2, 68.23, and 877.97 nM, respectively
(Figures 2D–F, P < 0.01).

The cells with knockdown of ARL4C (HCC827/ARL4C-
sh and PC-9/ARL4C-sh) had a marked enhancement of
proliferation and colony formation, compared to their
parental HCC827 and PC-9 cells when treated with Erlotinib
(Figures 2G–J, both P < 0.001). These ARL4C low-expressing
cell lines HCC827/ARL4C-sh and PC-9/ARL4C-sh cells also
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FIGURE 1 | Expression of ARL4C and β-Catenin in TKI-resistant NSCLC cell lines. (A) MTS assay of the proliferation of in Erlotinib-resistant HCC827/ER and

Erlotinib-sensitive HCC827 cells in different concentrations of Erlotinib. (B,C) MTS assay of the dose response of Erlotinib-sensitive PC-9 cells (B) and

Erlotinib-resistant PC-9/ER (C) to different concentrations of Erlotinib. (D,E) qPCR and Western blotting analyzed ARL4C and β-catenin expression in HCC827/ER

and HCC827 cells. (F,G) qPCR and Western blotting detected ARL4C and β-catenin expression in PC-9/ER and PC-9 cells. *P < 0.05; ****P < 0.0001.

had a significantly increased capability of the migration, passing
through the polyester membrane, compared with control cells
HCC827/vector and PC-9/vector (Figures 2K,L, both P< 0.001).

These results suggest that knockdown ARL4C enhances
TKI Erlotinib tolerance, colony formation, and migration of
NSCLC cells.

Overexpression of ARL4C in
Erlotinib-Resistant HCC827/ER and
PC-9/ER Cells Inhibited Their Tolerance to
Erlotinib and Cell Migration
To further confirm the relationship between Erlotinib resistance
and ARL4C expression, both Erlotinib-resistant HCC827/ER
and PC-9/ER cells were infected with ARL4C overexpression
lentivirus to regain the ARL4C expression. Results of qPCR
and Western blot showed that the expression levels of
ARL4C in HCC827/ER/ARL4C-OE and PC-9/ER/ARL4C-OE
were significantly higher than those of vector alone control

cells, HCC827/ER/Vector, and PC-9/ER/Vector (Figures 3A–C,
P < 0.001).

To examine the effect of high level of ARL4C on cell
susceptibility to Erlotinib, the IC50 was measured with MTS
assay. Results showed that the overexpression of ARL4C
significantly decreased Erlotinib resistance of both HCC827/ER
and PC-9/ER cells. IC50 values of Erlotinib for HCC827/ER,
HCC827/ER/Vector, and HCC827/ER/ARL4C-OE cells were
1.85, 1.71, and 0.47 µM, respectively. The values for PC-9/ER,
PC-9/ER/Vector, and PC-9/ER/ARL4C-OE cells were 5232.1,
5146.1, and 928.1 nM, respectively (Figures 3D,E, both P< 0.05).

Similarly, the effect of high level of ARL4C on cell colony
formation and migration in the presence of Erlotinib was
tested. Results showed that the overexpression of ARL4C in
HCC827/ER/ARL4C-OE and PC-9/ER/ARL4C-OE cells resulted
in an reduced sensitivity to Erlotinib as compared to HCC827/ER
and PC-9/ER cells (Figures 3F–I, P < 0.01, P < 0.001, and
P < 0.0001). The migration of HCC827/ER/ARL4C-OE and
PC-9/ER/ARL4C-OE was significantly decreased. The number
of cells passing through the polyester membrane decreased,
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FIGURE 2 | ARL4C knockdown enhances Erlotinib resistance of lung cancer cells. (A) qPCR quantification of ARL4C mRNA levels in ARL4C knockdown cells

HCC827 (HCC827-ARL4C-SH) and PC-9 (PC-9-ARL4C-SH), control vector-infected HCC827 (HCC827-Vector) and PC-9 (PC-9-Vector), and their parental HCC827

and PC-9 control cells. (B) Western blotting detection of ARL4C expression in HCC827-ARL4C-SH, HCC827-Vector, and HCC827 (control) cells, and in (C) in

PC-9-ARL4C-SH, PC-9-Vector, and PC-9 (control) cells. (D) IC50 of HCC827-ARL4C-SH, HCC827-Vector, and HCC827 (control) cells measured by MTS. (E,F)

Erlotinib IC50 of PC-9-ARL4C-SH, PC-9-Vector, and PC-9 (control) cells measured by MTS. (G,H) Colony formation of HCC827-ARL4C-SH, HCC827-Vector, and

HCC827 (control) cells. (I,J) Colony formation of PC-9-ARL4C-SH, PC-9-Vector, and PC-9 (control) cells. (K) Transwell assays of the migration of

HCC827-ARL4C-SH, HCC827-Vector, and HCC827 (control) cells. (L) Transwell assays of the migration of PC-9-ARL4C-SH, PC-9-Vector, and PC-9 (control) cells.

**P < 0.01; ***P < 0.001; ****P < 0.0001.

compared to control cells HCC827/ER-vector and PC-9/ER-
vector (Figures 3J,K, both P < 0.0001).

These data suggest that overexpression ofARL4C in Erlotinib-
resistant lung cancer cells increases the sensitivity of the cells to
TKI Erlotinib and inhibits cell migration.

Enhance of β-Catenin Is Critical for
ARL4C-Associated Erlotinib Resistance
It has been shown that cells resistant to Erlotinib expressed
a high level of β-catenin (12). Our results also showed that

ARL4C was expressed at a significantly low level in Erlotinib-
resistant HCC827/ER and PC-9/ER cells, compared to Erlotinib-
sensitive HCC827 and PC-9 cells (Figures 1D–G, P < 0.0001),
while β-Catenin expression significantly increased in Erlotinib-
resistant cells (Figures 1D–G, P < 0.0001). Therefore, we
speculate that β-catenin might contribute to ARL4C-associated
Erlotinib resistance.

To test our hypothesis, the effect of ARL4C on the β-catenin
expression in HCC827 and HCC827/ER cells was examined.
As expected, knockdown of ARL4C with lentivirus vectors
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FIGURE 3 | ARL4C overexpression decreases Erlotinib resistance of lung cancer cells. (A) Left: qPCR quantification of ARL4C expression in HCC827/ER

ARL4C-overexpressing (HCC827/ER-ARL4C-OE), HCC827/ER-Vector (HCC827/ER-Vector), and HCC827/ER (control) cells. Right: qPCR quantification of ARL4C

expression in PC-9/ER ARL4C-overexpressing (PC-9/ER-ARL4C-SH), PC-9/ER-ARL4C-control (PC-9/ER-Vector), and PC-9/ER (control) cells. (B) Western blotting

detection of ARL4C expression in HCC827/ER-ARL4C-OE, HCC827/ER-Vector, and HCC827/ER (control) cells. (C) Western blotting detection of ARL4C expression

in PC-9/ER-ARL4C-OE, PC-9/ER vector, and PC-9/ER (control) cells. (D,E) Erlotinib IC50 for HCC827/ER and PC-9 /ER cells ARL4C overexpressing with

HBLV-ARL4C-SH3 and Vector measured by MTS. (F,G) Colony formation of HCC827/ER-ARL4C-OE, HCC827/ER-Vector, and HCC827/ER (control) cell. (H,I)

Colony formation of PC-9/ER-ARL4C-OE, PC-9/ER-vector, and PC-9/ER (control) cells. (J) Transwell assay of the migration of HCC827/ER-ARL4C-OE,

HCC827/ER-Vector, and HCC827/ER (control) cells. (K) Transwell assay of the migration of PC-9/ER-ARL4C-OE, PC-9/ER-vector, and PC-9/ER (control) cells. *P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

HBLV-ARL4C-shrna1s significantly increased the expression of
β-catenin in HCC827 cells. Furthermore, the expression of
β-catenin-regulated target genes, Axin2, CD44, Ccnd1, Lgr-
5, and MMP7, was also significantly increased in ARL4C
shRNA transfected cells (Figures 4A,B, P < 0.05). In contrast,
overexpression of ARL4C significantly suppressed the expression
of β-catenin as well as β-catenin-regulated target genes,
Axin2, CD44, Ccnd1, Lgr-5, and MMP7, in HCC827/ER cells
(Figures 4C,D, P < 0.01; P < 0.001).

To further confirm the relationship between ARL4C and
β-catenin, a rescue assay was performed by overexpressing
β-catenin in HCC827/ER/ARL4C-OE. qPCR and Western
blotting showed that the expression level of β-catenin in
HCC827/ER/ARL4C-OE/CTNNB1-OE was significantly higher
than that in HCC827/ER/ARL4C-OE (Figures 4E,F, P <

0.05 and P < 0.0001). Moreover, the expression of ARL4C-
inhibited β-catenin-target genes Axin2, CD44, Ccnd1, Lgr-5, and
MMP7 was increased (Figure 4G, P < 0.01, P < 0.001, and
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FIGURE 4 | Enhancement of β-catenin is critical for ARL4C to reduce TKI Erlotinib resistance. (A) Western blot showed β-catenin protein expression in

HCC827-ARL4C-SH, HCC827-Vector, and HCC827 (control) cells. (B) The expression of β-catenin-target genes Axin, CD44, Ccnd1, Lgr-5, and MMP7 in

HCC827-ARL4C-SH, HCC827-Vector, and HCC827 (control) cells detected by real-time PCR. (C) Detection of β-catenin protein expression in

HCC827/ER-ARL4C-OE, HCC827/ER-Vector, and HCC827/ER (control) cells by Western blot. (D) The expression of β-catenin-target genes Axin2, CD44, Ccnd1,

Lgr-5, and MMP7 in HCC827/ER-ARL4C-OE, HCC827/ER-Vector, and HCC827/ER (control) cells measured by real-time PCR. (E,F) β-catenin (CTNNB1) expression

in HCC827/ER/ARL4C-OE, HCC827/ER/ARL4C-OE–vector, and HCC827/ER/ARL4C-OE-CTNNB1-OE in the rescue assay analyzed by real-time PCR and Western

blot. (G) Real-time PCR quantified the expression of β-catenin-target genes, Axin2, CD44, Ccnd1, Lgr-5, and MMP7 in HCC827/ER/ARL4C-OE,

HCC827/ER/ARL4C-OE–vector, and HCC827/ER/ARL4C-OE-CTNNB1-OE. (H,I) Colony formation of HCC827/ER/ARL4C-OE, HCC827/ER/ARL4C-OE–vector, and

HCC827/ER/ARL4C-OE-CTNNB1-OE. (J) Erlotinib IC50 for HCC82/ER/ARL4C-OE, HCC827/ER/ARL4C-OE–vector, and HCC827/ER/ARL4C-OE-CTNNB1-OE

measured by MTS assay. (K) Transwell assays on the migration of HCC827/ER/ARL4C-OE, HCC827/ER/ARL4C-OE–vector, and HCC827/ER/

ARL4C-OE-CTNNB1-OE. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

P < 0.0001), which was positively correlated to the expression
of β-catenin.

In clonogenic assays, it was found that the overexpression
of β-catenin significantly increased the proliferation of ARL4C-
overexpressed HCC827/ER cells when treated with Erlotinib

(Figures 4H,I, P < 0.001 and P < 0.0001). More importantly, the
overexpression of β-catenin by lentivirus significantly decreased
ARL4C-induced Erlotinib sensitivity in HCC827/ER cells. IC50
values of Erlotinib for HCC827/Vector, HCC827/ER/ARL4C-
OE, and HCC827/ER/ARL4C-OE/CTNNB1-OE were 1863.5,
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450.5, and 1371.2 nM, respectively (Figure 4J, P < 0.05).
Transwell migration assay also showed that the overexpression
of β-catenin increased the migration of ARL4C-overexpressed
HCC827/ER cells (Figure 4K, P < 0.0001). These results
suggest that β-catenin has an opposite effect to ARL4C on the
development of TKI Erlotinib resistance of NSCLC cells.

ARL4C Regulates β-Catenin Expression
Through JAK2/STAT5A Signal Activation
Previous studies showed that several relevant downstream
signals, such as ERK, JAK, and AKT, might be involved
in tumor-promoting effects of ARL4C (14). To further
explore potential mechanisms related to the acquired TKI
resistance, phosphorylation levels of JAK were examined in
ARL4C knockdown-HCC827 cells. Results showed that the
phosphorylation level of JAK2 was significantly increased,
compared to that in control cells (Figure 5A). Consistently,
the overexpression of ARL4C significantly decreased the
phosphorylation of JAK2 in HCC827/ER cells, compared to that
in control cells (Figure 5B). The JAK-STAT signaling pathway
not only regulates tumor development but also is closely related
to TKI resistance (14). These results indicated that ARL4C
abnormal expression affected the phosphorylation of JAK2.

We further studied if ARL4C regulated STAT5A. In HCC827
cells, the knockdown of ARL4C upregulated the phosphorylation
of STAT5A as detected by Western blot analysis (Figure 5C).
In contrast, the overexpression of ARL4C in HCC827/ER cells
downregulated the phosphorylation of STAT5A (Figure 5D).

Chromatin immunoprecipitation showed that the
overexpression of ARL4C resulted in the loss of the promoter
of STAT5 binding to CTNNB1 (Figure 5E). We found that
luciferase expression directed by a 200-bp fragment of the
β-catenin promoter containing this STAT5A site was increased
in ARL4C downregulated HEK293T cell (Figure 5F). Similarly,
downregulation of ARL4C resulted in a significant enhancement
of β-catenin promoter activity in HCC827 cells (Figure 5G).
These results indicated that the β-catenin promoter contained a
conserved STAT5A binding site. STAT5A acts as a transcription
factor in regulating the mRNA expression of β-catenin by
binding and activating the β-catenin promoter.

These data suggest that the regulation of β-catenin expression
by ARL4Cmight be through the JAK2/STAT5A signal pathway in
the regulating TKI resistance of NSCLC.

Detection of EGFR Mutations
To explore the association between EGFR mutation and ARL4C,
EGFR mutations in 42 NSCLC paraffin samples were detected
with amplification refractory mutation system (ARMS) with
human EGFRMutations Detection kit. Among 42, 20 were found
with EGFR mutations and only 1 had a T790M mutation, while
the other 21 had no EGFRmutation (in Supplementary Table 2).
In these 42 tissues, mRNA expression level of ARL4C in the EGFR
mutation group was−0.064± 0.091 (lgRQ, RQ= 2−11Ct), while
the level in the group without EGFR mutation was −0.023 ±

0.099, indicating that the expression ofARL4C was not associated
with EGFR gene mutations (Figure 6C, P = 0.7668).

NGS was used to detect the EGFR mutation in eight
cell lines (HCC827, HCC827/ER, HCC827/ER/ARL4C-OE,
HCC827/ER/ARL4C-OE/CTNNB1-OE, PC-9, PC-9/ER, PC-
9/ER/ARL4C-OE, and PC-9/ER/ARL4C-OE/CTNNB1-OE) with
different levels of ARL4C expression. Results (Figures 6A,B,
Supplementary Table 3) showed that there was a high frequency
of sensitive mutation (exon19:c.2236_2250del:p.746_750del) and
no T790M and C797S mutations associated with Erlotinib-
induced drug-resistant cells of HCC827/ER and PC-9/ER was
found. There was a high frequency of synonymous mutation
(exon20:c.G2361A:p.Q787Q) in HCC827, and no new mutation
was caused by the overexpression of ARL4C in HCC827/ER
and PC-9/ER or by the overexpression of CTNNB1 in
HCC827/ER/ARL4C-OE and PC-9/ER/ARL4C-OE.

DISCUSSION

In this study, the underlying mechanism by which the resistance
of Erlotinib, an EGFR-TKI, in NSCLC was explored. The study
revealed for the first time that ARL4C was downregulated
and β-catenin was upregulated in Erlotinib-resistant cells
via JAK2/STAT5A signaling pathway. By manipulating the
expression of these two genes (overexpression or knocking down
expression), the study provided evidences that the inhibition of
ARL4C selectively enhanced the resistance of HCC827 and PC-9
cells to Erlotinib, while the overexpression of ARL4C enhanced
the sensitivity of the cancer cells to the drug. The regulation of
the drug resistance of lung cancer cells by ARL4C was through
activating the β-catenin/JAK2/STAT5A signaling pathway. These
data indicate for the first time that ARL4C plays an important
role in the resistance of NSCLC cells to Erlotinib.

Several mechanisms that mediate TKI resistance have been
identified: (A) EGFR exon 20 T790M mutation (14); (B) Met
gene amplification (15); (C) HER2 gene amplification (16); and
(D) PIK3CA mutation (4), which counts for the majority of
gene mutations responsible for the TKI resistance. However,
one third of causes of the TKI resistance remains unknown.
Our data (Figure 6) showed that Erlotinib-induced ARL4C
reduction did not associate with any currently known mutations
of EGFR, indicating that ARL4C is an independent factor for the
development of Erlotinib resistance.

EGFR path is one of the major oncogenic pathways
via Ras/Raf/MEK/ERK signaling to promote the cancer cell
proliferation, migration, and invasion. When the EGFR path
is blocked by Erlotinib, the cancer cells have to develop
another oncogenic path for their continuous survival. Our
data supported that the downregulation of ARL4C upregulated
β-catenin via activation of JAK2/STAT5, which could help
the EGFR-path-blocked cancer cells to regain their malignant
behaviors (Figure 6D).

ARL4C is a member of the ADP-ribosylation factor family
of GTP-binding proteins. The abnormal expression of ARL4C
possesses carcinogenic effect on many types of tumors (17).
Recent studies have indicated that ARL4C could be induced by
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FIGURE 5 | ARL4C regulates β-catenin expression through the JAK2/STAT5A signal pathway. (A–D) The expression of p-JAK2 in HCC827-ARL4C-SH,

HCC827-Vector, and HCC827 (control) cells (A) and in HCC827/ER-ARL4C-OE, HCC827/ER-Vector, and HCC827/ER (control) cells (B) detected by Western blot.

STAT5 protein expression in HCC827-ARL4C-SH, HCC827-Vector cells (C) and in HCC827/ER-ARL4C-OE, HCC827/ER-Vector cells (D) also detected by Western

blot. (E) The enrichment of the β-catenin (CTNNB1) promoter in immunoprecipitated (IP) STAT5 and the input of STAT5 in HCC827/ER-ARL4C-OE,

HCC827/ER-Vector, HCC827-ARL4C-SH, and HCC827-Vector and followed by Western blot. Unrelavant IgG was used as a negative control staining. (F,G)

Luciferase activity in HEK293T cells (F) and HCC827 cells (G) co-transfected with pGL3-CTNNB1-Luc or mut-pGL3-CTNNB1-Luc and HBLV-ARL4C-SH3 by the

Dual-Luciferase Reporter Assay System, ***P < 0.001.

EGF and promotes the motility of cancer cells by remodeling
actin cytoskeleton through Arf6 activation (18), which might be
involved in the migration, invasion, and proliferation of cancer
cells (18). Consistent with this, our data showed that when EGF
path was blocked by Erlotinib, the ARL4C was reduced, which
triggered the upregulation of the JAK2/STAT5/β-catenin path
to replace the EGFR oncogenic signal path. Similarly, our data
supported the idea that the inhibition of ARL4C in wild-type
HCC827 and PC-9 cells via sh-RNA could selectively enhance
the Erlotinib tolerance, while the overexpression of ARL4C
could enhance the Erlotinib sensitivity. The results indicate
that ARL4C could be a “switch” between the EGFR path and
the JAK2/STAT5/β-catenin path to maintain the proliferation,
migration, and invasion of cancer cells when cells are exposed
to Erlotinib and EGFR path is blocked.

It is well-known that Wnt/β-catenin signaling is a classic
pathway with a crucial role in NSCLC progression. β-catenin is
a key component in the Wnt signaling cascade and is involved
in cancer cell proliferation and tumor progression (19). In
the present study, a significant upregulation of β-catenin was
observed in Erlotinib-resistant HCC827/ER and PC-9/ER cells

compared with their parental cells HCC827 and PC-9. The result
is in accordance with a previous observation that Wnt/β-catenin
not only participates in the proliferation, invasion, andmetastasis
of tumor cells but also induces drug resistance (20). Nuclear
accumulation of β-catenin was associated with EGFR mutations
(21) and β-catenin overexpression was associated with NSCLC
cell resistance to gefitinib (20). DDX17 nucleocytoplasmic
shuttling promotes acquired gefitinib resistance in NSCLC cells
via activation of β-catenin (22). Rab25 promotes Erlotinib
resistance by activating the β1 integrin/AKT/β-catenin pathway
in NSCLC (23). Alone this line, our finding added another
path, ARL4C/JAK2/STAT5/β-catenin, as a new means for cancer
cells to escape the survival inhibition by Erlotinib. Our data
showed that in the presence of Erlotinib, the overexpression
of β-catenin significantly increased the proliferation and
decreased Erlotinib sensitivity in HCC827/ER-OE and PC-9/ER-
OE (Figures 4H–K). Thus, ARL4C-induced Erlotinib resistance
was via β-catenin signaling.

It is well-known that the JAK-STAT signaling pathway serves
a crucial role in cell immunity, division, death, and tumor
formation (24). The two families involved in this pathway are
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FIGURE 6 | ARL4C alteration is not associated with known-mutated EGFR genes but affects JAK/STAT/β-Catenin path to stimulate the malignant behaviors of

NSCLC cells: EGFR mutations were detected by ARMS with human EGFR Mutations Detection kit in 42 NSCLC samples. Sensitive EGFR mutations:

Exon19:c.2236_2250del: p.746_750del; Synonymous mutation: Exon20:c.G2361A:p.Q787Q. (A) No differences of EGFR mutations among HCC827, HCC827/ER,

HCC827/ER/ARL4C-OE, and HCC827/ER/ARL4C-OE /CTNNB1-OE cell lines. (B) No differences of EGFR mutations among PC-9, PC-9/ER, PC-9/ER/ARL4C-OE,

and PC-9/ER/ARL4C-OE/CTNNB1-OE cell lines. (C) Distribution of ARL4C mRNA levels in NSCLC patients with EGFR mutations and without EGFR mutation(s). Bold

lines represent the mean value for each patient cohort, RQ = 2−11Ct. Similar expression level of ARL4C was found in 42 cases of NSCLC tissues, regardless of their

EGFR mutation status. (D) A graphic illustration of the role of ARL4C in Erlotinib resistance. In TKI-resistant ARL4C-reduced NSCLC cells, the overexpression of

ARL4C inhibited the expression of β-catenin by phosphorylation of JAK/STAT, resulting in an inhibitory effect on TKI resistance, cell proliferation, and migration, which

was related to Axin2, CD44, Ccnd1, Lgr-5, and MMP7. Likewise, in the downregulation of ARL4C in sensitive cell lines, the results were vice versa.

Janus kinases (JAKs) and signal transducer and activator of
transcription proteins (STATs), encoded by the genes JAK (JAK1,
JAK2, JAK3, and TYK2) and STAT (STAT1, STAT2, STAT3,
STAT4, STAT5A, STAT5B, and STAT6), respectively (25). The
continuous activation of JAK/STAT could promote malignant

transformation of cells, leading to the development of cancers
including NSCLC (21). The inappropriate activation of Stat3
or IL-7-mediated IL-7R-JAK3/STAT5 pathway is associated with
an unfavorable prognosis in NSCLC patients and correlated
with chemoresistance and radioresistance (24). Inhibition of the
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JAK/STAT3 signaling pathway has therefore been recognized
as a promising therapeutic strategy for NSCLC (25). In
addition, it was reported that (1) the inhibition of gp130-Jak-
Stat3 signaling could partially inhibit Wnt–β-catenin–mediated
intestinal tumor growth and regeneration (26); (2) Stat3 and β-
catenin were involved in tumorigenesis (27). By using chromatin
immunoprecipitation and luciferase reporter assays, this study
revealed for the first time that the promoter region of β-catenin
contained a conserved STAT5A binding site. STAT5A acted as
a transcription factor regulating the mRNA expression of β-
Catenin by binding to and activating the β-catenin promoter,
forming ARL4C/JAK2/STAT5/β-catenin axis for the survival of
Erlotinib-resistant cells.

Our data also supported that the biofunctions of
ARL4C/JAK2/STAT5/β-catenin axis were carried out by a
set of molecules, such as Axin2, CD44, Ccnd1, Lgr-5, and
MMP7. Axin2 is responsible for the stability of β-catenin (28);
CD44 is a famous stem cell marker and adhesion molecule
to enhance the proliferation, migration, and invasion (29);
Ccnd1 enhances the proliferation of cancer cells via promoting
the cell’s G1/S transition (30); Lgr-5 is a biomarker for stem
cells, involved in tumor development (31). MMP7 promotes
the migration and invasion of cancer cells (32). All these
functional molecules were upregulated in Erlotinib-resistant
cells when ARL4C was suppressed and JAK2/STAT5/β-catenin
axis was activated (Figure 6D), serving as executors for the
malignant behaviors when the EGFR path was blocked in
NSCLC cells.

The Erlotinib stress-related ARL4C/JAK2/STAT5/β-catenin
axis and the downstream Axin2, CD44, Ccnd1, Lgr-5, andMMP7
could be therapeutic targets when considering how to reverse
Erlotinib resistance and how to enhance the Erlotinib killing
effects (Figure 6D).

CONCLUSION

This study demonstrated for the first time that the
ARL4C/JAK2/STAT5/β-catenin axis and their downstream
molecules Axin2, CD44, Ccnd1, Lgr-5, and MMP7 could help
to bypass EGFR oncogenic path and serve as an alternative new
signal/function path to maintain the survival and malignant
behaviors for HCC827 and PC9 NSCLC cells under the stress
of Erlotinib.
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Background: Erlotinib-based combination therapy leads to increased efficacy but

also toxicity for EGFR-mutated NSCLC. Reducing the dose of erlotinib could improve

treatment tolerability, but few evidences are available regarding its efficacy at reduced

dose. This randomized phase-2 study intends to compare the efficacy and tolerability

between lower dose erlotinib (100 mg/d) and standard dose gefitinib (250 mg/d) in

EGFR-mutated NSCLC.

Methods: Patients with EGFR-mutated advanced NSCLC were randomized at 1:1

ratio to receive erlotinib 100 mg/d or gefitinib 250 mg/d until disease progression or

unacceptable toxicity. The primary endpoint was disease control rate (DCR).

Results: Between April 2013 and September 2018, 171 patients were randomized

to receive erlotinib (n = 85) and gefitinib (n = 86); 74 in the erlotinib group and

83 in the gefitinib group were include in analysis. DCR with erlotinib and gefitinib

were 91% [95% CI 81.7–95.3] and 93% [85.1–96.6], respectively (P = 0.613).

Response rate was 62% [50.8–72.4] in the erlotinib group and 53% [42.4–63.4]

in the gefitinib group (P = 0.247). No significant difference was observed between

erlotinib and gefitinib in median progression-free survival [10.1 vs. 11.3 months,

HR = 1.295 [0.893–1.879], P = 0.171] and median overall survival [26.6 vs. 28.7

months, HR = 0.999 [0.637–1.569], P = 0.998]. Subgroup analyses by line of

treatment, EGFR subtypes and status of central nervous system (CNS) metastasis

found similar results. More toxicity [any-grade, 80 [96%] vs. 66 [89]; grade 3–4, 11

[13%] vs. 4 [5%]] and toxicity-related discontinuation [10 [12%] vs. 3 [4%]] occurred

with gefitinib compared with erlotinib. But no significant difference was observed.
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Conclusion: Lower dose erlotinib (100 mg/d) achieved comparable efficacy compared

with standard dose gefitinib (250 mg/d) in EGFR-mutated NSCLC.

Clinical Trial Registration: https://clinicaltrials.gov, identifier: NCT01955421.

Keywords: non-small cell lung cancer, randomized controlled trial, lower dose, erlotinib, gefitinib, EGFR mutation

INTRODUCTION

Epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKIs) are standard first-line treatment for EGFR
mutation-driven non-small cell lung cancer (NSCLC) (1).
Median progression-free survival (PFS) was 10–13 months with
first-generation TKIs (gefitinib and erlotinib), 14.7 months
with second-generation TKI (dacomitinib), and 18.9 months
with third-generation agent (osimertinib) (2–7). Given that
most EGFR-driven NSCLC patients fail to benefit from the
recent advance in immunotherapy, treatment options after the
exhaustion of targeted therapy are highly limited (8). Therefore, it
remains a crucial need to develop EGFR TKI-based combination
therapies that can optimize tumor control and delay disease
progression (9–11). In the recent RELAY trial, the combination
of erlotinib and ramucirumab yielded an unprecedented median
PFS of 19.4 months, accompanied by a 72% incidence of grade
3–4 treatment-related adverse events (10).

Reducing the dose of erlotinib, which is now approved at its
maximal tolerated dose (MTD) 150 mg/d (12), may improve
the tolerability of combination therapy. However, data regarding
the efficacy of lower dose erlotinib are limited and mutually
contradictory. Preclinical models and phase-1 pharmacokinetic
data suggested that erlotinib 25 mg/d led to similar antitumor
effect compared with gefitinib 250 mg/d (12, 13). Retrospective
studies also supported this notion by showing similar PFS
between patients treated with reduced-dose erlotinib (≤ 100
mg/d) and those with standard dose (14). Post-hoc analyses that
might be subjected to survival bias found a correlation between
dose reduction of EGFR TKIs and better treatment outcomes
(15, 16). A single-arm phase-2 trial showed 50 mg/d erlotinib
achieved an objective response rate of 60% in elderly or frail
patients (17). Nevertheless, another single-arm, prospective study
reported contradictory findings, where no objective response was
observed in patients treated with erlotinib 50 mg/d (18).

There has been no prospective, randomized controlled trial
(RCT) directly comparing lower dose erlotinib with standard
dose erlotinib or gefitinib in EGFR-mutated advanced NSCLC.
Therefore, to properly addressed this problem, we designed
this randomized, phase-2 study comparing the efficacy and
tolerability of erlotinib 100mg/d vs. gefitinib 250mg/d in patients
with EGFR-mutated advanced NSCLC.

PATIENTS AND METHODS

Study Design and Patients
This is an open-label, randomized, phase-2 study to compare the
efficacy and tolerability of erlotinib 100 mg/d vs. gefitinib 250
mg/d in patients with EGFR-mutated, advanced NSCLC.

Eligibility criteria were aged at least 18 years; histologically
or cytologically confirmed stage IIIB/IV NSCLC defined by
American Joint Committee on Cancer (AJCC) staging criteria
(version 7); stage IIIB had no indication for curative treatment;
harbored EGFR exon 19 or 21 sensitizing mutations detected
by direct sequencing or Amplification Refractory Mutation
System (ARMS); measurable disease according to Response
Evaluation Criteria in Solid Tumors (RECIST) version 1.1 (19);
an Eastern Cooperative Oncology Group (ECOG) performance
status of 0 to 2; adequate bone marrow, liver and kidney
function; no prior exposure to EGFR TKIs, able to swallow
tablets and resolution to grade 1 or less adverse events due to
any previous anticancer treatment. Patients with EGFR T790M
mutations, clinically unstable CNS metastasis (symptomatic,
or needed treatment within 4 weeks, or pia mater disease),
clinically relevant cardiovascular diseases, history of interstitial
lung diseases, other active malignancies or active infectious
diseases were excluded.

Study protocol was approved by the ethics committee of Sun
Yat-sen University Cancer Center. All patients had provided
written informed consent before the study entry. The study was
conducted in accordance with theDeclaration of Helsinki and the
International Conference on Harmonization guidelines for good
clinical practice.

Procedures
Eligible patients were randomly assigned to received erlotinib
100 mg/d or gefitinib 250 mg/d at a 1:1 ratio using an
interactive web-response system with a computer-generated
random sequence. Patients and investigators were all
unmasked to treatment allocation. Treatment could be
delayed for up to 2 weeks for recovery from toxicities,
and was reintroduced at the same dosage when recover to
grade 1 or baseline. Dose modification of was not allowed.
Treatment continued until radiographic progression according
to RECIST version 1.1, or intolerable toxicity or withdrawal
of consent.

Baseline CT scans and brain MRI were mandated for every
patient. Tumor assessment by CT scans were performed 4
weeks after randomization, and every 8 weeks after the first
assessment. For patients with baseline CNS metastasis, CT scans,
and brainMRIwere both performed for every assessment. Tumor
responses were evaluated by investigators according to RECIST
version 1.1. Patients were evaluated for adverse events at every
visit. Adverse events were graded according to the National
Cancer Institute Common Terminology Criteria for Adverse
Events version 4.0. Treatment adherence was monitored by
monthly telephone follow-up.
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FIGURE 1 | CONSORT flow diagram (Data cutoff date: Sept 30, 2019).

Outcomes
The primary endpoint was disease control rate (DCR) in the
full-analysis set, defined as the sum proportion of patients
achieving complete responses, or partial responses or stable
diseases according to RECIST version 1.1. Secondary endpoints
included objective response rate (ORR, the sum proportion
of patients achieving complete responses or partial responses),
PFS (the time from randomization to disease progression or
death from any cause), and overall survival (OS, the time from
randomization to date of death from any cause). Prespecified
subgroup analyses were planned to evaluate efficacy of erlotinib
100 mg/d in treatment-naïve patients, patients with different
EGFR mutations (exon 19 deletions, L858R mutations), and
patients with or without baseline CNS metastasis.

Statistical Analysis
This randomized phase-2 trial was designed to investigate the
efficacy and tolerability of erlotinib at 100 mg/d compared with
gefitinib at 250 mg/d and determine whether it will be useful
to proceed to a phase-3 non-inferiority trial. The criteria for
proceeding to a phase-3 non-inferiority trial should be that the
lower limit of the 95% CI on difference in DCR (i.e., the lower
95% CI for the DCR of erlotinib group minus DCR of gefitinib
group) was not more than 12%.We estimated a DCR of 91%
for gefitinib 250 mg/d based on the data from WJTOG3405
and ICOGEN (3, 20). Therefore, comparable efficacy could be
concluded and a phase-3 non-inferiority trial was warranted if

the lower limit of the 95% CI of DCR with erlotinib 100 mg/d
was > 79%. At least 71 patients are required in each group to
draw a useful conclusion with an 80% statistical power at a two-
sided significance level of 5%. Assuming a 12% dropout rate, the
estimated sample size was set at 160 patients with 80 patients for
each group.

Patient characteristics, tumor responses, and adverse events
were compared between the two groups using the χ² or
Fisher’s exact test. Survival was estimated using the Kaplan-Meier
method. A two-sided log-rank test was used to compare survival
between two treatment groups. Estimates of the treatment effect
on survival were summarized as a hazard ratio (HR) for erlotinib
vs. gefitinib with a two-sided 95% confidence interval (CI). HR
and the corresponding 95% CI were calculated with the Cox
proportional hazards regression model. All P-values were two-
sided. Analyses were conducted using SAS, version 9.3 (SAS
Institute, Cary, NC). This study is registered at ClinicalTrials.gov
as NCT01955421.

RESULTS

Patients Characteristics
Between April 2013 and September 2018, 171 patients were
enrolled, of whom 85 were randomly assigned to receive
erlotinib 100 mg/d and 86 to gefitinib 250 mg/d. Ten
patients withdrew before initiation of treatment and four
patients received other EGFR inhibitors (2 afatinib, 2 icotinib)
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TABLE 1 | Baseline patient characteristics of the study.

Patient

characteristics

No. of patients (%) P

Erlotinib

(n = 74)

Gefitinib

(n = 83)

All patients

(n = 157)

Age, years 0.934

Median (range) 57 (27–77) 56 (32–82) 56 (27–82)

< 65 61 (82) 68 (82) 129 (82)

≥ 65 13 (18) 15 (18) 28 (18)

Sex 0.256

Male 37 (50) 34 (41) 71 (45)

Female 37 (50) 49 (59) 86 (55)

ECOG PS 0.422

0–1 70 (95) 81 (98) 151 (96)

2 4 (5) 2 (2) 6 (4)

Histology 0.851

Adeno 69 (93) 78 (94) 147 (94)

Non-adenoa 5 (7) 5 (6) 10 (6)

Disease stage 0.602

IV 72 (97) 82 (99) 154 (98)

IIIB 2 (3) 1 (1) 3 (2)

Line of EGFR-TKI 0.774

1st line 55 (74) 60 (72) 115 (73)

2nd line or beyondb 19 (26) 23 (28) 42 (27)

Prior Surgery 0.828

Yes 15 (20) 18 (22) 33 (21)

No 59 (80) 65 (78) 124 (79)

Prior Radiotherapy 0.736

Yes 5 (7) 4 (5) 9 (6)

No 69 (93) 79 (95) 148 (94)

Prior Chemotherapyc 0.774

Yes 19 (26) 23 (28) 42 (27)

No 55 (74) 60 (72) 115 (73)

Baseline CNS metastasis 0.694

Yes 29 (39) 30 (36) 59 (38)

No 45 (61) 53 (64) 98 (62)

Baseline Liver metastasis 0.316

Yes 13 (18) 20 (24) 33 (21)

No 61 (82) 63 (76) 124 (79)

EGFR mutation 0.593

Exon19 deletion 46 (62) 45 (54) 91 (58)

L858R mutation 27 (36) 36 (43) 63 (40)

Othersd 1 (1) 2 (2) 3 (2)

ECOG PS, Eastern Cooperative Oncology Group performance status; Adeno,

adenocarcinoma; EGFR TKI, epidermal growth factor receptors tyrosine kinase inhibitors;

EGFR, epidermal growth factor receptors.
anon-adenocarcinoma included squamous-cell carcinoma (n = 6), large-cell carcinoma

(n = 3), and bronchoalveolar carcinoma (n = 1).
b included four patients in the third-line settings.
cpatients who had received chemotherapy were all treated with at least one cycle of

platinum-based doublet chemotherapy.
d included two patients with L861Q mutations, one patient with G719A mutation. T
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(Figure 1). A total of 157 patients who received at least
one dose of investigated drugs were included in the analysis
population (full-analysis set: 74 erlotinib, 83 gefitinib). Baseline
demographic and clinicopathological characteristics of patients
were balanced between two groups (Table 1). Most patients
with baseline brain metastasis were asymptomatic and untreated
(20 erlotinib, 25 gefitinib). Thirteen patients received brain
radiotherapy (8 erlotinib, 5 gefitinib) and one patient in the
erlotinib group received surgical resection of brain metastasis
before enrollment.

Response and Survival
The data cutoff date was September 30, 2019, when 113
progression events had occurred. Median follow-up was 21.4
months (Interquartile range: 12.7–28.6).

Treatment responses of the full-analysis set and subgroup
population are presented in Table 2. Best percentage changes
in the target lesion for two groups are shown in Figure 2.
The proportion of patients achieved disease control with
erlotinib 100 mg/d was similar to those with standard dose
gefitinib [91% [95%CI 81.7–95.3] vs. 93% [95%CI 85.1–96.6],
P = 0.613, Table 2]. The difference in DCR between erlotinib
and gefitinib group was 2% and the lower 95% CI for the
difference in DCR was 11.3%. Therefore, the primary endpoint
of this study was met. Forty six patients [62% [95%CI 50.8–
72.4]] in the erlotinib group and 44 patients [53% [95%CI
42.4–63.4]] in the gefitinib group had an objective response,
respectively (P = 0.247). Median time to response was also
similar between erlotinib and gefitinib [29 days [95% CI 26–
63] vs. 32 days [95% CI 28–85], P = 0.142]. However, median
duration of response with erlotinib 100 mg/d was significantly
shorter than with standard dose gefitinib [7.7 months [95%
CI 6.1–10.1] vs. 10.6 months [95% CI 6.3–12.9], P = 0.020].
Subgroup analyses were performed by the line of treatment,
mutation subtypes and status of CNS metastasis. In terms of
DCR and ORR, no significant difference was observed between
lower dose erlotinib and standard dose gefitinib in subgroup
populations (Table 2).

PFS was similar between erlotinib and gefitinib [10.1 months
[95% CI 9.1–11.2] vs. 11.3 months [95% CI 10.4–12.1], HR =

1.295 [95% CI 0.893–1.879], P = 0.171, Figure 3A]. Subgroup
analyses by line of treatment, mutation subtypes, and status
of CNS metastasis detected no significant difference in PFS
between the two groups (Figure 3B). With regard to the patterns
of disease progression, 39 patients (39/55, 71%) with lower
dose erlotinib and 36 patients (36/58, 62%) with standard
dose gefitinib experienced disease progression at all sites,
respectively (P = 0.320). Twenty-one patients (21/55, 38%)
with erlotinib and 31 patients (31/58, 53%) with gefitinib had
disease progression in the CNS (P = 0.104). Among them,
six patients (6/55, 11%) with lower dose erlotinib developed
newly onset brain metastasis, while 14 patients (14/58, 24%)
with standard dose gefitinib had newly onset brain metastasis
(P= 0.066).

Median OS with lower dose erlotinib was numerically shorter
than standard dose gefitinib, but the difference was not significant

[26.6 months [95% CI 22.4–30.8] vs. 28.7 months [95% CI 24.2–
33.1], HR = 0.999 [95% CI 0.637–1.569], P = 0.998, Figure 3C].
Subgroup analyses by line of treatment, mutation subtypes, and
status of CNS metastasis showed no significant difference in OS
between the two groups either (Figure 3D).

Treatment-Related Toxicity
Toxicity was evaluable in 157 patients (Table 3). The most
common treatment-related toxicity was skin and mucosa
disorder, including rash, pruritus, stomatitis, and paronychia.
Grade 1–2 liver dysfunction and diarrhea were also common in
both groups.

No significant difference was observed in the incidence of
adverse events of any grade or adverse events of grade 3–4
between erlotinib and gefitinib. Numerically, higher incidence of
alanine transaminase (ALT) and aspartate transaminase (AST)
elevation was observed in the gefitinib group, but the difference
was not significant [ALT: 22 [27%] vs. 15 [20%], P = 0.358;
AST: 21 [25%] vs. 11 [15%], P = 0.105]. Numbers of patients
with adverse events of any grade and adverse events of grade 3–
4 were also higher with standard dose gefitinib compared with
lower dose erlotinib [gefitinib vs. erlotinib: any-grade, 80 [96%]
vs. 66 [89]; grade 3–4, 11 [13%] vs. 4 [5%]]. In the erlotinib
group, three patient discontinued treatment because of serious
skin toxicities. In the gefitinib group, 10 patients discontinued
treatment because of grade-3 liver dysfunction (n = 7), grade-
3 rash (n = 2), or grade-2 stomatitis (n = 1). No significant
difference in toxicity-related treatment discontinuation between
the two groups (P= 0.085). No treatment-related death occurred.

DISCUSSION

This is the first randomized controlled trial to directly
compare lower dose erlotinib with standard dose gefitinib in
EGFR-mutated NSCLC. The study objective was to evaluate
whether erlotinib administered at 100 mg/d, two-thirds of its
approved dose, could deliver similar efficacy compared with
gefitinib 250 mg/d. According to our results, the lower 95%
CI difference in DCR was < 12%, indicating the need in
proceeding to a phase-3 non-inferiority trial. Erlotinib 100 mg/d
was comparable to gefitinib 250 mg/d in terms of disease
control, tumor response, PFS, OS, and toxicity, supporting the
use of 100 mg/d erlotinib in patients with EGFR-mutated,
advanced NSCLC.

Erlotinib and gefitinib are both first-generation EGFR TKI.
Gefitinib was administered at 250 mg/d, almost one-third of its
MTD, while erlotinib was administered exactly at its MTD, 150
mg/d (12, 21, 22). Several retrospective studies have reported that
dose reduction of erlotinib correlated with better response and
longer survival (13, 15, 16). However, restricted by the inherent
limitations of retrospective analysis, no study could provide
conclusive evidence on the efficacy of reduced dose erlotinib.
Additionally, given the 3–6% cerebrospinal fluid penetration
rates of erlotinib and its active metabolite (23, 24), the concern
that dose reduction may result in higher rate of CNS failure
further discourage the use of lower dose erlotinib. In the full-
analysis set of the present study, efficacy with erlotinib 100 mg/d
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FIGURE 2 | Waterfall plots of best percentage changes in the target lesions at baseline in two groups. (A) Erlotinib 100 mg/d group (n = 74). (B) Gefitinib 250 mg/d

group (n = 83). PR, partial response; SD, stable disease; PD, progressive disease.

was comparable to those with gefitinib 250 mg/d. Subgroup
analysis in patients with baseline CNS metastasis [29 [39%] in
erlotinib group, 30 [36%] in gefitinib group] also found that
disease control, tumor response, PFS, and OS with erlotinib
100 mg/d were similar to those with gefitinib 250 mg/d. These
results suggest that pharmacokinetic factor may not be the main
reason for CNS failure in these patients. Erlotinib 100 mg/d is

of sufficient efficacy for EGFR-mutated NSCLC patients who
carried clinically stable CNS metastasis.

Interestingly, although no significant difference in PFS was
observed between lower dose erlotinib and standard dose
gefitinib, duration of response (DOR) with gefitinib 250 mg/d
was significantly longer than with erlotinib 100 mg/d. Consistent
results were observed in another study. Yamada et al. (18) treated
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FIGURE 3 | Survival analysis in the full-analysis set and subgroups by clinical characteristics. (A) Kaplan-Meier curves of PFS in the full-analysis set. (B) Subgroup

analysis of PFS by the line of treatment, EGFR mutation types, and baseline CNS metastasis. (C) Kaplan-Meier curves of OS in the full-analysis set. (D) Subgroup

analysis of OS by the line of treatment, EGFR mutation types, and baseline CNS metastasis.

patients with erlotinib 50 mg/d, and then escalated the dose to
150 mg/d in patients with no response. They found that patients
having progressive disease at 50mg/d did not obtain any response
when the dose was increased to 150 mg/d. While four patients
who had shown tumor shrinkage at 50 mg/d erlotinib achieved
partial response with increased dose. These findings indicate that
pharmacokinetic factors caused by dose modification may play a
greater role in treatment-sensitive clones, but little in resistant
clones. Consistently, Foo et al. (22) reported that erlotinib at
150 mg/d failed to substantially inhibit tumors with preexisting
T790M clones. Therefore, as long as the administered dose is
sufficiently potent in suppressing sensitive clones, disease control
and PFS of treatment would not be significantly influenced
by dose reduction, as demonstrated in the present study. For
patients with responsive tumors, erlotinib 100 mg/d is of ample
efficacy, while increasing the dose to 150 mg/d only led to
increased toxicity but few incremental efficacies.

By demonstrating the comparable efficacy between lower dose
erlotinib and standard dose gefitinib in EGFR-mutated NSCLC,

our results could facilitate the development of EGFR TKI-
based combination therapies. For example, c-Met amplification
has been established as a resistant mechanism to EGFR-TKIs.
The combination of erlotinib and crizotinib led to a marked
tumor shrinkage (> 50%) in a patient with EGFR-mutant
and c-Met-amplified lung adenocarcinoma (25). However, the
combination also caused intolerable toxicity that forced a
dose reduction to erlotinib 75 mg/d and crizotinib 250 mg/d.
The combination of erlotinib 150 mg/d with bevacizumab,
ramucirumab, nivolumab, or cabozantinib were also investigated
in other studies, where increased efficacy and toxicity were
reported for the combination therapy (9–11, 26, 27). Results
of the present study indicate the alternative role of lower
dose erlotinib in combination therapies, which could lead to
comparable efficacy and improved tolerability.

There are some limitations of the current study. First,
the recruitment took 5 years to complete because of several
competitive trials were initiated during this time. The approval
of osimertinib in China further affected the enrollment of this
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TABLE 3 | Treatment-related adverse events.

Adverse event No. of Patients (%)

Erlotinib (n = 74) Gefitinib (n = 83)

All grade Grade 1–2 Grade 3 Grade 4 All grade Grade 1–2 Grade 3 Grade 4

Rash 35 (47) 32 (43) 2 (3) 1 (1) 33 (40) 31 (37) 2 (2) 0

Diarrhea 12 (16) 12 (16) 0 0 16 (19) 15 (18) 1 (1) 0

Pruritus 9 (12) 9 (12) 0 0 15 (18) 15 (18) 0 0

Stomatitis 6 (8) 6 (8) 0 0 8 (10) 8 (10) 0 0

Increased ALT 15 (20) 14 (19) 1 (1) 0 22 (27) 16 (19) 5 (6) 1 (1)

Increased AST 11 (15) 11 (15) 0 0 21 (25) 17 (20) 3 (4) 1 (1)

Neutropenia 3 (4) 3 (4) 0 0 1 (1) 1 (1) 0 0

Increase bilirubin 3 (4) 3 (4) 0 0 8 (10) 8 (10) 0 0

Paronychia 2 (3) 2 (3) 0 0 3 (4) 3 (4) 0 0

Fatigue 1 (1) 1 (1) 0 0 2 (2) 2 (2) 0 0

Nausea/vomiting 1 (1) 1 (1) 0 0 4 (5) 4 (5) 0 0

Infection 1 (1) 1 (1) 0 0 1 (1) 1 (1) 0 0

ALT, alanine aminotransferase; AST, aspartate aminotransferase.

study, because many patients preferred osimertinib over first-
generation TKIs. Second, we were unable to evaluate serum
concentrations of erlotinib administered at 100 mg/d in this
study due to the lack pharmacokinetic data. Finally, study
sample size was calculated with DCR as the primary endpoint
and the number of participants enrolled in the erlotinib arm
was < prespecified 80 participants. A total of 157 patients
may not be large enough to tell the mild difference in PFS
between the two groups. Only a non-significant trend toward
improved tolerability was observed with lower dose erlotinib,
which could also be attributed to the small sample size. Future
studies with larger sample size are warranted to expand on
our findings.

In conclusion, this study provided the first RCT-based
evidence on efficacy and tolerability of 100mg erlotinib
in EGFR-mutated, advanced NSCLC. Compared with
gefitinib at 250 mg/d, erlotinib at 100 mg/d yielded
comparable efficacy in terms of disease control, tumor
response, median PFS, and median OS. Similar results
were also observed in patients in the first-line setting,
patients with different EGFR mutations and patients with
or without baseline CNS metastasis. Therefore, in Stage IV
EGFR mutated NSCLC, this study showed that erlotinib
100 mg/d had similar DCR compared with gefitinib 250
mg/d. A randomized phase-3 non-inferiority trial with
PFS as a primary endpoint is required to confirm the
non-inferiority of erlotinib 100 mg/d when compared with
gefitinib 250 mg/d.
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Background: EGFR-positive Non-small Cell Lung Cancer (NSCLC) is a dynamic entity
and tumor progression and resistance to tyrosine kinase inhibitors (TKIs) arise from the
accumulation, over time and across different disease sites, of subclonal genetic mutations.
For instance, the occurrence of EGFR T790M is associated with resistance to gefitinib,
erlotinib, and afatinib, while EGFR C797S causes osimertinib to lose activity. Sensitive
technologies as radiomics and liquid biopsy have great potential to monitor tumor
heterogeneity since they are both minimally invasive, easy to perform, and can be
repeated over patient’s follow-up, enabling the extraction of valuable information. Yet, to
date, there are no reported cases associating liquid biopsy and radiomics during treatment.

Case presentation: In this case series, seven patients with metastatic EGFR-positive
NSCLC have been monitored during target therapy. Plasma-derived cell free DNA (cfDNA)
was analyzed by a digital droplet PCR (ddPCR), while radiomic analyses were performed
using the validated LifeX® software on computed tomography (CT)-images. The dynamics
of EGFR mutations in cfDNA was compared with that of radiomic features. Then, for each
EGFR mutation, a radiomic signature was defines as the sum of the most predictive
features, weighted by their corresponding regression coefficients for the least absolute
shrinkage and selection operator (LASSO) model. The receiver operating characteristic
(ROC) curves were computed to estimate their diagnostic performance. The signatures
achieved promising performance on predicting the presence of EGFR mutations (R2 =
0.447, p <0.001 EGFR activating mutations R2 = 0.301, p = 0.003 for T790M; and R2 =
0.354, p = 0.001 for activating plus resistance mutations), confirmed by ROC analysis.

Conclusion: To our knowledge, these are the first cases to highlight a potentially
promising strategy to detect clonal heterogeneity and ultimately identify patients at risk
of progression during treatment. Together, radiomics and liquid biopsy could detect the
appearance of new mutations and therefore suggest new therapeutic management.

Keywords: non-small cell lung cancer, EGFR, liquid biopsy, cell free DNA, radiomics, tyrosine kinase inhibitors,
precision medicine
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GRAPHICAL ABSTRACT |

Cucchiara et al. NSCLC Monitoring via Radiogenomic Approach
INTRODUCTION

Tyrosine kinases inhibitors (TKIs), such as gefitinib, erlotinib,
afatinib or osimertinib, are the first-line treatments in patients
with advanced NSCLC and activating EGFR mutation (1–4)
since they improved progression-free survival (PFS) compared
Abbreviations: AIC, Akaike’s Information Criteria; AUC, area under the curve of
the ROC; CT, computed tomography; cfDNA, cell-free DNA; ddPCR, digital
droplet polymerase chain reaction; DNA, deoxyribonucleic acid; ECOG, Eastern
Cooperative Oncology Group; EGFR, epidermal growth factor receptor; ex19del,
exon 19 deletion; GLCM, gray level co-occurrence matrix; GLNUr, gray-level non-
uniformity for run; GLNUz, gray-level non-uniformity for zone; GLRLM, gray-
level run length matrix; GLZLM, gray-level zone length matrix; HGRE, high gray-
level run emphasis; HGZE, high gray-level zone emphasis; KV, kilovolt; LASSO,
least absolute shrinkage and selection operator; LGRE, low gray-level run
emphasis; LGZE, low gray-level zone emphasis; LRE, long-run emphasis;
LRHGE, long-run high gray-level emphasis; LRLGE, long-run low gray-level
emphasis; LZE, long-zone emphasis; LZHGE, long-zone high gray-level
emphasis; LZLGE, long-zone low gray-level emphasis; mAs, milliampere-
seconds; min, minutes; ml, milliliter; mm, millimeter; n, number; NGLDM,
neighborhood gray-level different matrix; NSCLC, non-small cell lung cancer;
PD, progressive disease; PFS, progression-free survival; PR, partial response; rpm,
revolutions per minute; RLNU, run length non-uniformity; ROC, receiver
operating characteristic; RP, run percentage; RTKs, receptor tyrosine kinases;
SCC, squamous cell cancer; SCLC, small cell lung cancer; SD, stable disease; SRE,
short-run emphasis; SRHGE, short-run high gray-level emphasis; SRLGE, short-
run low gray-level emphasis; STD, standard deviation; SZE, short-zone emphasis;
SZHGE, short-zone high gray-level emphasis; SZLGE, short-zone low gray-level
emphasis; TKI, tyrosine kinase inhibitor; ZLNU, zone length non-uniformity; ZP,
zone percentage.
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with conventional chemotherapy (5). Nevertheless, NSCLC is a
dynamic entity, and tumor progression and resistance to
treatment arise from the accumulation of independent genetic
mutations in subclones, over time and across different disease
sites, thereby resulting in temporal and spatial heterogeneity (6).
Moreover, treatment exerts selective pressure on cancer cells, and
only those bearing either primary or secondary resistance
mutations will survive (7–9).

The concept of a single-site biopsy to monitor disease
dynamics is practically unfeasible since it is invasive and may
result in underestimation of heterogeneity (10). Instead, liquid
biopsy—allowing the analysis of cell-free DNA (cfDNA) (11)—
better reflects the mutational status from the overall sites of
disease (12), being able to identify emerging sub-clones
responsible for treatment resistance (13).

Besides, radiomics has emerged as a novel field of research
(14), dealing with the extraction and analysis of specific features
from diagnostic images (15), and potentially reflecting the
pathophysiological processes and the heterogeneity of tumors
genetics (16). Recent data has shown that also texture analysis of
radiological images can identify NSCLCs bearing EGFR
mutations (17, 18).

The combined approach of radiomics and liquid biopsy has
the potential to understand the dynamics of molecular lesions,
supporting clinical decision-making.

To date, no reports correlate the dynamics of EGFR
mutations in cfDNA with that of radiomic features. The
present study aimed to assess such correlation in a case series
December 2020 | Volume 10 | Article 593831
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of seven patients with EGFR mutant NSCLC, and to build a
multi-parametric signature of clonal heterogeneity.
PATIENTS

The study retrospectively matched clinical, molecular and
imaging databases of seven patients with histologically proven
EGFR-positive NSCLC (exon 19 deletion [ex19del], exon 21
[L858R], or other mutations [i.e. L861Q]), and candidate to a
first/second or third-generation EGFR-TKIs. Enrolled patients
underwent blood sampling 1) before the first dose of TKI
(baseline), 2) every two months, 3) and at each of the
instrumental (i.e. imaging) disease re-evaluation throughout
the follow-up. Complete (CR) and partial response (PR),
disease stabilization (SD) and disease progression (PD) were
defined following RECIST (v. 1.1) criteria. CT scans were
collected at baseline and every 3–6 months as per clinical
practice (19) and then used for radiomic analysis. The interval
between follow-up medical visits (3 vs. 6 months) was based on
clinical decision-making on an individual basis (19). Clinical
data were collected from medical records. A written consent
form was obtained from all patients. The study was approved by
the institutional ethics committee of University Hospital, Pisa,
Italy (protocol 5625/2015), and performed in accordance with
the provisions established by the Helsinki Declaration.
METHODS

cfDNA Extraction and Analysis
cfDNA was extracted from 3 ml of plasma using the QIAmp
Circulating Nucleic Acid kit (Qiagen®, Hilden, Germany) and
then eluted in 100 ml of the buffer, as previously described (20).
EGFR mutations (ex19del, L858R, T790M, and C797S) were
investigated by digital droplet polymerase chain reaction
(ddPCR) using the ddPCR Mutation Assay (BioRad®,
Hercules, CA). A fluorescence intensity threshold of 3,000 was
set as a cut-off point; the sample was considered as mutant
positive when at least one droplet was above the threshold level.
The number of mutant alleles was reported as copies/ml.

CT Segmentation and Extraction of
Radiomic Features
Images were extracted from multiple non-contrast material-
enhanced thoraco-abdominal computed tomography (CT)-
scans (SIEMENS CT Sensation 64®; kilovoltage = 120 KV and
exposure = 165 mAs; CT slice = 1.5 mm) (21). All CT
examinations were reconstructed using B30f kernel (22). The
radiomic analysis was performed by one author, using the
validated LifeX® software (LifeX®, IMIV, CEA, Inserm, CNRS,
Orsay, France) (23–25), after appropriate manual segmentation
of the volumes of interest (VOIs; i.e. the lesions). Thirty-six
radiomic features including three shapes, two gray-level
histogram, six gray-level co-occurrence matrix (GLCM), 11
gray-level run lengths matrix (GLRLM), three Neighborhood
Frontiers in Oncology | www.frontiersin.org 354
Grey-Level Different Matrix (NGLDM) and 11 Grey-Level Zone-
Length Matrix (GLZLM) features, were computed.

Selection of Radiomic Features
and Data Analysis
Each patient had a longitudinal dataset of several scans to match
with respective temporally linked liquidbiopsydata.Tocalculate to
which extent the variation between the radiomic features is
correlated to EGFR mutation status, a logistic least absolute
shrinkage and selection operator (LASSO) regression model
adopting a 27-fold Monte Carlo cross-validation was applied and
executed in Matlab R2019a (MatLab® software, The Math Works
Inc., Natick, MA) (26, 27). The LASSO logistic model was used to
reduce the number of radiomic features and estimate the
maximum-likelihood fitted regression coefficients for the
remaining ones. The LASSO computation was performed to
assess the radiomic features about the copies/ml of EGFR
activating mutations (ex19del/L858R), as well as about the
emergence of resistance mutations (T790M and C797S) and the
total copies/ml (ex19del/L858R together with T790M and C797S)
occurring in EGFR in patients progressed to TKI treatments.
Selected radiomic features are reported in Supplemental Table 1
in the online version. Then, radiomic signatures were calculated as
the sum of the selected features weighted by their corresponding
regression coefficients for the LASSO models. The receiver
operating characteristic (ROC) curve analysis was computed to
estimate the diagnostic performance of such signatures and select
the optimal thresholds.

Moreover, Kendall’s correlation coefficient (tau-b, tb) was
calculated to determine the strength of the association between
changes in radiomic features and changes in matched liquid
biopsy-derived data, over time (28).

Differences were considered significant at p <0.05. Statistical
analysis was performed using the open-source statistical language
R (R Foundation for Statistical Computing, Vienna, Austria)
through the free and open statistical software program
JAMOVI® (Version 1.1.9; retrieved from https://www.jamovi.org).
RESULTS

Five patients presented the ex19del activating mutation at
diagnosis and two were carriers of the L858R. Three patients
were treated with afatinib, two with erlotinib, and two with
gefitinib as first-line TKI. Clinical characteristics are summarized
in Supplemental Table 2 in the online version, while plasma
monitoring for each of them is reported in Figure 1. Overall, at
baseline, the median activating EGFR copies/ml was higher than
T790M and was often related to disease control, whereas the
T790M amount was not. At disease progression, T790M was
detected in plasma and/or tissue in all patients; therefore,
osimertinib treatment was started, except in one patient, since
the drug was not yet available (Figure 1G). In two patients
disease progression occurred due to C797S mutation, in addition
to ex19del and T790M.

The dynamics of EGFR mutations were significantly
associated to specific changes in radiomic features over time
December 2020 | Volume 10 | Article 593831
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(p <0.05; Supplemental Table 3 in the online version). Radiomic
features selected at least once in the LASSO models with respect
to the number of copies/ml of mutant EGFR L858R/ex19del were
combined in a signature (R).

R =oradiomic   signature � regression   coefficients
Frontiers in Oncology | www.frontiersin.org 455
The signature evidenced good capability—with acceptable
representativeness—in predicting the number of copies/ml of the
activating EGFR (R2 = 0.447, Akaike’s Information Criteria (AIC)
= 515, p <0.001) (Figure 2A), and the optimal cut-point estimated
from the ROC curve showed 88.9% accuracy, 90% sensitivity, and
85.7% specificity, with the area under the curve (AUC) of 0.90
A B

D

E F

G

C

FIGURE 1 | Changes in EGFR mutations detected by liquid biopsy (A–G). In one patient the tumor transformed into small cell lung cancer (SCLC) (F). PR, partial
response; SD, stable disease; PD, progressive disease; SCLC, small cell lung cancer. The numbers before the year indicate the months while the letters (A–G) refer
to single patients.
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(Figure 2B). Signatures and their predicting representativeness
were also evaluated with respect to the copies/ml of T790M
mutation and the total copies/ml of mutations in patients
progressed to TKIs. The model predicting the T790M copies/ml
showedR2= 0.301 andAIC=468 (p= 0.003), with 81.5%accuracy,
80% sensitivity and 83.3% specificity of the optimal threshold, and
AUC of 0.84 (Figures 2C, D). The model predicting the total
copies/ml of all mutations displayed R2 = 0.354 and AIC = 534
(p = 0.001), with 96.3% accuracy, 95% sensitivity, and 100%
specificity of the optimal threshold, with AUC of 0.98 (Figures
2E, F); no correlation emerged for C797S.
DISCUSSION

To date, several works studied the potential of radiomics in the
non-invasive prediction of EGFR mutational status and showed
promising results (18, 24, 29–32). However, none of them
addressed the subclonal heterogeneity that occurs asynchronously.
In this study, we endeavored to highlight the great potential of
integrating radiomics and liquid biopsy, as both are minimally
Frontiers in Oncology | www.frontiersin.org 556
invasive, easy to perform, and can be repeated over patients’
follow-up visits.

We did it by incorporating multiple radiomic functions into a
signature (R) that could reliably predict the EGFR mutation
status during treatment, and demonstrating significant
correlations between radiomics and liquid biopsy data.

Of note, sphericity of lung lesions decreasedwith the increase of
T790M copies/ml and, more generally, with the total copies/ml of
mutant alleles, highlighting the association between spherical
disproportion and neoplastic progression, aggressiveness and
resistance to therapy (33). Besides, copies/ml of the T790M
mutation were directly correlated with GLCM dissimilarity
(a measure of local intensity variation of the voxel gray levels),
and direct relationships also emerged between ex19del/L858R
copies/ml, GLCM energy and contrast (Supplemental Table 3).
TheGLCMenergy is a characteristic that describes the order status
of the system and refers to the uniformity of the gray level between
voxel pairs. The GLCM contrast highlights howmany nearby sub-
areas of heterogeneity differ within each lesion.

Interestingly, we found no significant correspondence between
tumor volume (ml) andmutational status (Supplemental Table 3).
A B

D

E F

C

FIGURE 2 | Estimated Marginal Means and ROC analysis for radiomic signature concerning ex19del/L858R (A, B), T790M (C, D), and total copies/ml (i.e. ex19del/
L858R together with T790M and C797S) (E, F). ⁻, mean-1SD; m, mean; ⁺, mean+1STD.
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Our results are consistent with those from Park et al. (34) and Lee
et al. (35), testing the stability and reliability of radiomic features to
evaluate tumor heterogeneity. Notably, Lee and collaborators (35),
by studying the variability of radiomics features and their
relationship with tumor size and shape upon 260 lung nodules,
found that only a few features—including spherical disproportion
and dissimilarity—showed high reproducibility in correlation with
nodule status. This is probably because radiomics in lung cancer is
different from in other oncology fields. Lung cancer resides in an
environment rich with air, while other cancers primarily consist of
soft tissue and reside in the interstitium (36). More than the usual
volume changes, tumor progression is associated with shape and
density changes from ground-glass opacity (GGO) to solid
component (37–39). Thus, radiomics in the lung should jointly
consider the tumor core geometry along with textural changes to
properly model lung cancers. Nevertheless, reproducibility studies
are lacking, and more evidences are needed to provide suggestions
for future lung radiomics investigations.

There was also no significant correlation between changes in
radiomic characteristics and C797S dynamics, probably due to the
low sample size. However, the landscape of mechanisms of
resistance dramatically changes considering osimertinib, and
future studies to better investigate radiomic changes correlating
with C797S dynamics will be needed (40). The appearance of the
EGFR C797S mutation accounts for 6–10% after osimertinib as
first line and 10–26% as second line (41). Furthermore, co-
occurring with T790M has potential implications for treatment:
whenC797S andT790Moccur on the same allele (cis), no response
to EGFR TKIs alone or in combination can be expected, while the
C797S in trans with the T790M mutation confers sensitivity to a
combination of first/third-generation drugs (42–44).

Our results took advantage of consistently examining a few
patients over a period, and of correlating changes in their radiomic
features with the respective dynamics of EGFR mutations in
cfDNA. The resulting signatures showed a good capability—with
acceptable representativeness—inpredicting the tumormutational
status. Unfortunately, given the low number of subjects, we found
no radiomic signature that can be reliably associated with clinical
outcomes, but we plan to look for it in the future. Future larger
prospective clinical trials will also need to validate these findings
and give us the chance to look for new resistance signatures, such as
the one related to SCLC transformation, which is an important
potential mechanism of resistance for to first/second and third-
generation EGFR-TKIs (8), but to date, only a new tissue biopsy
couldallow tofind it.Cliniciansmay considerusing the signature as
a new supporting tool, in accordance with their experience
and judgment.

Liquid biopsy and radiomics have both advantages and
drawbacks making them complementary methods. Although
they are appealing options at progression, to track mechanisms
of resistance (40, 45–48), there are still too few laboratory
applications for liquid biopsy, and molecular protocols need to
be standardized. Furthermore, there are difficulties in detection,
and extremely sensitive and specific analytical methods are
required to deal with small quantities of easily degradable
materials. Lastly, it is still unclear whether liquid biopsy provides
a representative sampling of all genetic clones or whether there is a
Frontiers in Oncology | www.frontiersin.org 657
propensity for specific subpopulations within the intra-tumor
heterogeneity (49). Similarly, radiation, dearth of standardization
for image acquisition, computational approaches and feature
selection, as well as the black-box problem (i.e. non-
interpretable advanced machine-learning algorithms that work
like black boxes, hindering clinical translation), limit the use of
radiomics, which should be considered as an indirect and non-
detailed quantification of the underlying biological processes.
Therefore, to strengthen the trustworthiness of the results,
radiomics-based genotype predictions could be compared with
information from liquid biopsy (16), over time. A combination of
these two minimally invasive strategies, together with cutting-edge
data analysis strategies, could be more valuable and reliable than
their independent use and may help decode tumor information
regarding the type, aggressiveness, progression, and response to
treatment (29, 50). A study from the University of Oklahoma
reported that while radiomics and genomics models were capable
of predicting survival, accuracy significantly improved when both
data were combined (51). Besides, while it is possible to avoid
unnecessary radiation by using liquid biopsy, on the other hand,
we can use radiomics to refine liquid biopsy results and provide a
full-field analysis of patient’s lesions in virtually real-time
response. Both techniques, providing a new instrumental and
therefore objective diagnostic support, are able to reduce the
need for invasive (and often difficult to perform) biopsies and
favor an approach that promptly suggests a change in treatment
strategy over the follow-up.

To the best of our knowledge, this is the first study
investigating the longitudinal trajectory of NSCLC from both
the radiomic and liquid biopsy points of view. As far as we know,
the parallelism between the dynamics of EGFR mutation status
and radiomic features is potentially dependent on the progressive
enrichment of tumor tissue by treatment-resistant clones.
CONCLUSION

Radiomic signatures may represent a clinically relevant readout
of EGFR mutational status and provide a non-invasive
biomarker to monitor targeted drug therapies in NSCLC.
Indeed, with the availability of big data and cutting-edge
analysis strategies (such as machine learning), the information
coming from tumor genotype and phenotype decoded via
imaging (29), may predict treatment failures suggesting a
change in treatment strategy earlier than with conventional
methods. Nevertheless, it should be noted that such techniques
will not substitute tissue biopsy in the near future, since they will
require the aid of other parameters to be correctly interpreted
and acted upon (52).
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Background: Kinase domain duplication of EGFR (EGFR-KDD) is a rare oncogenic driver
alteration and serves as a potential therapeutic target. Its effect on EGFR–tyrosine kinase
inhibitors (TKIs), especially the third-generation drug Osimertinib, and immune checkpoint
inhibitors (ICIs) remains inconclusive.

Case Presentation: A 45-year old male with lung adenocarcinoma progressed with liver
metastasis after receiving pemetrexed and cisplatin as adjuvant chemotherapy. Targeted
next-generation sequencing (NGS) identified an EGFR-KDD in the resected left upper
lung. Icotinib was used in the following treatment and the liver metastasis was found to
shrink but the progression-free survival (PFS) only lasted for 4 months with the
appearance of right hepatic metastasis. Meantime, the same EGFR-KDD was identified
in the left hepatic re-biopsy. Afterward, the patient benefited from the third-line therapy of
Osimertinib with a PFS as long as 21 months. Then he progressed with enlarged
mediastinal lymph nodes, and targeted NGS consistently identified EGFR-KDD, as well
as a new RELN p.G1774E mutation. Given the continually increasing tumor mutation
burden (TMB, 3.4 mutation/Mb) and PD-L1 expression-based tumor proportion score
(TPS, 1%), Nivolumab was used as the fourth-line salvage therapy, which lead to
considerable efficacy, with decreased blood carcinoembryonic antigen (CEA),
regressed mediastinal lymph nodes, and reduced liver metastases.

Conclusions: Our case provided direct evidence to support the role of Osimertinib in the
treatment of EGFR-KDD, as well as added valuable insights into application of immune-
based therapeutics in the specific subgroups bearing EGFR alteration(s).
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BACKGROUND

The discovery of oncogenic aberrations in epidermal growth
factor receptor (EGFR), which commonly occur as 19 exon
deletion or L858R mutation, boosts the treatment of targeted
therapy in non-small cell lung cancer (NSCLC). As a rare EGFR
alteration, kinase domain duplication (KDD), firstly identified as
a driver aberration and therapeutic target in 2015, is an in-frame
duplication in exons that encode the EGFR tyrosine kinase
domain (1). The current reported prevalence of EGFR-KDD
in NSCLCs is 0.04% (2) in European and American and
0.07% (3)~0.12% (4) in East Asian patients, respectively.
When with this rare aberration, the response to EGFR-tyrosine
kinase inhibitor (TKI) and immune checkpoint inhibitors
(ICIs) remains inconclusive. Here we described a case with
advanced lung adenocarcinoma harboring EGFR-KDD who
achieved differentiate response to first and third generation
EGFR-TKIs as well as programmed death receptor-1 (PD-1)
inhibitor Nivolumab.
CASE PRESENTATION

A 45-year-old male underwent a left upper lobectomy and
postoperative pathology revealed invasive stage IIIA lung
adenocarcinoma (Figure 1). Targeted next- generation
sequencing (NGS) with a customized panel (Geneseeq Prime
panel) designed to target 425 cancer-specific genes was
performed, and four somatic mutations and copy number
alterations (CNAs) were identified, including EGFR-KDD of
exon 18-25 [mutant allele frequency (MAF): 13.5%], EGFR
amplification (4.5-fold), TP53 p.Y220C (MAF: 37.0%), and
RB1 single copy loss (Figure 1). The tumor mutation burden
(TMB) was estimated to be 1.1 mutation/Mb. The patient
received pemetrexed and cisplatin as adjuvant chemotherapy.
Four months later, he progressed with liver metastasis in left lobe
(Figure 1).
Frontiers in Oncology | www.frontiersin.org 261
Then, the patient was treated with Icotinib and the metastasis
shrunk. Unfortunately, the drug resistance was observed only after
4 months, as evidenced by the fact that previously responsive liver
lesion progressed. Left hepatic re-biopsy confirmed metastatic
adenocarcinoma and target sequencing (Geneseeq Prime panel)
detected the same EGFR-KDD (MAF: 4.9%) as well as mutation of
TP53 p.Y220C (MAF: 0.5%) (Figure 1). The TMB was calculated
as 2.2 mutation/Mb.

Docetaxel and cisplatin were initiated as the second-line
therapy. However, the left hepatic metastasis enlarged rapidly
after 2 cycles of chemotherapy. The blood carcinoembryonic
antigen (CEA) level increased from 9.5 mg/ml (before
chemotherapy) to 22.7 mg/ml. Even worse, a right hepatic
metastasis appeared soon afterward. Radiofrequency ablation
(RFA) of liver was conducted on both of the left and right
hepatic metastases, but no reduction in liver lesions was
observed, and the CEA level showed a slight increase from 7.3
to 10.3 mg/ml.

Afterward, the patient started taking Osimertinib (80 mg once
daily). Encouragingly, both liver lesions showed significant
regression (Figure 1). One month after initiation of
Osimertinib, the CEA level decreased to 5.4 mg/ml, and
remained at normal level for 18 months. Moreover, the
progression-free survival (PFS) reached 21 months. However,
the CEA level increased to 23.1 mg/ml at the 19th month after the
initiation of Osimertinib treatment, and 2 months later, the
patient progressed with enlarged mediastinal lymph nodes
(Figure 1) with the CEA level of 73.9 mg/ml. Resampling and
targeted sequencing (Geneseeq Prime panel) consistently
identified EGFR-KDD (MAF: 33.9%), as well as EGFR
amplification (6.6-fold), TP53 p.Y220C (MAF: 53.3%), and a
new mutation of RELN p.G1774E (MAF: 45.4%) (Figure 1). The
estimated TMB increased to 3.4 mutation/Mb. In addition, the
assessment of PD-L1 expression using antibody 28-8 (pharm Dx,
Dako’s Platform) showed tumor proportion score (TPS) of 1%.

On these bases, the fourth-line salvage therapy using
Nivolumab was prescribed and the therapeutic efficacy was
FIGURE 1 | The timeline showing the history of treatment and examinations for the patient under current study.
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considerable, as evidenced by the decreased CEA, regressed
mediastinal lymph nodes, reduced metastases in both left and
right liver (Figure 1). Specifically, the CEA level decreased from
143.6 to 41.8 mg/ml one month later. The PFS reached 7 months
and no obvious adverse effects were observed. The quality of life
was in good status during the Nivolumab treatment. After that,
the patient progressed with enlarged liver metastasis.
Unfortunately, the patient was also infected with tuberculosis,
and his condition took a sharp turn for the worse due to both
tumor progression and tuberculosis. The families gave up further
treatment and the patient died 4 months later.
DISCUSSION

Classical EGFR alterations confer continual activation of protein
kinase functionandsensitivity toEGFRTKI (5).Asa rareoncogenic
variant, EGFR-KDD is able to form asymmetric homo-dimer and
thus activate EGFR signaling pathway (1). Several pilot studies
confirmed the effectiveness of EGFR-TKIs in NSCLCs harboring
EGFR-KDD (1, 3, 4, 6–9) (Table 1). In our case, the patient bearing
EGFR-KDDwas sensitive to Icotinib andOsimertinibwith PFS of 4
and 21 months, respectively. According to previous reports, there
are greatly varying efficacies across thefirst-generationTKIs against
EGFR-KDD, among which the longest PFS up to 6 years was
achieved by Gefitinib (6). In our case, a PFS of only 4 months was
observed on Icotinib treatment. In comparison, the third-
generation TKI Osimertinib presented an encouraging PFS as
long as 21 months. The mechanism underlying such difference in
the clinical outcomes is worth investigation. Most recently, our
group conducted amolecular dynamics simulation-guided study of
EGFR-KDD effect on different TKIs (10). It was shown that
Gefitinib, as the first-generation EGFR-TKI, suffered from more
disturbances in the EGFR-KDD binding event than the third-
generation EGFR-TKI, Osimertinib. Moreover, Osimertinib was
found with higher binding affinity toward EGFR-KDD than
Gefitinib. These results provide the structural basis of evidence
that Osimertinib, compared to the first generation TKI, is able to
bind and thus inhibit EGFR-KDD with more potency.
Frontiers in Oncology | www.frontiersin.org 362
ICIs serve as a new standard of care for advanced NSCLCs
with no EGFR mutation. However, the study concerning the
therapeutic effect of ICIs on EGFR mutant lung cancer is sparse
and the outcome seems not optimistic. Previous evidence
showed that compared with chemotherapy, there was no
superiority in terms of overall survival (OS) when ICIs were
used as the second line treatment among EGFR-mutant
subgroup (11). The Atlantic trial demonstrated the overall
response rate (ORR) of ICIs was 9.8% with averaged PFS of
only 1.9 months among EGFR+/ALK+ individuals (12). Cho
et al. also suggested EGFRmutant NSCLC patients benefited less
from ICIs treatment (13). Similar results were found in Italian
Nivolumab expanded access program, which showed ORR of
8.8% among EGFR mutant subgroup (14). Consistently, a
retrospective study by Hastings et al., concluded with an ORR
of 9.9% for ICIs treatment in EGFR-mutant NSCLCs (15).
Despite these, it is worth to mention that adding atezolizumab
to standard-of-care Bevacizumab and chemotherapy increased
PFS and OS benefit among the EGFR-mutant patients (16).

Of note, EGFR aberrations were found to be corelated with
significantly increased rateof tumorgrowthafter ICIsmonotherapy
(17). Pilot study suggested thatEGFRpathway activation resulted in
a signature of immuno-suppression, driving immune escape (18).
Furthermore, certainEGFR aberrations, includingEGFR 19Del and
T790M, are considered to be related to ICIs-induced hyper-
progressive disease (HPD). Recently, our group reported a patient
with EGFR 20 exon insertion andMYC amplification who suffered
fromHPDafter treatment ofNivolumab, resulting in rapid death in
2 months (19). Ex vivo study exhibited that PDX model carrying
EGFR 21 exon L858R mutation also mirrored the clinical
observation of HPD following Nivolumab treatment (20). Here,
our patient significantly benefited from ICIs treatment in the
presence of EGFR-KDD. Emerging evidence showed EGFR 20
exon insertion mutation tended to present higher PD-L1
expression than classic EGFR mutation, and in turn, was related
with improvedoutcome inresponse to ICIs (21).Case series showed
patients harboring EGFRG719Xmutations alongwith high PD-L1
expression conferred sensitivity to ICIs-based treatment (22). The
aforementioned Hastings’ study (15) further investigated the
TABLE 1 | Summary of response to EGFR-TKIs in NSCLCs harboring EGFR-KDDs.

Study Population Best response to TKIs TKIs, response and PFS

Our case East Asian PR Icotinib, PR, 4m; Osimertinib, PR, 21m
Gallant et al. (1) American PR Afatinib, PR, 10m
Baik et al. (6) American PR Gefitinib, PR, 6y; Erlotinib, PR, 3y
Wiest et al. (7) Germany PR Afatinib, PR, NA
Zhu et al. (8) East Asian SD Icotinib, SD, 11m (Not reach)
Xu et al. (9) East Asian PR Afatinib, PR, NA
Wang et al. (3) East Asian SD Icotinib, SD, NA
Wang et al. (4) East Asian PD Erlotinib, PD, 2m; Osimertinib, PD, 2m

East Asian PR Gefitinib, PR, 5m; Afatinib, PD, 2m
Osimertinib, PR, 4m (Not reach)

East Asian SD Gefitinib, SD, 11m
East Asian PR Icotinib+apatinib, PR, 4m (Not reach)
East Asian PD Gefitinib, PD, 3m

Erlotinib, PD, 5m
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efficacy differences between various EGFR subtypes. Therapeutic
efficacy was best for EGFR G719 but worst for EGFR L861Q. For
common mutant subgroups, EGFR 19Del showed worse response
than EGFR L858R. On contrary, negative association between
EGFR alteration and HPD was observed from two independent
cohorts (23, 24). These data suggest the responsiveness to ICIs in
patients with EGFR aberrations may differ in terms of specific
aberrant type. Toovercome the low response rates toPD-1 pathway
blockade,highly specificpatient(s)withEGFR-driven tumor should
be screened out for ICIs monotherapy and combinations.

There are several limitations in the present study. Owing to the
coverage of currently used sequencing panel, it was not available to
explore the molecular basis of mechanism underlying the drug
resistance observed in the clinic, e.g., Icotinib and Osimertinib.
According to previous studies, there exist varying conclusions as to
the efficacies of the first-generation EGFR-TKIs in the treatment of
EGFR-KDD, as well as the uncertain response to ICIs amongEGFR
mutant tumors. In this context, our current case report only
provided an example but not guidance for the clinical
intervention, which clearly demandsmore extensive investigations.

Collectively, our caseprovidesdirect evidence to support the role
of Osimertinib in the treatment of EGFR-KDD, as well as added
valuable insights into application of immune-based therapeutics in
the specific subgroups bearing EGFR alteration(s).
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Patients With Metastatic Non-Small
Cell Lung Cancer After Long-Term
Target Therapy With EGFR-TKI
Beisheng Yang1†‡, Chunli Luo2,3†‡, Min Yu2, Lin Zhou2, Bo Tao1, Biqiu Tang1,
Ying Zhou2, Jiang Zhu2, Meijuan Huang2, Feng Peng2, Yongmei Liu2, Yong Xu2,
Yan Zhang2, Xiaojuan Zhou2, Jianxin Xue2, Yanying Li2, Yongsheng Wang2, Zhiping Li4,
You Lu2, Su Lui1 and Youling Gong2*

1 Huaxi MR Research Center (HMRRC), Department of Radiology, West China Hospital of Sichuan University, Chengdu, China,
2 Department of Thoracic Oncology and State Key Laboratory of Biotherapy, Cancer Center, West China Hospital, Sichuan University,
Chengdu, China, 3 Department of Radiation Oncology, Cancer Center, West China Hospital, Sichuan University, Chengdu, China,
4 Department of Radiation Oncology, West China Hospital, Sichuan University, Chengdu, China

Purpose: Epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI) therapy is
the routine treatment for patients with metastatic non-small cell lung cancer (NSCLC)
harboring positive EGFR mutations. Patients who undergo such treatment have reported
cognitive decline during follow-up. This study, therefore, aimed to evaluate brain structural
changes in patients receivingEGFR-TKI to increaseunderstandingof this potential symptom.

Method: Themedical recordsof 75patientswithmetastaticNSCLC (without brainmetastasis
or other co-morbidities) who received EGFR-TKI therapy from 2010 to 2017 were reviewed.
The modified Scheltens Visual Scale and voxel-based morphometry were used to evaluate
changes in white matter lesions (WML) and gray matter volume (GMV), respectively.

Results: The WML scores were higher at the 12-month [8.65 ± 3.86; 95% confidence
interval (CI), 1.60–2.35; p < 0.001] and 24-month follow-ups (10.11 ± 3.85; 95% CI, 2.98–
3.87; p < 0.001) compared to baseline (6.68 ± 3.64). At the 24-month follow-up, the visual
scores were also significantly higher in younger patients (3.89 ± 2.04) than in older patients
(3.00 ± 1.78; p = 0.047) and higher in female patients (3.80 ± 2.04) than in male patients
(2.73 ± 1.56; p = 0.023). Additionally, significant GMV loss was observed in sub-regions of
the right occipital lobe (76.71 voxels; 95% CI, 40.740–112.69 voxels), left occipital lobe
(93.48 voxels; 95% CI, 37.48–149.47 voxels), and left basal ganglia (37.57 voxels; 95%
CI, 21.58–53.57 voxels) (all p < 0.005; cluster-level false discovery rate < 0.05).

Conclusions: An increase in WMLs and loss of GMV were observed in patients with
metastatic NSCLC undergoing long-term EGFR-TKI treatment. This might reflect an
unknown side-effect of EGFR-TKI treatment. Further prospective studies are necessary to
confirm our findings.

Keywords: non-small cell lung cancer, epidermal growth factor receptor-tyrosine kinase inhibitor, white matter
lesion, gray matter, MRI
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INTRODUCTION

Non-small cell lung cancer (NSCLC) is the leading cause of
cancer death worldwide. About 40–50% of Asian patients with
NSCLC harbor epidermal growth factor receptor (EGFR)
mutations, and distant metastases are observed in nearly 40%
of these patients at initial diagnosis (1). The approval of gefitinib,
the first-generation EGFR tyrosine kinase inhibitor (TKI), led to
the development of molecular targeted therapy for lung cancer
(2). Prospective phase III trials have established that EGFR-TKIs
are superior to chemotherapy for patients harboring an EGFR
mutation (3–6). Therefore, EGFR-TKIs have been recommended
as first-line treatment for such patients in clinical guidelines
(7, 8). Consequently, EGFR-TKI therapy has been routinely
prescribed for patients with EGFR mutations worldwide.

The known side effects of targeted therapy with EGFR-TKIs
include rashes, diarrhea, hepatic impairment, mucositis, and
interstitial pneumonia (9). However, during routine follow-ups,
patients with NSCLC undergoing EGFR-TKI treatment in our
department, the Oncology Department of West-China Hospital,
have reported cognitive decline after starting EGFR-TKI treatment,
a side effect that has not previously been reported. Meanwhile, a
recent study evaluated the neuropsychological performance of
patients with NSCLC who underwent targeted therapy and
reported that depression and/or anxiety were correlated with the
treatment, but details regarding drug utilization in this study were
not clear (10). Potential reasons for these neuropsychiatric
symptoms remain unknown.

Many studies have reported that epidermal growth factor (EGF)
is involved in the main biological pathway of neurodevelopment
and repair of nerve injury by promoting the proliferation,
regeneration, and development of neurons (11–13). Thus, the
inhibition of the EGF pathway caused by EGFR-TKIs could
negatively influence the differentiation, maturation, and
rehabilitation of neural cells, which may lead to chronic cognitive
function impairments. In this context, exploring structural changes
in patients’ brains before and after EGFR-TKI treatment could help
in determining the causes of cognitive decline.

It has been reported that white matter lesions (WMLs) are an
indication of cognitive impairment, especially in the elderly and
patientswith specific comorbidities (14, 15). The loss of graymatter
volume (GMV) has also been associated with mild cognitive
impairment, including memory loss and attention and language
dysfunction (16, 17). MRI-based studies have confirmed that
WMLs and gray matter atrophy (GMA) could be the primary
imaging correlates of early dementia and mild cognitive
impairment in several chronic diseases, including Parkinson’s
disease, diabetes mellitus, and Alzheimer’s disease, among others
(18–20).

Patients with metastatic NSCLC who undergo EGFR-TKI
treatment at our hospital receive routine MRIs. This allowed us
Abbreviations: EGFR-TKI, Epidermal growth factor receptor-tyrosine kinase
inhibitor; NSCLC, Non-small cell lung cancer; WML, white matter lesion;
GMV, gray matter volume; MRI, magnetic resonance imaging; GMA, gray
matter atrophy; VBM, voxel-based morphometry; FDR, false discovery rate;
FLAIR, fluid attenuated inversion recovery.
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to investigate the potential impact of long-term EGFR-TKI
therapy on patients’ brains, which has not yet been evaluated.
Thus, for the first time, we collected brain MRI images of patients
with NSCLC to investigate changes in WMLs and GMV.
MATERIALS AND METHODS

This retrospective study was approved by the ethics committee at
WestChinaHospital, SichuanUniversity andwas in full accordance
with the International Conference ofHarmonizationGoodClinical
Practice Guidelines. Informed consent was obtained during follow-
up, and for those who were lost to follow-up (e.g., death,
emigration), we were granted permission by the ethics committee
at West China Hospital, Sichuan University for an informed
consent waiver.

Patients with pathologically-confirmed metastatic NSCLC
between 2010 and 2017 in West China Hospital, Sichuan
University were included. The inclusion criteria were as follows:
a) positive for EGFRmutation (19 exon deletion or 21 exon L858R
mutation detected by amplification refractory mutation system,
differential display-polymerase chain reaction, or next generation
sequencing), b) received first-generation EGFR-TKIs (gefitinib,
erlotinib, or icotinib, according to the Chinese Food and Drug
Administration’s approval); and c) brainMRI data available during
follow-up at our hospital. Exclusion criteria were as follows: a)
suffering from a neurological or psychiatric disease; b) presence of
comorbidities that might influence the patient’s brain structure
(e.g., type 2 diabetes, hypertension, chronic kidney disease); c)
identificationofbrainmetastasesduringMRIatbaseline oranytime
during the evaluation period; d) substantial abuse including alcohol
or narcotics; and e) any other concurrent systematic therapy (e.g.,
chemotherapy, anti-angiogenetic therapy, or immunotherapy).

Treatment and Follow-Up
After EGFR-TKI treatment initiation, objective assessments of all
the eligible patients were recorded every 3 months according to
the RESIST criteria (21). The patients underwent a brain MRI
every 6 months when no neural symptoms or physical signs were
observed; otherwise, a brain MRI was performed immediately to
rule-out brain metastasis. The EGFR-TKI dose was modified
according to the instructions specific to each drug. The duration
of the follow-up period was ≥ 24 months.
Image Acquisition
Image datawere retrospectively collected fromour hospital’s PACS
(Picture Archiving and Communication System). Since there are
multipleMRI scanners at our hospital, T2-FLAIR (fluid attenuated
inversion recovery) images for WML assessments were acquired
using different scanners from two different manufacturers (GE and
Siemens) andwith varyingmagneticfield intensities (1.5-T, n = 154
person-time; and 3.0-T, n = 82 person-time). Since the WML
diagnostic features were high signal spots in the T2-FLAIR
sequence, the evaluation of visual scores were not affected by the
different scanners. A high resolutionT1WI (1.0mm/slice)MRIwas
not routinely used for all the patients due to its extra charge;
January 2021 | Volume 10 | Article 573512
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however, we screened the image data for available high resolution
T1WI MRIs before and after about 1-year treatment, which were
obtained by the same 3.0 T MRI system. The images of 21 patients
(13 by Siemens scanners; 8 by GE scanners) were determined to be
suitable for GMV analysis.
Definitions and Acquisition of White Matter
Lesion and Gray Matter Volume
WMLs are regions of white matter that have an abnormal white
matter fiber tract, which present as hyperintense regions on MRI
T2-FLAIR sequence images with different shapes categorized as:
periventricular caps, rims, or halos; subcortical multiple punctuates
or patchy lesions; and partially or completely confluent lesions.
They are often divided into two broad categories, namely,
periventricular WMLs (attached to the ventricular system) and
deep WMLs (located at the subcortical white matter area) (22, 23).

WMLs from axial T2-FLAIR images were evaluated using the
modified Scheltens Visual Scale (SVS; Supplementary Material,
Section A), with which periventricular and white matter
hyperintensities are semi-quantitively rated. The modified SVS is
used to rate WMLs in the periventricular region on a 7-point scale
(0–6) and those in the subcortical region on a 25-point scale (0–24)
according to the size and number of lesions (24, 25). The modified
SVS was used to evaluate the WMLs seen on T2-FLAIR images at
baseline and after 12 months and 24 months of EGFR-TKI therapy
(one representative patient is shown in Supplementary Material,
Section B).

Gray matter is a major component of brain parenchyma and
consists of neuronal cell bodies, neuropils (dendrites and axons),
glial cells, and capillaries. It is distinguished from white matter in
that it contains numerous neuronal cell bodies and relatively few
myelinated axons. GMV is determined using optimized voxel-
based morphometry (VBM) (26), a computational neuroanatomy
method that measures the number of voxels of gray matter after
separating them from white matter using T1WI.

In this study, the GMV analysis was performed using the
Statistical Parametric Mapping Package (SPM8) (http://www.fil.
ion.ucl.ac.uk/spm/), with the VBM-based diffeomorphic
anatomical registration using the exponentiated lie algebra
(VBM-DARTEL) toolbox (27). First, the high-resolution images
of all the patients before and after treatment were segmented into
gray matter, white matter, and cerebrospinal fluid. Second, the
segmented gray matter was smoothed to create the primary
DARTAL template. After 18 iterative operations with raw
segmented gray matter images, six templates were created and the
sixth template, which is considered to havemaximumaccuracy and
sensitivity (28), was registered to the Montreal Neurological
Institute space. All the patients’ GMVs before and after treatment
were obtained for further statistical analysis.
Statistical Analysis
The normality of the WML SVS scores was tested using the
Shapiro-Wilk test. Paired sample t-tests were used to test
differences in the WML scores before and after treatment.
Independent sample t-tests were used to evaluate variations in
Frontiers in Oncology | www.frontiersin.org 367
WMLs from baseline according to sex, age, type of mutation, and
type of TKI therapy.

Changes in GMV before and after EGFR-TKI therapy were
tested using paired sample t-tests (uncorrected p value < 0.001),
and corrected using a false discovery rate (FDR) of p < 0.05 at
cluster level and peak level. A cluster level test takes into account
the size of the cluster that consists of adjacent voxels as test
objects, and a cluster size above the voxel’s threshold has a
statistical significance suitable for small samples. For the peak
level test, each voxel is regarded as an independent test subject,
meaning a much stricter FDR is required for viability.
RESULTS

Patient Characteristics
The median age of all 75 patents with NSCLC was 60 years (range,
38–71 years) and the majority were women (49/75, 65.3%). Forty-
one (54.7%) and 34 (45.3%) patients were positive for EGFR 19
exon deletion and 21 exon L858R transformation, respectively. The
median duration of intracranial progression-free survival was 32.0
months (range, 23.0–89.0 months). For the 21 patients included in
the GMV analysis, the median age was 59 years (range, 43–70
years) and the majority were female (12/21, 57.1%) (Table 1).
Changes in White Matter Lesions
The SVS scores of the WMLs at baseline varied between 0 and
17.00, and increased at the 12-month and 24-month follow-ups
(Figure 1A). Compared to baseline (6.68 ± 3.64), the scores were
significantly higher at the 12-month [8.65 ± 3.86; 95% confidence
interval (CI) 1.56–2.35, p < 0.001] and 24-month (10.11 ± 3.85;
95% CI 2.98–3.87, p < 0.001) follow-ups (Figure 1B).

Sub-group analyses showed that the SVS scores at baseline were
significantly higher in older patients (> 60 years) than in younger
patients (≤ 60 years) (7.62 ± 3.56 vs. 5.67 ± 3.49, respectively; p =
0.019). Compared to older patients, the younger patients also
showed significantly higher SVS scores at the 24-month follow-
TABLE 1 | Baseline characteristics of patients in present study.

Baseline
characteristics

Patients for WML
analysis, number

Patients for GMV
analysis, number

Age (years) 60 (range of 38–71) 59 (range of 43–70)
Sex (%)
Male 26 (34.7) 9 (42.9)
Female 49 (65.3) 12 (57.1)
ECOG performance status (%)
0 38 (50.7) 10 (47.6)
1 37 (49.3) 11 (52.4)
EGFR mutation (%)
19 del 41 (54.7) 12 (57.1)
21L858R 34 (45.3) 9 (42.9)
EGFR-TKI (%)
Gefitinib 30 (40) 13 (61.9)
non-Gefitinib 45 (60) 8 (38.1)
Progression-free survival (months) 32 (range of 23-89)
J
anuary 2021 | Volume
Data are median (IQR) or number (%); ECOG, Eastern Cooperative Oncology Group;
EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor.
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up (3.00 ± 1.78 vs. 3.89 ± 2.04, respectively; p = 0.047) but not at the
12-month (2.19 ± 1.69 vs. 1.77 ± 1.56, respectively; p = 0.266)
follow-up (Figure 1C). For the SVS scores at baseline, no significant
differences were found between female and male patients (6.27 ±
3.37 vs. 7.46 ± 4.05, respectively; p = 0.177). However, SVS scores
were significantly higher for female patients than male patients at
Frontiers in Oncology | www.frontiersin.org 468
the 12-month (2.31 ± 1.66 vs. 1.35 ± 1.44, respectively; p = 0.015)
and 24-month (3.80 ± 2.04 vs. 2.73 ± 1.56, respectively; p = 0.023)
follow-ups (Figure 1D). No significant differences in SVS scores
were observed according to the different EGFRmutations orEGFR-
TKI treatments at baseline or at the 12-month or 24-month follow-
ups (all p > 0.05; Figures 1E, F).
A B

C D

E F

FIGURE 1 | Baseline and changes of WML visual scores in all patients. (A) During the treatment of EGFR-TKI, the patient’s WML visual scores increased
progressively. (B) Comparing to the baseline scores, the scores were significantly changed at the 12-months’ point and changed more obviously at the 24-months’
point. (C) Sub-group analysis: the baseline WML visual score was significantly higher in elder patients. The WML visual scores increased more significantly at the 24-
month point in younger patients than elder patients. (D) There was no difference between the baseline WML visual scores among female and male patients, while the
visual scores increased more significantly in female patients at the 12-month’s point and 24-month’s point than that in the male patients. (E, F) No significant
differences of the WML visual scores was observed between EGFR mutation types or EGFR-TKIs the patients receiving.
January 2021 | Volume 10 | Article 573512

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


Yang et al. Structural Brain Changes After EGFR-TKI Therapy
Changes in Gray Matter Volume
The total GMV of patients was 673.8 ± 58.5 cm3 and 667.6 ± 60.3
cm3 at baseline and the 12-month follow-up, respectively.
Uncorrected GMV loss (p < 0.001) was identified in brain MRIs
(Figure 2). The total voxel values were clearly lower after EGFR-
TKI treatment than at baseline in three main clusters: the sub-
regionsof themiddle and inferior occipital cortex (1,697voxels); the
right middle and inferior occipital cortex extending to the lingual
gyrus and entorhinal cortex (1,660 voxels); and the left lentiform
nucleus, which included the putamen and pallidum (1,145 voxels)
Frontiers in Oncology | www.frontiersin.org 569
(Table 2).MildGMV loss was observed in the left precentral gyrus,
which included part of Brodmann area 6 (321 voxels); two
independent clusters at the right lentiform nucleus (142 and 125
voxels), both of which included parts of the putamen and pallidum;
and the right insula extending to the superior temporal gyrus
(269 voxels).

After the cluster-level FDR was corrected to p < 0.05,
significant GMV loss remained in three main clusters: the right
middle and inferior occipital cortex extending to the lingual and
entorhinal gyrus, the left lentiform nucleus, and the middle and
FIGURE 2 | Differences in gray matter volume before and after EGFR-TKI treatment. Significant differences were identified using voxel-based paired sample T-test.
January 2021 | Volume 10 | Article 573512
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inferior occipital cortex (p = 0.012, p = 0.003, and p = 0.003,
respectively) (Table 3, Figure 3). The peak-level FDR-corrected
analysis showed no significant difference between GMV
atrophies at baseline and the 12-month follow-up in these
three main clusters (p = 0.054, p = 0.653, and p = 0.885,
respectively). The other four clusters were not significant after
cluster-level or peak-level FDR correction (all p > 0.05).
DISCUSSION

Previous studies have revealed that the most common adverse
effects of EGFR-TKI therapy are skin rashes (31.4%), diarrhea
(14.2%), pruritus (6.7%), and hepatic toxicity (3.8%) (9). For the
first time, using a series of brain MRIs, significant worsening of
WMLs and GMA were observed among patients with advanced-
stage NSCLC receiving long-term EGFR-TKI treatment.

The existing literature suggests that EGF is expressed in the
cortical plate during neural development, promoting the neurite
outgrowthof cortical neurons (11), and the EGFRpathway is linked
to multiple nerve cell events, such as proliferation, differentiation,
and apoptosis (12). Recently, an EGFR pathway-regulating
compound (yhhu-3792) was reported to induce cognitive
impairment in mice by inhibiting neural pathways in the
hippocampus (29). This microvascular anomaly is believed to be
one the principle causes of WMLs, as EGFR and vascular EGF
pathways are closely related and share common downstream
signaling pathways (30). Therefore, long-term EGFR-TKI therapy
could potentially induce WMLs and GMA.

GMA and WMLs are reportedly associated with a rapid or
excessive decline in global cognitive performance, executive
Frontiers in Oncology | www.frontiersin.org 670
function, and processing efficiency (17, 31, 32). Furthermore,
structural changes in the brain are strongly correlated with a
patient’s cognitive status (17, 33, 34). In the present study, the
reduction in gray matter was nearly 0.92% after 12 months of
EGFR-TKI treatment, while a large cross-sectional study (479
healthy participants) using SPM8 to measure age-related changes
in GMV reported a global loss of 0.57% per year (35). Even though
directly comparing these two studies is not sufficient evidence, it
may be used to some extent to demonstrate the difference between
patients receivingEGFR-TKI therapy andhealthy people, especially
given the difficulty in collecting longitudinal image data of healthy
people along aging. Physical frailty-related GMV loss has been
observed in the bilateral frontal and occipital cortices, while
cognitive impairment-related GMV loss has been observed in the
bilateral frontal, occipital, and temporal cortices (17). Similarly, we
observed significantGMVlossmainly in sub-regionsof the bilateral
occipital lobes and the left basal ganglia.Unfortunately, nocognitive
function tests (e.g., Wechsler adult intelligence scale-III, mini-
mental state examination, color trails test, etc.) were performed
on the patients who received EGFR-TKI treatment at baseline or
during follow-up. We could not, therefore, analyze possible
cognitive impairments caused by the changes in brain structure in
the patients.

Previous studies on healthy elderly populations have reported
either no significant progression ofWMLs associated with age (36),
or amild increaseof 0.2 to 0.4%per year (37), In this study,however,
we observed significant deterioration of WMLs in patients with
NSCLCwho receivedEGFR-TKI therapy. The baselineWML score
was significantly higher in older patients than in younger patients
(p = 0.019), which is in accordance with recent reported findings
(14, 22). At the 24-month follow-up, however, the WML scores
TABLE 2 | Sub-regions with GMV atrophy of patients treated with EGFR-TKIs.

Cluster Total voxels Main brain sub-regions

Region1 Voxels Region2 Voxels Region3 Voxels

1 1697 Occipital_Mid_L 1153 Occipital_Inf_L 377 – –

2 1660 Occipital_Inf_R 705 Occipital_Mid_R 573 Fusiform_R 247
3 1145 Lentiform Nucleus_L 782 Putamen_L 604 Pallidum_L 174
4 321 Precentral Gyrus_L 211 Brodmann area 6 96 – –

5 269 Insula_R 109 Temporal_Sup_R 84 – –

6 142 Lentiform Nucleus_R 115 Putamen_R 106 Pallidum_R 9
7 125 Lentiform Nucleus_R 123 Putamen_R 79 Pallidum_R 45
January 2021
 | Volume 10 | Article
GMV, gray mater volume.
TABLE 3 | Statistic information of sub-regions with GMV reduction in patients treated with EGFR-TKIs.

Cluster Cluster-level Peak-level X (mm) Y (mm) Z (mm)

Equivk p (un-corr) p (FDR-corr) T p (uncorr) p (FDR-corr)

1 1145 0.001 0.012 6.88 0.000 0.054 −29 −17 −2
2 1660 0.000 0.003 4.84 0.000 0.653 35 −86 −11
3 1697 0.000 0.003 3.78 0.001 0.885 −39 −83 0
4 321 0.06 0.387 3.83 0.001 0.885 −44 −12 65
5 142 0.194 0.825 4.09 0.000 0.885 29 −18 5
6 125 0.222 0.825 3.69 0.001 0.885 26 −5 2
7 269 0.082 0.424 3.50 0.001 0.885 41 −33 17
GMV, gray matter volume; EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; Equivk, equivalent voxels k; Corr, corrected; FDR, false discovery rate; X, Y, Z, x,y and z
axis. respectively.
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were significantly higher in younger patients than older ones (p =
0.047), indicating that the younger patients were more sensitive to
therapy. This could be explained by the higher proliferation rate of
neural stem and progenitor cells in younger compared to older
people, leading to a higher chance they would be affected by EGFR-
TKI therapy. Women reportedly have significantly more WMLs
relative towhitematter volume thanmen (2.8 vs. 2.4%, respectively;
p < 0.001) (38), and a greater marked progression of subcortical
WML and incident lacunar infarcts than men (39). Similarly, the
changes in WML scores in this study were more significant in
female patients than in male patients at the 12-month and 24-
month follow-ups.However, therewere no significantdifferences in
WML scores based on the type of EGFR mutation or EGFR-TKI
therapy received.

For dementia research, visual rating scores from routine brain
MRIs, which are recognized as a practical and inexpensive way to
Frontiers in Oncology | www.frontiersin.org 771
improve diagnostic accuracy, are recommended for assessing
cognitive impairment. Prior to the application of more advanced
image analysis techniques in clinical practice, visual rating scales
were widely used and recommended for evaluating patients
clinically with suspected dementia and was considered a
diagnostic criterion for numerous types of dementia (22, 23, 40).
Compared to several other visual rating scales, including the
Fazekas scale (41), Rotterdam Scan Study (RSS) scale (37),
modified SVS (24), Koedam posterior atrophy (PA) scale (42),
and Prins scale (25), which were developed specifically to rate the
vulnerability of brain regions to atrophy in different types of
dementias, the SVS has been recommended for observing
longitudinal changes in WMLs for chronic diseases and their
relationship to clinical variables (43–45). GMV changes have
been evaluated using the VBM-toolbox on SPM8, and the
reliability of extracting quantitative brain metrics, such as GMV,
FIGURE 3 | The three main clusters with reduced gray matter volume. The three clusters were showed in axial, sagittal, and coronal positions: (A) the right middle
and inferior occipital cortex, (B) the left lentiform nucleus, and (C) the middle and inferior occipital cortex.
January 2021 | Volume 10 | Article 573512

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


Yang et al. Structural Brain Changes After EGFR-TKI Therapy
in clinical-quality MRIs has been justified (46). Uncorrected voxel-
based statistics increase the sensitivity as FDR increases (28). In this
study, the FDR-corrected analysis was performed tominimize bias.
Thus, the theoretical foundation andMRIanalysis performed in the
present study were relatively robust and have been validated by a
large number of studies worldwide.

However, this study also had some limitations. First, the
retrospective nature and relatively limited sample size of this
study restricts its value in routine practice. Additionally, since a
cognitive analysis was not conducted, interpreting the potential
relationship between changes in the brain structure and
cognition could not be assessed, even though significant
worsening of the brain structure was observed. Second, data on
mental status (depression or anxiety) before and during follow-
up were not available, and subtle mental symptoms are difficult
for patients to detect themselves. However, concomitant
neuropsychiatric symptoms, such as depression or anxiety, in
patients with NSCLC who undergo target therapy may exist, as
reported previously (10). Third, systemic chemotherapy might
have affected patients’ cognitive function (47, 48). Previous
evaluations of cognition and brain structure changes in
patients with lung cancer have demonstrated cognitive
impairments after chemotherapy (49). Consequently, patients
with lung cancer who undergo chemotherapy could not be used
as controls. Additionally, no healthy volunteers were analyzed as
controls in this retrospective setting. Therefore, the brain
alterations observed in the present study should be interpreted
cautiously unless they are validated by prospective data sets.
CONCLUSION

This retrospective structural analysis of a series of brain MRIs
showed significant worsening of WMLs and GMA in patients
with advanced-stage NSCLC undergoing chronic EGFR-TKI
treatment, which may indicate that this could be an unknown
side-effect of EGFR-TKI treatment. Further prospective studies
are being designed to more definitively determine the effects of
long-term EGFR-TKI treatment on cognitive ability.
Frontiers in Oncology | www.frontiersin.org 872
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Subsequent Systemic Chemotherapy
Agents for Advanced EGFR Mutant
Lung Adenocarcinoma Patients:
Implications From Taiwan Cancer
Registry Cohort
Sheng-Kai Liang1,2, Li-Ta Keng1, Chia-Hao Chang1, Yueh-Feng Wen1, Meng-Rui Lee1*,
Ching-Yao Yang3, Jann-Yuan Wang3, Jen-Chung Ko1, Jin-Yuan Shih3 and Chong-Jen Yu3

1 Department of Internal Medicine, National Taiwan University Hospital Hsinchu Branch, Hsinchu City, Taiwan, 2 Institute of
Biotechnology, National Tsing Hua University, Hsinchu City, Taiwan, 3 Department of Internal Medicine, National Taiwan
University Hospital and College of Medicine, National Taiwan University, Taipei City, Taiwan

Objectives: Large-scale, population-based real-world studies on the treatment
outcomes of first-line tyrosine kinase inhibitors (TKIs) and subsequent systemic
chemotherapy agents for lung adenocarcinoma (with activating epidermal growth factor
receptor [EGFR] mutations) remain limited.

Materials and Methods: From March 2014 to December 2016, patients with advanced
lung adenocarcinoma, identified from the TaiwanCancer Registry were included in this study if
they received any of the three TKIs as first-line treatment. The primary outcome was overall
survival (OS). The secondary outcome was time-to-treatment discontinuation (TTD).

Results: A total of 4,889 patients (median age: 67 years and two-thirds with distant
metastasis) were recruited (1,778 gefitinib, 1,599 erlotinib, and 1,512 afatinib users). A 1:1
propensity score (PS)-matched cohorts of 1,228 afatinib/erlotinib and 1054 afatinib/
gefitinib was created. After PS matching, it was found that afatinib was not associated
with better OS (afatinib vs. erlotinib, HR: 0.96, 95% CI: 0.86–1.07; afatinib vs. gefitinib,
HR: 0.91, 95% CI: 0.81–1.02). In the subgroup analysis, afatinib demonstrated a survival
benefit in patients with active smoking (afatinib vs. erlotinib, HR: 0.69, 95% CI: 0.51–0.93;
afatinib vs. gefitinib, HR: 0.67, 95% CI: 0.48–0.94) and ECOG > 1 (afatinib vs. erlotinib,
HR: 0.79, 95% CI: 0.63–0.99; afatinib vs. gefitinib, HR: 0.78, 95% CI: 0.62–0.98). A total
of 41.1% (n = 1992) of first-line TKI users received subsequent chemotherapy. Among the
three TKI groups, pemetrexed usage was associated with better OS compared with other
chemotherapy agents, with the exception of gemcitabine in the afatinib and gefitinib
groups. Pemetrexed and gemcitabine had the longest TTD of 3–4 months.
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Conclusions: Among patients with EGFRmutant lung adenocarcinoma, afatinib use may
not provide longer OS compared with first-generation TKIs. Afatinib may be preferably
considered among patients with active smoking and should not be withheld among those
with worse performance status. With 40% of patients receiving subsequent
chemotherapy, pemetrexed may be the preferred agent, while gemcitabine can be a
reasonable alternative.
Keywords: lung adenocarcinoma, gefitinib, erlotinib, afatinib, epidermal growth factor receptor mutation,
subsequent therapy
INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths in the
21st century (1, 2). Adenocarcinoma is the major histological
type of non-small cell lung cancer (NSCLC), but the standard
care for patients with metastatic NSCLC has shifted from
traditional platinum-based doublets to precision targeted
therapy to the driver genes with mutations, such as the
epidermal growth factor receptor (EGFR) , anaplastic
lymphoma kinase (ALK), ROS-1, and BRAF (3, 4). Targeting
lung adenocarcinoma with EGFR mutations among Asians is
important because they have a significantly higher prevalence of
the EGFR mutation compared with the Caucasians (5–7).
Multiple generations of EGFR tyrosine kinase inhibitors (TKIs)
have been effective as first-line therapy for advanced EGFR-
mutant lung adenocarcinoma patients (8–12).

Gefitinib, erlotinib, and afatinib are widely prescribed first-
line TKIs worldwide. All of them provide robust and similar
effects in advanced EGFR-mutant lung adenocarcinoma patients
(11, 13, 14). Although afatinib has minimal clinical significance
in progression-free survival (PFS) compared with gefitinib
(median PFS 11.0 vs. 10.9 months, respectively) in the first-line
setting (15), it did not show improved overall survival (OS)
compared with gefitinib (13, 14). Recently, several real-world
studies have investigated the characteristics and clinical
effectiveness of these three EGFR TKIs administered in
advanced lung adenocarcinoma patients (16–20). However, the
conclusions from these studies may not provide convincing
evidence for clinical practice because of their limited case
numbers, discrepant recruitment time, disproportional
populations in which TKIs were used, and lack of information
on subsequent therapy after first-line EGFR TKI failure (16–20).

Prolonging cancer patients’ OS is a major goal of all cancer
treatments, and understanding the optimal treatment
sequences is a key factor that allows patients to live longer.
p.T790M in the EGFR gene is the most common acquired
resistance mechanism following first-line TKI treatment (21),
and osimertinib proved to be effective in patients with the
EGFR p.T790M mutation as a standard second-line treatment
I, confidence interval; ECOG, Eastern
idermal growth factor receptor; HR,
surance; OS, overall survival; PFS,
iation; TKI, tyrosine kinase inhibitor;
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(22). Owing to the unavailability of osimertinib in some
situations, for cases without acquired p.T790M or accessible
tumor tissues for re-biopsy, chemotherapy remains an
important subsequent therapy after first-line TKI (23, 24).
Furthermore, only, few studies have investigated the optimal
regimen of chemotherapy as second-line treatment in patients
who are p.T790M negative or have an unknown acquired
resistance mechanism after first-line TKI failure (25, 26).

This study, therefore, aimed to investigate the treatment
sequences and clinical outcomes of treatment-naïve, EGFR-
mutant advanced lung adenocarcinoma patients receiving TKIs
in a real-world, population-based setting. Additionally, we
explored the prognostic factors of TKI users and treatment
durations of individuals after they underwent subsequent
chemotherapy. Our results were informative with respect to
clinical decision-making.
MATERIALS AND METHODS

Ethics Statement
This study was approved by the Institutional Review Board (IRB)
committee of the National Taiwan University Hospital Hsinchu
Branch (NTUH-HC REC: 105-040-E). The IRB waived the
requirement of informed consent because the utilized data
were de-identified in this study.

Study Design and Population
This study used the Taiwan Cancer Registry (TCR), which is a
population-based registry system that includes 90% of all cancer
patients in Taiwan (27, 28). We identified patients with advanced
lung adenocarcinoma, including those in stages IIIb and IV (M1a
and M1b) from the TCR during March 2014 and December
2016. Patients were included if they received gefitinib, erlotinib,
or afatinib as first-line treatment within 60 days after diagnosis.
Patients were excluded if they received chemotherapy prior to
first-line TKI therapy. In Taiwan, gefitinib, erlotinib, and afatinib
have been sequentially reimbursed by the Taiwan National
Health Insurance (NHI) as first-line therapy for advanced
EGFR-mutant lung adenocarcinoma since June 2011,
November 2013, and May 2014, respectively (29). Considering
that the study period could be an important confounding
variable, which could strongly influence the outcome by
improving lung cancer treatment, we truncated our dataset to
the date of afatinib approval for use (May 2014) in Taiwan.
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During the study period, physicians applied for TKI use prior
to TKI initiation, and the application was reviewed by the experts
of the NHI committee. EGFR mutation results, clinical images,
pathology, and clinical information were provided along with the
application for TKIs. For every 3 months, physicians provided
the imaging evidence of partial remission or stable disease to
allow further TKI use (https://www.nhi.gov.tw/).

After TKI use, the recruited cohort was then followed, and
mortality was confirmed using mortality data from the
Department of Statistics, Taiwan. Underlying diseases, TKI
use, and duration were ascertained from the Taiwan NHI
database (28, 30, 31). Using the linkage between the above-
mentioned databases, we longitudinally followed our cohort
patients till December 31, 2017.

Data Collection and Definition
TNM staging data at diagnosis available in the TCR were made
according to the International Association for the Study of Lung
Cancer 7th edition lung cancer staging system (32). Accordingly,
the metastasis (M) category of stage IV lung cancer was
subdivided into M1a for cases with intra-thoracic metastases
(including pleural seeding, malignant pleural/pericardial
effusion, and contralateral pulmonary nodules) and M1b for
cases with distant metastases (32). The patients’ performance
status was represented as the Eastern Cooperative Oncology
Group (ECOG) scores (33). Meanwhile, the Charlson
comorbidity index (CCI) was used to assess the patients’
comorbidities using the NHI claims data (34), but malignancy-
related score was excluded (cancer-free CCI) as it was previously
reported (27). Hospital levels were classified hierarchically into
medical centers, regional hospitals, and local hospitals (35). The
defining codes for lung adenocarcinoma in the TCR in the NHI
are summarized in Supplementary Table S1. We also
categorized second-line chemotherapy agents into pemetrexed,
gemcitabine, paclitaxel, docetaxel, vinorelbine, and others.

Statistical Analyses
We used proportions or means to describe the demographics and
clinical characteristics of the patients. Categorical variables were
analyzed using chi-square tests. One-way ANOVA or Student’s
t-test was applied for continuous variables. The cohort entry date
was that of diagnosis. OS, the primary outcome, was defined as
the period from the date of diagnosis to death. Participants were
censored if they were still alive at the end of the study period
(December 31, 2017). The secondary outcome was time-to-
treatment discontinuation (TTD), which was defined as the
interval between the date of TKI treatment or chemotherapy
initiation and discontinuation. The BMIs were missing for 8% of
the patients, but we still considered it important to include BMIs
in the final analysis. We imputed the missing values of BMI by
age and sex with linear regression methods.

The propensity score (PS) for the probability of TKI
administration was derived using a logistic regression model,
which included potential confounders such as, age, sex, ECOG,
BMI, cancer staging, smoking, alcoholism, CCI, year of TKI use,
and hospital level. A 1:1 matched cohort group of afatinib/
erlotinib and afatinib/gefitinib was created. Variables that
Frontiers in Oncology | www.frontiersin.org 377
remained significantly different after PS matching were further
adjusted in the final model. In this study, only the categorical
BMI groups were imbalanced among the different TKI groups,
while the absolute values of BMIs were not different between the
matched groups.

Subgroup analysis was performed among the different age
groups, BMI groups, ECOG groups, sexes, smoking habit, and
stages (IIIb, M1a, and M1b). We also compared the OS of five
common chemotherapy agents, including pemetrexed,
gemcitabine, vinorelbine, paclitaxel, and docetaxel, among the
three TKI groups using multivariate Cox regression.

We used SAS (version 9.4; SAS Institute Inc., Cary, NC, USA)
for data analyses. A p value of < 0.05 on a two-sided test was
considered statistically significant.
RESULTS

Demographics and Clinical Variables
of the Study
Between May 2014 and December 2016, a total of 4,889
advanced lung adenocarcinoma patients with the EGFR
mutation receiving TKIs (including 1,778 gefitinib, 1,599
erlotinib, and 1,512 afatinib) as first-line therapy were included
in our study (Figure 1). The baseline characteristics of the
enrolled patients are summarized in Table 1. The median age
of all patients was 67 years, and the majority was female (n =
3,083, 63.1%). Meanwhile, 4,669 (95.5%) patients had stage IV
disease. Most eligible patients had relatively good performance
status (ECOG ≦ 1: n = 3,780, 77.3%) and had never smoked (n =
3,684, 75.3%).

Regarding the comparison among afatinib, gefitinib, and
erlotinib users’ characteristics, afatinib users were significantly
younger (64.4 ± 11.4 vs. 70.9 ± 12.0 vs. 66.6 ± 11.7 years, p <
0.0001), with higher BMIs (23.6 ± 3.54 vs. 23.0 ± 3.71 vs. 23.4 ± 4.10
kg/m2, p = 0.0028) and better ECOGperformance status (ECOG≦
1, 83.9% vs. 71.9% vs. 77.1%, p < 0.0001), weremore active smokers
(13.2% vs. 9.6% vs. 12.1%, p = 0.0004), and had lower CCIs (0.60 ±
1.67 vs. 0.93 ± 2.11 vs. 0.82 ± 2.12. p < 0.0001) (Table 1).

OS and TTD of Advanced Lung
Adenocarcinoma Patients Harboring
EGFR Mutations and Receiving TKIs
as First-Line Therapy
Among all patients, mortality was 48.5% (n = 734) of afatinib,
57.0% (n = 912) of erlotinib, and 62.5% (n = 1112) of gefitinib
users. The Kaplan–Meier curve of the three TKIs and OS is
illustrated in Supplementary Figure 1A. While less than 50% of
afatinib users had mortality events, we calculated the OS of users
recruited during 2014 and 2015. The OS (mean [median] ±
standard deviation, SD) of the gefitinib, erlotinib, and afatinib
users recruited during 2014 and 2015 was 20.2 (20) ± 11.7, 20.7
(22) ± 11.7, and 21.8 (24) ± 11.0 months, respectively. The TTD
(mean [median] ± SD) of the gefitinib, erlotinib, and afatinib
groups was 12.8 (11) ± 9.6, 12.2 (11) ± 9.0, and 13.6 (13) ± 8.9
months, respectively (Supplementary Figure 1B).
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Comparing OS and TTD of Matched
Afatinib/Erlotinib and Afatinib/Gefitinib
Users
In the PS 1:1 matched cohort, two cohorts of 1,228/1,228,
afatinib/erlotinib users and 1,054/1,054, afatinib/gefitinib users
were assembled. The variables were balanced between the
matched groups, while the categorical BMI group remained
unbalanced within the groups. The average of BMI, however,
remained balanced between the groups (erlotinib vs. afatinib,
23.5 ± 4.3 vs. 23.6 ± 3.6, p = 0.6102; gefitinib vs. afatinib, 23.4 ±
3.5 vs. 23.3 ± 3.9, p = 0.6242) (Table 1).

In the Cox regression analysis, afatinib was not associated
with better OS compared with erlotinib (HR: 0.96, 95% CI: 0.86–
1.07, p = 0.4673, Figure 2A) or gefitinib (HR: 0.91, 95% CI: 0.81–
1.02, p = 0.0971, Figure 2B). In contrast, patients with afatinib
still had longer TTD compared with erlotinib (HR: 0.89, 95% CI:
0.81–0.98, p = 0.0176) (Supplementary Figure 2A) and gefitinib
(HR: 0.84, 95% CI: 0.76–0.92, p = 0.0004) (Supplementary
Figure 2B).

Matched Subgroups Analysis of Afatinib
Versus Erlotinib/Gefitinib
A forest plot of the matched subgroups analysis comparing OS
between afatinib and first-generation TKIs users is illustrated in
Figure 3. Interestingly, we found that afatinib use reached
statistical significance among the subgroups of active smokers
(afatinib vs. erlotinib, HR: 0.69, 95% CI: 0.51–0.93, p = 0.0151;
afatinib vs. gefitinib, HR: 0.67, 95% CI: 0.48–0.94, p = 0.022) and
ECOG > 1 (afatinib vs. erlotinib, HR: 0.79, 95% CI: 0.63–0.99, p =
0.0375; afatinib vs. gefitinib, HR: 0.78, 95% CI: 0.62–0.98, p =
0.0319). When comparing afatinib and gefitinib, afatinib was also
478
associated with better OS among those with normal BMI (HR:
0.84, 95% CI: 0.73–0.97, p = 0.0149) and M1b staging (HR: 0.83,
95% CI: 0.72–0.95, p = 0.0085).

Meanwhile, TTD between afatinib and first-generation TKI
users was also compared in the matched subgroups analysis
(Supplementary Figure 3). Afatinib use could provide longer
TTD among the subgroups of patients aged 45–65 years, with
normal BMIs (18–24), M1b staging, female sex, any performance
status, and active and non-smokers.

Subsequent Therapies After First-Line
EGFR TKI Treatment
Forty-five patients, including 16 afatinib, 18 erlotinib, and 11
gefitinib users were still receiving TKI at the end of the follow-up.
In total, 1,992 of 4,844 patients (41.1%) received subsequent
treatment as second-line therapy. A total of 729 patients (41.3%)
in the gefitinib group, 661 patients (41.8%) in the erlotinib group,
and 602 (40.2%) in the afatinib group received subsequent
chemotherapy after receiving EGFR TKIs (Figure 4). Of the
1,992 patients receiving subsequent chemotherapy, 1,120
patients (56.2%) received platinum-based doublets as
treatment, i.e., 359 patients (49.2% of 729) in the gefitinib
group, 372 patients (56.3% of 661) in the erlotinib group, and
389 (64.6% of 602) in the afatinib group (Supplementary Table
S2). Pemetrexed (1,088 of 1,992 patients, 54.6%) constituted the
majority of second-line regimens, followed by vinorelbine (n =
433, 21.7%), gemcitabine (n = 160, 8.0%), docetaxel (n = 123,
6.2%), and paclitaxel (n = 64, 3.2%). Pemetrexed (76.9%) and
gemcitabine (50.6%) were the most common partners for
platinum drugs, and only 18.5% of patients with vinorelbine
simultaneously received platinum drugs (Supplementary Table
S2). For subsequent therapy in subgroup analyses, patients who
received erlotinib and afatinib as first-line treatment had a
significantly higher proportion of pemetrexed usage (n = 379,
57.3%, p = 0.0025 and n = 350, 58.1%, p = 0.0012, respectively) as
second-line therapy compared to the gefitinib group (n = 359,
49.2%). Among gefitinib users, a higher proportion of patients
received vinorelbine (n = 189, 25.9%) than that in the erlotinib
and afatinib groups (n = 132, 20.0%, p = 0.0085 and n = 112,
18.6%, p = 0.0015, respectively) (Figure 4).

OS Among Different Second-Line Systemic
Chemotherapy After First-Line EGFR TKI
Treatment
After first-line TKI therapy, the TTD of subsequent systemic
chemotherapy was around 2.7–3.6 months (pemetrexed: 3.36 ±
3.53 months; vinorelbine: 2.82 ± 4.23 months; gemcitabine: 3.60
± 5.56 months; docetaxel: 2.74 ± 3.08 months; paclitaxel 2.73 ±
2.96 months) (Supplementary Table S3). As second-line
therapy, pemetrexed and gemcitabine both have longer TTD
compared with other chemotherapy agents, regardless of first-
line TKI agents (Figure 4).

Comparing the OS of different second-line chemotherapy
regimens, pemetrexed was associated with better OS than was
vinorelbine in gefitinib users with advanced EGFR mutant lung
adenocarcinoma (Ref: pemetrexed, HR: 1.65, 95% CI: 1.28–2.13,
FIGURE 1 | Flow chart of patient recruitment.
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TABLE 1 | Characteristics of advanced lung adenocarcinoma patients receiving epidermal growth factor receptor TKIs as first-line systemic therapy.

Overall
patients
(n = 4889)

Gefitinib
(n = 1778)

Erlotinib
(n = 1599)

Afatinib
(n = 1512)

p* value(gefitinib/
erlotinib/afatinib)

Erlotinib/Afatinib matched
cohort

Gefitinib/Afatinib matched cohort

Erlotinib
(n = 1228)

Afatinib
(n = 1228)

p
value

Gefitinib
(n = 1054)

Afatinib
(n = 1054)

p
value

Age (mean ±
SD)

67.3 ±
11.9

70.9 ±
12.0

66.6 ±
11.7

64.4 ±
11.4

<0.0001 65.5 ±
11.6

65.3 ± 11.2 0.6058 66.8 ± 11.9 66.9 ±
10.88

0.8721

<45 years 157 (3.2) 41 (2.3) 50 (3.1) 66 (4.4) <0.0001 43 (3.5) 35 (2.9) 0.2747 38 (3.6) 22 (2.1) 0.1044
45–65 years 1989

(40.7)
560 (31.5) 677 (42.3) 752 (49.7) 559 (45.5) 595 (48.5) 440 (41.8) 455 (43.2)

>65 years 2743
(56.1)

1177
(66.2)

872 (54.5) 694 (45.9) 626 (51.0) 598 (48.7) 576 (54.7) 577 (54.7)

Male, n (%) 1806
(36.9)

519 (29.2) 650 (40.7) 637 (42.1) <0.0001 523 (42.6) 514 (41.8) 0.7131 379 (36.0) 375 (35.6) 0.8558

BMI (mean ±
SD)

23.3 ±
3.79

23.0 ±
3.71

23.40 ±
4.10

23.6 ± 3.5 0.0028 23.5 ± 4.3 23.6 ± 3.6 0.6102 23.4 ± 3.5 23.3 ± 3.9 0.6242

<18 262 (5.4) 127 (7.1) 87 (5.4) 48 (3.2) <0.0001 65 (5.3) 39 (3.2) 0.0265 73 (6.9) 38 (3.6) 0.0023
18–24 3330

(68.1)
1204
(67.7)

1091
(68.2)

1035
(68.5)

824 (67.1) 827 (67.4) 687 (65.2) 726 (68.9)

>24 1297
(26.5)

447 (25.1) 421 (26.3) 429 (28.4) 339 (27.6) 362 (29.5) 294 (27.9) 290 (27.5)

Staging, n (%)
IIIb 220 (4.5) 93 (5.2) 58 (3.6) 69 (4.6) <0.0001 53 (4.3) 52 (4.2) 0.8676 51 (4.8) 49 (4.6) 0.8623
M1a 1415

(28.9)
610 (34.3) 366 (22.9) 439 (29.0) 323 (26.3) 312 (25.4) 342 (32.4) 332 (31.5)

M1b 3254
(66.6)

1075
(60.5)

1175
(73.5)

1004
(66.4)

852 (69.4) 864 (70.4) 661 (62.7) 673 (63.9)

ECOG, n (%)
ECOG ≦ 1 3780

(77.3)
1279
(71.9)

1233
(77.1)

1268
(83.9)

<0.0001 1006
(81.9)

996 (81.1) 0.6032 837 (79.4) 844 (80.1) 0.7044

ECOG > 1 1109
(22.7)

499 (28.1) 366 (22.9) 244 (16.1) 222 (18.1) 232 (18.9) 217 (20.6) 210 (19.9)

Smoking, n
(%)
Active smoker 565 (11.6) 171 (9.6) 194 (12.1) 200 (13.2) 0.0031 152 (12.4) 145 (11.81) 0.7434 118 (11.2) 120 (11.4) 0.9587
Ever smoker 640 (13.1) 181 (10.2) 234 (14.6) 225 (14.9) 193 (15.7) 183 (14.9) 125 (11.9) 121 (11.5)
Never smoker 3684

(75.3)
1426
(80.2)

1171
(73.2)

1087
(71.9)

883 (71.9) 900 (73.3) 811 (76.9) 813 (77.1)

Alcohol
Drinking, n (%)
Active drinker 531 (10.9) 198 (11.1) 165 (10.3) 168 (11.1) <0.0001 145 (11.8) 142 (11.6) 0.8515 117 (11.1) 108 (10.3) 0.7127
Quitted 203 (4.1) 48 (2.7) 77 (4.8) 78 (5.2) 60 (4.9) 66 (5.9) 38 (3.6) 43 (4.1)
Never drinker 4155

(85.0)
1532
(86.2)

1357
(84.9)

1266
(83.7)

1023
(83.3)

1020 (83.1) 899 (85.3) 903 (85.7)

CCI (mean ±
SD)

0.79 ±
1.99

0.93 ±
2.11

0.82 ±
2.12

0.60 ±
1.67

<0.0001 0.73 ±
1.83

0.70 ± 1.79 0.9455 0.66 ± 1.79 0.65 ± 1.75 0.6568

Year of use, n
(%)
2014 1215

(24.9)
518 (29.1) 450 (28.1) 247 (16.3) <0.0001 257 (20.9) 228 (18.6) 0.1063 225 (21.4) 215 (20.4) 0.801

2015 1820
(37.2)

708 (39.8) 566 (35.4) 546 (36.1) 428 (34.9) 475 (38.7) 404 (38.3) 417 (39.6)

2016 1854
(37.9)

552 (31.1) 583 (36.5) 719 (47.6) 543 (44.2) 525 (42.8) 425 (40.3) 422 (40.0)

Hospital level,
n (%)
Medical center 3012

(61.6)
1014
(57.0)

1030
(64.4)

968 (64.0) <0.0001 795 (64.7) 785 (63.9) 0.9136 643 (61.0) 636 (60.3) 0.9241

Regional
hospital

1828
(37.4)

747 (42.0) 552 (34.5) 529 (35.0) 421 (34.3) 431 (35.1) 398 (37.8) 406 (38.5)

Local hospital 49 (1.0) 17 (1.0) 17 (1.1) 15 (1.0) 12 (1.0) 12 (1.0) 13 (1.2) 12 (1.1)
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BMI, body mass index; CCI, Charlson comorbidity index; ECOG, Eastern Cooperative Oncology Group; SD, standard deviation; TKI, tyrosine kinase inhibitor.
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p = 0.0001) (Table 2). In erlotinib users, pemetrexed showed
superiority in the longest TTD of all regimens as second-line
treatment. Pemetrexed and gemcitabine had similar OS, which
was longer than that of vinorelbine, docetaxel, or paclitaxel
among afatinib users.
DISCUSSION

Our study showed that afatinib did not provide the evidence of a
survival advantage over gefitinib and erlotinib. In the subgroup
analysis, afatinib was associated with better OS among patients
with active smoking and poor performance status. While 40% of
patients were able to receive second-line chemotherapy agents,
pemetrexed was associated with better OS across the three TKI
groups. An alternative choice may be gemcitabine.
Frontiers in Oncology | www.frontiersin.org 680
To the best of our knowledge, this study is the single largest
cohort study to investigate the effectiveness of three EGFR TKIs
(16, 18). We found that compared with first-generation TKIs,
patients receiving afatinib were younger, were more likely to be
male, had higher BMIs, and had better performance status.
Previous studies have shown that afatinib provided longer PFS
than first-generation TKIs (15, 18, 20), but adverse effects in
patients receiving afatinib were also more frequently observed
(15). In real-world practice, our research showed that the
baseline characteristics could significantly influence the
clinicians’ judgments and preferences while choosing one of
the TKIs (gefitinib, erlotinib, or afatinib) as first-line treatment.
Afatinib may be preferred among those who are younger, are
male, have higher BMIs, are active smokers, and have better
performance status. Interestingly, we found that the proportion
of afatinib users among all TKI users had increased in the recent
years. In 2016, the number of afatinib users surpassed either
A B

FIGURE 2 | Kaplan–Meier curves for overall survival (OS) according to tyrosine kinase inhibitors (TKIs) in matched cohorts. (A) Kaplan–Meier curves for OS between
matched afatinib and erlotinib users; (B) Kaplan–Meier curves for OS between matched afatinib and gefitinib users.
FIGURE 3 | Forest plot for the matched subgroup analysis on overall survival.
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erlotinib or gefitinib users. As physicians became experienced in
managing patients with afatinib (especially the toxicity profiles),
they selected afatinib over erlotinib or gefitinib.

In PS matching analysis, afatinib use was not associated with
better OS compared with erlotinib or gefitinib use. In the
Frontiers in Oncology | www.frontiersin.org 781
subgroup analysis, afatinib use was associated with survival
benefit among patients with ECOG > 1 and active smoking.
While one may argue that failure to demonstrate the clinical
evidence of survival benefit may be due to the relatively small
sample size in previous randomized control trials and other
A

B

D

E

F

C

FIGURE 4 | Distribution and time-to-treatment discontinuation (TTD) of second-line chemotherapy agents by different TKIs. (A) Percentage of patients who received
subsequent therapy and the distribution of second-line treatment agents after gefitinib administration. (B) TTD of five second-line treatment agents after gefitinib
administration. (C) Percentage of patients who received subsequent therapy and the distribution of second-line treatment agents after erlotinib administration.
(D) TTD of five second-line treatment agents after erlotinib administration. (E) Percentage of patients who received subsequent therapy and the distribution of
second-line treatment agents after afatinib administration. (F) TTD of five second-line treatment agents after afatinib administration. DTX, docetaxel; GEM,
gemcitabine; NVB, vinorelbine; Pem, pemetrexed; PTX, paclitaxel.
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observational studies, our study may have the current largest
cohort, including more than 1,000 participants in each TKI
group (14, 16, 17, 36, 37). More importantly, we used PS
matching, which is a more robust way of controlling
confounders in observational studies, and this analysis strategy
was not performed in previous observational studies (38).

Clinically, afatinib could be an effective treatment for lung
adenocarcinoma patients with the EGFR mutation and brain
metastasis (39). Subgroup analysis showed that afatinib provided
better OS in patients with distant metastases (stage M1b)
compared with gefitinib, but this benefit was not observed
when compared with the erlotinib group. Active/current
smokers usually have lower EGFR mutation rates (especially
exon 19 deletion and p.L858R) than never-smoking female
patients (8, 40). Notably, our study (through subgroup
analysis) showed that afatinib could provide significantly
longer OS in active smokers than could gefitinib/erlotinib. The
above-mentioned benefits may be because afatinib is a member
of the pan-ErbB family of inhibitors. It could covalently and
irreversibly bind to the intracellular tyrosine kinase domain of
the EGFR and effectively treat common (exon 19 deletion and
p.L858R) and uncommon EGFR mutations (41–43).
Furthermore, this real-world study provided additional
information on the minor population with a poor performance
status (ECOG >1), which is often excluded by randomized
controlled trials to evaluate the efficacy and safety of the study
drugs. None of the patients (among the 310 patients) with ECOG
> 1 in the phase IIb LUX-Lung 7 trial (afatinib vs. gefitinib) were
enrolled (19), and only 6 (2.3%) patients with ECOG = 2 (among
256 patients) in the phase III CTONG 0901 trial (gefitinib vs.
erlotinib) were included (13). In contrast, there were 1,109
patients (up to 22.7% of total 4,889 patients) with ECOG > 1
in real-world practice, and afatinib surprisingly demonstrated
superior TTD and OS benefits compared with first-generation
TKIs in patients with worse performance status.

Approximately 40%–60% of acquired EGFR p.T790M
develops after the patients receive first-line TKIs (44, 45), and
osimertinib was approved as second-line treatment by the US
Food and Drug Administration (FDA) and Taiwan Food and
Drug Administration in November 2015 and November 2016,
respectively. In the FLAURA trial, 14.1% (39 of 277) of patients
received chemotherapy and 30.7% (85 of 277) of patients in the
gefitinib/erlotinib group received osimertinib as second-line
treatment (46). Osimertinib, however, was not reimbursed by
the NHI during the study period. Shifting to osimertinib
treatment after first-line TKI failure, therefore, was not widely
Frontiers in Oncology | www.frontiersin.org 882
used during our study period in Taiwan, and platinum-based
doublets remained the standard for second-line treatment. Our
real-world study indicated that 41.1% of all TKI patients in
Taiwan could have subsequent cytotoxic chemotherapy as an
effective treatment. While chemotherapy may be the most
important and preferred systemic therapy after the failure of
first-line osimertinib treatment, only 32.3% (90 of 279) of
patients in the osimertinib group of the FLAURA trial received
chemotherapy as a subsequent systemic therapy (46). In our
study, pemetrexed (54.6%) and vinorelbine (21.7%) were
the most common subsequent chemotherapy agents.
Pemetrexed was the most preferred subsequent therapy in
clinical practice owing to its efficacy, tolerability, and
convenience in administration (47), and vinorelbine was also
frequently prescribed because of the oral route of administration
and less toxicity in elderly patients (48). In this real-world study,
only 56.2% of patients used platinum-based doublets as
subsequent chemotherapy agents after TKI failure.
Interestingly, pemetrexed and gemcitabine were found to be
the most common partners for platinum drugs. Meanwhile,
pemetrexed as a subsequent therapy could provide the best
TTD benefit among all agents in erlotinib users. Furthermore,
pemetrexed and gemcitabine demonstrated similar effectiveness
in TTD among gefitinib and afatinib users. These findings from
our claims database epidemiological studies could provide
personalized guidance in clinical practice, complementary to
biomarker and genetic risk factor studies for oncological patients.

There were some limitations in our study. First, detailed
information on EGFR mutation sites was not available in
the TCR database. Therefore, the effectiveness of different
generation TKIs could not be compared with common or
uncommon mutations. Meanwhile, the causes of TTD and
TKI-related toxicity profiles could not be readily clarified. In
the subsequent treatment analysis, osimertinib was not
reimbursed by the Taiwan NHI. Therefore, self-financed or
clinical trial osimertinib users could not be identified in this
study. Finally, the FLAURA trial demonstrated the superior
efficacy and safety of osimertinib compared with gefitinib and
erlotinib as first-line TKIs in EGFRmutant NSCLC patients, and
osimertinib is therefore currently considered the standard for
first-line therapy (46). However, data regarding the activity of
osimertinib in patients harboring rare EGFR mutations are
limited. Economic issues, such as high cost and the lack of
insurance reimbursement may preclude osimertinib use in real-
world. Meanwhile, the optimal therapeutic strategy for disease
progression after osimertinib administration may still be
TABLE 2 | Comparison of the overall survival of five common chemotherapy regimens as a subsequent therapy of the three EGFR TKI groups.

Gefitinib Erlotinib Afatinib

Hazard ratio 95% CI p value Hazard ratio 95% CI p value Hazard ratio 95% CI p value

Pemetrexed Ref Ref Ref
Gemcitabine 1.26 0.86–1.85 0.239 1.87 1.20–2.90 0.0053 1.37 0.90–2.09 0.146
Vinorelbine 1.65 1.28–2.13 0.0001 1.59 1.19–2.12 0.0019 1.67 1.21–2.32 0.0021
Docetaxel 1.50 0.96–2.36 0.0767 1.61 1.08–2.41 0.0191 2.08 1.37–3.16 0.0006
Paclitaxel 1.44 0.86–2.41 0.1627 1.81 1.01–3.25 0.0463 2.24 1.15–4.33 0.0173
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ambiguous for physicians because of the lack of large-scale real-
world data. Gefitinib, erlotinib, and afatinib are, therefore, still used
as first-line treatment in many EGFRmutant NSCLC patients.

Our study indicates that despite the increasing use of afatinib
as first-line TKI for EGFR mutant, late-stage adenocarcinoma
patients, afatinib use was not associated with longer OS than
were first-generation TKIs. Afatinib administration, however,
may be considered among active smokers. Additionally, for
patients with poor performance status, afatinib administration
may also lead to survival benefits and should not be withheld due
to the fear of toxicity. For second-line chemotherapy,
pemetrexed may be the preferred agent, and gemcitabine can
also be considered as a reasonable alternative.
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Purpose: The role of neoadjuvant epidermal growth factor receptor (EGFR)-tyrosine
kinase inhibitor (TKI) targeted therapy for patients with EGFR-mutant non-small cell lung
cancer (NSCLC) has not been clarified. A pooled analysis of prospective clinical trials was
conducted to evaluate the efficacy and safety of neoadjuvant EGFR-TKI therapy.

Methods: The PubMed, Embase, Web of Science, and Cochrane Library databases, as
well as meeting abstracts were searched for prospective clinical trials evaluating the
efficacy and safety of neoadjuvant EGFR-TKI for treatment of EGFR-mutant NSCLC. The
main outcomes included the objective response rate (ORR), downstaging rate, surgical
resection rate (SRR), pathologic complete response (pCR) rate, progression-free survival
(PFS), and adverse events.

Results: A total of five, phase II, prospective, clinical trials involving 124 patients with
resectable or potentially resectable EGFR-mutant NSCLC treated with neoadjuvant
erlotinib or gefitinib treatment were included in this pooled analysis. The median
neoadjuvant medication time was 42 (range, 21–56) days and the median time of
response evaluation was 45 (range, 42–56) days. The pooled ORR was 58.5% [95%
confidence interval (CI), 45.5%–71.8%] and the surgical resection and complete resection
(R0) rates were 79.9% (95% CI, 65.3%–94.5%) and 64.3% (95% CI, 43.8%–84.8%),
respectively. In the stage IIIA subgroup (n = 68), the pooled ORR, SRR, and R0 rate were
51.4%, 72.9%, and 57.0%, respectively, while the downstaging and pCR rates were
14.0% and 0.0%, respectively. The pooled median PFS and overall survival were 13.2 and
41.9 months, respectively. Of the most common grade 3/4 adverse events in the overall
group, the incidences of hepatotoxicity and skin rash were 5.3% and 14.7%, respectively.
The most commonly reported postoperative complications were lung infection,
arrhythmia, and pneumothorax.

Conclusion: Neoadjuvant EGFR-TKI therapy provides a feasible treatment modality for
patients with resectable or potentially resectable EGFR-mutant NSCLC, with satisfactory
surgical outcomes and low toxicity. Although further phase III clinical trials are needed to
confirm these findings, it is necessary to explore the feasibility of a more effective EGFR-
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TKI combination neoadjuvant therapy given the modest downgrade and pCR rates for
EGFR-TKI alone.
Keywords: neoadjuvant, non-small cell lung cancer, efficacy, safety, epidermal growth factor receptor-tyrosine
kinase inhibitors
INTRODUCTION

Lung cancer is the most common malignancy and the leading
cause of cancer-related deaths worldwide. Non-small cell lung
cancer (NSCLC) accounts for 80%–85% of all lung cancers (1).
For patients with early resectable NSCLC, surgery remains the
cornerstone of treatment. Although resection can achieve good
local control, the rates of regional recurrence and distant
metastasis remain very high. As preoperative systemic therapy
has the potential to reduce disease stage and facilitate surgical
resection, in addition to the value of drug sensitivity tests to guide
postoperative treatment, a series of studies of neoadjuvant
systematic therapies, including chemotherapy, targeted therapy,
and immunotherapy, have been conducted to explore the
possibility of improving the cure rate and survival rate (2–5).
Multiple meta-analyses based on large-scale prospective
randomized controlled trials (RCTs) confirmed a modest
survival benefit of preoperative chemotherapy for NSCLC (6, 7).

For patients with oncogenic driver (e.g., epidermal growth
factor receptor [EGFR], anaplastic lymphoma kinase, and proto-
oncogene ROS1)-positive advanced NSCLC, targeted therapy
with small molecule tyrosine kinase inhibitors (TKIs) has
greatly improved the therapeutic outcomes and has become the
first-line treatment standard. As compared to chemotherapy,
EGFR-TKIs significantly improve the objective response rate
(ORR) and progression-free survival (PFS) for patients with
EGFR-mutant advanced NSCLC (8–11). Beyond that, for
EGFR-mutant stage II or III NSCLC patients, as compared
with chemotherapy/placebo, postoperative adjuvant EGFR-TKI
therapy significantly prolongs disease-free survival (DFS), with a
3-year DFS rate of 34%–80% in the EGFR-TKI group versus
20%–28% in the chemotherapy/placebo group (12–14).

In view of the robust anti-tumor activity and tumor remission
rate of EGFR-TKI against EGFR-mutant advanced diseases,
many recent studies have explored the feasibility of
neoadjuvant EGFR-TKI therapy for the treatment of NSCLC.
However, most of these studies were single arm prospective
clinical trials. A prospective phase II RCT launched by the
Chinese Thoracic Oncology Group (CTONG) 1103 reported at
the 2018 European Society for Medical Oncology (ESMO)
meeting that, as compared with neoadjuvant chemotherapy,
neoadjuvant EGFR-TKI therapy for patients with EGFR-
mutant stage IIIA NSCLC had a significant advantage in PFS
onfidence interval; CTONG, Chinese
ree survival; EGFR, epidermal growth
for Medical Oncology; NSCLC, non-
ponse rate; OS, overall survival; PFS,
complete response; RCTs, randomized
rate; TKI, tyrosine kinase inhibitor;
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(21.5 vs. 11.4 months; hazard ratio = 0.39; p < 0.001) (5).
Therefore, the aim of this pooled analysis based on prospective
clinical trials was to evaluate the efficacy and safety of
neoadjuvant EGFR-TKI therapy in patients with resectable or
potentially resectable EGFR-mutant NSCLC, and to provide a
basis for decision-making on neoadjuvant EGFR-TKI therapy.
MATERIALS AND METHODS

Search Strategy
This pooled analysis was conducted in accordance with the
guidelines of the Preferred Reporting Items for Systematic
Review and Meta-analyses (PRISMA) (15). The PubMed,
Embase, Web of Science, and Cochrane Library databases, as
well as meeting abstracts from the American Society of Clinical
Oncology, ESMO, European Lung Cancer Conference, andWorld
Conference on Lung Cancer were searched for relevant trials
using the following search terms: “lung cancer” AND “EGFR”
AND “neoadjuvant” OR “induction” OR “preoperative”. The
reference lists of the enrolled studies were carefully scanned to
ensure that all relevant literature was retrieved. The final literature
search was performed on March 20, 2020.

Inclusion Criteria
The inclusion criteria were as follows: 1) prospective studies that
evaluated the efficacy or safety of preoperative EGFR-TKI for
resectable or potentially resectable NSCLC with an EGFR-
sensitive mutation; 2) outcomes that included at least one of
these endpoints: ORR, PFS, DFS, overall survival (OS), surgery
resection rate (SRR), complete (R0) resection rate, downstaging
rate, pathologic complete response (pCR) rate, or adverse events
(AEs); and 3) the inclusion of ≥ 10 cases.

Data Extraction
Two authors screened the authorship and titles to extract
preliminary eligible studies and exclude duplicate studies.
Then, the titles, abstracts, and full text of the retrieved articles
were further screened to identify studies that met the inclusion
criteria. Two authors independently extracted data from all
eligible studies, which included 1) the name of the first author
and the publication year; 2) study characteristics, including
patient characteristics, disease stage, EGFR mutant type,
preoperative and postoperative therapies, medication time, and
timing of surgery; 3) ORR, SRR (defined as the percentage of
patients who underwent surgery after neoadjuvant therapy),
downstage rate, R0 resection rate (defined as the percentage of
patients who underwent radical resection after neoadjuvant
therapy), pCR rate (defined as the proportion of patients with
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no tumor cells in all pathologic samples surgically resected after
neoadjuvant therapy); 4) DFS (defined as the time from surgery
to tumor recurrence or death from any cause), PFS (defined as
the time from the neoadjuvant treatment to disease progression
or death from any cause), and OS (defined as the time from
neoadjuvant treatment to the date of death or the last
follow-up); and 5) AEs during neoadjuvant treatment and the
perioperative period.

Statistical Analysis
Statistical analyses were performed with Stata 15.0 software
(StataCorp LLC, College Station, TX, USA). The data of the
main outcomes of each study were pooled, which included the
ORR, SRR, downstage rate, R0 resection rate, pCR rate, median
PFS, median OS, and incidence rate of AEs. Statistical
heterogeneity among the studies was detected with the I2

statistic. If the probability (p) value was ≤ 0.05 or I2 > 50%
indicated significant heterogeneity, a random-effects model
(DerSimonian-Laird method) was used. Otherwise, a fixed-
effects model (inverse-variance method) was used.

Sensitivity Analysis and Publication Bias
Sensitivity analyses were performed for the ORR results based on
the leave-one-out approach. The potential for publication bias
Frontiers in Oncology | www.frontiersin.org 388
in the reported ORR values was assessed using funnel plots, with
the appropriate accuracy intervals.
RESULTS

Study Population and Patient
Characteristics
A PRISMA flow diagram of the literature search process is shown
in Figure 1. A total of five, phase II, prospective, clinical trials
involving 124 patients with resectable or potentially resectable
EGFR-mutant NSCLC were included in this pooled analysis.
Among the five studies, three were single arm trials and two were
RCTs. Three studies included patients with only stage IIIA
disease (5, 15, 16), while the other two included patients with
stages IA–IIB or II–IIIA disease without further stratification
(Table 1) (18, 19). The data of 68 patients with stage IIIA disease
from three studies were extracted as a subgroup for independent
analysis (5, 16, 17).

The characteristics of patients in the included studies are
summarized in Table 2. All patients had an ECOG performance
status score of 0–1 point, while 68 (54.8%) were treated with
neoadjuvant erlotinib and 56 (45.2%) with neoadjuvant gefitinib.
FIGURE 1 | A flow diagram of the literature search and selection process.
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The median medication time was 42 (range, 21–56) days. The
median time of response evaluation was 45 (range, 42–56) days.
ORR, SRR, and Postoperative Outcomes
The pooled overall ORR was 58.5% [95% confidence interval
(CI), 45.5%–71.8%] (Figure 2A). The surgical resection and R0
rates were 79.9% (95% CI, 65.3%–94.5%) and 64.3% (95% CI,
43.8%–84.8%), respectively (Figures 2B–C). In the stage IIIA
subgroup, the pooled ORR was 51.4% (95% CI, 39.7%–63.2%)
(Figure 3A), while the surgical resection and R0 rates were 72.9%
(95% CI, 55.7%–90.1%) and 56.8% (95%CI, 29.8%–83.8%),
T

C

E
A
S

S

H

C

M

P

Frontiers in Oncology | www.frontiersin.org 489
respectively (Figures 3B–C). The downstaging rate was 14.0%
(95% CI, 5.6%–21.8%) (Figure 3D), the pCR rate extracted from
two studies was 0.0%, the pooled median PFS was 13.2 months
(95% CI, 2.7–23.7) (Figure 4), and the pooled median OS was
41.9 months, which was calculated using a weighted average of
single study medians because of insufficient data of the 95% CI
values (20).
Safety
The most common AEs observed during neoadjuvant treatment
are listed in Table 3. The most common AEs were rash and
diarrhea. The pooled incidence rates of any grade and grade ≥ 3
rash were 54.9% and 14.7%, respectively. The pooled incidence
rate of any grade diarrhea was 14.7%. No grade ≥ 3 diarrhea was
reported. The pooled incidence rates of any grade and grade ≥ 3
hepatotoxicity were 7.7% and 5.3%, respectively. Other AEs,
including paronychia, stomatitis, and leukopenia, etc., were
reported by limited studies (Table 3).

The postoperative complications reported by four studies are
listed in Table 4 (5, 16, 17, 19). The postoperative complications
reported by two or more studies included lung infection,
arrhythmia, and pneumothorax, but there were no actual
concrete data. Other postoperative complications included
poor incision healing, chest tube drainage for > 7 days,
postoperative bleeding, chylothorax, and pulmonary artery
injury, but without concrete data. There was no report of
increased operative difficulty or perioperative death.

Sensitivity Analysis and Publication Bias
The results of the leave-one-out sensitivity analyses for the ORR
are summarized in Figure 5A. The estimated ORR of each study
was similar to the pooled ORR value and 95% CI. Potential
publication bias was assessed using funnel plots with ORR. The
funnel plots were symmetrical, indicating no publication bias
(Figure 5B).
ABLE 2 | Characteristics of included patients (n=124).

haracteristics Case number (%)

COG 0–1 124 (100%)
ge median (range) 60 (57–67)
ex
Male 35 (28.2%)
Female 68 (54.4%)
Unknown 21 (17.4%)
moke status
Ever 25 (20.2%)
Never 66 (53.2%)
Unknown 33 (26.6%)
istology
Adenocarcinoma 62 (51.7%)
Non-adenocarcinoma 6 (5.0%)
Unknown 52 (43.3%)
linical stage
IA–IIB (17, 18) 29 (23.4%)
IIIA 95 (76.6%)
utation status
Exon 19 deletion 68 (54.8%)
Exon 21 L858R 56 (45.2%)
reoperative Tx
Erlotinib 68 (54.8%)
Gefitinib 56 (45.2%)
TABLE 1 | Characteristics of included studies.

Study Zhong (5) Xiong (16) Zhong (17) Rizvi (18) Zhang (19)

Enrollment years 2011–2017 2011–2014 2008–2011 2004–2008 2013–2015
Case number 37 19 12 21 35
Clinical stage IIIA IIIA IIIA IA–IIB II–IIIA
Preoperative Tx Erlotinib Erlotinib Erlotinib Gefitinib Gefitinib
Tx duration (day) 42 56 42 21 42
Postoperative Tx Erlotinib (1 year) chemotherapy NR Gefitinib (2 years) chemotherapy
ORR 54.1% 42.0% 58.3% 81.0% 54.5%
Operation time# One week NR One week Two days NR
Downstage rate 10.8% 21.1% 16.7% NR 20.0%
Surgery rate 83.8% 73.7% 50.0% 100% 94.3%
R0 rate 73.0% 68.4% 25.0% NR 82.8%
pCR rate 0 0 NR NR 12.1%
DFS (mo) NR 10.3 8.6 NR 33.5
PFS (mo) 21.5 11.2 6.9 NR NR
OS (mo) 45.8 51.6 14.5 NR NR
SAEs 0 10.5% 16.7% NA 0
January 2021 | Volume 10 |
Tx, treatment; #the time from drug discontinuance to surgery; SA, single arm; RCT, randomized controlled trial; ORR, objective response rate; pCR, pathologic complete response;
DFS, disease-free survival; PFS, progression-free survival; OS, overall survival; NR, not report; NA, not available; SAEs: grade3/4 adverse events during preoperative therapy.
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DISCUSSION

Neoadjuvant chemotherapy is now an acceptable treatment
approach for resectable or potentially resectable NSCLC (21).
However, the role of neoadjuvant targeted therapy remains
unclear due to the lack of prospective phase III RCTs. Our
pooled analysis indicated that neoadjuvant EGFR-TKI therapy
may provide a feasible treatment modality for patients with
resectable or potentially resectable EGFR-mutant NSCLC, with
satisfactory surgical outcomes and low toxicity. Although further
phase III clinical trials are needed to confirm these findings,
especially whether neoadjuvant EGFR-TKI treatment can
improve survival of such patients, several controversial
questions were addressed.
Frontiers in Oncology | www.frontiersin.org 590
The first question is whether neoadjuvant EGFR-TKI was
more effective than neoadjuvant chemotherapy for EGFR-
mutant NSCLC patients. If the group of patients being treated
had advanced unresectable or metastatic NSCLC, this question
was not difficult to answer. As for patients with advanced NSCLC
with EGFR-sensitive mutations, more than a dozen phase III
RCTs studies have reached a consistent conclusion that, as
compared to platinum-based doublet chemotherapy, EGFR-
TKIs significantly improved the median PFS (9–20 months) and
ORR (60%–80%) (8–11). In the phase II EMERGING (CTONG
1103) study, which included a total of 72 patients with stage IIIA-
N2 EGFR-mutated NSCLC and compared neoadjuvant erlotinib
with neoadjuvant chemotherapy of gemcitabine plus cisplatin, the
primary endpoint of ORR was 54.1% (95% CI, 37.2%–70.9%)
A

B

C

FIGURE 2 | The pooled efficacy rates in the overall group. The ORR (A); SRR (B); and R0 resection rate (C).
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versus 34.3% (95% CI, 17.7%–50.8%), respectively, with an odds
ratio of 2.26 (95% CI, 0.87–5.84; p = 0.092) (5). Although the
difference was not statistically significant, the ORR tended to be
higher for neoadjuvant EGFR-TKI treatment than neoadjuvant
chemotherapy. In the present study, the pooled ORRs of overall
stage I–IIIA patients and stage IIIA subgroup were 58.5% and
51.4%, respectively, both of which were numerically superior to
Frontiers in Oncology | www.frontiersin.org 691
those in previous studies of neoadjuvant chemotherapy (28%–
49%) (22–24). Among these neoadjuvant chemotherapy studies,
most patients had stage IB–IIIA NSCLC with predominant
squamous cell carcinomas or adenocarcinomas treated with
three cycles of platinum-based chemotherapy followed by
surgical resection. Despite the insufficient sample size of
CTONG 1103, the secondary endpoint (PFS) was significantly
A B

DC

FIGURE 3 | The pooled efficacy rates in the stage IIIA subgroup. The ORR (A); SRR (B); R0 resection rate (C); and downstaging rate (D).
FIGURE 4 | Median PFS of the stage IIIA subgroup.
TABLE 3 | The main toxicity of neoadjuvant EGFR-TKI therapy.

subcutaneous tissue disorders Hematologic Gastrointestinal Hepatorenal

Rash Paronychia Stomatitis Leukopenia Diarrhea Abnormal liver function

All grade ≥3 grade All grade All grade ≥3 grade All grade All grade ≥3 grade

Studies* 4 4 2 1 1 4 4 4
Patients* 103 103 72 37 19 103 103 103
Events 65 2 3 4 1 26 2 1
pooled incidence rates (%) 54.9 14.7 3.8 10.8 5.3 14.7 7.7 5.3
Range (%) 30.3–79.6 2.7–26.8 0–8.2 NA NA 2.7–26.8 0–16.6 NA
January 2021
 | Volume 10 | Ar
*Number of studies reporting this toxicity and number of patients included in these studies. NA, Not Applicable.
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improved. The median PFS was 21.5 months with erlotinib vs.
11.4 months with chemotherapy (HR, 0.39; 95% CI, 0.23 to 0.67; p
< 0.001). However, there was no significant difference in OS
between the two groups (45.8 vs. 39.2 months; HR, 0.77; 95% CI,
0.41–1.45; p = 0.417). The limited number of patients and
differences in follow-up treatment may be the main reasons for
the lack of differences in OS. In the present study, the pooled
median OS for neoadjuvant EGFR-TKIs in the stage IIIA group
was 41.9 months, which is comparable to the OS results of
previous studies of neoadjuvant chemotherapy (median range,
16–55 months) (22–24). Due to the lack of more RCTs, it was
unclear whether neoadjuvant EGFR-TKI therapy could improve
OS as compared to neoadjuvant chemotherapy. Ongoing large
phase III RCTs (e.g., NCT03203590) will further clarify the
difference in OS between neoadjuvant chemotherapy and
neoadjuvant EGFR-TKI.

Surprisingly, the higher ORR for neoadjuvant EGFR-TKI
treatment did not appear to be associated with a remarkable
improvement in surgical outcomes. In the CTONG 1103 study,
the surgical resection and R0 rates were 83.8% and 73%,
respectively, in the preoperative EGFR-TKI group, and 68.6%
and 62.9%, respectively, in the preoperative chemotherapy group,
while the downstaging and pCR rates were only 10.8% and 0%, and
2.9% and 0%, respectively in the two groups. In a study by Zhang
et al., neoadjuvant therapy with gefitinib for 35 patients with
operable stage II-IIIA NSCLC with EGFR-sensitive mutations led
to a pCR of 12.1% (4/33), major pathological response rate of
24.2% (8/33), and an ORR of 54% (18/33) (19). In the present
review, data of 68 patients with stage IIIA-N2 NSCLC were
extracted from three studies for independent analysis. In this
subgroup, the surgical resection and R0 rates were 79.7% and
56.8%, respectively. However, the downstaging and pCR rates were
Frontiers in Oncology | www.frontiersin.org 792
merely 14.0% and 0%, respectively. Numerically, a portion of
surgical outcomes in the present study, especially the
downstaging and pCR rates, was inferior to those in previous
studies of neoadjuvant chemotherapy (22–24). In a phase III RCT
comparing induction chemoradiation with induction
chemotherapy, which included 232 patients with stage IIIA-N2
NSCLC, the surgical resection and R0 rates in the induction
chemotherapy group were 82% and 81%, respectively, and the
downstaging and pCR rates were 53.0% and 16%, respectively (n =
117) (25). In another large RCT involving 354 patients with stage
IB–IIIA NSCLC (excluding N2 disease), the surgical resection and
R0 rates in the neoadjuvant chemotherapy group were 89.9% and
93%, respectively (22). Consistently, the EGFR mutation status was
not elucidated in these previous studies.

In brief, neoadjuvant EGFR-TKI therapy could significantly
shrink tumor volume and improve radiological responses, while
increasing the curative resection rate. However, this impressive
tumor shrinkage effect has not been translated into changes in
disease stage or pCR rate. We believe that the spatial
heterogeneity within and between tumors may be the main
reason for this unexpected result.

The second question is the timing of EGFR-TKI medication
for patients with operable NSCLC with EGFR-sensitive
mutations, as it remains unclear whether preoperative or
postoperative administration of EGFR-TKI, or both is more
beneficial for these patients. Indeed, if the patient population is
diagnosed with EGFR-mutant NSCLC after surgery, particularly
stage IIIa-pN2, the question has been positively answered with
adjuvant EGFR-TKI treatment. Several RCTs reported that
adjuvant EGFR-TKI therapy significantly improved DFS (28.7
vs. 18.0 months for the ADJUVANT study; 42.4 vs. 21.0 months
for the EVAN study, and not reached vs. 20.4 months for the
TABLE 4 | Postoperative complications.

Study* Lung
infection

Sinus tachycardia
or arrhythmia

Chylothorax Poor incision
healing

Lung infection or left-
sided pneumothorax

Chest tube drain-
age for >7 days

Postoperative
bleeding

Pulmonary
artery injury

Zhong (5) 2 (6.5%) 2 (6.5%) 2 (6.5%) 1 (3.2%) 1 (3.2%)
Zhong (17) 1 (16.7%)
Zhang (19) 4 (12.1%)
Rizvi (18) Y Y Y Y
January 20
21 | Volume 10
*Studies reported the result of postoperative complications; Y, Study just reported the events without concrete data.
A B

FIGURE 5 | Sensitivity analyses (A) and funnel plot (B) of the ORR among the included studies.
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ADAURA study, respectively) as compared with adjuvant
chemotherapy or placebo for patients with postoperative stage II-
III NSCLC with EGFR-sensitive mutations (12–14), thus providing
strong evidence for adjuvant EGFR-TKI therapy. In the present
study, the pooled median PFS and OS for neoadjuvant EGFR-TKIs
in the stage IIIA group were 13.2 and 41.9 months, respectively, but
median PFS values varied between 6.9 and 21.5 months. In the
CTONG 1103 study, the erlotinib-treatment group of patients who
were intended to receive neoadjuvant erlotinib therapy for 42 days
and adjuvant erlotinib therapy for 1 year obtained a median PFS of
21.5 months (5). In a study by Xiong et al., patients who received
neoadjuvant erlotinib therapy for 56 days and three cycles of
adjuvant chemotherapy achieved a median PFS of 11.2 months
(16). In the CSLC0702 study, the median PFS was only 6.9 months
(17). This difference might be attributed to inconsistencies in
subsequent adjuvant therapies (postoperative chemotherapy vs.
adjuvant EGFR-TKIs vs. postoperative radiotherapy etc.).
Clinically, for patients with operable EGFR-mutant NSCLC,
adjuvant chemotherapy, EGFR-TKI, or a combination of both
are currently acceptable treatment options, although the most
efficacious remains controversial. For potentially resectable
NSCLC, neoadjuvant EGFR-TKI should be considered given the
better ORR, SRR, and safety as compared to chemotherapy.

The third question concerns the duration of neoadjuvant EGFR-
TKI therapy. In our pooled analysis, the median medication
duration was 42 (range, 21–56) days and the efficacy evaluation
time was 45 (range, 42–56) days. Of note, for advanced NSCLC, the
ORR for neoadjuvant EGFR-TKI was slightly lower than that for
first-line EGFR-TKI (58% vs. 62%–70%, respectively). For advanced
disease, the efficacy evaluation time commonly ranged between 42
and 56 days (8–11). Different durations of drug exposure might
influence efficacy. In the five included studies, the ORR varied from
42% to 81%. Paradoxically, Rizvi et al. reported a medication time of
21 days and ORR of 81% (18), while Xiong et al. reported a
medication time of 56 days and ORR of only 42% (16).
Obviously, patient characteristics and the neoadjuvant drugs of
EGFR-TKIs differed among these studies. The study by Xiong et al.
was limited to patients with stage IIIA NSCLC treated with erlotinib
therapy, while the study by Rizvi et al. was limited to patients with
IA–IIB early-stage NSCLC treated with gefitinib. According to the
ORR results and postoperative outcomes, 42 days is a rational
medication time for clinical treatment because the effect would not
be evaluated prematurely, the delay in surgical intervention would
not too long, and toxicities would not obviously increase.

The last question addresses the safety of neoadjuvant EGFR-TKI.
Neoadjuvant TKI therapy appears to be generally well tolerated.
Similar to the AEs as the first-line treatment for patients with
advanced disease, the common side effects were skin rash, diarrhea,
and other skin and subcutaneous tissue disorders, as well as
hepatotoxicity. The incidence of grade 3/4 adverse events was 5.3%
for hepatotoxicity and 14.7% for skin rash. Surgery was no delayed
for any patient due to treatment-related AEs (TRAEs). In contrast,
TRAEs, including perioperative death and treatment-induced surgery
delay, limit the application of preoperative chemotherapy (22, 26). In
total, 48%–60% of AEs were grade 3/4 and 6% of TRAEs led to
permanent discontinuation of chemotherapy (25, 26).
Frontiers in Oncology | www.frontiersin.org 893
We were more concerned with surgical difficulties and risks,
and intra- and postoperative complications. In the CTONG 1103
study, the types of resection in the erlotinib and chemotherapy
groups were lobectomy (64.9% vs. 54.3%), bi-lobectomy (13.5% vs.
14.3%), and pneumonectomy (5.4% vs. 0.0%, respectively). Zhang
et al. reported lobectomy in 93.9% of patients and bi-lobectomy in
6.1% (19). The most common postoperative complications were
lung infection, arrhythmia, and pneumothorax. No perioperative
death, increase in surgical difficulty, or postoperative complications
caused by neoadjuvant EGFR-TKI was observed.

There were some limitations to this pooled analysis. Although
there was no publication bias, the included studies were all phase
II clinical trials with small sample sizes. Furthermore, differences
in patient characteristics may have influenced the results. In
addition, different medications for different EGFR-TKI types
were not stratified, so it remains to be determined whether
efficacy differed among the different EGFR-TKIs.
CONCLUSION AND FUTURE
PERSPECTIVES

Although data from prospective phase III RCTs evaluating the
role of neoadjuvant targeted therapy for patients with EGFR-
mutant NSCLC are lacking, the results of this pooled analysis
indicated that short-term (median, 42 days; range, 21–56 days)
neoadjuvant EGFR-TKI therapy provided a feasible treatment
modality for patients with resectable or potentially resectable
EGFR-mutant NSCLC, with satisfactory surgical resection and
R0 rates (80% and 64.3%, respectively), but modest downstaging
and pathological complete response rates (14% and 0%,
respectively). The incidence of grade 3/4 toxicity was low.
Because the studies included in this pooled analysis were all
phase II clinical trials with small sample sizes, further studies
with well-designed phase III clinical trials are warranted to
confirm the efficacy and safety of neoadjuvant EGFR-TKIs. An
ongoing clinical trial (NCT03203590) is investigating the efficacy
and safety of gefitinib neoadjuvant targeted therapy and
vinorelbine/carboplatin neoadjuvant chemotherapy for
resectable stage II-IIIA NSCLC patients with EGFR mutation.

There is an urgent need to explore a more effective neoadjuvant
targeted therapy regimen given the modest downgrade and pCR
rates for EGFR-TKI alone. Two RCTs showed that first-line
treatment with gefitinib plus chemotherapy achieved a
significantly higher ORR (84% vs. 67% for the NEJ009 study;
75% vs. 63% for the study by Noronha et al.), longer PFS (median,
20.9 vs. 11.9 months for the NEJ009 study; 16 vs. 8 months for the
study by Noronha et al.) and longer OS than gefitinib alone for
patients with EGFR-mutant advanced NSCLC (27, 28). Given the
strong ORRs and PFS, it is very worthwhile to design clinical trials
to validate the feasibility of chemotherapy combined with EGFR-
TKI as a neoadjuvant therapy for EGFR-mutant NSCLC.

Because the results of adjuvant osimertinib in the phase III
ADAURA study were impressive, a single arm phase II trial
(NCT03433469) is ongoing to evaluate the efficacy of osimertinib
as a neoadjuvant therapy for patients with surgically resectable (stage
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I-IIIA) EGFR-mutant NSCLC, and a phase III trial neoADAURA
(NCT04351555) is planned to compare neoadjuvant osimertinib,
with or without chemotherapy, and chemotherapy alone for
resectable NSCLC (29). These prospective clinical studies will
confirm whether and what type of EGFR-TKI neoadjuvant
treatment can improve survival of patients with EGFR mutations.
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Unlike most other primary epidermal growth factor receptor (EGFR) mutations in non-
small cell lung cancer (NSCLC), exon 20 insertions, comprising approximately 4% to 10%
of all EGFR mutations, are generally considered to be resistant to EGFR tyrosine kinase
inhibitors (TKIs). However, EGFR exon 20 insertions are structurally and pharmacologically
heterogeneous, with variability in their position and size having implications for response to
different EGFR TKIs. The second-generation ErbB family blocker, afatinib, is approved for
the first-line treatment of EGFR mutation-positive NSCLC and has been shown to have a
broad inhibitory profile against common and uncommon EGFR mutations. Here, we
describe a patient with bilateral multifocal lung adenocarcinoma harboring a very rare
EGFR exon 20 insertion (c.2317_2319dup3; p.H773dup), who has been receiving
treatment with afatinib for 4.5 years. To our knowledge, this is the first report
describing long-term benefit for a patient treated with afatinib with this rare exon 20
insertion. We are aware of two further cases with this rare EGFR mutation. One patient,
also reported here, has early-stage lung adenocarcinoma and has not yet received
systemic therapy for NSCLC. The other patient received afatinib in the context of a global
compassionate use program and had progressive disease. Our findings may be of clinical
relevance for patients carrying tumors with this rare mutation as epidemiological evidence
suggests that p.H773dup may function as a driver mutation in NSCLC. Together with
previous preclinical and clinical evidence for the activity of afatinib against certain EGFR
exon 20 insertions, these findings warrant further investigation.

Keywords: afatinib, EGFRmutation, exon 20 insertion, H773dup, long-term response, NSCLC, uncommonmutation
INTRODUCTION

In non-small cell lung cancer (NSCLC), activating mutations in the epidermal growth factor receptor
(EGFR) gene are reported in approximately 10% to 15% of Caucasian and 50% of Asian patients (1).
EGFR mutation-positive tumors tend to be dependent on EGFR signaling for their growth and
survival and, consequently, several EGFR-targeted therapeutics have been developed and approved.
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Two types of EGFR mutation, exon 19 deletions (Del19) and the
exon 21 substitution L858R, represent approximately 45% and
40% of all EGFRmutations, respectively (2). Del19 and L858R are
therefore classed as common EGFR mutations and are the best
characterized in terms of their association with response to EGFR
TKIs (3). For these mutations, drugs approved by the United
States (US) Food & Drug Administration (FDA) for EGFR
mutation-positive NSCLC comprise three generations of EGFR
tyrosine kinase inhibitors (TKIs) — the first-generation reversible
EGFR TKIs, erlotinib and gefitinib, the second-generation
irreversible ErbB family blockers, afatinib and dacomitinib, and
the third-generation irreversible, EGFR wild-type sparing TKI,
osimertinib (4).

Many of the less common mutations are also sensitive to
EGFR inhibitors. Afatinib, in particular, shows a broad
preclinical activity across uncommon EGFR mutations (5), and
has demonstrated clinical efficacy against uncommon mutations
such as G719X, S768I, and L861Q (in exons 18, 20, and 21,
respectively) (6). Based on these findings, the US indication for
afatinib was extended to include S768I, L861Q and G719X
mutations (7), while all activating EGFR mutations were
already included in the labels in Europe (8).

Treatment options for the most prevalent uncommon
mutations, i.e. EGFR exon 20 insertions (~4–10% of all EGFR
mutations), are not clear and represent an area of unmet need. A
recent Phase 2 study, ZENITH20, assessed poziotinib, a covalent
inhibitor of EGFR and human epidermal growth factor receptor
2 (HER2), in pretreated NSCLC patients with exon 20 insertions.
Although the study did not meet its primary endpoint, there was
some evidence of clinical activity, with an objective response rate
(ORR) of 15%, disease control rate of 69% and median
progression-free survival (PFS) of 4.2 months. Treatment-naïve
cohorts using alternative dosing regimens to improve tolerability
are ongoing (9). Other investigational agents, including the
EGFR/HER2 inhibitor, TAK-788 (10) and the bispecific
EGFR/cMET antibody, JNJ-372 (11), are in clinical
development. While, in principle, most EGFR exon 20
insertions could be considered as oncogenic driver mutations,
since they promote interleukin 3- and EGF-independent growth
of Ba/F3 cells (5), structural and pharmacological differences
between specific mutations mean that their sensitivity to
targeted treatment differs depending on the inhibitor used and
the mutational context. Some exon 20 insertions exist as
compound mutations, which could also contribute to EGFR-
TKI resistance (5). With the exception of A763_Y764insFQEA
(12), most EGFR exon 20 insertion mutations are resistant to
first-generation EGFR TKIs, while the efficacy of second-/third-
generation TKIs against these mutations is less clear (13). Indeed,
a post-hoc analysis of the LUX-Lung 2, 3, and 6 trials suggested
limited activity of afatinib treatment in patients with EGFR exon
20 insertions (6). In 23 such patients the ORR was 8.7% and
median PFS was 2.7 months (6). In contrast, data from
the afatinib uncommon EGFR mutations database indicate that
afatinib has modest but apparent clinical activity. The response
rate in 70 TKI-naïve patients with exon 20 insertions was
24% and median duration of response was 11.9 months
Frontiers in Oncology | www.frontiersin.org 297
(14). In addition to the mutations known to be responsive to
EGFR TKIs, a number of rare exon 20 insertions showed
sensitivity to afatinib including A767delinsASVD (13) and
A767_S768insSVA (15).

Previously published preclinical evidence shows that
afatinib displays inhibitory activity against some EGFR exon 20
insertion mutations (5, 16–18). Using ectopically expressed
EGFR-mutants in NIH-3T3 cell lines, we found that, consistent
with previous findings, afatinib was at least 100-fold more
potent against G719S (Exon 18) and L861Q (Exon 21)
mutations (Figure 1) compared to erlotinib. For most exon 20
mutations, EGFR phosphorylation was inhibited by afatinib at
concentrations exceeding the clinically relevant Cmax of 100 nM
(except D770_N771insNPG), while erlotinib was ineffective in
reducing constitutive phosphorylation in the exon 20 mutations
tested at concentrations up to 10000 nM (Figure 1). The observed
biomarker modulation data is in-line with previously reported
proliferation data in the BA/F3 system (IC50 of afatinib for
Y764_V765insHH, A767_V769dupASV, and D770_N771insNPG
were 134, 158, and 43 nM, respectively) (10, 16). Taken
together, these data show differential sensitivity of EGFR exon 20
mutations to different EGFR-TKIs in preclinical and clinical
contexts. Careful evaluation of the EGFR mutational context,
including potency and therapeutic window, will be essential to
select appropriate treatments for patients harboring tumors with
EGFR exon 20 mutations.

Here, we report on a case of a patient with a very rare EGFR
exon 20 insertion (c.2317_2319dup3; p.H773dup) who has been
receiving treatment with afatinib for 4.5 years. In addition, we
describe a patient in the early stages of lung cancer treatment,
who underwent surgery at the same institution and had an
identical p.H773dup mutation.
CASE REPORT 1

Patient 1 was a 62-year-old, female, ex-smoker (20 pack-years)
with no major comorbidities. She was incidentally diagnosed in
November 2014 with a 6.4 cm mass in the left upper lobe and
multiple ground glass nodules in both lungs, the largest of
which was located in the right middle lobe, with a maximum
diameter of 1.8 cm. Histopathology following resection of the left
upper lobe confirmed lung adenocarcinoma (Grade 2; pT2b pN1
[2/17 lymph nodes positive]; V0 R0), with partially papillary and
partially tubular morphology. Molecular pathology based on
Sanger sequencing of EGFR exons 18 to 21 indicated no EGFR
mutation, and the tumor was ALK fluorescence in situ
hybridization negative and ROS1 immunohistochemistry-
negative (Figure 2).

The patient received 4 cycles of adjuvant chemotherapy with
carboplatin and vinorelbine from January 2015 until April 2015,
but a computed tomography (CT) scan in May 2015 showed
disease progression. The scan revealed several pulmonary focal
ground-glass opacities (GGOs) in both lungs, some of which had
increased in size compared with preoperative CT findings
(Figure 3). Biopsy of a GGO lesion of the right upper lobe in
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June 2015 indicated Grade 2 adenocarcinoma of the lung that
was partially tubular and partially lepidic.

Further Sanger sequencing detected an EGFR exon 20
insertion mutation (NM_005228.3 [EGFR]: codon 2317_
2319dupCAC; p.H773dup; Figures 4A, B). From July 2015,
the patient received afatinib 40 mg/day, which was reduced to
30 mg/day in August 2015 and further reduced to 20 mg/day in
October 2015 due to diarrhea. The patient achieved stable
disease until May 2016, followed by progression, which was
treated with stereotactic irradiation to two lesions (40.5 Grays in
3 fractions to each lesion) in the left lower lobe and one lesion
in the right upper lobe. She remained on treatment with afatinib
(20 mg/day) and had stable disease again from July 2016
Frontiers in Oncology | www.frontiersin.org 398
until July 2017 (Figure 3), when progression ensued and she
received stereotactic irradiation to one lesion in the left
lower lobe.

Two liquid biopsies were performed, in January and August
2017. No EGFR or any other mutation was detected in either
sample, using next-generation sequencing (NGS) with a colon/
lung 22-gene (including EGFR) panel from Thermo Fisher
Scientific. The sample from January was additionally analyzed
with digital PCR for Del19 and T790M mutations, with none
detected. In December 2018, a third liquid biopsy was performed,
this time employing an NGS liquid biopsy lung circulating free
DNA (11-gene) panel from Thermo Fisher Scientific. Again, no
mutations were detected.

Ileocecal resection was performed in April 2018 because of
ischemic necrosis of the cecum, and no carcinoma infiltration was
detected in the resection specimen. Because of slightly enlarged
retrocaval lymph nodes in a CT scan from December 2018,
lymph node and lung biopsies were performed in January 2019.
Endobronchial ultrasound-guided biopsy of themediastinal lymph
nodes revealed no carcinoma infiltration, and bronchoscopy with
biopsy lower right lobe (B10) identified no carcinoma in the lung
parenchyma. However, Escherichia coli and Klebsiella pneumonia
were detected in the bronchoalveolar lavage, and the patient
received antibiotic treatment with ciprofloxacin. A CT scan in
February 2019 showed a decrease in size of the previously
enlarged lymph nodes. Treatment with afatinib is ongoing as of
October 2020, and the patient continues to have stable disease
(Figure 3), with an Eastern Cooperative Oncology Group
performance status of 0.
CASE REPORT 2

Patient 2 was referred to our clinic for surgery in September
2019. The patient had previously undergone resection of breast
carcinoma, and received radiotherapy and hormone ablation
therapy. A lung tumor was detected with position emission
tomography-CT scan, and resection of the left lower lobe with
lymphadenectomy was performed in September 2019, due to
suspicion of lung metastasis of the breast carcinoma. Histology
revealed invasive adenocarcinoma, and NGS with the Oncomine
Focus Assay (Thermo Fisher Scientific) identified an EGFR
exon 20 inser t ion (NM_005228 .3 [EGFR] : codon
2317_2319dupCAC; p.H773dup; Figures 4C, D) that was
identical to the mutation identified in Patient 1.

After tumor resection, the patient was re-transferred to their
previous hospital.
DISCUSSION AND CONCLUDING
REMARKS

Exon 20 insertion mutations are the third most common type of
EGFR mutation, after Del19 and L858R (3). Similar to Del19
and L858R, EGFR exon 20 insertions can result in sustained
EGFR signaling and function as oncogenic drivers. However,
FIGURE 1 | Inhibition of EGFR mutant protein autophosphorylation by
afatinib and erlotinib in cellular assays. NIH-3T3 cells (ATCC; #CRL-1658)
were cultured in supplemented Dulbecco’s Modified Eagle Medium and
cultivated at 37°C/5% CO2 in a humidified atmosphere to maintain <80%
confluence. Cells were then transfected with one of 12 EGFRmutant plasmid
constructs, using 4 µg of DNA for EGFR variants G598V, D770_N771insNPG,
P772_H773insV, WHins774, and T790M, and 2.5 µg of constructs R108K,
A289D, A289T, A289V, G719S, WASVins770, and L861Q, diluted in 250 µl
serum-free culture medium. A diluted Lipofectamine-DNA mix was then added
drop-wise to the cells. 48 h post-transfection, cells were treated for 2 h with
afatinib or erlotinib (1–10,000 nM) or were left untreated. At 2 h post-treatment,
protein lysates were prepared using lysis buffer and the effect of TKI treatment on
EGFR tyrosine-1068 phosphorylation was analyzed byWestern blot (primary
antibody: phospho-specific anti-EGFR [Y1068] antibody; Abcam, #ab40815,
1:1,000 dilution; secondary antibody: goat anti-rabbit; Dako, #P0448, 1:1,000
dilution). Actin was used as a loading control. EGFR, epidermal growth factor
receptor.
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despite their importance as potentially targetable mutations, the
clinicopathologic characteristics and molecular spectrum of
exon 20-mutant tumors have not been explored in most patient
populations, and the biology underlying the heterogeneous
responses of different genomic variants to targeted therapies is not
well understood (3).

The first case presented herein describes a patient with
NSCLC harboring an EGFR exon 20 insertion mutation who
achieved durable stable disease with afatinib and remains on
treatment after 4.5 years. To the best of our knowledge, this is the
first report describing long-term benefit for a patient treated with
afatinib with this rare exon 20 insertion. We are aware of two
further cases with this same, rare EGFR mutation. One patient,
also reported here, has early-stage lung adenocarcinoma and has
not yet received systemic therapy for NSCLC. The other patient
received afatinib in the context of a global compassionate use
program and had progressive disease (19, 20). It is not
uncommon for patients to have concurrent mutations
alongside exon 20 insertions (21); therefore, we speculate that
the difference in afatinib response could be owing to the presence
of an additional mutation. For example, TP53 mutations are one
of the most common concurrent mutations alongside exon 20
insertion (21) and is possibly associated with a lower likelihood
of response to EGFR TKIs (22). Overall, these findings are
particularly interesting and suggest that afatinib may provide a
new therapeutic option for the particular type of mutation
discussed here.
Frontiers in Oncology | www.frontiersin.org 499
The exon 20 H773dup insertion, annotated as H773_
V774insH, has been reported previously, although such reports
have not provided evidence for a potential driver role for this
particular mutation (3, 23). To determine its prevalence in
current databases, we searched for the occurrence of H773dup
within the American Association for Cancer Research (AACR)
Genomics Evidence Neoplasia Information Exchange (GENIE)
database (The AACR Project GENIE Consortium, release 5.0),
which comprises almost 60,000 samples across 81 major cancer
types (24). We found 15 cases of H773dup in NSCLC, glioma,
and endometrial cancer, showing prevalences of 0.12%, 0.06%,
and 0.12%, respectively (Table 1A). In line with Qin et al. (21),
we also find co-mutations in cancer-related genes like TP53
(4/15), PIK3CA (1/15), or PTEN (1/15) which might contribute
to different responses upon treatment with TKIs. As a second
source, we queried FoundationCore (version MI20190726), a
proprietary database provided by Foundation Medicine.
FoundationCore contains almost 300,000 clinical specimens
and represents, to our knowledge, the biggest available
database of its kind, allowing us to exhaustively describe the
H773dup mutation landscape. In line with the GENIE results, we
found H773dup mutations in NSCLC (adenocarcinoma and
squamous cell carcinoma) and glioma (glioblastoma and
anaplastic astrocytoma) at a prevalence of 0.1%, as well as in
other (niche) indications. Table 1B lists all instances
of H773dup, highlighting its widespread occurrence. In
addition to mutation information, FoundationCore provides
FIGURE 3 | Patient 1 clinical course, including treatment history and CT scans. CT, computed tomography.
FIGURE 2 | Patient 1 case history and time line of key events. PD, progressive disease; SD, stable disease.
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copy-number information for all samples. Interestingly, 33% and
43% of lung adenocarcinomas of glioblastomas, respectively,
show co-occurring EGFR amplifications, which are indicative
of H773dup having a functional role. This corroborates an earlier
claim that EGFR exon 20 insertions may function as driver
mutations that are potentially susceptible to effective targeted
therapy, based on exon 20 insertions being enriched in never-
smokers and Asian patients (23).

The discrepancy in the results of EGFR mutation testing in
2014 and 2015 may at least partly reflect the fact that Patient 1
had a multifocal adenocarcinoma, as high rates of discordance in
EGFR mutation status and subtype have been observed between
GGO lesions from the same patient (25, 26). Alternatively, this
could be attributable to emergence of a secondary EGFR
mutation after chemotherapy. The clinical implications of such
spatial and temporal heterogeneity are that the use of multiple
biopsies on multiple lesions and repeated biopsies upon
progression, together with the use of sensitive techniques such
Frontiers in Oncology | www.frontiersin.org 5100
as NGS, may be needed to fully characterize the molecular
pathology of multifocal adenocarcinomas before and
after treatment.

Afatinib was generally well tolerated, and diarrhea adverse
events (AEs) were managed effectively with dose reductions to
20 mg/day, enabling Patient 1 to remain on afatinib treatment
while still experiencing clinical benefit. This finding is consistent
with previous reports that tolerability-guided dose reductions of
afatinib are effective in mitigating drug-related AEs, without
compromising efficacy (27).

EGFR exon 20 insertions are highly variable in position and size,
with structural heterogeneity having implications for response to
EGFR TKIs (3, 28). An in-silico modelling study predicted that
insertions between codons 769 and 775may be resistant to currently
available EGFR TKIs, while insertions proximal to codon 769 are
predicted to retain sensitivity (3). Additionally, it appears that
different genomic variants confer heterogeneity in response to
different EGFR-targeted therapies. Hirano et al. performed MTS
A

B

D

C

FIGURE 4 | Insertion site of EGFR exon 20 insertion mutation. Sequencing electropherogram of EGFR exon 20 showing: (A) wild-type sequence of the
adenocarcinoma from patient 1 resected in 2014; (B) duplication of a CAC base triplet in the adenocarcinoma from patient 1 biopsied in 2015. EGFR, epidermal
growth factor receptor; CAC, cytosine adenine cytosine; (C) wild-type sequence of the adenocarcinoma from patient 2 resected in 2019; (D) duplication of a CAC
base triplet in the adenocarcinoma from patient 2 biopsied in 2019.
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assays using cells harboring four different types of EGFR exon 20
insertions. Afatinib potently inhibited the growth of cells harboring
EGFR A763_Y764insFQEA (IC50 3 nM vs 44 nM for osimertinib),
and afatinib and osimertinib showed similar efficacy against
Y764_V765insHH (134 vs 237 nM), A767_V769dupASV (158 vs
333 nM), and 770_N771insNPG (43 vs 42 nM) (16). In contrast,
erlotinib and rociletinib were relatively ineffective against these
mutations (16). Our own preclinical findings also demonstrated
heterogeneous responses, with exon 20mutations at different amino
acid positions showing a range of sensitivities to afatinib, while
being largely insensitive to erlotinib (example in Figure 1). A
retrospective analysis of Chinese patients, in which 85 unique
EGFR exon 20 insertion variants were identified in 547 cases (of
24,468 patients screened) indicated heterogeneous response to
EGFR TKIs in the clinic. PFS differed significantly among six
representative EGFR exon 20 insertion variants (p=0.017) with
p.A763_Y764insFQEA associated with better PFS than other
insertions. Afatinib and osimertinib were associated with higher
disease control rate than first-generation TKIs (21).

Emerging clinical evidence further supports the hypothesis
that some exon 20 insertion mutations may be sensitive to
afatinib. Among patients treated with afatinib as part of the
global Named Patient Use (NPU) program, 100/723 patients
with any EGFR mutations had uncommon mutations, including
20 patients with exon 20 insertions (20). The ORR among these
patients was 35% (vs 23.4% in the overall NPU population).
Cases have also been reported of patients with EGFR exon 20
insertions responding to afatinib. In one report, two patients
with de novo EGFR exon 20 insertions (D770_N771insSVD and
Ser768_Asp770dup) showed rapid clinical improvement
after afatinib treatment, but disease progression quickly ensued
Frontiers in Oncology | www.frontiersin.org 6101
in one patient (29). Although the authors concluded that
responses to afatinib could be short lived in some patients (29),
another case study of a patient with an A767_S768insSVA tandem
duplication demonstrated a durable response to afatinib, with the
patient surviving for over 3 years from the start of treatment (15).
In a separate report, one patient with exon 20 insertion (initially
H773_V774insH, D770_N771insG, V769_D770insASV,
D770_N771insSVD) was treated with osimertinib, but mutation
testing following progression suggested that the mutation site had
changed to A767delinsASVD only. The patient subsequently
received afatinib treatment, during which the primary tumor
regressed and pleural effusion was significantly reduced, with a
PFS of 7.4 months (13).

An alternative strategy that has been tested against tumors with
EGFR exon 20 insertions is to combine EGFR TKIs with anti-
EGFR monoclonal antibody treatment. Preclinical evaluation of
afatinib or osimertinib plus cetuximab demonstrated a mild but
statistically significant additive antitumor effect of these
combinations against several EGFR exon 20 insertion mutations
in vitro. Afatinib plus cetuximab also significantly inhibited the
growth of tumors harboring EGFR A767_V769dupASV and
EGFR Y764_V765insHH, in vivo, while single-agent treatments
did not (30).With regard to clinical data, among four patients with
EGFR exon 20 insertions treated with afatinib plus cetuximab in
the Netherlands, three patients had a partial response (PR), and
the median PFS was 5.4 months (31).

Unlike EGFR exon 20 insertions, the spectrum ofHER2 exon 20
mutations in NSCLC is narrower, with A775_G776insYVMA
accounting for most cases (18). Nevertheless, as with EGFR
exon 20 insertions, similar heterogeneity in responses of different
HER2 exon 20 insertions to afatinib has been reported. One study
TABLE 1 | Occurrence of H773dup mutations in the AACR Project GENIE and FoundationCore databases.

A) AACR Project GENIE

Cancer Type Total number of
samples

Number of H773dup
mutations

Prevalence
(%)

95% CI

NSCLC 9090 11 0.121 0.060–0.216
Glioma 3214 2 0.062 0.008–0.225
Endometrial cancer 1668 2 0.120 0.015–0.432

B) FoundationCore

Cancer Type Total number of
samples

Number of H773dup
mutations

Prevalence
(%)

Co-occurring EFGR amplification
(%)

Lung adenocarcinoma 33096 24 0.1 33.33
Brain glioblastoma 6162 7 0.1 42.86
Lung NSCLC (Nos) 7197 5 0.1 20.00
Bladder urothelial (transitional cell) carcinoma 3789 4 0.1 0
Kidney urothelial carcinoma 603 2 0.3 100.00
Breast phyllodes tumor 88 2 2.3 0
Lung squamous cell carcinoma 8117 2 0.02 0
Ureter urothelial carcinoma 293 1 0.3 0
Kidney renal papillary carcinoma 342 1 0.3 0
Ovary serous carcinoma 7216 1 0.01 100.00
Lung typical carcinoid 72 1 1.4 0
Brain anaplastic astrocytoma 887 1 0.1 0
Uterus endometrial adenocarcinoma
endometrioid

1854 1 0.1 0
Janua
AACR, American Association for Cancer Research; EGFR, epidermal growth factor receptor; GENIE, Genomics Evidence Neoplasia Information Exchange; NSCLC, non-small cell lung
cancer; Nos, not otherwise specified.
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investigating specific HER2 exon 20 insertions in a Chinese cohort
found that patients with tumors harboring G778_P780dup achieved
numerically longer median PFS (10 vs 3.3 months, p=0.32) and
overall survival (19.7 vs 7 months, p=0.16) with afatinib versus non-
G778 patients, which is consistent with in vitro results suggesting
that Glycine778 may facilitate inhibitor binding to HER2 (32).
Among patients who received afatinib in a global NPU program,
12 patients with information available on the type ofHER2mutation
had an exon 20 mutation, among whom 10 patients (83%) had
A775_G776insYVMA (33). Four of these patients remained on
afatinib for more than 1 year, and this subgroup demonstrated a
median time to treatment failure of 9.6 months, compared with just
1.9 months in the other two patients, both with M774 duplications.

Preclinical studies also suggest that irreversible EGFR TKIs
such as afatinib and dacomitinib are active against HER2 exon 20
insertions, but at ~100-fold higher concentrations than are
necessary to inhibit Del19 or L858R models (34, 35).
Consequently, Costa et al. tested intermittent pulsatile doses of
afatinib in preclinical models of NSCLC with HER2 exon 20
insertions, with the aim of achieving intermittent plasma
concentrations that would exceed the threshold for efficacy,
while improving tolerability versus daily dosing. Pulse afatinib
induced anti-tumor activity in these models, and evidence of
clinical activity (one PR and one stable disease) was observed
among three patients with advanced HER2 exon 20 insertion-
mutated NSCLC treated with off-label pulse afatinib (36). Overall,
there is accumulating evidence that afatinib may provide a viable
therapeutic option for patients with at least some types of EGFR
and HER2 exon 20 insertion, with different approaches having
been evaluated in this difficult-to-treat population.

Regarding other treatment options, a Phase 2 trial of
poziotinib did not meet its primary endpoint, however the trial
is ongoing in other cohorts: treatment-naïve NSCLC patients
with exon 20 insertions and alternative dosing regimens to
improve tolerability (9). However, despite preliminary activity,
a request for breakthrough therapy designation for poziotinib for
the treatment of EGFR exon 20 insertion mutation-positive
NSCLC was rejected by the FDA. Currently, there are no
treatments approved in this particular indication, although other
TKIs designed to target exon 20 insertions, such as TAK-788,
which has received breakthrough therapy designation from the
FDA, are in early clinical development (37).

At the time that afatinib treatment was initiated in our patient,
there was a lack of investigational treatments for patients with
EGFR exon 20 insertions, and chemotherapy was and still is the
standard treatment choice for these patients. In our case, the
patient relapsed shortly after adjuvant chemotherapy, and afatinib
treatment was chosen after detection of an exon 20 insertion
mutation due to its broad inhibitory profile against uncommon
EGFR mutations.

In conclusion, our report describes two rare cases of patients with
H773dup, one of whom was treated with afatinib for 4.5 years (still
on treatment at the time of this report). Our findings are in line with
epidemiological evidence that this very rare (~0.1% prevalence in
NSCLC), albeit widespread (across tumor types), mutation has a
functional role as a driver mutation in NSCLC and can be treated
Frontiers in Oncology | www.frontiersin.org 7102
with appropriate EGFR-targeted therapy. Finally, the long time on
treatment and durable stable disease observed in Patient 1 is
testament to afatinib’s manageable safety profile, and suggests that
afatinib may be a viable therapeutic option for patients with tumors
harboring this exon 20 insertion mutation, particularly those for
whom chemotherapy is unsuccessful. Together with previous
preclinical and clinical evidence supporting afatinib’s activity
against certain EGFR exon 20 insertions, these findings warrant
further investigation.
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Background:We aimed to investigate the feasibility of detecting epidermal growth factor
receptor (EGFR) mutations in cell-free DNA (cfDNA) from cerebrospinal fluid (CSF) and
plasma of advanced lung adenocarcinoma (LADC) with brain metastases (BMs) by droplet
digital polymerase chain reaction (ddPCR).

Methods: Thirty advanced LADC patients with BMs were enrolled, and their matched CSF
and plasma samples were collected. Droplet digital PCR was used to test cfDNA in CSF and
plasma for EGFR mutation status. The clinical response and prognosis were evaluated.

Results: Out of 30 patients, there were 21 females and 9 males, aged 34-75 years. In all
of the cases, CSF cytology were negative. In ddPCR assays, 10 patients (33.3%) had
EGFR mutation in CSF, including 3 cases of EGFR T790M mutation, and 16 patients
(53.3%) had EGFR mutation in plasma, including 6 cases of EGFR T790M mutation. Five
patients with activating EGFR mutations in CSF achieved an intracranial partial response
(iPR) after combination treatment with the first-generation EGFR-tyrosine kinase inhibitors.
Three patients with EGFR T790M mutations in CSF achieved iPR after second-line
osimertinib treatment. The median overall survival and intracranial progression-free
survival were 17.0 months and 11.0 months, respectively.

Conclusion: It was feasible to test EGFR mutation in cerebrospinal fluid and plasma. In
LADC patients with brain metastasis, cerebrospinal fluid can be used as a liquid biopsy
specimen to guide treatment strategy by monitoring EGFR mutation status.

Keywords: lung adenocarcinoma, brain metastases, cerebrospinal fluid, EGFR mutation, droplet digital PCR
INTRODUCTION

Brain metastases (BMs) occurred in 25-50% of non-small-cell lung cancer (NSCLC) patients (1, 2),
30-60% of those had epidermal growth factor receptor (EGFR) activating mutation lung
adenocarcinoma (LADC) (3, 4). Median overall survival of NSCLC patients with BMs ranged
from 3 to 15 months in an unselected population without EGFR-tyrosine kinase inhibitors (EGFR-
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TKIs) targeted therapy (5, 6), and 18 to 58 months in EGFR-
mutant patients with EGFR-TKIs treatment (7, 8). EGFR-TKIs
have been established as the standard therapy for EGFR-
sensitizing mutant (EGFRm, mainly refer to L858R or 19del)
advanced NSCLC. In EGFRm patients, first-line EGFR-TKIs
treatment has a good response rate of 50 to 80%. However,
patients who respond to EGFR-TKIs eventually develop
resistance to these drugs, with a median progression-free
survival around 9 to 13 months (9).

There are various mechanisms for the development of
resistance to EGFR-TKIs. Approximately 50% of the patients
who initially respond well to EGFR-TKIs develop resistance due
to the occurrence of secondary mutation T790M, an amino acid
substitution at position 790 in EGFR from a threonine to a
methionine (10, 11). This is the most common mechanism of
acquired resistance to EGFR-TKIs. In China, the third-
generation EGFR-TKI, osimertinib, is standard treatment for
patients with advanced EGFR T790M-mutated NSCLC who
have been pre-treated with early-generation EGFR-TKIs
(gefitinib, erlotinib, icotinib, or afatinib) (12).

Intracranial progress is the main cause of EGFR-TKIs
treatment failure (4, 13). In clinical practice, biopsy of BMs
lesions is rarely performed, which results in poor understanding
of the resistance mechanisms of EGFR-TKIs therapy in NSCLC
with BMs. Liquid biopsy of CSF cfDNA may provide potential
information about intracranial lesions. Recent studies have
demonstrated that driver and resistance mutations can be
identified by droplet digital polymerase chain reaction
(ddPCR) or next-generation sequencing (NGS) in CSF
circulating cell-free DNA (cfDNA) in patients with central
nervous system (CNS) metastases (14–16). Herein, to explore
the alternative detection of EGFR mutation status, ddPCR was
used to examine the mutation status in CSF and plasma. And the
clinical efficacy of EGFR-mutant LADC with BMs was studied
based on real clinical practice, including treatment with EGFR-
TKIs alone or combined with chemotherapy and radiotherapy.
MATERIALS AND METHODS

Patient Population
Between July 2014 and June 2017 in Beijing Chest Hospital,
Capital Medical University (Beijing, China), 30 pathologically
confirmed LADC patients with BMs harboring the activating
EGFR mutation in their primary tumors were enrolled. The
inclusion criteria were as follows: 1) activating EGFR mutation
(19del or L858R) in original tissues determined by amplification
refractory mutation system polymerase chain reaction (ARMS-
PCR); 2) radiological computed tomography or magnetic
resonance imaging (MRI) confirmed brain metastases without
leptomeningeal metastases; and 3) received lumbar puncture and
CSF cytology was negative.

All patients provided written informed consent before
specimen collection. This study was reviewed and approved by
the institutional review board (IRB)/ethics committee of Beijing
Chest Hospital, Capital Medical University.
Frontiers in Oncology | www.frontiersin.org 2106
Specimen Collection and Processing
CSF samples were obtained by lumbar puncture. Peripheral
blood samples were obtained from venous blood. Tumor tissue
samples were collected from primary and/or metastatic sites via
surgical resection or biopsy. The CSF and matched peripheral
blood were collected into ethylene diamine tetraacetic acid
(EDTA) anti-coagulated tubes from all included subjects.
Within 2 h of CSF or peripheral blood sample collection, the
sample was placed on ice and centrifuged at 1,000×g at 4°C for
10 min. The CSF supernatant or plasma was transferred to
sterilized prelabeled cryotubes, the tubes were stored at -80°C
for further exploration.

Extraction and Quantification of Cell-Free
DNA
The 2 mL of CSF or plasma was used for the extraction of cell-
free DNA. Stored samples were thawed at room temperature and
then centrifuged at 10,000×g at 4 °C for 30 min to remove
residual precipitated cellular components and various particles.
Circulating cell-free DNA was extracted according to the
procedure of the QIAamp Circulating Nucleic Acid Kit
(QIAGEN, Hilden, Germany). The concentration of cfDNA
was measured with the Qubit dsDNA HS Assay kit
(Invitrogen, Life Technologies, CA, USA) on a Qubit 3.0
Fluorometer (Invitrogen, Life Technologies, CA, USA)
following manufacturer’s instructions.

EGFR Mutation Analysis
ARMS-PCR for Tissue EGFR Mutations
The initial tissue EGFR mutations were detected by ARMS-PCR
with the AmoyDx Human EGFR Gene Mutation Fluorescence
PCR Diagnostic Kit (Amoy Diagnostics, Xiamen, China), which
had been approved by the National Medical Products
Administration for in vitro diagnostics use. This kit can cover
the 29 most common types of EGFR mutations in exons 18 to 21
of lung cancers, including T790M, L858R, L861Q, S768I, and
G719X point mutation; three insertions in exon 20; and 19
deletions in exon 19 (19del). All the experiments were carried
out according to the manufacturer’s protocols.

Droplet Digital PCR for cfDNA EGFR Mutations
We only detected EGFR 19del, L858R, and T790M mutations for
each specimen by ddPCR, and the experiments were carried out
at Amoy Diagnostics Co., Ltd (Xiamen, China). Droplet digital
PCR was performed using the QX200 AutoDG Droplet Digital
PCR System (BioRad, Hercules, CA, USA) according to the
manufacturer’s protocol. The method of ddPCR assays has
been reported previously and the established sensitivity was
0.04% (17). In short, the ddPCR detection platform can
produce about 20,000 droplets of mutant and wild-type DNA
emulsion, and the PCR reaction can be carried out in individual
droplets. After PCR reaction, positive or negative fluorescence
signals were produced in each droplet, indicating whether an
EGFR mutant existed or not. In EGFR 19del detection, a 15-base
pair peptide nucleic acid (PNA) was introduced to block the
amplification of wild-type alleles by targeting the common 19del
March 2021 | Volume 11 | Article 622142
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region, E746 to A750. The FAM-labeled probes were targeted at
wild-type and mutant allele amplicons of EGFR exon 19 to reflect
deletion mutants in the PNA targeting region. A VIC-labeled
probe was designed to target EGFR exon 2 for total EGFR gene
input control. The 19 common types of EGFR 19del in the
ARMS-PCR kit were all detected by ddPCR analysis. EGFR
L858R and T790M were detected by a FAM-labeled probe
targeting the mutant region and a VIC-labeled probe targeting
the wild-type region, respectively. Human genomic DNA was
used as negative control to determine the cutoff of allele calling.
We used the QuantaSoft software (version 1.6.6.0320; BioRad,
Hercules, CA USA) for ddPCR data analysis of the allele calls. In
the test of non-template control reaction, random events
occurred occasionally in a single droplet. Therefore, samples of
at least two droplets in the FAM signal positive region were
regarded as mutation positive. Mutations values were reported as
mutant allele frequency (MAF), defined as the proportion of
mutant to wild-type PCR products in the ddPCR readout.

Statistical Analysis
All statistical analyses were performed with SPSS version 24.0
(SPSS Inc., Chicago, IL, USA), or GraphPad Prism version 7.0
(GraphPad Software Inc., San Diego, CA, USA). Frequency
tabulation and summary statistics provided the characteristics
of data distribution. The intracranial objective responses were
evaluated for all patients based on the Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1 (18), and the
therapeutic response was evaluated as complete response (CR),
partial response (PR), stable disease (SD), or progression disease
(PD). Fisher’s exact method was used to compare intracranial
objective responses (CR+PR versus SD+PD) between EGFR
status in different kinds of liquid samples. Kaplan-Meier
estimation was used to designate progress-free survival (PFS)
and overall survival (OS), and the significant difference was
determined by the log-rank test. OS was calculated from the
day of diagnosis of brain metastasis to the day of death.
Intracranial PFS was calculated from the date of diagnosis of
brain metastasis until the date of progression of previous lesions
or the appearance of a new lesion. A two-sided p value less than
0.05 was considered statistically significant.
RESULTS

Patient Characteristics
All of the 30 included patients were Chinese with histologically
confirmed lung adenocarcinoma, and brain metastases (BMs)
were diagnosed by imaging. At the time of diagnosis with BMs, in
all of cases, CSF cytology were negative and examinations of
cranial imaging showed no leptomeningeal metastases (LMs).
The median age was 58 years (range, 34 to 75 years); nine
patients were male and 21 patients were female. The majority
(n = 24; 80.0%) were given a good Eastern Cooperative Oncology
Group performance status (ECOG PS < 2). Most patients had
four or more brain lesions (n = 23; 76.7%). At the time of initial
diagnosis with BMs, 19 patients had received no prior treatment,
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10 had received first-generation EGFR-TKIs (gefitinib, erlotinib,
or icotinib), and one patient had received chemotherapy alone.
After diagnosis with BMs, all the patients received systemic
treatments, including 20 patients with EGFR-TKIs alone (five
cases with second-line EGFR-TKI of osimertinib), six patients
with chemotherapy followed by EGFR-TKIs, and four patients
with chemotherapy alone. Twenty-one patients had whole brain
radiotherapy (WBRT) for local treatment of BMs, one of them
also underwent stereotactic radiosurgery (SRS). The baseline
clinical characteristics including age, gender, smoking status,
ECOG PS, BMs status, and systemic and local treatments are
summarized in Table 1 and detailed case by case in
Supplementary Table 1.

EGFR Mutation Status in Tumor Tissue
and Liquid Samples
EGFR mutations were detected in primary tumor tissues by
ARMS-PCR assays, tissue EGFR 19del mutations were identified
in 18 cases (60.0%) and EGFR L858R mutations were detected in
12 patients (40.0%).

Droplet digital PCR assays were performed for paired liquid
samples, CSF and plasma samples. In the CSF samples, EGFR
mutations were present in 10 patients (33.3%), the more
TABLE 1 | Clinicopathologic characteristics of 30 patients.

Characteristic Value or no. of patients %

Patients 30
Age, years
Median 58
Range 34-75
Sex
Male 9 30.0
Female 21 70.0
ECOG PS
0 3 10.0
1 21 70.0
2 3 10.0
3 3 10.0
Smoking status
Never 23 76.7
Current 7 23.3
Tumor histology
Adenocarcinoma 30 100.0
Primary tissue EGFR status
19del 18 60.0
L858R 12 40.0
No. of brain metastases
≤3 7 23.3
>3 23 76.7
BMs at the time of diagnosis
Yes 19 63.3
No 11 36.7
First-generation TKI treatment
Prior BMs 10 33.3
Post BMs 20 66.7
BMs local treatment
WBRT ± SRS 21 70.0
None 9 30.0
M
arch 2021 | Volume 11 | Article 6
No., number; ECOG PS, Eastern Cooperative Oncology, Group performance score;
EGFR, epidermal growth factor receptor; BMs, brain metastasis; TKI, tyrosine kinase
inhibitor; WBRT, whole brain radiotherapy; SRS, stereotactic radiosurgery.
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common mutation was 19del (six patients), followed by L858R
mutation (four patients). To our surprise, there were three cases
(patients 15, 17, and 29) with EGFR T790M mutation in CSF
(two accompanied with 19del, one accompanied with L858R). In
plasma samples, EGFR mutations were identified in 16 patients
(53.3%), including six cases with EGFR T790M mutation (three
patients with L858R mutation, two patients with 19del mutation,
and one patient with T790M mutation alone). In total, 19
patients found EGFR mutation in CSF or in plasma, no EGFR
mutation was found in cerebrospinal fluid or plasma in 11
patients (Table 2). All EGFR T790M mutations (nine samples
in seven patients) were found during or after EGFR-
TKIs treatments.
Correlation Between EGFR Mutation
in Liquid Samples and Clinical Responses
of BMs
In 30 patients, the best intracranial response rates were 3.3% CR
(n = 1), 60.0% PR (n = 18), 30.0% stable disease (n = 9), and 6.7%
PD (n = 2).
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EGFR mutations were found in the CSF samples of 10
patients, the five patients with activating EGFR mutations
(19del or L858R) achieved intracranial partial response (iPR)
after treatment with a combination of WBRT and first-
generation EGFR-TKIs, and three patients (patient 15, 17, and
29) with the EGFR T790M mutation were identified after first-
generation EGFR-TKIs treatments, then achieved iPR after
treatment with second-line osimertinib alone (Figure 1). One
patient (patient 22) with an EGFR 19del mutation in CSF
received first-line gefitinib, and intracranial lesions were stable,
the other patient (patient 3) with an EGFR L858R mutation in
CSF received two lines of chemotherapy before BMs, and was
then treated with gefitinib, but the intracranial lesion progressed.

In liquid samples (CSF or plasma), the RECIST rates of CR,
PR, SD, and PD were 5.3%, 73.7%, 15.8%, and 5.3% for patients
with EGFRm (in CSF or plasma) and 0%, 36.4%, 54.5%, and 9.1%
for patients with wild-type EGFR (EGFRw, in CSF and plasma).
The best intracranial response rate (CR+PR) was 78.9% for
patients with EGFRm versus 36.4% for patients with EGFRw.
There was a significant difference when the numbers of the two
groups were compared (CR+PR versus SD+PD, p = 0.047).
TABLE 2 | EGFR testing result.

Patient Initial primary tissue EGFR mutation* CSF EGFR mutation Plasma EGFR mutation

Status MAF Status MAF

Liquid biopsy at the time of diagnosis with brain metastasis
1 19del WT T790M 0.3%
2 19del WT 19del 5.3%
3 L858R L858R 37.9% L858R 2.0%
4 L858R WT WT
5 19del WT WT
7 L858R WT WT
8 19del 19del 69.7% 19del/T790M 11.0%/7.0%
11 19del WT WT
13 L858R L858R 32.8% WT
15 19del 19del/T790M 13.2%/0.5% 19del/T790M 14.4%/3.5%
16 L858R WT WT
18 L858R WT WT
19 19del 19del 43.3% 19del 14.9%
21 19del WT 19del 3.7%
22 19del 19del 21.8% 19del 7.4%
23 L858R WT L858R 20.5%
24 19del WT 19del 11.4%
25 19del WT WT
26 19del WT 19del 0.8%
27 L858R L858R 7.2% L858R 5.2%
28 19del 19del 6.9% WT
29 19del 19del/T790M 35.7%/12.1% WT
30 19del WT 19del 15.3%
Liquid biopsy after brain metastasis progression
6 L858R WT L858R/T790M 10.8%/26.5%
9 L858R WT WT
10 19del WT WT
12 L858R WT L858R/T790M 2.4%/0.2%
14 19del WT WT
17 L858R L858R/T790M 16.2%/2.0% L858R/T790M 8.1%/2.2%
20 19del WT WT
M
arch 2021 | Volume 11 |
CSF, cerebrospinal fluid; EGFR, epidermal growth factor receptor; MAF, mutant allele frequency; WT wild-type.
*EGFR mutations were detected in primary tumor tissues at the time of initial diagnosis with lung cancer by amplification refractory mutation system polymerase chain reaction
(ARMS-PCR) assays.
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The waterfall plot of intracranial objective response is shown
in Figure 1, and the RECIST rates of CR, PR, SD, and PD
according to EGFR mutation status of CSF and plasma samples
are listed in Table 3 and detailed in Supplementary Table 2.
Correlation Between EGFR Mutation in
Liquid Samples and Prognosis of BMs
Fourteen patients were alive at the time of this analysis. The
median iPFS and OS from the time of diagnosis with BMs were
11.0 months and 17.0 months, respectively (Figures 2A, B).

To emphasize the clinical significance of different EGFR
mutation status in liquid samples (EGFRm vs EGFRw),
prognosis survival was also evaluated. In CSF samples, the
median iPFS of EGFRm and EGFRw were 12.0 months and 8.0
months, respectively (p = 0.337), and the median OS of EGFRm
and EGFRw were not reached and 17.0 months, respectively (p =
0.404; Figures 2C, D). In plasma samples, the median iPFS of
EGFRm and EGFRw were 12.0 months and 8.0 months,
respectively (p = 0.059), and the median OS of EGFRm and
EGFRw were 31.0 months and 11.0 months, respectively (p =
Frontiers in Oncology | www.frontiersin.org 5109
0.003; Figures 2E, F). In liquid samples, the median iPFS of
EGFRm (CSF or plasma) and EGFRw (CSF and plasma) were
12.0 months and 6.0 months, respectively (p = 0.014), and the
median OS of EGFRm (CSF or plasma) and EGFRw (CSF and
plasma) were 31.0 months and 11.0 months, respectively (p =
0.002; Figures 2G, H).

A Case Presentation
A 66-year-old woman (patient 29) was diagnosed with stage Ia lung
adenocarcinoma at disease baseline and underwent a radical right
upper lobectomy with video-assisted thoracoscopic surgery (VATS)
in February 2010, EGFR 19del was discovered in the primary lung
lesion by ARMS-PCR. In January 2011, the tumor recurred and one
of the left ribs was involved. After regional radiotherapy of the
involved rib, she responded to erlotinib for 58 months before
developing brain metastasis (Figure 3A) with a central nervous
system (CNS) symptom of intermittent headaches. A brain MRI
did not shown any evidence of LMs and her cerebrospinal fluid
pressure was in the normal range. Tumor cells were not identified
in CSF. EGFR 19del and T790M mutations were identified
by ddPCR in the CSF sample (Table 2, Figure 3A),
FIGURE 1 | Waterfall plot of intracranial best response. CSF, cerebrospinal fluid; EGFRm, mutant epidermal growth factor receptor; EGFRw, wild-type epidermal
growth factor receptor; T790M, an amino acid substitution at position 790 in EGFR from a threonine to a methionine.
TABLE 3 | Summary of intracranial objective response in different EGFR mutation status.

Intracranial Response n (%) CSF EGFR P* Plasma EGFR P* CSF/plasma EGFR P*

Mut, n (%) Wt, n (%) Mut, n (%) Wt, n (%) Mut, n (%) Wt, n (%)

ALL 30 (100.0) 10 (33.3) 20 (66.7) 16 (53.3) 14 (46.7) 19 (63.3) 11 (36.7)
CR+PR 19 (63.3) 8 (80.0) 11 (55.0) 0.247 12 (75.0) 7 (50.0) 0.257 15 (78.9) 4 (36.4) 0.047
CR 1 (3.3) 0 (0) 1 (5.0) 1 (6.3) 0 (0) 1 (5.3) 0 (0)
PR 18 (60.0) 8 (80.0) 10 (50.0) 11 (68.8) 7 (50.0) 14 (73.7) 4 (36.4)
SD+PD 11 (36.7) 2 (20.0) 9 (45.0) 4 (25.0) 7 (50.0) 4 (21.1) 7 (63.6)
SD 9 (30.0) 1 (10.0) 8 (40.0) 3 (18.8) 6 (42.9) 3 (15.8) 6 (54.5)
PD 2 (6.7) 1 (10.0) 1 (5.0) 1(6.3) 1 (7.1) 1 (5.3) 1 (9.1)
Marc
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EGFR, epidermal growth factor receptor; CSF, cerebrospinal fluid; Mut, mutant; Wt, wild-type; CR, complete response; PR, partial response; SD, stable disease; PD, progression disease.
*P value was assessed by using Fisher’s exact test to compare the number of two groups (CR+PR versus SD+PD).
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A B
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FIGURE 2 | Kaplan-Meier curves of iPFS and OS from the time of diagnosis of brain metastasis in different groups of study. (A) iPFS for the overall population;
(B) OS for the overall population; iPFS (C) and OS (D) between patients with EGFRm and EGFRw in CSF; iPFS (E) and OS (F) between patients with EGFRm and
EGFRw in plasma; iPFS (G) and OS (H) between patients with EGFRm and EGFRw in CSF and plasma. iPFS, intracranial progression-free survival; OS, overall
survival; EGFRm, mutant epidermal growth factor receptor; EGFRw, wild-type epidermal growth factor receptor; CSF, cerebrospinal fluid.
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while the mutations were not found in a blood sample at the same
time. The patient received second-line osimertinib and achieved
intracranial PR after one month of treatment (Figure 3). At this
time point, the EGFR mutations were not found either in the CSF
or in plasma sample.
DISCUSSION

It is feasible to detect EGFR mutations of CSF cfDNA by ddPCR
in advanced NSCLC patients with brain metastasis. As one of the
PCR methods, ddPCR is more sensitive than NGS methods and
ARMS-PCR for a low abundance of DNA (19). Our results show
that the ddPCR method may be suitable for detecting low
abundance mutation DNA in CSF. In our study, with the use
of ddPCR, we found that CSF EGFR mutations were identified in
one third of 30 included cases, and EGFR T790Mmutations were
found in three patients. To emphasize an important point, all the
patients in this study had been confirmed to have brain
metastases without leptomeningeal metastases by radiological
magnetic resonance imaging or computed tomography, and CSF
cytology of all cases were negative. Previous studies on the
detection of EGFR mutations in cerebrospinal fluid mainly
Frontiers in Oncology | www.frontiersin.org 7111
included patients with leptomeningeal metastases. In 2016,
Zhao et al. studied seven patients with leptomeningeal
metastases to test EGFR mutations in paired CSF and plasma
samples (20). In a recent study, regardless of CSF cytology
results, EGFR mutations were detected by NGS in 100% of
CSF cfDNA in 26 cases with leptomeningeal metastases of
EGFR-mutant NSCLC. However, high-confidence somatic
alterations by NGS were found in all 16 (100%) patients with
positive CSF cytology and 4 of the 16 (25%) with negative CSF
cytology with radiographic evidence for CNS metastases (21). In
a similar study on EGFR status in patients with neoplastic
meningitis by DNA sequencing, EGFR mutations were
reported in 45% of the patients with positive CSF cytology and
30% of the patients with negative CSF cytology (22). Our findings
indicate that analysis of CSF cfDNA can be useful for monitoring
relevant molecular pathological information of patients with
negative tumor cytology in CSF.

Due to the existence of the blood-brain barrier, CSF cfDNA
can not be fully circulated in the blood system, thus, plasma can
not fully represent the ‘real world’ of intracranial lesions (23). In
10 EGFR mutant cases of CSF, 70% of samples had a concordant
EGFR status in their paired plasma samples. Importantly, in one
case, T790M mutations were identified in a CSF sample, while
the mutations were not found in a blood sample at the same time.
A

B

FIGURE 3 | Case presentation: A case received second-line osimertinib treatment after a CSF EGFR T790M mutation was identified by ddPCR. (A) Brain MRI
imaging tests before and after osimertinib treatment. (B) The timeline and results of EGFR mutation status identified by ddPCR. CSF, cerebrospinal fluid; EGFR,
epidermal growth factor receptor; T790M, an amino acid substitution at position 790 in EGFR from a threonine to a methionine; ddPCR, droplet digital PCR; MRI,
magnetic resonance imaging.
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We were unable to compare the EGFR status of cerebrospinal
fluid samples and intracranial tumors due to the absence of
intracranial metastatic tumor tissue. In our study, EGFR
mutation detection rate was lower in CSF (33.3%) than that in
plasma (53.3%). This is partly due to lower levels of cfDNA in
cerebrospinal fluid than in blood. Though recent reports have
demonstrated that circulating tumor DNA (ctDNA) was more
abundant in CSF than that in plasma of breast cancer (24). In
2 ml of the liquid samples of this study, lower overall cfDNA
yields were obtained from CSF (mean ± SD, plasma: 64.59 ±
41.25 ng versus CSF: 23.70 ± 9.52 ng. Supplementary Figure 1).

Initial detection of EGFR mutations is necessary to guide TKI
treatment, and EGFR mutation status of cfDNA in plasma
correlates to TKI response, PFS, as well as OS (25, 26). In this
study, 71.4% (5/7) of patients with activating EGFRm (19del or
L858R) in CSF samples achieved iPR after treatment with a
combination of WBRT and first-generation EGFR-TKIs, and
100% (3/3) of patients with an EGFR T790M mutation achieved
iPR after treatment with second-line osimertinib alone. The
median iPFS and OS of EGFRm were 12.0 months and 8.0
months, respectively, which were numerically superior to that of
EGFRw, however no statistical difference was reached. When we
combined the EGFR mutation results of CSF and that of plasma
for analysis, the best intracranial response rate (CR+PR) was
78.9% for patients with EGFRm (CSF or plasma) versus 36.4%
for patients with EGFRw (CSF and plasma). There was a
significant difference. The median iPFS of EGFRm (CSF or
plasma) and EGFRw (CSF and plasma) were 12.0 months and
6.0 months, respectively (p = 0.014), and the median OS of
EGFRm (CSF or plasma) and EGFRw (CSF and plasma) were
31.0 months and 11.0 months, respectively (p = 0.002). The
accurate identification of tumors with sensitized EGFR
mutations, the most common targetable molecular alteration in
lung adenocarcinoma, and acquired drug resistance mutations
during treatment is a clinical priority. In a recent study, Huang
et al. enrolled 35 patients with central nervous systemmetastases,
(including 20 brain metastases and 15 leptomeningeal
metastases) to investigate EGFR mutational status in cfDNA
from paired CSF and plasma samples. In brain metastases
patients, sensitizing EGFR mutations in the CSF or plasma
were detected in 5/10 (50%) and 6/11 (54.5%) cases, and EGFR
T790M mutations in the CSF or plasma were found in 0/10 (0%)
and 4/11 (36.4%) cases (27). The EGFR T790M mutation is the
most common mechanism of acquired resistance to first- and
second-generation EGFR-TKIs, being present in 50%-60% of the
cases (10, 11, 28). The EGFR T790M mutation can be detected
accurately by liquid biopsy, and the presence of any detectable
T790M ctDNA may be clinically relevant (29, 30). T790M status
by liquid biopsy is well correlated with the response of third-
generation TKIs (12, 31, 32). Dynamic repeat testing may
provide more information about the mechanism of resistance.
In this study, we found three cases with a T790M mutation from
CSF (including one with wild-type EGFR in a paired blood
sample), and all three patients achieved iPR after treatment with
second-line osimertinib alone.
Frontiers in Oncology | www.frontiersin.org 8112
There were some limitations to this study. Firstly, this study was
a single center retrospective study with a relatively small sample size,
resulting in a low statistical power to detect associations. Secondly,
as BM lesions biopsies were invasive and difficult to access, we were
unable to compare the EGFR genetic profiles between intracranial
tissue and CSF. Thirdly, cerebrospinal fluid sampling was 2 ml, and
cfDNA yields were relatively few, which may affect the EGFR
information of cfDNA. Finally, given the limitations of ddPCR,
we only studied the T790M mutation in CSF, which was the most
common drug resistance mechanism of first- and second-
generation EGFR-TKIs, the other resistance mechanisms were not
detected. NGS of cfDNA from CSF may be a better choice for
comprehensive genetic profiles to explore the mechanisms of
resistance beyond the T790M mutation.

In conclusion, our study demonstrates that it is feasible to test
EGFR mutation in CSF and plasma. In LADC patients with brain
metastasis, cerebrospinal fluid can be used as a liquid biopsy
specimen to guide the treatment strategy by monitoring EGFR
mutation status. For advanced LADC patients with BMs
harboring EGFR mutation, dynamically monitoring the EGFR
mutation status of CSF will be an appropriate choice.
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Wenqian Li , Hanfei Guo, Lingyu Li and Jiuwei Cui*

Cancer Center, The First Hospital of Jilin University, Changchun, China

Background: Chemotherapy has been the current standard adjuvant treatment for early-
stage non-small-cell lung cancer (NSCLC) patients, while recent studies showed benefits
of epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI). We conducted a
cost-effectiveness analysis to comprehensively evaluate the benefit of EGFR-TKI
compared with chemotherapy for early-stage EGFR-mutant NSCLC patients after
resection from the perspective of the Chinese health care system.

Method: A Markov model was established. Clinical data were based on the phase 3,
ADJUVANT trial, where stage II-IIIA, EGFR-mutant NSCLC patients were randomized into
gefitinib group or chemotherapy group after resection. Cost parameters mainly included
costs of drugs, examinations, and adverse events (AEs). Effect parameters were evaluated
by quality-adjusted life year (QALY). Outcomes contained incremental cost-effective ratio
(ICER), average cost-effective ratio (ACER), and net benefit. The willingness-to-pay
threshold was set as 3 times per capita gross domestic product ($30,828/QALY).
Sensitivity analyses were also conducted to verify the stability of the model.

Results: Patients who received gefitinib had both a higher cost ($12,057.98 vs.
$11,883.73) and a higher QALY (1.55 vs. 1.42) than patients who received
chemotherapy. With an ICER of $1,345.62/QALY, adjuvant gefitinib was of economic
benefit compared with chemotherapy. The ACER and net benefit were also consistent
(gefitinib vs. chemotherapy, ACER: $7,802.30/QALY vs. $8,392.77/QALY; net benefit:
$35,584.85 vs. $31,767.17). Sensitivity analyses indicated the stability of the model and
the impact of utility.

Conclusion: Adjuvant EGFR-TKI application for early-stage EGFR-mutant NSCLC
patients was cost-effective compared with chemotherapy, which might provide a
reference for clinical decision-making and medical insurance policy formulation in China.

Keywords: non-small-cell lung cancer, epidermal growth factor receptor-tyrosine kinase inhibitor, cost-
effectiveness analysis, adjuvant therapy, chemotherapy
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BACKGROUND

Non-small-cell lung cancer (NSCLC) is the major type of lung
cancer, among which, approximately 25% are diagnosed with
early-stage NSCLC and are supposed to undergo surgical
resection (1, 2). However, the high postoperative recurrence
rate has a negative impact on prognosis, with approximately
30% for stage I patients and up to 75% for stage III patients (3–5).
Common relapse after surgery for NSCLC patients highlights the
importance of optimizing adjuvant treatment regions to
eliminate residual tumors (6). Previous studies have shown
that postoperative cisplatin-based chemotherapy could bring
survival benefits to NSCLC patients with a 5–10%
improvement in 5-year overall survival (OS) rate, furthermore,
the combination of vinorelbine and cisplatin is currently the
standard adjuvant treatment regimen for resected stage II–III
NSCLC patients (7–10). However, the toxicity of chemotherapy
reduces the compliance of patients and therapeutic efficacy (4).

Epidermal growth factor receptor (EGFR) mutation is the
most common type of genomic alteration in NSCLC, with an
incidence range of 10–20% in Caucasians to 50% in Asian
populations (11). The efficacy of EGFR-tyrosine kinase
inhibitor (EGFR-TKI) for advanced EGFR-mutant NSCLC
patients is well accepted, and current studies are exploring the
application of EGFR-TKI in the adjuvant setting (12). A meta-
analysis confirmed the disease-free survival (DFS) benefit of
adjuvant EGFR-TKI compared with both placebo (hazard ratio
[HR]: 0.59, 95% confidence interval [CI]: 0.40–0.88, P = 0.009)
and chemotherapy (HR: 0.42, 95%CI: 0.19–0.93, P = 0.03) for
EGFR-mutant patients, however, OS analysis only showed
superior tendency without significant benefit, besides patients
administrated with EGFR-TKI had fewer adverse events (AEs)
than patients receiving chemotherapy (risk ratio [RR]: 0.26, 95%
CI: 0.18–0.38, P <0.00001) (13).

In clinical practice, despite survival benefits, cost and quality
of life are also important considerations for treatment decisions.
Patient’s quality of life reflects both the physical and
psychological status of patients, besides, the impact of AEs is
also included. Multi-dimensional assessments are not only
conducive to a comprehensive evaluation and decision making
but could also improve the compliance of patients. Thus, a cost-
effectiveness analysis was conducted to evaluate the benefit of
EGFR-TKI compared with chemotherapy as adjuvant therapy
for EGFR-mutant NSCLC patients after resection, in order to
select the optimal adjuvant therapy comprehensively and
provide guidance for both clinical decision making and health
insurance policy formulation.
METHOD

Clinical Data
The clinical data was based on a phase 3, randomized, open-label
ADJUVANT trial (CTONG1104, NCT01405079), patients who
underwent complete resection (R0) and diagnosed with stage II–
IIIA (N1–N2), EGFR mutation-positive (exon 19 deletion or
Frontiers in Oncology | www.frontiersin.org 2116
exon 21 Leu858Arg) NSCLC were eligible from multi-centers in
China (14, 15). After complete resection and randomization,
patients were allotted into targeted therapy group (receiving
gefi t in ib 250 mg once da i ly for 24 months , ora l
administration) or chemotherapy group (receiving vinorelbine
25 mg/m² on days 1 and 8 plus cisplatin 75 mg/m² on day 1,
every 3 weeks for four cycles, intravenous administration). After
a median follow-up of 80 months, results showed patients
receiving gefitinib achieved a superior DFS (median DFS: 30.8
months vs. 19.8 months, HR: 0.56, 95%CI: 0.40–0.79, P = 0.001)
than those administrated with chemotherapy, while OS analysis
did not show a significant difference between gefitinib and
chemotherapy group (median OS: 75.5 months vs. 62.8
months, HR: 0.92, 95%CI: 0.62–1.36, P = 0.674). Besides, in
terms of AEs, patients receiving gefitinib suffered from fewer AEs
than patients in the chemotherapy group (AEs: 58% vs. 80%,
grades 3–4: 12% vs. 48%). Detailed information was listed in
Table 1.

Cost-Effectiveness Parameters
A Markov model was established using Treeage Pro with a 21-
day cycle length, a 10-year horizon, a 3% annual discount rate,
and three mutually independent Markov states: DFS, progressive
disease (PD), and die. All patients were in DFS state initially and
transferred into other states according to progressive and
survival probabilities. The structure of the Markov model was
presented in Figure 1. Progression and survival probabilities
were extracted and calculated from DFS and OS Kaplan–Meier
curves respectively in the ADJUVANT trial by GetData Graph
Digitizer and R software (14, 15). Fitting to the Weibull model,
the following formulas were used to calculate progressive or
survival probability P and transition probability at time t: P =1 −
Exp(−r × t); Pt = 1 – Exp [l(t − u)g – ltg], where r represented for
the progressive or survival rate, u was the cycle length, l and g
were the scale and shape parameter separately (16).

Costs were extracted from local hospitals and published
literature. For specific calculation of drug doses and costs, we
TABLE 1 | Clinical data.

Gefitinib Chemotherapy

Administration Gefitinib (250 mg
once daily)

for 24 months

Vinorelbine (25 mg/m² on days 1 and 8)
plus cisplatin (75 mg/m² on day 1) every 3

weeks for four cycles
Median DFS
(95%CI)

30.8 (26.7–36.6) 19.8 (15.4–23.0)

HR (95%CI) 0.56 (0.40–0.79)
P 0.001
Median OS
(95%CI)

75.5 (46.6–NC) 62.8 (45.8–NC)

HR (95%CI) 0.92 (0.62–1.36)
P 0.674
AE 58% 80%
Grades 3–4
AE

12% 48%
DFS, disease-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval;
AE, adverse event.
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assumed a typical patient with a 1.64 m height, a 65 kg weight,
and a body surface area (BSA) of 1.72 m2 according to
previous cost-effectiveness analysis evaluating chemotherapy
(17). Direct medical costs of drugs (gefitinib, vinorelbine, and
cisplatin), imaging examinations, laboratory tests, follow-up,
supportive care, grade ≥3 AEs, and PD state were calculated as
US dollars (exchange rate: 6.8409) (17, 18). Common expenses
for both groups such as costs of surgery and EGFR tests
were not calculated since they did not affect the cost-
effectiveness results.

Effects of treatments were representative by quality-adjusted
life year (QALY), which is a comprehensive evaluation index of
patients’ survival period and quality of life. Health state utility
parameters were extracted from published literature and were
ranged from 0 to 1 with 1 representing the best physical and
psychological conditions. Extracted utilities contained utilities
for DFS state, including oral therapy (0.8) and intravenous
therapy (0.76) respectively; PD state (0.7); death (0); and AEs
of grades 3–4 (−0.0731), thereinto considering the unavailability
of accurate utilities of various AEs, the average value was
obtained for substitution based on published studies (19, 20).
Frontiers in Oncology | www.frontiersin.org 3117
Specific utilities were adjusted based on clinical reports in the
ADJUVANT trial. Cost and utility parameters were listed in
Table 2.

Cost-Effectiveness and Sensitivity Analyses
The primary outcome of the study was the incremental cost-
effective ratio (ICER), which is the ratio of incremental cost and
incremental effect between the two groups. Secondary outcomes
were the average cost-effective ratio (ACER, the ratio of average
cost and average effect) and net benefit (willingness-to-pay
[WTP] × effect − cost). The cost-effectiveness analysis was
conducted in the perspective of the Chinese health care system
and the WTP threshold was set as three times per capita gross
domestic product (GDP, $30,828/QALY).

Both one-way sensitivity analysis and probabilistic sensitivity
analysis were conducted by Treeage Pro. One-way sensitivity
analysis was displayed as a Tornado diagram to explore the
most influential factor on the Markov model. Cost parameters
were evaluated with a range of 30% based on the baseline value,
while a 20% range was set for both utilities and survival
probabilities. Detailed information was shown in Supplemental
FIGURE 1 | Schematic diagram of Markov model. DFS, disease-free survival; PD, progressive disease; EGFR, epidermal growth factor receptor; NSCLC,
non-small-cell lung cancer.
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Table 1. Probabilistic sensitivity analysis was conducted through
Monte Carlo Simulation with 1,000 iterations, cost parameters
were hypothesized to fit gamma distribution, while utilities and
survival probabilities were assumed to be beta distributed (21).
Results were displayed as cost-effectiveness acceptability curve and
Frontiers in Oncology | www.frontiersin.org 4118
net monetary benefit acceptability curve in order to represent the
cost-effective iterations with various WTP thresholds.

Statement
Clinical data in the current manuscript were extracted from a
published clinical trial (ADJUVANT trial/CTONG1104/
NCT01405079) and therefore ethics approval or specific
consent procedures were not required for this study.
RESULTS

Patients receiving gefitinib achieved a better QALY than patients
receiving chemotherapy (1.55 vs. 1.42) with an incremental QALY
of 0.13, however, the gefitinib group also had a higher cost than the
chemotherapy group ($12,057.98 vs. $11,883.73) with an
incremental cost of $174.24. The ICER was $1,345.62/QALY,
which indicated the administration of gefitinib was cost-effective
compared to chemotherapy in the perspective of the Chinese health
care system. The cost-effectiveness analysis curve was shown in
Figure 2. As for secondary outcomes, the gefitinib group showed a
lower ACER and a higher net benefit than the chemotherapy group
(ACER: $7,802.30/QALY vs. $8,392.77/QALY; net benefit:
$35,584.85 vs. $31,767.17). Specific results were listed in Table 3.

As for sensitivity analyses, one-way sensitivity analysis
showed that the utility of patients receiving gefitinib in DFS
state was the most dominant influence index, followed by the
utility of DFS patients receiving chemotherapy and utility of PD
patients receiving gefitinib. The tornado diagram was shown in
Supplemental Figure 1. While in terms of probabilistic
sensitivity analysis, the cost-effectiveness acceptability curve
showed even at a WTP of $1,500, the gefitinib group was of
more economic benefit than the chemotherapy group, which was
displayed in Figure 3. Net monetary benefit acceptability curve
showed advantages gradually expanded with the increase of
FIGURE 2 | Results of cost-effectiveness analysis.
TABLE 2 | Baseline parameters.

Baseline parameters Value Specification

Cost
Gefitinib 23.33 0.25 g ∗ 1
Vinorelbine 8.16 1 ml/10 mg ∗ 1
Cisplatin 2.80 6 ml/30 mg ∗ 1
CT Scan-Lung 54.84 Once
CT Scan-Abdomen 52.34 Once
MRI Scan-brain 91.38 Once
Electrocardiograph 3.80 Once
Echocardiography 48.60 Once
Enhanced CT Scan-Lung 134.44 Once
Enhanced CT Scan-Abdomen 248.29 Once
Bone scan 183.41 Once
PET-CT 1,154.98 Once
Abdominal ultrasonography 26.38 Once
Routine blood test 3.22 Once
Blood biochemical examination 25.29 Once
Routine urine test 4.39 Once
Coagulation test 9.36 Once
Artery blood gas 21.93 Once
Follow-up 55.60 Per cycle
Supportive care 337.50 Per cycle
AE 507.40 Per cycle
PD 1,877.25 First cycle

Utility
DFS, oral therapy 0.80
DFS, intravenous therapy 0.76
PD 0.70
Death 0.00
AE −0.07
CT, computed tomography; MRI, magnetic resonance imaging; PET, positron emission
tomography; AE, adverse event; PD, progressive disease; DFS, disease-free survival.
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WTP (Supplemental Figure 2). Probability distributions were
listed in Supplemental Table 2.

DISCUSSION

Although several clinical trials confirmed the superiorDFS benefit of
adjuvant EGFR-TKI over both chemotherapy and placebo, none of
them showed a long-term survival benefit, in addition, it was also
suggested that twoyears of treatment coursewasnot conducive to the
adherence of patients due to chronic AEs, hence the adjuvant
application of EGFR-TKI was still controversial (22). Thus, we
conducted a comprehensive evaluation of adjuvant EGFR-TKI
benefits from multi-dimensions including clinical survival benefit,
quality of life, and costs. According to the outcomes, administration
of EGFR-TKI brought a higher cost of $174.24 and a higher
QALY of 0.13, the ICER was $1,345.62/QALY, which showed
prominent advantages.

Previous cost-effectiveness analyses demonstrated that the
application of adjuvant chemotherapy had superior benefits
compared with the observation group for early-stage NSCLC
patients in the Canadian health care system perspective (23).
While other cost-effectiveness studies showed economic benefits
of prognostic tests in guiding adjuvant chemotherapy, which was
also from the perspective of the United States and Canada health
care systems (24–26). However, there was still a lack of economic
evaluations on EGFR-TKI in the adjuvant setting, making this
study the first cost-effectiveness analysis to comprehensively
evaluate the benefit of adjuvant EGFR-TKI therapy for early-
stage EGFR-mutant NSCLC patients.
Frontiers in Oncology | www.frontiersin.org 5119
Currently, only advanced EGFR mutation-positive NSCLC
patients receiving first-generation EGFR-TKI are included in the
Chinese medical insurance policy. Considering the consistent
DFS, safety, and cost-effectiveness benefits of first-generation
EGFR-TKI application for early-stage EGFR mutation-positive
NSCLC patients, it is suggested that the reimbursement policy
could be further expanded. In addition, the cost of gefitinib was
based on the ADJUVANT trial, while the cost of domestic
gefitinib was cheaper, which could further expand the benefits.

In spite of the positive outcomes, further explorations and
developments are still required in this field. Firstly, since the
survival benefit of the third-generation EGFR-TKI, osimertinib
for advanced EGFR-mutant NSCLC patients has been verified,
studies are also exploring the efficacy of osimertinib in the adjuvant
setting for EGFR-mutant NSCLC patients after complete resection
(27). The phase 3 ADAURA (NCT02511106) trial demonstrated
that patients receiving osimertinib achieved a significant superior
DFS comparedwith those receiving placebo (stage II–IIIA patients:
HR, 0.17; 99.06%CI, 0.11–0.26; P <0.001; stage IB–IIIA patients:
HR, 0.20; 99.12%CI, 0.14–0.30; P <0.001) (28). We did not include
osimertinib in the cost-effectiveness analysis due to the immature
survival data, further exploration could be conducted with mature
data. Secondly, although EGFR-TKI monotherapy could reduce
AEs, considering tumor heterogeneity and the efficacy of other
treatment regimens, including chemotherapy and radiotherapy,
different combination therapies should also be further investigated
for assessing the optimal adjuvant therapy (22).Thirdly, there is still
a lack of relevant studies for treatments after resistance to EGFR-
TKI adjuvant therapy, which should be further explored as well (5).
FIGURE 3 | Cost-effectiveness acceptability curve. CE, cost-effectiveness.
TABLE 3 | Results.

QALY IE Cost IC ICER ACER Net benefit

Gefitinib 1.55 12,057.98 7,802.30 35,584.85
Chemotherapy 1.42 0.13 11,883.73 174.24 1,345.62 8,392.77 31,767.17
March 2
021 | Volume 11 | A
QALY, quality-adjusted life year; IE, incremental effect; IC, incremental cost; ICER, incremental cost-effective ratio; ACER, average cost-effective ratio.
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The main limitation of the study was that the outcomes
were restricted to geographical regions and populations. Despite
the phase 2, single-arm, SELECT trial also showed efficacy of
adjuvant EGFR-TKI therapy based on major non-Asian
population (5-year DFS rate: 56%, 5-year OS rate: 86%),
studies showed that both EGFR mutation rate and therapeutic
efficacy of EGFR-TKI are related to ethnicity with distinctive
clinicopathologic characteristics (3, 29). Both the clinical data and
cost parameters of this cost-effectiveness analysis were based on
Chinese populations, thus it is not suitable to generalize the
outcomes to Caucasians or other populations.
CONCLUSION

In the cost-effectiveness analysis, we comprehensively evaluated
the benefit of adjuvant EGFR-TKI application for early-stage
EGFR mutation-positive NSCLC patients by synthesizing clinical
survival data, quality of life and cost parameters. The ICER was
$1,345.62/QALY and demonstrated economic benefits from the
perspective of the Chinese health care system. Our results could
further propel the development of precision treatment, and
provide a reference for clinical decision-making and medical
insurance policy formulation in China.
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EGFR mutations represent the most common currently targetable oncogenic driver in
non-small cell lung cancer. There has been tremendous progress in targeting this
alteration over the course of the last decade, and third generation tyrosine kinase
inhibitors offer previously unseen survival rates among these patients. Nonetheless, a
better understanding is still needed, as roughly a third of patients do not respond to
targeted therapy and there is an important heterogeneity among responders. Allelic
frequency, or the variant EGFR allele frequency, corresponds to the fraction of sequencing
reads harboring the mutation. The allelic fraction is influenced by the proportion of tumor
cells in the sample, the presence of copy number alterations but also, most importantly, by
the proportion of cells within the tumor that carry the mutation. Mutations that occur early
in tumor evolution, often called clonal or truncal, have a higher allelic frequency than late,
subclonal mutations, and are more often drivers of cancer evolution and attractive
therapeutic targets. Most, but not all, EGFR mutations are clonal. Although an exact
estimate of clonal proportion is hard to derive computationally, the allelic frequency is
readily available to clinicians and could be a useful surrogate. We hypothesized that
tumors with low allelic frequency of the EGFR mutation will respond less favorably to
targeted treatment.

Keywords: TKI, allele frequency, EGFR, NSCLC, VAF, allelic frequency
HIGHLIGHTS

We present a retrospective analysis of the impact of allelic frequency on survival in patients with
EGFR mutant non-small cell lung cancer. We then combine allelic frequency with the presence of
co-mutations, a known negative predictive factor for targeted therapy in this setting.
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INTRODUCTION

Lung cancer is the most commonly diagnosed malignancy
worldwide and the leading cause of cancer-related mortality
(1). It comprises NSCLC, accounting for 85% of all diagnoses
and SCLC. In the last decade, there has been a dramatic surge in
the use of targeted therapy, which consists of identifying tumor
driving alterations and using small tyrosine kinase inhibitors to
block the oncogenic signals (2).

The most common current therapeutic target in lung
adenocarcinoma (ADC) consists of epidermal growth factor
receptor (EGFR) mutations (3).

EGFR is a monomeric transmembrane receptor tyrosine kinase
controlling major molecular pathways of cellular proliferation (4).
Upon activation, EGFR phosphorylates tyrosine residues in the
intracellular domain, dimerizing and activating downstream
signaling including RAS-RAF-MAPK-MEK, STAT, and PI3K-
AKT-mTOR pathways, leading to cellular division and
proliferation (4).

Activating EGFR mutations in ADC are most common among
non-smokers, and younger, female, Asian lung cancer patients (5).
The prevalence of EGFR mutations has a significant ethnic
variation. They occur in roughly 15% of Caucasian any-stage
ADC patients, according to the TCGA, but 22-62% of East
Asians with stage III/IV ADC (6). Among East Asian never
smokers, EGFR mutations can be found in approximately 80% of
advanced lung ADC patients. Furthermore, among a cohort of
metastatic, multi-treated, predominantly Caucasian, ADC cases,
EGFR was detected in 27% of patients, suggesting that mutations
are more common in advanced disease (7).

There are many subtypes of EGFR mutations in ADC, though
exon 19 microdeletions and exon 21 point-substitutions
comprise 90% of these (8). These common pathogenic variants
are highly responsive to small molecule tyrosine kinase
inhibitors (TKIs).

Nearly a decade ago, TKIs became standard first-line therapy for
EGFR mutant NSCLC. First-generation (erlotinib, gefitinib) and
second-generation (afatinib, dacomitinib) TKIs yielded superior
outcomes and lower toxicity compared to chemotherapy doublets
(9). The appearance of on-target resistance mechanisms, namely
exon 20 T790M mutations, prompted the development of
osimertinib, a third-generation EGFR TKI. Using the latter
upfront was subsequently proven to be superior to prior
generation TKIs, both in in terms of progression free survival
(PFS) and overall survival (OS) (10). Yet, not all patients derive a
similar benefit fromTKIs, regardless of the generation of the therapy.

Today, the gold standard for detecting EGFR alterations is
through next generation sequencing (NGS), allowing for the
detection of a wide panel of oncogenic drivers, including
numerous EGFR variants, as well as quantifying the alterations
(11). Tumors with oncogenic drivers, such as EGFR in NSCLC,
usually depend on a single activated oncogene (12). It yields a
survival advantage in this isolated cell line, explaining the low
tumor mutation burden (TMB) commonly associated with these
diseases (13). The lack of acquired neoantigens through
mutations provides a less inflammatory microenvironment and
poor in tumor-infiltrating CD8+ lymphocytes (14). This likely, in
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part, explains why EGFR mutant NSCLC is less sensitive to
immune check-point inhibition, which is not part of the front-
line therapeutic algorithm for these patients.

In a previous paper, we established that co-occurring genomic
mutations may explain the lack of efficacy among a subset of
these patients (15). When performing NGS we also calculate the
allelic frequency, or mutant allele frequency, corresponding to
the fraction of sequencing reads harboring the mutation. The
allelic fraction is influenced by the proportion of tumor cells in
the sample, the presence of copy number alterations but also,
most importantly, by the proportion of cells within the tumor
that carry the mutation. Mutations that occur early in tumor
evolution, often called clonal or truncal, have a higher allelic
frequency than late, subclonal mutations, and are more often
drivers of cancer evolution and attractive therapeutic targets
(16). Most, but not all, EGFRmutations are clonal (17). Although
an exact estimate of clonal proportion is hard to derive
computationally, the allelic frequency is readily available to
clinicians and could be a useful surrogate. We hypothesized
that tumors with low allelic frequency of the EGFRmutation will
respond less favorably to targeted treatment.
METHODS

We identified all patients treated with front-line TKIs (gefitinib,
erlotinib, afatinib, osimertinib, dacomitinib) in our centre for
advanced EGFR mutated NSCLC between January 2016 and
January 2020. We identified 42 patients. Eleven were excluded
due to the unavailability of variant allelic frequency data. We
reviewed patient records, radiologic and pathology reports to
extract clinical and pathological and radiological outcomes. All
biopsies were performed at baseline, before the introduction of
any therapy. We recorded date of death, if applicable, or the date
of the last follow-up visit. All living patients enrolled signed a
standardized general research consent form, providing access to
their medical records. The study was approved by the regional
Ethics Committee (CCER 2020-01628).

We assessed two clinical outcomes, the OS (primary) and PFS
(secondary). PFS was calculated from the date of TKI initiation
to that of radiological progression or death. OS was calculated
from TKI initiation to the date of death, based on the vital status
in February, 2020. Patient characteristics included sex, age at
diagnosis, smoking status, performance status (PS) and presence
of brain metastases at diagnosis. The patient population has been
described previously (15).
Next-Generation Sequencing
We extracted the data from the clinical sequencing reports that
were found in the patient files.

The sequencing of tumor DNA was performed for clinical
purposes using the IonAmpliseq Hotspot Panel V2 (ThermoFisher
scientific) on an IonTorrent Proton sequencer. The tumor cellularity
was estimated on hematoxylin and eosin slides and themutant allele
frequency of EGFR were recorded. Co-occurring mutations present
on the Ion Ampliseq Hotspot Panel V2 were also recorded. The
March 2021 | Volume 11 | Article 644472
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pathogenicity of mutations, namely their influence on protein
function, was assessed based on international databases: ClinVar,
Catalog of SomaticMutations in Cancer (COSMIC) and oncoKB, as
well as their described impact on treatment resistance in current
medical literature (15).

Copy number variation analysis using the Oncoscan CNV
assay (ThermoFisher) was available for some samples, and
allowed us to estimate EGFR copy number as normal (2
copies) or gain (more than 2 copies).

Statistical Analysis
The data were analysed in the R language and environment for
statistics (version 4.0.2, https://www.r-project.org). We used
Kaplan-Meier survival estimates for visual representation, plotted
with the Survminer package (version 0.4.8). Cox proportional-
hazards univariable and multivariable models were used to test
the association of key variables with progression-free and overall
survival by calculating hazard ratios and their corresponding 95%
confidence intervals. The Wald test was used to assess the statistical
significance of Cox models at the usual a < 0.05. Pearson’s test was
used to correlate the visually estimated tumor cellularity with the
allelic frequency. Fisher’s exact test was used to compare differences
in the distribution of allelic frequency (low or high) between
clinically relevant groups.
RESULTS

The median allelic frequency of the EGFR mutation was 0.47
(interquartile range: 0.24-0.65), in accordance with the assumption
that it is often clonal. Nevertheless, there was considerable variation
between patients, with two tumors having an allelic frequency of less
than 0.1 and seven tumors an allelic frequency less than 0.2. The
visually estimated median tumor cellularity was 0.63 (interquartile
range: 0.5-0.9), which is sufficient for molecular analyses.
Interestingly, tumor cellularity was weakly correlated with mutation
allelic frequency (Pearson’s rho=0.23, P=0.21).

It should be noted that the EGFR allelic frequency was not
normally distributed (Supplementary Figure 1 – density plot) and
would therefore not be optimal for use as a continuous variable
in Cox survival models. Based on the observed tumor cellularity,
we would expect clonal EGFR mutations to present an allelic
frequency of at least 0.31 on average (average cellularity divided
by half), even in the absence of copy number gains, which are
common in NSCLC and increase the observed allelic frequency.
We therefore used a simple cut-off of 0.30 to separate low from
high allelic frequency, as a surrogate marker of early, clonal
mutations versus late, subclonal mutations. This cut-off also
corresponds to the visual plateau between the two main modes
of the allelic frequency distribution (Supplementary Figure 1 –
density plot). As expected in this context, most mutations (22 of
31, 71%) were classified as having a high allelic frequency.

Although this was not a prospective randomized trial, the
clinical characteristics of the patients were balanced between
the high and low groups. The general characteristics of the
cohort from which these patients were drawn has also been
Frontiers in Oncology | www.frontiersin.org 3124
previously described (15). Specifically, there was no statistically
significant difference between EGFR mutation allelic frequency
and age (Fisher’s test P=0.456), sex (Fisher’s test P=1.0), PS
(Fisher’s test P=0.689), smoking status (Fisher’s test P=0.286) or
first line treatment with osimertinib (Fisher’s test P=0.704).

A high EGFR mutation allelic frequency was associated with
longer PFS (HR 0.27, 95% 0.09-0.79, P=0.017) (Figure 1). This
association was robust and persisted even after adjustment for
age over 65, sex, smoking and use of osimertinib up-front (13
patients), with a hazard ratio estimate that remained statistically
significant in bivariable models (Table 1A). It should be noted
that only age over 65 was associated with longer PFS in bivariable
models with allelic frequency. The statistical significance of the
EGFR allelic frequency increased further in a multivariable
model including the above clinical variables (EGFR HR=0.112,
95% 0.023-0.547, P=0.007, Table 1B).

Of the other clinical variables, only male sex was associated
with shorter PFS in univariable models. Based on our previous
publication, we knew that patients with resistance co-mutation
had shorter PFS. For the remaining patients (N=25), without a
resistance co-mutation, a high allelic frequency still predicted
longer PFS (HR 0.20, 95% 0.04-0.91, P=0.038).

High allelic frequency was not associated with significant
difference in overall survival (HR 0.47, 95% 0.17-1.30, P=0.14),
despite a visually obvious separation of the Kaplan-Meier curves
(Figure 2). This result did not change significantly after
adjustment for clinical variables of interest in bivariable models
(Table 1C). Even though the EGFR hazard ratio improved in a
multivariable model with clinical variables, it did not attain
significance, remaining a statistical trend (EGFR HR=0.319,
95% 0.09-1.11, P=0.073 Table 1D).

As noted above, the allelic frequency was not normally
distributed. Even after log transformation, the martingale
residuals showed a nonlinear fit against PFS in a Cox model
(Supplementary Figure 2 – martingale pfs). Nevertheless, when
the log-transformed EGFR allelic frequency was used as a
continuous variable, the association with PFS remained
consistent (HR=0.589, 95% 0.35-0.99, P=0.0452). Again, there
was no association with OS (HR=0.638, 95% 0.37-1.1, P=0.114).
Both of these results should be considered exploratory.

The EGFR copy number can influence the allelic frequency of
the mutation. Indeed, in our data, most tumors with high allelic
frequency also had copy number gains (15/20), while tumors
with low allelic frequency typically did not have such gains (2/9).
This difference was significant (Fisher’s test OR=9.51, P=0.014).
Despite this observation, the presence of copy number gains in
EGFR did not predict PFS (HR=0.578, 95% 0.24-1.41, P=0.229)
or OS (HR=0.537, 95% 0.22-1.34, P=0.182).

By combining the presence of resistance co-mutations in
other cancer-related genes with the allelic frequency of the
EGFR mutation, we hypothesized that we would more
accurately capture the driver status of EGFR and predict
treatment response. Even though resistance co-mutations in
other genes were more often associated with low EGFR
mutation allelic frequency (3 of 5), the very small numbers
preclude a statistically significant conclusion (Fisher’s test OR
March 2021 | Volume 11 | Article 644472
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4.7, P=0.131). In that sense, the information obtained from co-
mutations and allelic frequency appears to be complementary.
We therefore defined a “sensitive” tumor as one that did not
harbor resistance co-mutations and in which the EGFRmutation
had a high allelic frequency. Under that definition, 20 of 31
tumors were classified as sensitive (64%), compared with 88%
when only the co-mutation was considered.

Sensitive tumors were associated with significantly longer PFS
(HR 0.22, 95% 0.07-0.61, P=0.004) and OS (HR 0.35, 95% 0.13-
0.90, P=0.029) (Figures 3 and 4). The association with both PFS
and OS remained significant after adjustment for clinical
Frontiers in Oncology | www.frontiersin.org 4125
variables in a series of bivariable models with age over 65, sex,
performance status, smoking and osimertinib use upfront
(Table 2). Furthermore, EGFR sensitivity remained
significantly associated with PFS (HR=0.137, 95% 0.04-0.51,
P=0.003) and OS (HR=0.196, 95% 0.06-0.69, P=0.011) in
multivariable models including all the above variables. Of the
other clinical variables, only male sex was predictive of shorter
OS in the multivariable model (HR=2.707, 95% 1.00-7.31,
P=0.049). Twelve-month PFS was 0% in the insensitive group,
compared with 41% in the sensitive group. At one year, OS was
10% in the insensitive group, compared with 79% in the sensitive
TABLE 1A | Bivariable PFS.

Clinical variable Clinical variable coefficients EGFR coefficients

HR 95% CI P-value HR 95% CI P-value

Age over 65 0.291 0.102-0.830 0.021 0.134 0.037-0.488 0.002
Male sex 2.206 0.898-5.420 0.085 0.337 0.115-0.991 0.048
PS 1 (vs PS0) 0.594 0.195-1.802 0.357 0.300 0.102-0.885 0.029
Current smoker 1.119 0.354-3.533 0.848 0.263 0.087-0.798 0.018
Osimertinib (vs other) 0.402 0.146-1.107 0.078 0.257 0.090-0.738 0.012
March
 2021 | Volume 11 | Article
TABLE 1B | Multivariable PFS.

Clinical variable Clinical variable coefficients

HR 95 % CI P-value

Age over 65 0.268 0.071-1.009 0.052
Male sex 1.732 0.657-4.566 0.267
PS 1 (vs PS0) 0.975 0.243-3.917 0.972
Current smoker 2.750 0.568-13.318 0.209
Osimertinib (vs other) 0.502 0.149-1.698 0.268
EGFR high AF 0.112 0.023-0.547 0.007
64447
TABLE 1C | Bivariable OS.

Clinical variable Clinical variable coefficients EGFR coefficients

HR 95% CI P-value HR 95% CI P-value

Age over 65 0.859 0.350-2.106 0.740 0.485 0.740-0.485 0.157
Male sex 2.695 1.069-6.795 0.036 0.482 0.036-0.482 0.154
PS 1 (vs PS0) 0.317 0.090-1.124 0.075 0.382 0.075-0.382 0.078
Current smoker 1.199 0.364-3.945 0.765 0.450 0.765-0.450 0.141
Osimertinib (vs other) 0.764 0.240-2.429 0.648 0.483 0.648-0.483 0.153
TABLE 1D | Multivariable OS.

Clinical variable Clinical variable coefficients

HR 95% CI P-value

Age over 65 0.664 0.212-2.084 0.483
Male sex 2.438 0.919-6.467 0.073
PS 1 (vs PS0) 0.295 0.074-1.185 0.085
Current smoker 2.426 0.519-11.348 0.260
Osimertinib (vs other) 0.993 0.275-3.584 0.992
EGFR high AF 0.319 0.092-1.110 0.073

A. A summary of bivariable Cox models of PFS including clinical variables (one for each row) and the EGFR allelic frequency as a binary variable (high versus low). B. A multivariable model of
PFS including clinical variables and the EGFR allelic frequency as a binary variable (high versus low). C. A summary of bivariable COX models of OS including clinical variables (one in each
row) and the EGFR allelic frequency as a binary variable (high versus low). D. A multivariable model of OS including clinical variables and the EGFR allelic frequency as a binary variable (high
versus low).
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group. Patients with insensitive tumors were almost 10 times
more likely to die before 12 months than patients with sensitive
tumors (Fisher’s test OR 9.7, P=0.007).
DISCUSSION

Biologically, it could be surmised that increased allelic frequency
would be correlated with an increased probability of the variant
being an oncogenic driver. There is not much literature assessing
the impact of EGFR allelic frequency in NSCLC, and further
complicating matters, available data are discordant. In addition,
several studies are based on circulating tumor DNA and
comparisons with tissue biopsies may not be always appropriate.

A retrospective analysis from the Shizuoka Lung Cancer
Mutation Study found that among 705 enrolled patients, 102
lung adenocarcinoma patients carried the typical EGFR L858R
exon 21 mutation (18). Forty-eight patients were assessed both
by pyrosequencing, a non-electrophoretic real-time sequencing
approach, and by outsourced polymerase chain reaction (PCR)
laboratory tests. Among these patients, the median mutant allelic
frequency was 18.5% (8% to 82%). Receiver operating
characteristic curves found that a mutant allelic frequency of
9% resulted in 100% sensitivity and 99% specificity. The authors
then used this cut-off to ass the impact of allelic frequency on
survival in patients receiving TKI. The PFS among patients with
a mutant allelic frequency ≤9% was 92 days, compared to 284
days for those with a frequency greater than 9% (p=0.0027),
suggesting a predictive role of this variable. It should be noted
that this study did not analyze allelic frequency among patients
Frontiers in Oncology | www.frontiersin.org 5126
with EGFR exon 19 deletions, as this mutation was only detected
qualitatively using fragment analysis in this initiative.

A further retrospective trial using digital droplet PCR based
performed analyses on archived tissue from 233 lung cancer
patients treated with first-generation EGFR TKIs (19). The
results supported previous finding, as the authors found a
correlation between mean allele frequency and clinical
outcomes. Among patients with a partial response, the mean
allele frequency was 48.6%, while it was 27.4% in patients with
stable disease and 9.5% among those with progressive disease (p
for partial response versus disease stability: 0.0078, partial
response versus progressive disease: 0.000001, stable disease
versus progressive disease 0.029).

The largest available dataset based on a prospective study is
an unplanned retrospective analysis from the phase III CTONG
0901 trial, which compared the efficacy of erlotinib to gefitinib in
advanced NSCLC harboring EGFR exon 19 or 21 mutations,
measured by NGS. Among 194 patients with EGFR mutant
NSCLC, the median mutant allelic frequency was 25.8%, with a
range of 1.4% to 86.2%. Patients were divided into two groups,
high mutant allelic frequency (25.8 to 86.2%) and low allelic
frequency (1.4 to 25.8%). The authors evaluated ORR, PFS and
OS. The first ORR did not differ between groups, at 56.2% and
57.5% in the high and low groups, respectively. Similarly, there
was no difference in PFS, at 11.2 and 12.4 months (P = 0.509) nor
OS at 20.5 and 23.1 months (P = 0.500), in the high and low
allelic frequency groups, respectively (20).

Among patients receiving osimertinib in second-line with a
T790M resistance mutation after failure of an earlier generation
EGFR TKI, the maximum EGFR somatic allele frequency of
EGFR variants measured in circulating tumor DNA does not
appear to predict response rate or survival. However, the ratio of
T790M allele frequency to maximum EGFR somatic allele
frequency is highly predictive of ORR (p=0.002) and PFS
(p=0.006) (21). A retrospective analysis on 54 patients
mirrored these results (21). Both of these retrospective analyses
are supported by a recent prospective trial on 34 patients who
progressed on first or second-generation TKIs and developed
T790M resistance mutations (22). After enrolment, there was a
baseline plasma sample and patients started osimertinib. Cell-
free DNA was analyzed by digital droplet PCR to calculate the
mutant allele frequency. Patients with higher non-T790M
mutant EGFR allele frequencies fared less well than those with
lower frequencies, while higher T790M ratios provided superior
PFS (6 months versus not reached, p=0.01). These studies
highlight the potential predictive value of mutant allelic
frequency in the second-line setting.

In our cohort of patients with EGFR-mutant NSCLC treated
with targeted therapy in the front-line setting, the variant allelic
frequency is associated with survival outcomes, whether they are
receiving first or third generation TKIs. While our cohort is small
in size, there is a clear PFS improvement and trend toward OS
benefit among patients whose disease harbors a mutant
allelic frequency greater than 0.3, or 30%. This appears to be
an independent predictive factor for outcomes in our
bivariable model.
FIGURE 1 | Impact of EGFR allele frequency on PFS.
March 2021 | Volume 11 | Article 644472
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Furthermore, after correcting for the presence of co-occurring
pathogenic mutations, known to predict inferior outcomes in
this population, the difference remains significant. Combining
both predictive factors differentiates patients into very distinct
prognostic groups. One could question the role of allelic
frequency given the stronger predictive impact of resistance co-
mutations; however, it is important to note that co-mutations are
rare. By combining the two factors, we classify 64% of tumors as
likely to be sensitive to EGFR TKIs, revealing 36% prone to respond
less favorably to therapy. When we consider co-mutations alone,
only 12% are classified as insensitive. The latter have a greater
association with overall prognosis, but the former may have a more
meaningful clinical impact, due to its wider applicability and role in
predicting the efficacy of front-line TKIs. The combination of these
Frontiers in Oncology | www.frontiersin.org 6127
two was consistently associated with both PFS and OS in
univariable, bivariable and multivariable analyses and the
magnitude of the effect was clinically very significant.

EGFR variant allelic frequency was driven by copy number
status but did not correlate with the visually estimated tumor
cellularity in our data. We believe that the allelic frequency also
captures the proportion of cells carrying the mutation and is
therefore able to separate tumors with a truncal mutation, which
are more likely to respond favorably, from tumors with subclonal
EGFR alterations, which are more likely resistant. In that sense,
we feel that the EGFR variant allelic frequency can be a useful
biomarker in the clinic.

The small sample size is a limitation of the interpretation of
our results. Despite the sample size and the lack of
TABLE 2A | Bivariable PFS.

Clinical Variable Clinical variable coefficients EGFR sensitive

HR 95% CI P-value EGFR HR 95% CI P-value

Age over 65 0.415 0.171-1.005 0.051 0.174 0.059-0.509 0.001
Male sex 2.208 0.906-5.385 0.081 0.251 0.088-0.718 0.010
PS 1 (vs PS0) 0.671 0.217-2.076 0.488 0.237 0.081-0.698 0.009
Current smoker 1.298 0.398-4.237 0.666 0.200 0.066-0.606 0.004
Osimertinib (vs other) 0.453 0.164-1.251 0.127 0.229 0.081-0.646 0.005
March
 2021 | Volume 11 | Article
TABLE 2B | Multivariable PFS.

Clinical variable HR 95% CI P-value

Age over 65 0.369 0.123-1.109 0.076
Male sex 2.404 0.923-6.264 0.073
PS 1 (vs PS0) 1.036 0.248-4.335 0.961
Current smoker 3.099 0.610-15.750 0.173
Osimertinib (vs other) 0.562 0.160-1.975 0.369
EGFR sensitive 0.137 0.037-0.507 0.003
64447
TABLE 2C | Bivariable OS.

Clinical Variable Clinical variable coefficients EGFR sensitive

HR 95% CI P-value EGFR HR 95% CI P-value

Age over 65 0.955 0.382-2.386 0.922 0.350 0.132-0.930 0.035
Male sex 2.806 1.105-7.123 0.030 0.335 0.128-0.879 0.026
PS 1 (vs PS0) 0.311 0.087-1.112 0.072 0.283 0.099-0.808 0.018
Current smoker 1.483 0.427-5.145 0.535 0.305 0.106-0.877 0.028
Osimertinib (vs other) 0.843 0.262-2.711 0.775 0.354 0.135-0.926 0.034
TABLE 2D | Multivariable OS.

Clinical variable HR 95% CI P-value

Age over 65 0.596 0.187-1.903 0.382
Male sex 2.707 1.003-7.305 0.049
PS 1 (vs PS0) 0.268 0.066-1.084 0.065
Current smoker 3.536 0.667-18.731 0.138
Osimertinib (vs other) 1.189 0.316-4.471 0.798
EGFR sensitive 0.196 0.055-0.693 0.011

(A) A summary of bivariable Cox models of PFS including clinical variables (one for each row) and the EGFR sensitivity as a binary variable (sensitive vs insensitive). (B) A multivariable Cox
model of PFS including clinical variables (one for each row) and the EGFR sensitivity as a binary variable (sensitive vs insensitive). (C) A summary of bivariable COX models of OS including
clinical variables (one in each row) and the EGFR sensitivity as a binary variable (sensitive vs insensitive). (D) A multivariable Cox model of OS including clinical variables (one for each row)
and the EGFR sensitivity as a binary variable (sensitive vs insensitive).
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randomization, the data appear balanced between groups,
especially with respect to the use of osimertinib as a first line,
which could be a potential confounder.

There is no well-established allelic frequency cut-off to
classify EGFR mutations and no clear method for deriving the
cut off. Our choice of cut-off is based on the visual estimation of
Frontiers in Oncology | www.frontiersin.org 7128
tumor cellularity by an experienced molecular pathologist and
the expectation that a homogeneous population of EGFR mutant
cells would produce an allelic frequency of at least half the tumor
cellularity, corresponding to one mutant allele out of two alleles
(the other being normal). There are situations where this may
not occur for other reasons, such as the amplification of the
normal allele, but there is no selection pressure in favor of the
normal allele. It is unclear whether this cut-off will translate to
other cohorts, but our assumptions are general and not specific
to our institution or the period of data collection.

Finally, we do not have TMB estimates for most of our
patients. This could be relevant as high TMB is known to be
associated with poor prognosis in patients whose cancer harbors
an EGFR mutation (23).
CONCLUSION

The mutant allelic frequency of EGFR in NSCLC appears to be
associated with clinical outcomes among patients treated with
TKIs. In spite of our small cohort size, we note a clear PFS
improvement in patients with a high EGFR allelic frequency
compared to those with a low frequency. There is a clear trend
toward improved OS, though it is not significant. This predictive
biomarker is independent of the generation of TKIs used and of
the presence of resistance co-mutations. Interestingly, by
combining the latter with variant allelic frequency, we identify
two clear prognostic groups, resistant and sensitive patients to
TKIs. The complementary nature of these analyses and clinical
implications of our results require further validation.
FIGURE 2 | Impact of EGFR allele frequency on OS.
FIGURE 3 | Impact of tumor sensitivity on PFS.
FIGURE 4 | Impact of tumor sensitivity on OS.
March 2021 | Volume 11 | Article 644472
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The rapid development of epidermal growth factor receptor (EGFR)-tyrosine kinase

inhibitors (TKIs) has revolutionized the treatment of patients with advanced or metastatic

non-small cell lung cancer (NSCLC) harboring EGFR mutations including but not limited

to exon 19 deletions (19 del) and point mutation L858R in exon 21. However, the

efficacy of EGFR-TKIs in patients with rare mutations, such as EGFR-kinase domain

duplication (KDD), remains elusive. EGFR-KDD often results from in-frame tandem

duplication of EGFR exons 18–25, causing subsequent constitutive activation of EGFR

signaling. Several case reports have revealed the efficacies of EGFR-TKIs in advanced

lung adenocarcinoma (LUAD) with EGFR-KDD but yielded variable antitumor responses.

In the present study, we report a 61-year-old male patient diagnosed with T1N3M0 (stage

IIIB) LUAD harboring EGFR-KDD involving exons 18–25. He was treated with afatinib

and achieved partial response (PR) with progression-free survival (PFS) of 12 months

and counting. Our work, confirming EGFR-KDD as an oncogenic driver and therapeutic

target, provides clinical evidence to administer EGFR-TKIs in patients with advanced

LUAD harboring EGFR-KDD.

Keywords: afatinib, EGFR-KDD, lung adenocarcinoma, next-generation sequencing, tyrosine kinase inhibitor

INTRODUCTION

Lung cancer as the leading cause of cancer-related mortality worldwide accounts for almost one-
quarter of all cancers (1). Non-small cell lung cancer (NSCLC) accounts for 85% of all lung cancer
cases, including two major histological subtypes, adenocarcinoma and squamous cell carcinoma
(2). With the advancements of sequencing technologies, it has been well-known that the initiation
and development of someNSCLCs, especially lung adenocarcinoma (LUAD), are commonly driven
by specific genetic alterations in oncogenes leading to abnormal proteins that can be targeted
(2). The discovery of actionable mutations in NSCLC has changed the treatment paradigm from
cytotoxic chemotherapy to molecular-targeted therapy.

Epidermal growth factor receptor (EGFR) is the most common driver oncogene in NSCLC
especially in Asian patients (3, 4). Both exon 19 deletions (19 del) and the point mutation L858R
at exon 21 are common mutations, accounting for more than 85% of EGFR-mutant NSCLC,
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which predict sensitivity to EGFR-tyrosine kinase inhibitors
(TKIs) (5). Uncommon mutations such as EGFR T790M
mutation and exon 20 insertions have been documented to
predict resistance to EGFR-TKI. However, whether patients
harboring other uncommon mutations accounting for about
10% of all EGFR mutations obtain clinical benefit from EGFR-
TKI is seldom investigated because in the majority of clinical
trials investigating the efficacy of EGFR-TKIs, only patients with
sensitizing EGFR mutations, 19 del, and L858R, are included
(6, 7). Here, we presented a patient with metastatic NSCLC
harboring EGFR-kinase domain duplication (KDD) who derived
durable response to first-line treatment of second-generation
EGFR-TKI afatinib with a progression-free survival (PFS) of 12
months and counting.

FIGURE 1 | The LUAD patient harboring canonical EGFR-KDD involving exons 18–25. (A) Visualization of canonical EGFR-KDD using the Integrative Genomics

Viewer (IGV) browser. The dashed lines indicate the genomic breakpoints. (B) The genetic and protein domain structures of EGFR-KDD. EGFR/EGFR, epidermal

growth factor receptor; KDD, kinase domain duplication; LUAD, lung adenocarcinoma; Recep L, Receptor L domain; Furin-like, Furin-like cysteine rich region; GF

recep IV, Growth factor receptor domain IV; KD, tyrosine kinase domain.

CASE PRESENTATION

A61-year-oldmanwith a smoking index of 600 (15 cigarettes/day
for 40 years) presented with a cough for 2 weeks. He had no
family history of cancer. Chest CT scans revealed a mass located
in the lower lobe of the left lung, and a CT-guided percutaneous
lung biopsy revealed LUAD. In addition, the ultrasound revealed

the enlargement of the left and right supraclavicular lymph nodes

(SCLNs). Subsequently, an ultrasound-guided percutaneous
biopsy of the right SCLNs was performed and the patient

was diagnosed with T1N3M0 (IIIB) LUAD in August 2019.

The patient had an Eastern Cooperative Oncology Group
performance status (ECOG PS) of 1. Immunohistochemistry
testing (IHC 22C3) for programmed death ligand-1 (PD-L1) was
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FIGURE 2 | A summary of the treatment procedure of the patient. (A) The entire treatment procedure. LUAD, lung adenocarcinoma; PR, partial response; NGS,

next-generation sequencing; EGFR, human epidermal growth factor receptor 2; KDD, kinase domain duplication; CT, computed tomography; PD-L1, programmed

death ligand-1. (B) Chest CT imaging of the LUAD patient prior to afatinib treatment, 1 month after the treatment, and 7 months after the treatment. The yellow arrows

indicate the lesions. LUAD, lung adenocarcinoma; CT, computed tomography.

performed on the primary tumor biopsy. IHC analyses revealed
the patient was negative for PD-L1 expression with membranous
expression of PD-L1 on <1% of tumor cells. Capture-based
targeted sequencing (Burning Rock Biotech, Guangzhou, China)
was performed on the primary tumor sample, which revealed
canonical EGFR-KDD involving exons 18–25 (Figure 1) and
negative for well-known actionable alterations occurring in
EGFR. He refused to receive chemotherapy and was administered
with afatinib (30mg per day, orally) in September 2019.
Figure 2A illustrated the treatment procedure of the patient. The
patient achieved partial response (PR) with significant shrinkage
of the tumor, from a diameter of 17mm to 11mm 1 month
after afatinib treatment and it further reduced to 6mm at 7
months (Figure 2B). The ECOG PS of the patient decreased to
0 after 3 months of afatinib treatment. In August 2020, chest
CT still showed a PR after 11 months of afatinib treatment.
Afatinib was well-tolerated, with grade 1 rash that did not require
medical treatment for control and grade 2 diarrhea (3–4 times
per day) that disappeared after symptomatic treatment for 2
months. There were no treatment-related adverse events leading
to discontinuation. As of the submission of this manuscript,
the patient still remained on the treatment, with a PFS of 12
months and counting. The patient was satisfied with the effect
of EGFR-TKI afatinib treatment.

We also reviewed the previously reported six cases harboring
EGFR-KDD, of which three cases showed PR to first- or second-
generation EGFR-TKI treatment. The clinical characteristics and

outcomes of patients with NSCLC harboring EGFR-KDD before
TKI treatment in our and previous studies are summarized in
Table 1.

DISCUSSION

This study presents the clinical evidence of a patient with EGFR-
KDD driven metastatic LUAD benefiting from afatinib as the
first-line treatment with a PFS of 12 months and counting. To
the best of our knowledge, this is the longest PFS among all
reported studies.

Epidermal growth factor receptor- kinase domain duplication
as the rare alteration is identified only in 0.12% (12/10,759)
of all NSCLCs and 0.24% of all EGFR-mutant patients in East
Asian population (10). KDD is a special type of large genomic
rearrangements occurring in the kinase domain of protein
kinase genes, which results in a novel mechanism for protein
kinase activation in tumor cells. EGFR-KDD as the most well-
studied KDD often results from in-frame tandem duplication
of EGFR exon 18–25, causing subsequent constitutive activation
of EGFR signaling (8). Preclinical data demonstrate that EGFR-
KDD confers constitutive activity to the EGFR tyrosine kinase
and sensitivity to EGFR-TKIs including erlotinib, afatinib, and
osimertinib (8). Several instances of clinical evidence have
revealed the efficacies of EGFR-TKIs in advanced LUAD but
yielded variable antitumor responses (8–11). The first case of
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TABLE 1 | Clinical characteristics and outcomes of patients with NSCLC harboring EGFR-KDD in our and previous studies.

Pt No. Publication Year of

publication

Age Gender/

Ethnicity

Diagnosis/

Stage

EGFR-TKI

Treatment/line

No.

Concurrent

mutations

Response to

TKI

PFS

1 Gallant et al.

(8)

2015 33 Male/American LUAD/IV Afatinib/2nd line None PR 7 cycles of

therapy

2 Zhu et al. (9) 2018 63 Female/Chinese LUAD/IV Icotinib/1st line NA SD 11 months,

NR

3 Wang et al.

(10)

2019 61 Male/Chinese LUAD/IV Erlotinib/2nd line

Osimertinib

3rd line

TP53

R280G

PD

PD

2 months

2 months

4 Wang et al.

(10)

2019 63 Male/Chinese LUAD/IV Gefitinib/1st line

Afatinib/2nd line

Osimertinib/3rd line

ERBB2 amp PR

PD

PR

5 months

2 months

4 months, NR

5 Wang et al.

(10)

2019 67 Male/Chinese LUAD/IV Icotinib/2nd line TP53

Y220C

PIK3CA

E81G

PR 4 months, NR

6 Chen et al.

(11)

2020 59 Male/Chinese LUAD/IV Afatinib/1st line TP53

R282W

CTNNB1

S37Y

SD 10 months,

NR

7 Our study 61 Male/Chinese LUAD/IIIB Afatinib/1st line None PR 12 months,

NR

EGFR, epidermal growth factor receptor; KDD, kinase domain duplication; NSCLC, non-small cell lung cancer; PD, progressive disease; PR, partial response; SD, stable disease; NA,

not available; NR, not reached; Pt, patient; No., number; LUAD, lung adenocarcinoma; PFS, progression-free survival; TKI, tyrosine kinase inhibitor.

EGFR-KDD in LUAD is reported by Gallant et al. where a
33-year-old male smoker diagnosed with stage IV LUAD did
not carry any common EGFR mutations but achieved PR after
being treated with afatinib (8). Stable disease (SD) response to
afatinib was observed in a 59-year-old patient with LUAD (11).
Furthermore, studies have also documented that patients with
EGFR-KDD-positive LUAD showed response to first-generation
EGFR-TKI icotinib and third-generation EGFR-TKI osimertinib
(9, 10). Baik et al. reported a female patient with bronchoalveolar
carcinoma achieved a durable response to gefitinib and erlotinib,
and EGFR-KDD was detected in the advanced stage (12), we
cannot determine whether this EGFR-KDD is a primary or a
secondary alteration after TKI treatment. However, in contrast,
an EGFR-KDD-positive LUAD patient refractory to EGFR-
TKIs has also been reported (10), a 61-year-old male patient
harboring EGFR-KDD of exon 18–25 concurrent with TP53
R280Gmutation progressed shortly after undergoing therapies of
erlotinib and osimertinib for only 2 months. Among seven cases
harboring EGFR-KDD (including the current case), four cases
achieved PR response to first- or second-TKIs treatment, and
reached an objective response rate (ORR) of 57%. More evidence
or clinical trials are needed to evaluate the efficacy of EGFR-TKIs
in patients with LUAD harboring EGFR-KDD.

Previous studies have revealed that afatinib-related adverse
events occur in more than 97% of patients with NSCLC (6,
7). Diarrhea (88.3%) and rash (80.8%) are the most common
adverse events (7). In the present study, grade 1 rash and
grade 2 diarrhea were reported by the patient. This patient had
good adherence to the afatinib treatment. The rash did not
require medical treatment for control. The diarrhea disappeared

after symptomatic treatment for 2 months. Afatinib was well-
tolerated and effective in the patient with advanced LUAD
harboring EGFR-KDD.

A few limitations are associated with our study. Due to the
nature of research, only one patient was incorporated into the
work. Large cohort studies or clinical trials should be launched to
verify the efficacy and safety of afatinib as the first-line treatment
for patients with advanced LUAD harboring EGFR-KDD.

Here, we reported a patient who was EGFR-KDD-positive
and showed durable response to EGFR-TKI therapy, thereby
confirming EGFR-KDD is an oncogenic driver and a therapeutic
target. Our work provided clinical evidence to administer EGFR-
TKI in advanced NSCLC patients harboring EGFR-KDD and
paving the way for its potential clinical utilization.
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Objective: The aim of this meta-analysis was to evaluate efficacy and toxicity of epidermal
growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) in combination with
chemotherapy (CT) compared to EGFR-TKI monotherapy as first-line treatment in
advanced non-small cell lung cancer (NSCLC) harboring activating EGFR mutation.

Methods: A systematic literature search of randomized controlled trials using Cochrane
Library, PubMed, Embase, and Web of Science, was performed up to Jan. 7th, 2020.
Hazard ratios (HRs) with 95% confidence intervals (CI) were calculated as effect values for
progress-free survival (PFS) and overall survival (OS). Risk ratio (RR) and Odds ratio (OR)
were calculated as effect values for objective response rate (ORR) and toxicity, respectively.

Results: A total of eight randomized trials involving 1,349 advanced NSCLC patients with
sensitive EGFR mutation were included in the meta-analysis. All patients in both groups
received first-generation TKI as first-line treatment. The pooled HR of PFS and OS was
0.56 (95% CI = 0.50–0.64; P <0.00001) and 0.70 (95% CI = 0.54–0.90; P = 0.005),
respectively. Subgroup analysis showed significantly higher OS advantages in patients
receiving doublet CT (P = 0.02) and concurrent therapy (P = 0.002). The ORR in the
EGFR-TKI plus CT group was significantly higher than in the EGFR-TKI monotherapy
group (RR = 1.18, 95% CI = 1.10–1.26). The combination regimen showed a higher
incidence of chemotherapy-induced toxicities. Subgroup analysis indicated that doublet
chemotherapy rather than single-agent chemotherapy significantly increased incidence of
grade 3 or higher leukopenia, neutropenia and anemia.

Conclusions: Compared with EGFR-TKI monotherapy, the combination of first-
generation EGFR-TKI and CT, especially when applying concurrent delivery of platinum-
based doublet chemotherapeutic drugs, significantly improve ORR and prolong PFS and
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OS in first-line treatment for advanced EGFR-mutated NSCLC. Although increasing
incidence of chemotherapy-induced toxicities occurs in the combination group, it is well
tolerated and clinically manageable.
Keywords: EGFR-TKI, chemotherapy, first-line, advanced, NSCLC, mutation
INTRODUCTION

Lung cancer is the leading cause of cancer morbidity and
mortality worldwide, with 2.1 million new cases and 1.8
million deaths estimated in 2018 (1). Non-small cell lung
cancer (NSCLC) accounts for nearly 85% of all cases of lung
cancer. Due to ineffective screening method and insidious
symptom, lung cancer is usually diagnosed at an advanced
stage in a majority of patients. Systematic therapy, therefore,
remains the pivotal treatment approach for NSCLC in
clinical practice.

Epidermal growth factor receptor (EGFR) is one of the most
significant driver genes in lung cancer and its mutated form
tempts constitutive activation of the EGFR tyrosine kinase,
leading to uncontrolled growth and proliferation of tumor.
Approximately, 10–15% of NSCLC patients in Europe and 30–
35% of NSCLC patients in Asia harbor activating EGFR
mutation (2, 3). An Individual Patient Data Meta-Analysis of
six large randomized controlled trials (RCTs) suggested that
compared with chemotherapy, first-line EGFR tyrosine kinase
inhibitor (TKI) significantly prolonged progression-free survival
(PFS) (median PFS = 11.0 vs. 5.6 months; Hazard Ratio (HR) =
0.37, 95% confidence intervals (CI) = 0.32–0.42, P <0.001) in
EGFR-mutated NSCLC patients (4). Thus, first-line EGFR-TKI
monotherapy, including representative gefitinib and erlotinib, is
currently the mainstay treatment for naive advanced EGFR
mutation positive NSCLC patients (5).

Inevitably, most patients who initially respond to an EGFR-
TKI over 8–12 months, eventually develop resistance to first- or
second-generation drugs (6). In order to prolong the survival
\outcome, combination therapy of EGFR-TKI with other
therapeutic drugs is an emerging promising approach. As one of
promising combined strategy, EGFR-TKI plus chemotherapy has
long been evaluated to overcome or delay resistance in advanced
NSCLC since the early 2000s (7). Due to lack of EGFR-mutation
status selection, however, preliminary studies failed to
demonstrate the survival benefit of EGFR-TKI in combination
with chemotherapy (8, 9). Recently, many phase II-III RCTs have
investigated the EGFR-TKI plus chemotherapy combination in
selected NSCLC patient with activating EGFR mutation (10).
These studies with EGFR sensitive mutation had mixed overall
survival (OS) results. Meta-analysis assessing the efficacy and
toxicity of EGFR-TKI in combination with chemotherapy as
first-line treatment in advanced NSCLC with EGFR activating
mutation, has not yet been reported to our best knowledge.
Therefore, we synthesized the results of different studies in this
meta-analysis, to provide more objective data for the optimal
clinical use of EGFR-TKI combined with chemotherapy.
2136
MATERIAL AND METHODS

Search Strategy
Our study was performed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (11). A comprehensive search of PubMed,
Embase, Web of Science, and Cochrane databases was conducted
to identify all relevant full-length literatures on the comparison of
EGFR-TKI plus chemotherapy to EGFR-TKI alone as first-line
treatment in advanced non-small cell lung cancer with activating
EGFR mutation, up till Jan. 7th, 2020. Keywords including non-
small-cell lung cancer, EGFR, TKI, and chemotherapy were used
for initial search of eligible literatures. For instance, the following
retrieval strategy was used on PubMed: (lung cancer OR lung
carcinoma OR lung neoplasm) AND (epidermal growth factor
receptor OR EGFR) AND (tyrosine kinase inhibitor OR TKI OR
gefitinib OR erlotinib OR icotinib OR afatinib OR dacomitinib
OR osimertinib) AND (chemotherapy OR pemetrexed OR
gemcitabine OR paclitaxel OR vinorelbine) AND (first line
OR untreat* OR naive). To obtain additional related articles,
references cited in the eligible studies were also searchedmanually.

Selection Criteria
Inclusion criteria were as follows: (1) the patients were
histologically diagnosed with advanced NSCLC; (2) the
randomized trials were performed to evaluate the efficacy and
safety of compared the EGFR-TKI plus chemotherapy to EGFR-
TKI alone as first-line treatment in advanced non-small cell lung
cancer with activating EGFR mutation; (3) the studies with affluent
data for pooling the survival results, response rate, and toxicity.
Exclusion criteria were as follows: (a) nonoriginal research articles
with limited data, such as letters, case reports, reviews, comments,
and conference abstracts; (b) duplicates of previous publications;
and (c) studies with a sample size of less than 30 analyzable lesions.

Data Extraction and Quality Assessment
Basic information of each individual study was extracted by two
reviewers (QW and WXL) independently. Any discrepancies were
resolved by discussion and consensus during the process of
research selection and data extraction or by consulting the third
investigator (FX) when necessary. The following information was
extracted: name of first author, trial name, publication year, trial
phase, treatment arms, participants’ characteristics, number of
patients evaluable for analysis and other clinical characteristics.
The primary data for calculation were the HR with 95% CI for PFS
and OS, the number of patients who experienced a partial response
or complete response, the number of patients that developed all
grade toxicities.
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A specific tool recommended by the Cochrane Collaboration
was applied to assess the risk of bias for each identified study.
Biases were categorized as selection bias, performance bias,
detection bias, attrition bias, and reporting bias (12).

Statistical Analysis
All statistical analysis was performed using the Review Manager
5.3 software (Cochrane Library, Oxford, UK) and STATA 12.0
software (Stata Corp., College Station, TX). Cochrane’s Q statistic
and I² (I2 >50% was considered substantially heterogeneous)
statistic test were used to evaluate the heterogeneity between the
eligible studies (13). The random effect model was used when there
was significant heterogeneity between studies; otherwise, the fixed
effect model was used. Publication bias was assessed via funnel
plot with Begg’s rank correlation. A two-sided p-value of <0.05
was considered to be statistically significant.
RESULTS

Study Selection
A comprehensive literature search yielded 1,732 non-duplicate
papers. Of these, 21 full-text articles were screened for
assessment of eligibility in the review. Finally, eight studies
comparing EGFR-TKI plus chemotherapy with EGFR-TKI
alone as first-line treatment in advanced non-small cell lung
cancer with activating EGFR mutation were included in this
meta-analysis (8, 14–20). The detail excluded studies from the 13
potential literatures was summarized in the supplementary
selection of study. The flow diagram of studies selection was
summarized in Figure 1.

Characteristics of Eligible Studies
From eight clinical trials, a total of 1,349 advanced NSCLC
patients with sensitive EGFR mutation (704 in EGFR-TKI
combination group and 645 in EGFR-TKI monotherapy
group), were available for the meta-analysis. The great majority
of histological type was adenocarcinoma. Of these EGFR-
mutated patients, exon 19 deletion and L858R point mutation
accounted for 55.7% (751/1,349) and 40.9% (552/1,349),
respectively. As for first-line EGFR-TKI treatment, patients in
all trials received first-generation drugs, including gefitinib (six
studies), erlotinib (one study) and icotinib (one study). Most of
trials involved platinum-based doublet chemotherapy, apart
from two trials (8, 16). In addition, concurrent drug delivery of
TKI and chemotherapy were engaged in four of these studies,
three studies were intercalated, and one study was sequential.
The characteristics of the included studies are listed in Table 1.

Progression-Free Survival
The median PFS as the primary end point of the studies ranged
from 7.2 to 20.9 months in the EGFR-TKI combination arm and
ranged from 4.7 to 16.6 months in EGFR-TKI monotherapy arm.
The heterogeneity was not significant (I2 = 11%; P = 0.34),
and hence a fixed-effects model was used to pool the data
Frontiers in Oncology | www.frontiersin.org 3137
(Figure 2A). The pooled HR of PFS in total population with
activating EGFR mutation was 0.56 (95% CI = 0.50–0.64; P
<0.00001; Figure 2A), which indicated that EGFR-TKI
combination therapy significantly reduced the risk of disease
progression compared with EGFR-TKIs alone. Furthermore, the
pooled HR of PFS in patients with Exon 19 deletion or L858R
point mutation was 0.54 (95% CI = 0.45–0.65; P <0.00001;
Figure 2B) and 0.52 (95% CI = 0.42–0.65; P <0.00001; Figure
2C), respectively, retrieved from five included studies.

Subgroup analysis of chemotherapy drugs revealed that
double-agents mighty induced longer PFS (double-agents,
HR = 0.54, 95% CI = 0.47–0.62; single-agent, HR = 0.66, 95%
CI = 0.50–0.87; Figure 3A). Moreover, subgroup analysis of
combination timing indicated statistically significant PFS in
concurrent and intercalated therapy (HR = 0.55, 95% CI =
0.47–0.64 and HR = 0.57, 95% CI = 0.45–0.73, respectively;
Figure 3A), but was not statistically significant in sequential
therapy (HR = 0.83; 95% CI = 0.42–1.63; Figure 3A).
Overall Survival
The median OS in the included studies ranged from 18.5 to 50.9
months in the EGFR-TKI combination arm and ranged from 14.2
to 45.7 months in EGFR-TKI monotherapy arm. The pooled HR
of OS in total EGFR sensitive mutation sites between two arms was
0.70 (95% CI = 0.54–0.90; P = 0.005; Figure 4A), which indicated
that combination therapy significantly improved the OS compared
with EGFR-TKIs alone. Furthermore, the pooled HR of OS in
patients with exon 19 deletion or L858R point mutation was 0.60
(95% CI = 0.42–0.86; P = 0.005; Figure 4B) and 0.82 (95% CI =
0.57–1.18; P = 0.28), respectively, retrieved from two trials. It
revealed that overall survival benefit from EGFR-TKI in
combination with chemotherapy might occur in patients with
positive 19 deletion mutation other than in L858R mutation.

Subgroup analysis of chemotherapy drugs revealed that
double-agents significantly improved PFS (double-agents, HR =
0.67, 95% CI = 0.48–0.94; single-agent, HR = 0.80, 95% CI = 0.56–
1.14; Figure 3B). In addition, subgroup analysis of combination
timing indicated statistically significant OS in concurrent therapy
(HR = 0.65, 95% CI = 0.49–0.86; Figure 3B), but was not
statistically significant in intercalated and sequential therapy
(HR = 0.64, 95% CI = 0.39–1.07 and HR = 1.57, 95% CI =
0.72–3.41, respectively; Figure 3B).
Objective Response Rate
All of eight studies reported the data of objective response rate
(ORR). The heterogeneity was not significant (I2 = 0%; P = 0.66),
and hence a fixed-effects model was used to pool the data
(Figure 5). The meta-analysis demonstrated that pooled ORR
in the EGFR-TKI plus chemotherapy group was significantly
higher than in the EGFR-TKI monotherapy group (RR = 1.18,
95% CI = 1.10–1.26; p <0.00001; Figure 5).
Toxicities
Compared with the EGFR-TKI alone, the addition of
chemotherapy to TKI was associated with a higher incidence
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wu et al. EGFR-TKI Plus Chemotherapy as First-Line Treatment
of any grade hematologic toxicities, such as neutropenia (grades
1–2, OR = 16.84, 95% CI = 9.04–31.36; grade 3 or higher, OR =
10.03, 95% CI = 1.04–96.69) and thrombocytopenia (grades 1–2,
OR = 7.04, 95% CI = 4.73–10.48; grade 3 or higher, OR = 43.41,
95% CI = 6.01–313.71). Similarly, the combination therapy
significantly increased the incidence of chemotherapy-induced
toxicities, including any grade fatigue, anorexia, nausea and
vomiting, and grade 3 or higher diarrhea. Subgroup analysis
indicated that doublet chemotherapy significantly increased
incidence of grade 3 or higher leukopenia (OR = 37.30, 95%
CI = 7.26–191.63, Figure 6A), neutropenia (OR = 54.79, 95%
CI = 13.21–227.24, Figure 6B) and anemia (OR = 14.28,
Frontiers in Oncology | www.frontiersin.org 4138
95% CI = 6.10–33.43, Figure 6C), while those differences were
not significant in single-agent chemotherapy subgroup.

Nevertheless, no significant differences were founded in terms
of any grade rash and grade 3 or higher liver dysfunction when
applying combined treatment. The detail results are illustrated in
Table 2.

Risk of Bias and Publication Bias
As defined by the Cochrane’s manual for systematic reviews, all
of included studies had a low risk of bias (Figure S1). In addition,
no publication bias for PFS and OS was found based on Begg’s
test (P = 0.05 and P = 0.39, respectively; Figure S2).
FIGURE 1 | The flow diagram of studies selection.
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DISCUSSION

As the most common driver gene of lung adenocarcinoma, the
status of EGFR mutation, has been gradually founded to be the
most useful predictor of efficacy for EGFR-TKI over the past
decade (21). The addition of chemotherapy to EGFR-TKI as
first-line treatment for EGFR-mutated NSCLC has been
reevaluated to overcome or delay resistance and prolong
survival time (10). To comprehensively assess the effectiveness
and toxicity of EGFR-TKI combined with chemotherapy, we
systematically reviewed published randomized trials and
performed a meta-analysis. The meta-analysis included eight
RCTs with a combined total of 1,349 participants with EGFR-
mutated NSCLC. Our results demonstrated that compared with
EGFR-TKI monotherapy, the combination of first-generation
EGFR-TKI and CT, especially when applying concurrent
delivery of double-agents CT, significantly improve ORR
Frontiers in Oncology | www.frontiersin.org 5139
(RR = 1.18, 95% CI = 1.10–1.26; p <0.00001) and prolong PFS
(HR= 0.56 (95% CI = 0.50–0.64; P <0.00001) and OS (HR = 0.70
(95% CI = 0.54–0.90; P = 0.005), in first-line treatment for
advanced NSCLC harboring activating EGFR mutation.

Growing evidence suggests that exon 19 deletions and
L8585R point mutation are two different disease entities in the
matter of response to TKIs and prognosis (22–25). Kuan et al.
conducted a meta-analysis of eight trials comparing EGFR-TKI
with chemotherapy as first-line treatment in EGFR-mutated
NSCLC (24). Their results showed that TKI monotherapy
demonstrated PFS benefit in patients with exon 19 deletions
(HR = 0.27, 95% CI = 0.21–0.35) more than L858R (HR = 0.45,
95% CI = 0.35–0.58). How about the results when TKI combined
with chemotherapy? In our study, the pooled HR of PFS in exon
19 deletion and L858R point mutation from five trials was 0.54
(95% CI = 0.45–0.65) and 0.52 (95% CI = 0.42–0.65), respectively,
which were consistent. It indicated that compared with 19 deletion,
TABLE 1 | Characteristics of the included randomized trials in the meta-analysis.

Study Year Country Phase Group Type of
combination

No. of
evaluable
patients

Medianage
(years)

No. of EGFR
mutation

Adenocarcinoma
(%)

Efficacy

19 del L858R ORR PFS OS

CALGB
30406

2012 USA II Paclitaxel
plus

carboplatin+
E

Concurrent 33 60 16 17 84 73% 17.2 m 38.1 m

E 33 58 23 10 88 70% 14.1 m 31.3 m
Yang
et al.
(15)

2014 East
Asia

III Pemetrexed
plus cisplatin

+G

Sequential 26 59 14 10 97 65.4% 12.9 m 32.4 m

G 24 59 11 13 97 70.8% 16.6 m 45.7 m
An et al.
(8)

2016 China II Pemetrexed
+G

Intercalated 45 65.7 16 29 100 80.0% 18.0 m 34.0 m

G 45 66.9 17 28 100 73.3% 14.0 m 32.0 m
Cheng
et al.
(16)

2016 East
Asia

II Pemetrexed
+G

Concurrent 126 62 65 52 NA 80.2% 15.8 m 43.4 m

G 65 62 40 23 NA 73.8% 10.9 m 36.8 m
Han
et al.
(17)

2017 China II Pemetrexed
plus

carboplatin
+G

Intercalated 40 NA 21 19 100 82.5% 17.5 m 32.6 m

G 41 NA 21 20 100 65.9% 11.9 m 25.8 m
NEJ009 2019 Japan III Pemetrexed

plus
carboplatin

+G

Concurrent 170 64.8 93 69 98.8 84% 20.9 m 50.9 m

G 172 64.0 95 67 98.8 67% 11.9 m 38.8 m
Noronha 2019 India III Pemetrexed

plus
carboplatin

+G

Concurrent 174 54 107 60 98 75.3% 16.0 m NR

G 176 56 109 60 97 62.5% 8.0 m 17.0 m
Xu et al.
(18)

2019 China II Pemetrexed
plus

carboplatin +I

Intercalated 90 58.6 51 38 100 77.8% 16.0 m 36.0 m

I 89 61.0 52 37 100 64.0% 10.0 m 34.0 m
April 2021
 | Volum
e 11 | Artic
E, erlotinib; G, Gefitinib; I, icotinib; ORR, objective response rate; PFS, progression free survival; OS, over survival; NA, not available; NR, not reach; EGFR, epidermal growth factor
receptor; m, months.
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A B

FIGURE 3 | Forest plot of subgroup analysis of progress-free survival (A) and overall survival (B).
A

B

C

FIGURE 2 | Forest plot of hazard ratio of progress-free survival in overall patients with all sites of positive activating EGFR mutation (A); in patients with positive exon
19 deletion mutation (B) and positive L858R point mutation (C).
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the PFS of patient with L858R could be more prolonged after TKI
combined with chemotherapy. This might be related to increase in
ORR of L858R patient after combined chemotherapy.

Currently, first-generation EGFR-TKI monotherapy is still the
mainstay of first-line treatment for EGFR-mutated NSCLC,
despite the third generation TKI is preferred recommended for
first-line therapy. Although the PFS can be substantially
prolonged by first-generation TKI compared with platinum-
based doublet chemotherapy, none of the first-generation TKIs
Frontiers in Oncology | www.frontiersin.org 7141
provide an overall survival benefit revealed by several meta-
analyses (4, 26–28). Development of new-generation TKIs or
combined therapy is promising strategy to improve OS. Recent
ARCHER 1050 (29) and FLAURA (30) trials have shown that
second-generation dacomitinib and third-generation osimertinib,
significantly prolong the OS and then both of them have been
approved for first-line treatment in EGFR-mutated NSCLC (31).
As for combined strategy, adding chemotherapy to EGFR-TKI is
main approach. Our meta-analysis indicated that first-generation
FIGURE 5 | Forest plot of Risk ratio of objective response rate in EGFR-TKI plus chemotherapy group and EGFR-TKI monotherapy group.
A

B

C

FIGURE 4 | Forest plot of the hazard ratio of overall survival in patients with: (A) all sites of positive activating EGFR mutation; (B) positive exon 19 deletion mutation
and (C) positive L858R point mutation.
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A

B

C

FIGURE 6 | Subgroup analysis of grade 3 or higher hematologic toxicities for leukopenia (A), neutropenia (B) and anemia (C) in single-agent and doublet chemotherapy.
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TKI in combination with chemotherapy significantly improved
the OS compared with EGFR-TKI alone (HR = 0.70, 95% CI =
0.54–0.90, P = 0.005). Despite head-to-head RCTs are lacking in
directly comparing the efficacy, first-generation EGFR-TKI
combined with chemotherapy might seem to prolong OS more
than dacomitinib (HR = 0.76, 95% CI = 0.58–0.99, P = 0.044) and
osimertinib (HR = 0.80, 95% CI = 0.64–1.00, P = 0.046),
according to the results of HR. Based on those inspiring results,
third-generation osimertinib combined with chemotherapy is
speculated as a treatment strategy that could maximize the
length of OS in EGFR-mutated NSCLC patients. Studies on the
combination of osimertinib with chemotherapy in EGFR-
mutated NSCLC, including TAKUMI and FLAURA2 trials, are
currently ongoing and eagerly awaited (10).

Preclinical data indicate that the intercalated or sequential
combination of EGFR-TKIs with cytotoxic agents has shown
more efficacy than in the concurrent way. A possible explanation
is that TKI drugs could induce the G1-phase arrest of tumor cells,
which conferred a protection against the cytotoxic activity of
pemetrexed (32–34). In our subgroup analysis, however, we
founded that the benefit of PFS in concurrent administration
(HR = 0.55, 95% CI = 0.47–0.64) were consistent with in
intercalated administration (HR = 0.57, 95% CI = 0.45–0.73),
and that only concurrent administration did confer an OS benefit
to patients with EGFR-mutated NSCLC (HR = 0.65, 95% CI =
0.49–0.86). Our indirectly compared results could be proved by
Frontiers in Oncology | www.frontiersin.org 9143
the results of NEJ005 trial, which compared concurrent versus
sequential alternating gefitinib and chemotherapy in previously
untreated NSCLC with sensitive EGFR mutations (35). In
addition, our subgroup analysis revealed an OS benefit in
doublet chemotherapy combination group (HR: 0.67, 95% CI:
0.48–0.94), not in single-agent chemotherapy combination
group (HR: 0.80, 95% CI: 0.56–1.14). But this conclusion
should be applied with caution in clinical practice because only
two studies adopted single-agent chemotherapy.

Adding chemotherapy to TKI also increased toxicity, notably,
while increasing efficacy. Our meta-analysis indicated that most of
the increased toxicities were a result of chemotherapy-induced
myelosuppression and gastrointestinal toxicity, as may be
expected. The incidences of serious (grade 3 or higher)
hematologic toxicities from chemotherapy combination group in
the meta-analysis, including leukopenia (12.1%), neutropenia
(21.7%), thrombocytopenia (7.3%) and anemia (11.7%), were
similar with those landmark trials in which platinum-based
doublet chemotherapy were used as first-line treatment approach
for the control group (36–39). Otherwise, no significant differences
were founded in terms of TKI-induced toxicities, such as any grade
rash and grade 3 or higher liver dysfunction, when applying
combined treatment in our meta-analysis. Meaningfully, TKI
combined with chemotherapy did not significantly increase each
other’s serious side effects. Therefore, the toxicities of combination
therapy are manageable. Our subgroup analysis of toxicity found
TABLE 2 | Pooled odds ratio of toxicities in included randomized trials.

Toxicities No. of trials Events in EGFR-TKI +
Chemotherapy group

Events in EGFR-TKI
monotherapy group

Odds Ratio(95% CI) Pvalue Heterogeneity (I2) (%)

Leukopenia
Grades 1–2 4 117/426 24/362 5.72 (3.59–9.12) <0.001 45
Grade ≥3 5 57/471 6/407 6.98 (0.93–52.38) 0.06 75

Neutropenia
Grades 1–2 4 143/500 11/447 16.84 (9.04–31.36) <0.001 48
Grade ≥3 5 118/545 12/492 10.03 (1.04–96.69) 0.05 87

Thrombocytopenia
Grades 1–2 4 164/464 39/467 7.04 (4.73–10.48) <0.001 0
Grade ≥3 5 37/509 0/512 43.41 (6.01–313.71) <0.001 0

Anemia
Grades 1–2 5 261/590 158/532 3.01 (1.72–5.28) <0.001 58
Grade ≥3 6 74/635 7/577 11.48 (5.35–24.59) <0.001 0

Liver dysfunction
Grades 1–2 5 308/590 206/532 1.71 (1.34–2.19) <0.001 0
Grade ≥3 6 82/635 63/577 1.56 (0.74–3.31) 0.25 68

Rash
Grades 1–2 5 342/590 312/532 0.96 (0.55–1.68) 0.90 78
Grade ≥3 6 27/635 23/577 1.14 (0.64–2.01) 0.66 0

Diarrhea
Grades 1–2 5 226/590 182/532 1.15 (0.90–1.47) 0.26 47
Grade ≥3 6 35/635 19/577 1.94 (1.08–3.47) 0.03 0

Fatigue
Grades 1–2 5 272/590 126/532 3.69 (1.99–6.85) <0.001 71
Grade ≥3 6 25/635 7/577 2.80 (1.29–6.07) 0.009 13

Anorexia
Grades 1–2 5 310/590 132/532 4.00 (3.06–5.25) <0.001 10
Grade ≥3 6 19/635 2/577 6.12 (1.79–21.00) 0.004 0

Nausea and vomiting
Grades 1–2 5 227/590 61/532 6.01 (2.94–12.26) <0.001 74
Grade ≥3 6 20/635 4/577 4.10 (1.53–11.01) 0.005 0
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that compared with doublet chemotherapy, single-agent approach
did not significantly increase grade 3 or higher hematologic
toxicities, it may because chemotherapeutic drug in the single-
agent group both adopted pemetrexed, which is generally
considered to have mild toxicity (40, 41).

Admittedly, our meta-analysis has several limitations. First of
all, some of results, especially in subgroup analysis, did not cover
all enrolled patients due to the deficiency of detailed data, which
might have an impact on the conclusion. Moreover, the outcome
of OS would be confounded by the low proportion of patients in
the controlled group receiving chemotherapy after experiencing
progression on first-line TKI monotherapy and our study was
underpowered for assessment of such effect. Meantime, the
proportion of the third-generation EGFR-TKI osimertinib
usage was relatively low, in that osimertinib was used for only
11–15% and 22% of patients after the first TKI treatment in the
NEJ009 trial and the study by Noronha et al., respectively.
Therefore, the conclusion of overall survival benefit might not
be overvalued. Thirdly, the subgroup analyses of different first-
generation EGFR-TKI drugs, including gefitinib, erlotinib and
icotinib, were not performed due to in lack of sufficient included
studies. Thus, it is not clear whether the efficacies of different first-
generation drugs will have differences when combined with
chemotherapy. What’s more, the fact that this meta-analysis is
not based on individual patient data represents a limitation to the
interpretation of results, since this approach could tend to
overestimate treatment effects. Finally, all included literatures in
the meta-analysis were English language publications, which may
omit other languages’ studies so as to increase the publication bias.

In conclusion, our results demonstrate that compared with
first-generation EGFR-TKI monotherapy, the combination of
EGFR-TKI and chemotherapy, especially when applying
concurrent delivery of platinum-based doublet chemotherapeutic
drugs, significantly improve ORR and prolong PFS and OS offirst-
line treatment in advanced NSCLC patients harboring activating
EGFR mutation. Although increasing incidence of chemotherapy-
induced toxicities occurs in the combination group, it is well
tolerated and clinically manageable. Thus, the combination of
first-generation EGFR-TKI and chemotherapy may represent a
new option for first-line treatment in EGFR-mutated NSCLC.
Frontiers in Oncology | www.frontiersin.org 10144
Greatly inspired by the promising results of first-generation TKI
combination therapy, the results of ongoing randomized trials
regarding third-generation EGFR-TKI, such as osimertinib, in
combination with chemotherapy, are eagerly awaited.
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Background: The role of primary tumor resection in occult M1a lung adenocarcinoma
remains unclear, especially for patients receiving targeted therapy. The purpose of this
study is to assess the effect of primary tumor resection on overall survival (OS) in lung
adenocarcinoma patients with occult pleural disseminations receiving targeted therapy.

Methods: Lung adenocarcinoma patients with intraoperatively-confirmed occult pleural
dissemination (M1a), who hospitalized in the Department of Thoracic Surgery in Fudan
Shanghai Cancer Center from May 2008 to December 2017 and received EGFR-TKIs
therapy, were enrolled. Log-rank tests were used to compare the survival differences
between groups.

Results: 34 patients receiving EGFR-TKIs were enrolled. The majority of them were never
smokers (29/34, 85.3%). Among the enrolled patients, 20 (58.8%) patients underwent
primary tumor resection, while 14 (41.2%) patients not. There was no distributional
difference of baselines between patients undergoing and not undergoing primary tumor
resection. Further analyses demonstrated that the patients undergoing primary tumor
resection had a prolonged OS compared with those not (log-rank P= 0.042). The 2-year
and 5-year OS for patients receiving primary tumor resection and EGFR-TKIs was 90.0%
and 60.1%.

Conclusions: Primary tumor resection was associated with improved survival in patients
with occult intraoperatively-confirmed M1a adenocarcinoma receiving EGFR-TKIs.

Keywords: lung adenocarcinoma, M1a, primary tumor resection, EGFR-TKIs, survival
Abbreviations: BMI, body mass index; NSCLC, non-small cell lung cancer; OS, overall survival.
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INTRODUCTION

Lung cancer is the deadliest malignancy worldwide, accounting
for the largest number of new cancer cases and cancer-related
deaths (1). Stage IV lung cancer is responsible for 45% of newly
diagnosed lung cancer patients in Surveillance, Epidemiology,
and End Results (SEER) Program population‐based registries (2).
However, the 2-year and 5-year overall survival (OS) rate for
stage IV non-small cell lung cancer (NSCLC) is only 17% and
6%, respectively (3). Over the past ten years, treatment for stage
IV NSCLC has been revolutionized by the rapid development of
targeted therapy. In the era of targeted therapy, lung cancer
patients live a much longer life than before. Nowadays lung
cancer seems to be a “chronic” disease thanks to the clinical
application of targeted agents. However, patients will eventually
develop drug resistance to targeted agents, and it is a critical issue
to address methods improving survival of patients receiving
target therapy. A previous study indicated that patients with
initial disease progression in primary tumors accounted for 45%
of progressed patients with targeted therapy (4). Moreover, in
clinical practice, occult pleural dissemination is sometimes
discovered intraoperatively. There is no consensus on whether
we should perform primary tumor resection in that case.
Therefore, we hypothesized that surgical resection of primary
tumors could improve the survival of lung adenocarcinoma
patients with occult pleural metastases in the era of
targeted therapy.

Although surgery is not deemed as a treatment option, given
the fact that therapeutic goals of stage IV disease have focused on
optimization of quality of life and palliation, recent studies
indicated local consolidative therapy were able to prolong
progression-free survival and overall survival (OS) in stage IV
NSCLC patients who received first-line systemic therapy (5, 6).
Nevertheless, the role of primary lesion surgery in patients with
occult M1a lung cancer receiving targeted therapy
remains unclear.

To address this, we aimed to assess OS after primary tumor
resection versus no resection in lung adenocarcinoma patients
with occult pleural dissemination treated with EGFR-TKIs.
METHODS

Patients
Selected patients with occult M1a lung adenocarcinoma
hospitalized in the Department of Thoracic Surgery, Fudan
Shanghai Cancer Center (FUSCC) from May 2008 to
December 2017 were reviewed retrospectively. The inclusion
criteria were (1) pathologically confirmed primary lung
adenocarcinoma, (2) occult pleural dissemination and
pathologically confirmed M1a intraoperatively by frozen
section examinations, and (3) receiving targeted therapy
toward EGFR mutation. Age, gender, smoking history, body
mass index (BMI), receiving primary tumor resection or not,
mutation status, EGFR-TKIs therapy, and survival data were
collected. Primary tumor resection was defined as the surgical
Frontiers in Oncology | www.frontiersin.org 2148
removal of primary lung cancer lesion, which was usually the
largest or first appeared radiologically. The study was approved
by the Institutional Review Board of Fudan University Shanghai
Cancer Center (IRB#090977-1), and the protocol number of this
study was IRB2008223-9.

Mutational Analyses
The mutational analyses were conducted by the central
laboratory of pathology in FUSCC using the resected primary
tumor specimens. Genomic DNA was extracted for further
amplification refractory mutation system.

Statistical Analyses
Overall survival was calculated from the date of the diagnosis to
the date of death or last follow-up, and death from any cause was
considered as an event. Chi-square tests were used to evaluate the
difference of categorized variables between patients receiving and
not receiving primary tumor resection. The Kaplan-Meier
method was used to analyze OS, and log-rank tests were used
to compare differences between groups. Data were analyzed by
SPSS (version 25.0; IBM Corp, Armonk, NY). All tests were two-
tailed, and statistical significance was set at P < 0.05.
RESULTS

Patient Characteristics
A total of 34 patients were enrolled in the study (Table 1).
There are 22 (64.7%) females and 12 (35.3) males. A majority
of patients (29/34, 85.3%) were never-smokers. Most of
patients had cT1 and cT2 disease. 17 (50.0%) patients had
cN0 disease, 5 (14.7%) had cN1, and 12 (35.3%) had cN2
disease. Among these patients, 20 (58.8%) patients underwent
primary tumor resection, while the rest (14/34, 41.2%) not.
Concerning firstly-used EGFR-TKIs, the most common agent
was gefitinib (26/34, 67.2%), followed by erlotinib (6/34,
17.6%), icotinib (1/34, 2.9%), and osimertinib (1/34, 2.9%).
Five (5/34, 14.7%) patients received osimertinib as the second
therapy after developing drug resistance to gefitinib and
erlotinib. Besides targeted therapy, 23 (67.6%) patients
received platinum doublet chemotherapy, and 6 (17.6%)
patients received radiotherapy.

Comparisons were made between patients who received
primary tumor resection and those who did not (Table 2).
There were no distributional differences between two groups in
age (P=0.477), gender (P=0.066), smoking history (P=1.000),
body mass index (BMI, P=1.000), cT (P=0.207), cN (P=0.512),
firstly-used EGFR-TKIs (P=1.000), secondly-used osimertinib
(P=0.627), platinum doublet chemotherapy (P=1.000), and
radiotherapy (P=1.000). Previous studies have revealed the
prognostic value of clinical T and N descriptors in patients
with operable lung cancer (7, 8), so we also investigated it in
patients with intraoperatively-confirmed M1a disease. The
results demonstrated that there was no difference in survival
between patients with different cT (P=0.96) and cN (P=0.87)
descriptors (Supplementary Figure 1).
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16 patients died during the follow-up period. With the
median follow-up time of 65.0 months, the median OS was
60.0 months (95% confidential interval [CI], 33.4-88.6). The
2-year and 5-year OS was 85.3% and 45.5% respectively
(Figure 1).

The Association Between Primary Tumor
Resection and Improved Survival
To investigate the prognostic role of primary tumor resection,
Kaplan-Meier curves were used. The patients undergoing
primary tumor resection had a prolonged OS compared with
those not (log-rank P= 0.042; Figure 2). The median OS for
patients receiving primary tumor resection and those not was
83.0 months (95% CI: 41.2-124.8) and 43.7 months (95%CI:
30.6-56.7). The 2-year and 5-year OS for patients receiving
primary tumor resection was 90.0% and 60.1%, while the 2-
year and 5-year OS for those not was 78.6% and 26.8%.
Frontiers in Oncology | www.frontiersin.org 3149
DISCUSSION

Currently, there was no consensus on whether to perform
surgical resection to lung cancer patients with occult pleural
disseminations. Chemotherapy or targeted therapy was
recommended as initial treatments for stage IV NSCLC, and
radiotherapy could also be considered if necessary, without the
recommendation of surgical resection. Gomez and his colleges
(5, 6) reported local consolidative therapy, including surgery
and/or radiotherapy, could prolong progression-free survival
and overall survival significantly in stage IV lung cancer after
receiving first-line systemic therapy. However, only patients with
stable disease and partial response to chemotherapy were
enrolled, and most of the patients received platinum doublet
chemotherapy as the first-line treatment. Besides, there were
only six patients (6/25, 24%) receiving surgery of metastatic and/
or primary sites in their study. Therefore, the actual effect of
surgery in patients with stage IV lung cancer remains unclear,
especially for patients receiving targeted therapy. In our study,
we investigated lung adenocarcinoma patients with occult
pleural disseminations receiving EGFR-TKIs and found out
upfront primary tumor resection was associated with improved
survival. To the best of our knowledge, it is the first study to
reveal the association between primary surgical resection and
improved survival in lung adenocarcinoma patients with occult
pleural metastases in the era of targeted therapy. The study
provided novel evidence for the treatments of occult M1a
lung adenocarcinoma.

In clinical practice, pleural disseminations might be occult for
some patients and was discovered intraoperatively. There is no
consensus on whether we should perform primary tumor
resection in that case. Since surgical resection can result in a 5-
year survival rate of 30% to 50% in patients with metastatic
NSCLC (9), and the role of thoracic surgery in the management
of metastatic NSCLC attracts our attention. Theoretically,
surgical resection of primary lesions could reduce tumor
burden, which was considered to be associated with targeted
drug resistance and prognosis of patients. In our study, primary
tumor resection could significantly prolong the survival of
patients receiving EGFR-TKIs (P= 0.042). The 5-year OS of
patients undergoing surgical resection and those not was 60.1%
and 26.8%. These results supported the conclusion that surgical
resection could improve survival in lung adenocarcinoma
patients with occult pleural disseminations receiving
EGFR-TKIs.

With the improved disease response and control rate with
targeted therapy, patients with advanced-stage lung cancer live
longer. According to previous real-world studies (10), the
median OS for EGFR-mutant metastatic lung adenocarcinoma
patients treated with EGFR-TKIs was 30.9 months. Especially for
Asian patients, our previous study more than half of patients
with lung adenocarcinoma harbored EGFR kinase domain
mutations (11). The targeted agent is an ideal treatment for
them, but drug resistance will occur sooner or later. Our study
might provide a potential way to slow down the drug resistance
to EGFR-TKIs. Further randomized clinical trials are urged on
the possible combined use of surgery and targeted therapy.
TABLE 1 | Clinicopathologic characteristics of patients with M1a lung
adenocarcinoma.

Variables Enrolled patients (N = 34)

N %

Age (years)
≤60 21 61.8
>60 13 38.2

Gender
Male 12 35.3
Female 22 64.7

Smoking history
Ever 5 14.7
Never 29 85.3

BMI
≤24 23 67.6
>24 11 32.4

cT
cT1 14 41.2
cT2 18 52.9
cT3 1 2.9
cT4 1 2.9

cN
cN0 17 50.0
cN1 5 14.7
cN2 12 35.3

Primary tumor resection
Yes 20 58.8
No 14 41.2

Firstly-used EGFR-TKIs
Gefitinib 26 76.5
Erlotinib 6 17.6
Icotinib 1 2.9
Osimertinib 1 2.9

Secondly-used osimertinib
Yes 5 14.7
No 29 85.3

Platinum doublet chemotherapy
Yes 23 67.6
No 11 32.4

Radiotherapy
Yes 6 17.6
No 28 82.4
BMI, Body Mass Index.
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The survival benefit from surgical resection of primary
tumors might be explained by the following potential
mechanisms. Intratumor heterogeneity results in different
subclones of tumor cells, some of which are resistant to
targeted therapy or chemotherapy (12). After resection of the
primary lesion, generally the largest of all lesions, the drug-
resistant subclones could also be removed (13). Thus, in this
scenario, patients may have a better drug response and longer
survival. Another possible mechanism is that primary tumors
seed circulating tumor cells via the bloodstream, resulting in
micro-metastasis in distant sites (14). In that case, resection of
primary tumors could slow the growth speed of micro-
metastasis. Therefore, upfront surgical resection helped to
maximize drug response of targeted therapy, suggesting a
combination of surgical resection and targeted therapy might
be an effective option.

In our study, surgical resection was performed before targeted
therapy. Upfront surgery followed by targeted therapy could
provide advantages in some ways. In our previous study, upfront
surgery followed by adjuvant therapy may also provide favorable
survival outcomes for selected patients with lung cancer (15).
Frontiers in Oncology | www.frontiersin.org 4150
The resection of primary lesions spared patients from biopsies to
confirm pathology and mutational status. Additionally,
pathologic and mutational analyses based on surgically
resected specimens were generally more precise than biopsy
specimens. Therefore, upfront surgery followed by targeted
therapy was feasible in clinical practice.

There are several limitations of this study. First, the number
of patients seemed small. We only enrolled patients receiving
EGFR-TKIs with intraoperatively-confirmed occult M1a lung
adenocarcinoma, who have been hospitalized in the department
of thoracic surgery. The multivariable analyses were
inappropriate due to limited sample size. Nevertheless, the
baselines of two groups were comparable, resulting in no
confounding factors during the direct survival comparison by
Kaplan-Meier method. Second, it is a retrospective study from a
single institution, and selection bias was inevitable. Our results
need to be validated in future multi-centered randomized
controlled clinical trials. Third, progression-free survival was
not calculated in the study, because some patients received
surveillance in other institutions. Nevertheless, we believe that
OS is a more important outcome and the study based on OS is
TABLE 2 | Clinicopathologic characteristics of patients receiving and not receiving primary lesion resection.

Variables Patients receiving primary tumor resection (N = 20) Patients not receiving resection (N = 14) P

N % N %

Age (years) 0.477
≤60 11 55.0 10 71.4
>60 9 45.0 4 28.6

Gender 0.066
Male 10 50.0 12 85.7
Female 10 50.0 2 14.3

Smoking history 1.000
Ever 3 15.0 2 14.3
Never 17 85.0 12 85.7

BMI 1.000
≤24 14 70.0 9 64.3
>24 6 30.0 5 35.7

cT 0.207
cT1 6 30.0 8 57.1
cT2 13 65.0 5 35.7
cT3/4 1 5.0 1 7.1

cN 0.512
cN0 10 50.0 7 50.0
cN1 4 20.0 1 7.1
cN2 6 30.0 6 42.9

Firstly-used EGFR-TKIs 1.000
Gefitinib 15 75.0 11 78.6
Erlotinib 3 15.0 3 21.4
Icotinib 1 5.0 0 0
Osimertinib 1 5.0 0 0

Secondly-used osimertinib 0.627
Yes 2 10.0 3 21.4
No 18 90.0 11 78.6

Platinum doublet hemotherapy 1.000
Yes 14 70.0 9 64.3
No 6 30.0 5 35.7

Radiotherapy 1.000
Yes 3 15.0 3 21.4
No 17 85.0 11 78.6
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more meaningful for patients. Fourth, the main agent of EGFR-
TKIs in this study was gefitinib due to the use of histological data
before the adoption of first-line osimertinib. However, the study
provided a promising treatment for lung adenocarcinoma with
occult pleural disseminations.
Frontiers in Oncology | www.frontiersin.org 5151
In summary, primary surgical resection improves survival of
lung adenocarcinoma patients with intraoperatively-confirmed
occult pleural metastases followed by EGFR-TKIs. Primary tumor
resection might be a promising method for the treatment of patients
with occult M1a lung adenocarcinoma receiving target therapy.
FIGURE 1 | Overall survival of M1a lung adenocarcinoma patients receiving targeted therapy.
FIGURE 2 | Overall survival of EGFR-TKIs-treated patients with intraoperatively-confirmed M1a lung adenocarcinoma receiving or not receiving primary tumor resection.
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Introduction: Small cell lung cancer (SCLC) transformation represents a mechanism

of resistance to osimertinib in EGFR-mutated lung adenocarcinoma, which dramatically

impacts patients’ prognosis due to high refractoriness to conventional treatments.

CaseDescription: We present the case of a patient who developed a SCLC phenotypic

transformation as resistance mechanism to second-line osimertinib for T790M-positive

EGFR-mutated NSCLC. Our patient received platinum–etoposide doublet following

SCLC switch and achieved a modest clinical benefit which lasted 4 months. NGS and

IHC analyses for p53 and Rb were performed on subsequent liver biopsies, revealing

baseline TP53 mutation and complete absence of p53 and Rb expression. Primary cell

cultures were established following a liver biopsy at the time of SCLC transformation, and

drug sensitivity assays showed meaningful cell growth inhibition when osimertinib was

added to platinum–etoposide compared with control (p < 0.05). A review of the current

literature regarding SCLC transformation after failure of osimertinib was performed.

Conclusions: Based on retrospective data available to date, platinum–etoposide

chemotherapy is the preferred treatment choice in the occurrence of SCLC

transformation after osimertinib failure. The extension of osimertinib in combination with

chemotherapy in the occurrence of SCLC transformation as resistance mechanism to

osimertinib is a matter of debate. The combination of osimertinib and platinum–etoposide

was effective in inhibiting cell growth in our primary cell cultures. Clinical studies are

needed to further explore this combination in the occurrence of SCLC transformation

as a resistance mechanism to osimertinib.
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INTRODUCTION

The epidermal growth factor receptor (EGFR)-tyrosine kinase
inhibitor (TKI) osimertinib constitutes a milestone for the
treatment of advanced EGFR-mutated non-small cell lung cancer
(NSCLC), both in the second line after failure of the previous
generation of EGFR-TKIs due to the onset of T790M mutation
and in the first line, regardless of T790M status (1). Despite
remarkable activity exerted by osimertinib in this clinical setting,
several resistance mechanisms have been described (2). Among
these, small cell lung cancer (SCLC) phenotypic transformation
represents a critical issue for clinicians, since effective
therapeutic strategies to apply in this circumstance are lacking
to date.

Herein, we report the case of a patient who developed
a SCLC switch as resistance mechanism to second-line
osimertinib for T790M-positive EGFR-mutated NSCLC, whose
pre-clinical studies revealed a promising activity of prolonged
osimertinib in combination with chemotherapy. Moreover, we
performed a literature review to summarize the underlying
mechanism and clinical features of SCLC transformation
following osimertinib treatment, including current and future
therapeutic opportunities.

CASE DESCRIPTION

In September 2017, due to persistence of dry cough, a never-
smoker 63-year-old woman underwent computed tomography
(CT) scan which showed a lesion to the upper left pulmonary lobe
associated with ipsilateral hilar lymph nodes. The subsequent
positron emission tomography (PET) showed increased glucose
uptake at both lesions. Left upper lobectomy and mediastinal
lymphadenectomy were performed in November 2017, and
the pathologic examination revealed an EGFR-mutated (exon

FIGURE 1 | Timeline of the clinical course of the patient. Arrows indicate the link between the clinical event and the date of liquid biopsy time point.

19 deletion) adenocarcinoma of the lung with stage pT3N2,
R1 for microscopic residual disease at the bronchial margin.
At the post-operative CT scan performed in January 2018,
a recurrence of disease was documented, involving bilateral
pulmonary metastases and left pleural effusion (Figure 1). Due
to the presence of sensitizing EGFRmutation, the patient started
gefitinib treatment, achieving partial response of the disease, with
almost a complete disappearance of bilateral pulmonary nodules
and a decrease of left pleural effusion. The benefit wasmaintained
until October 2018, when the onset of multiple liver metastases
and bone lesions was documented. A liver biopsy (liver biopsy 1,
LB1) was subsequently performed in order to explore putative
resistance mechanisms to gefitinib, revealing the presence of
secondary T790M EGFR mutation in the context of exon 19
deletion. The presence of EGFR activating and T790Mmutations
was also confirmed on liquid biopsy (Figure 2). The patient
promptly started osimertinib, which led to complete metabolic
response on the liver and osteoblastic reaction of pre-existing
bone lesions. Osimertinib therapy was continued until December
2019, when liver lesions increased. The patient underwent a liver
biopsy on a new-onset lesion (LB2), which showed a phenotypic
switch to SCLC.

Following LB2, primary cell line establishment was attempted.
Tissue from liver metastasis was enzymatically digested using

the Tumor Dissociation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany), and the gentleMACSTM Dissociator (Miltenyi Biotec)
was used for the mechanical dissociation in a closed and
sterile system. The single-cell suspension was cultured in a 1:1
ratio of Ham’s nutrient mixture F-12:DMEM, 10% FBS, 2mM
glutamine, 1× mammary epithelial growth supplement (MEGS,
Life Technologies Corp., CA), and a Rho-associated protein
kinase (ROCK) inhibitor.

A drug screening was performed in the primary cell
culture testing osimertinib alone, cisplatin plus etoposide,
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FIGURE 2 | CfDNA monitoring of EGFR ex19del and EGFR T790M mutations.

Each dot corresponds to a different liquid biopsy time point. AF, allele

frequency; CT, chemotherapy with platinum–etoposide.

FIGURE 3 | Drug screening in a primary cell line following osimertinib

resistance. Primary cells were treated with 250 nM osimertinib, 0.150µg/ml

etoposide, and 0.05µg/ml cisplatin. After 72 h, cell proliferation was assessed

by CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS). Data

are expressed as percent of cell viability vs. control cells and are means ± SD

of three measurements. *p < 0.05.

and osimertinib combined with cisplatin plus etoposide.
As shown in Figure 3, tumor cells were sensitive to the
combination of osimertinib with chemotherapeutic agents (p
< 0.05 vs. control) even if the results did not reach statistical
significance vs. single drug treatments. Unfortunately, after a
few weeks, the cells stopped their proliferation and it was not
possible to perform additional experiments and to establish a
stable cell line.

The patient underwent platinum–etoposide doublet in
February 2020, and chemotherapy granted stability of the disease,
as documented at the CT scan after three cycles. Unfortunately,
following further three cycles, the patient experienced liver

progression and central nervous system (CNS) progression
due to the onset of multiple brain metastases (Figure 1).
A further liver biopsy (LB3) was conducted on a new-
onset liver lesion, with diagnosis of pure adenocarcinoma.
At the time of writing the manuscript, the patient has been
receiving weekly paclitaxel and whole-brain radiotherapy was
performed. A liquid biopsy was carried out at the time of
chemotherapy switch.

SCLC transformation clearly emerged as a mechanism
of resistance to osimertinib. Nonetheless, next-generation
sequencing (NGS) and immunohistochemistry (IHC) of
Rb1 and p53 were performed in order to characterize the
proficiency of the initial tumor to evolve in a neuroendocrine
differentiated subtype. DNA was extracted from the liver
biopsy undertaken before osimertinib treatment (LB1) and on
SCLC-transformed liver lesion at osimertinib progression
(LB2). Molecular analyses on LB3 were not conducted
due to insufficient material. NGS study was performed
with Solid Tumor Solution panel, Sophia Genetics, on
MiSeq Platform, Illumina. No other putative resistance
mechanisms to osimertinib were underlined (Table 1) and
variants on TP53 were found on LB1. The presence of those
variants was retrospectively confirmed by NGS also in the
lobectomy samples.

Expression of p53 and Rb1 was evaluated with IHC on
lobectomy tissue, LB1 and LB2, as previously described (3).
IHC analysis was not performed on LB3 due to insufficient
material. The evaluation of Rb1 showed the complete
absence of expression in all analyzed samples, while p53
presented an abnormal pattern of expression consistent
with inactivation. In fact, p53 was negative in the surgery
tissue, overexpressed in LB1, and scattered positive in
LB2 (Figure 4).

Moreover, NGS analysis was carried out on liquid biopsy
collected after disease progression to third-line platinum–
etoposide with AVENIO ctDNA Expanded Panel, Roche,
on NextSeq Platform, Illumina. Interestingly, EGFR T790M
showed up again with the known activating mutation and
with two TP53 non-sense variants (Table 1). The presence of
EGFR mutations on liquid biopsy were confirmed also with
ddPCR (Figure 2).

LITERATURE REVIEW

Incidence of SCLC Transformation in
Osimertinib-Resistant Population
Dissecting the mechanisms of acquired resistance to osimertinib
and other third-generation EGFR-TKIs represents an area of
active investigation (2, 4, 5). Nonetheless, the role of histologic
transformations, and more specifically SCLC switch, remains
partly uncovered. This could be ascribed to the lack of analyses
conducted on tissue samples; in fact, in both registrational trials,
AURA and FLAURA, the delineation of genomic profiles of
osimertinib-resistant NSCLC has been performed by NGS on
plasma samples (6–8). Tissue biopsy at the time of progression
to osimertinib plays a critical role in order to unravel SCLC
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TABLE 1 | NGS analyses on available samples.

Surgery (allelic

frequency, %)

Pre-osimertinib PD to osimertinib PD to platinum–etoposide

Tissue_LB1 (allelic frequency, %) Tissue_LB2 (allelic frequency, %) Liquid biopsy (allelic frequency, %)

EGFR p.Glu746_Ala750del 49.60 64.50 45.30 1.30

EGFR T790M – 18.40 – 0.13

TP53 p.Gln375* 50.60 66.70 38.10 0.47

TP53 p.His193Leu 25.4 31.80 19.70 –

BRAF p.Leu441Ile – 5.70 – –

NRAS p.Phe141Leu – 5.40 – –

The symbol “*” means an amino acid change in a stop codon (Ter, *) according to the Sequence Variant Nomenclature of Human Genome Variation Society.

FIGURE 4 | Immunohistochemistry analysis for p53 (upper line) and Rb (lower line). The resected tumor (lobectomy) showed a negativity for both p53 and Rb. In the

first liver biopsy (LB1), p53 was overexpressed, whereas Rb was negative; the histotype of LB1 is that of a NSCLC/adenocarcinoma with morphology similar to

lobectomy. In the second liver biopsy (LB2), we detected only scattered cells positive for p53 and negative for Rb; the histotype is that of a SCLC also documented by

positivity for neuroendocrine markers.

transformation (9). Recent data from the six largest series of
osimertinib-resistant cases to date reported an overall incidence
of SCLC transformation ranging from 2 to 15% (10). As
documented by Oxnard et al., among 28 patients who developed
disease progression to second-line osimertinib and lost T790M,
SCLC transformation resulted the most frequent mechanism of
resistance accounting for 21% of all the recognized causes (11).
Along the same line, Lee et al. reported small cell transformation
as EGFR-independent resistance process in 5 over 36 tested
cases (12). A lower proportion of SCLC-switched cases (4–6%)
was present in “first-line” and “latter-line” cohorts included in
the study by Schoenfeld et al. (13) and in osimertinib-resistant
population described by Piotrowska et al. (14) and Michels
et al. (15). In the real-world study conducted by Le et al.,
although potentially affected by the pure retrospective nature of
the analysis, the incidence significantly decreased to 2% (16).

Underlying Pathogenetic Mechanisms
Although histologic transformation is a well-known
phenomenon, the comprehension of how it occurs and leads to

EGFR-TKI resistance is still incomplete. SCLC transformation
was first described in 2006 in a 45-year-old never-smoker
woman with advanced EGFR-mutant adenocarcinoma after
erlotinib failure (17). Since this initial observation, several
additional cases have been reported (18), all confirmed by
positive immunohistochemical staining for synaptophysin,
chromogranin, or CD56/NCAM.

Different hypotheses have been proposed concerning the
origin of SCLC as a mechanism of resistance to EGFR-TKIs.
Initial studies on SCLC-transformed cancers have revealed

relevant similarities to de novo SCLCs, most remarkably the

inactivation of tumor suppression via RB1 (19) and TP53 (20).
SCLC and NSCLC histologies might coexist within the same
initial tumor, with the SCLC subtype becoming dominant after
an initial response to EGFR-TKIs (18). Conversely, other lines
of evidence support the assumption of a trans-differentiation
process of the original EGFR-mutated adenocarcinoma under
the pressure of TKIs (18, 21). Of interest, most of the
SCLC-switched tumors retained the same EGFR mutation
after transformation (22).
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Potential Predictors of SCLC
Transformation and Therapeutic Options
The identification of biomolecular mediators of treatment-
dependent SCLC transformation represents a fundamental goal
to subsequently develop therapeutic interventions. Triple mutant
adenocarcinomas (EGFR/RB1/TP53) are considered at higher
risk for transformation to SCLC (23). Moreover, a rapid
increase in the serum levels of neurone specific enolase (NSE)
together with a poor response to EGFR-TKIs usually indicates a
transformation from adenocarcinoma to SCLC (24). Along the
same line, the assessment of the pro-gastrin-releasing peptide
(pro-GRP) has also been recommended for the early prediction
of disease transformation (25).

Since most of the SCLC-transformed cases harbor
typical neuroendocrine differentiation, platinum–etoposide
chemotherapy remains the current standard treatment at the
time of SCLC switch (26). Even though SCLC-transformed cases
achieve similar objective response rate from chemotherapy than
primary SCLC (around 80%), the prognosis of the former is
usually worse than the latter even after a favorable response
(27). Ferrer et al. recently performed a retrospective study on
61 SCLC-transformed cases, either with EGFR mutation or
not (22). In this study, overall survival (OS) from the initial
diagnosis was lower in the EGFR-mutated group compared
with the non-EGFR-mutant group; however, OS from the time
of transformation into SCLC was comparable between the
two groups (22).

The early introduction of platinum–etoposide chemotherapy
along with osimertinib may act as an effective therapeutic
strategy to eradicate emerging SCLC subclones and prevent the
phenotypic transformation in EGFR-mutated patients with a
high risk of SCLC switch (ongoing clinical trial, Clinicaltrials.gov:
NCT03567642). Other approaches that might be pursued involve
targeting cell cycle vulnerabilities generated upon RB1 loss
through the use of Aurora kinase (AURKA or AURKB) inhibitors
(28, 29) or applying epigenetic therapy, mainly directly against
reprogramming factors such as EZH2 (30).

DISCUSSION

In the present study, we reported a case of osimertinib
resistance driven by SCLC switch in an EGFR-mutated NSCLC
patient. At the time of progression to osimertinib, due to
phenotypic transformation, our patient received standard
platinum–etoposide chemotherapy, achieving only modest
clinical benefit.

Overall, it could be difficult to determine whether SCLC
arises by transformation from NSCLC, rather than being a new
tumor or being present simultaneously with the NSCLC from
the beginning. Since SCLC is characterized by rapid growth and
is not controlled by EGFR-TKIs, a simultaneous SCLC–NSCLC
mixed tumor is expected to recur quickly. Our patient benefited
from∼2 years of EGFR-TKIs; hence, it is unlikely that SCLC was
part of the initial presentation.

A fundamental issue is represented by the identification
of biomarkers able to predict SCLC transformation. Current
evidence supports TP53 and RB1 mutations as potential

predictors of phenotypic switch in EGFR-mutated NSCLC (23).
In our case, histological examination at diagnosis showed the
complete absence of p53 and Rb at IHC, likely underlying TP53
and RB1 baseline alterations. In addition, TP53 mutations were
detected by tissue NGS analysis before starting osimertinib,
suggesting that the patient had a high risk of developing SCLC
as a resistance mechanism.

To date, platinum–etoposide chemotherapy is the only
viable treatment approach with a confirmed clinical efficacy
in counteracting SCLC after failure of EGFR-TKIs. Given the
positive results of the exploratory analysis of the IMpower150
trial in EGFR-mutated patients (31), a combination strategy
of carboplatin–paclitaxel plus atezolizumab and bevacizumab
after failure of previous EGFR-TKIs could be envisaged in this
peculiar subset of patients, considering the proven efficacy of
chemotherapy plus atezolizumab for the frontline treatment
of extensive stage SCLC (32). Whether continued EGFR-TKI
might gain additional clinical benefit is still a matter of
debate, considering that SCLC is generally resistant to EGFR
inhibition. Against this notion, a recent study reported a
successful treatment with osimertinib in a synchronous SCLC
and adenocarcinoma histology (33).

The continuation of osimertinib and its potential association
with chemotherapy is still under investigation (34), also in
view of the results obtained from the phase III IMPRESS study
that did not demonstrate any PFS or OS improvement by
continuing gefitinib vs. placebo in combination with second-
line, platinum-based chemotherapy in EGFR-mutated NSCLC
(35). In our report, drug screening assay on primary cell cultures
from post-osimertinib biopsy showed increased sensitivity to
the combination of osimertinib with chemotherapeutic drugs
compared with control (p < 0.5), suggesting a potential effective
therapeutic option. Moreover, it is likely that the progression to
platinum–etoposide was driven by the EGFR-positive component
in our case. To support this, the liver biopsy performed after
chemotherapy (LB3) showed pure adenocarcinoma histology,
and the liquid biopsy revealed the restoration of EGFR T90M.
In this view, we assume that the interruption of EGFR
pressure might have unleashed EGFR-positive clones resulting
in inexorable treatment failure. Considering that our patient
experienced CNS disease progression to platinum–etoposide, the
excellent CNS penetration of osimertinib and its effectiveness on
brain metastases might lead to continue osimertinib along with
platinum-based chemotherapy in this occurrence.
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Chulalongkorn Memorial Hospital, Bangkok, Thailand

Introduction: The mainstay systemic treatment for non-oncogenic addictive advanced
stage non-small cell lung cancer is chemotherapy. Anti-angiogenic agents are additive
compounds that enhance disease control and lead to improvement of overall survival
benefit. Recently PD-(L)1 blockage, a checkpoint inhibitor, has been adopted as another
line of treatment. A sequential strategy to enhance the efficacy of combination docetaxel and
nintedanib after immunotherapy, correlated with genomic mutation, has been explored.

Method: A retrospective cohort study of 56 patients from 8 centers in Thailand who
received combination docetaxel and nintedanib via the Thai nintedanib Named Patient
Use program was conducted. Demographic characteristics, treatment details, and
treatment responses were retrieved from medical records.

Results: The majority of patients were male (62.5%) with adenocarcinoma subtype
(88%). Thirty-five percent had sensitizing EGFR mutation. Combination docetaxel and
nintedanib was given as second to fourth line of treatment. Median PFS of docetaxel/
nintedanib was 5.6 months [95% CI 4.8-6.9]. Median OS of the entire cohort was 22.5
months [95% CI 20.2-31.1]. Among them, only four patients received this combination
after immunotherapy which limited the validity of efficacy analysis. Median PFS of those
four patients was 7.9 months [range 5.2-9.1] which was slightly higher than the remaining
cohort (median PFS 4.5 months, 95% CI: 4.0-6.0, p-value 0.09). Among the
adenocarcinoma subtype, a relapse-time of platinum-doublet chemotherapy of more
than 6 months was solely indicated as a benefit of combination docetaxel/nintedanib
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treatment compared to the relapse-time of platinum-doublet chemotherapy of less than 6
months by multivariate HR of PFS 0.32 [95% CI: 0.14-0.68, p-value 0.003].

Conclusion: Combination docetaxel and nintedanib provided more benefit in relapse-
time of platinum-doublet chemotherapy of more than 6 months in advanced stage
adenocarcinoma lung cancer. Neither EGFR nor ALK alteration influenced the outcome
of treatment.
Keywords: docetaxel, nintedanib, non-small cell lung cancer, sequential treatment, anti-angiogenesis therapy
INTRODUCTION

The development of current standard treatments of advanced
non-small cell lung cancer has led to the improvement of survival
outcome. Novel strategies adopting predictive biomarkers have
guided treatment towards an era of precision medicine.
Biomarker discoveries to define more targeted therapies have
been explored in many clinical studies. For non-targetable
advanced non-small cell lung cancer, which has no targeted
therapy option, there seems to be fewer treatment opportunities
and worse prognosis outcome (1). Combination antiangiogenic
therapies and chemotherapy has improved the efficacy of
treatment in non-small cell carcinoma lung cancer by
normalizing abnormal tumor vasculature and enhancing tumor
shrinkage. A combination of docetaxel/nintedanib was approved
by the USFDA as a subsequent treatment after platinum-
resistance in advanced adenocarcinoma lung cancer patients.
Significant improvement in progression-free survival (PFS) with
a median of 3.4 months vs. 2.7 months compared to placebo
and docetaxel has been shown in the phase III LUME-lung 1
global study (2). Furthermore, PD-(L)1 blockage, a novel
immunotherapy, has shown benefits for improving survival
outcomes, either by monotherapy or combination with
chemotherapy (3–5). Chemotherapy enhances the effect of
immunotherapy by increasing recognition, eliminating tumor
cells by the host immune system, and reducing the
immunosuppressive microenvironment (6). Furthermore,
preclinical reports revealed that VEGFR blockage inhibits
suppressive immune cells (MDSC, Treg, macrophages) and
increases mature dendritic cell results in delayed tumor growth
(7, 8). Combination anti-angiogenic and PD-(L)1 blockage
has shown significant tumor control (9). Sequence of
immunotherapy before subsequent docetaxel/nintedanib
treatment has also shown improved response to treatment in a
retrospective cohort (10, 11).

The Thai non-squamous cell carcinoma of the lung has up to
57% predominated EGFRmutation (12), contrary to theWestern
non-squamous lung cancer population, which has less than 10%
prevalence of EGFR mutation. Comparing the efficacy in our
country to a global study that enrolled a majority of Caucasian
patients might help us to understand the real benefits of
treatment of Asian patients. We report a retrospective cohort
study of advanced stage non-small lung cancer patients who
inistration; MDSC, Myeloid-derived
lial growth factor receptor.

2161
received subsequent treatment of docetaxel/nintedanib after
platinum-resistant advanced stage lung cancer to explore
treatment efficacy in terms of EGFR/ALK alteration status and
efficacy of treatment following immunotherapy.
MATERIALS AND METHODS

Study Participants
A retrospective study of fifty-six advanced non-small cell lung
cancer patients who enrolled in the Thai nintedanib Named
Patient Use program from eight centers across Thailand was
conducted to evaluate the treatment efficacy of combination
nintedanib and docetaxel as a treatment after platinum-doublet
chemotherapy during 2017-2018. These eight centers included
four hospitals in Bangkok: The King Chulalongkorn Memorial
Hospital, Siriraj Hospital, Ramathibodi Hospital, and Rajavithi
Hospital, and four provincial hospitals: Maharaj Nakorn Chiang
Mai Hospital, Chiangmai, Srinakarin Hospital, Khon Kaen
Hospital, and Songklanagarind Hospital, Songkhla. This study
is a collaborative project of the Thai Society of Clinical Oncology:
Lung Cancer Working Group.

All patients had either a cytologic or histologic confirmed
diagnosis of NSCLC. Demographic characteristics were obtained
from individual patients. Treatment decision, assessments, and
follow-up were obtained from individual physicians as standard
practice per institute through medical records. Patient death date
was validated from The Bureau of Registration Administration,
Ministry of Interior, Bangkok, Thailand. This study was
approved by the Ethics Committee of each local institution:
Faculty of Medicine, Chulalongkorn University, Bangkok,
Thailand (IRB 536/62), Faculty of Medicine, Siriraj Hospital,
Mahidol University [IRB 349/2563 (EC4)], Faculty of Medicine,
Khon Kaen University (HE631180), Faculty of Medicine,
Ramathibodi Hospital, Mahidol University (IRB MURA2020/
794), Faculty of Medicine, Chiang Mai University (IRB MED-
2563-07205). Written informed consent was waived from
individual study participants as permission from the director
of each hospital was granted. Objective response and progression
of disease were determined by local investigators using RECIST
version 1.1 (13).

Statistical Analysis
Mann-Whitney U test was used to assess the difference between
groups of non-parametric distributed variables. Chi-square or
April 2021 | Volume 11 | Article 572740
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Fisher’s exact tests were used for categorical variables. There were
varying lines of combination docetaxel/nintedanib treatment from
second to fourth. Then progression free survival of docetaxel/
nintedanib was defined as duration from start of docetaxel/
nintedanib treatment to disease progression or death. Overall
disease control rate was defined as the best response evaluation of
complete remission and partial response by the provided physician.
We applied RECIST criteria version 1.1 as the standard oncology
practice in Thailand. Overall survival was defined as the duration
from diagnosis of cancer to death from any cause or at censored
time which was defined on December 31, 2019. A Survival curve
comparison was performed using the Kaplan-Meier method and
log-rank test. The cox proportion hazards regression analysis was
used to estimate multivariate hazard ratios of progression-free
survival and overall survival. A two-sided p-value of less than 0.05
was defined as statistically significant. All statistical analyses were
carried out using R version 3.3.0.
RESULTS

Demographic Characteristics and
Treatment Overview
From January 2017 to October 2018, 56 patients from eight
centers who received combination docetaxel/nintedanib
treatment in advanced stage were enrolled in this retrospective
study. Patients in this retrospective cohort received nintedanib
via Named Patient Use program following the criteria of having
Frontiers in Oncology | www.frontiersin.org 3162
advanced non-small cell lung cancer with disease progression
after platinum-doublet chemotherapy. Among them, 62.5% of
patients were male with majority ECOG performance status of 0-
1 (89.2%) and adenocarcinoma cell type (88%). Demographic
characteristics and patient treatments are shown in Tables 1, 2.
EGFR and ALK testing were performed in 82.1% and 50%,
respectively by using a standard platform of testing according
to each institute. 35% had a sensitizing EGFR mutation that was
composed of EGFR exon 19 deletion (n=12; 75%) and L858R
(n=4; 25%). 61% of patients received more than three lines of
treatment which included chemotherapy, EGFR TKI, and
immunotherapy as combination or single agent. Pemetrexed,
paclitaxel, and gemcitabine were commonly used as part of
platinum-doublet chemotherapy at 34%, 30.3% and 23.2%,
respectively. 88% of patients received 60 mg/m2 instead of 75
mg/m2 of docetaxel as the common Thai standard practice in
advanced stage disease. Eight patients (14.2%) received
immunotherapy as a line of standard treatment in advanced
stage. Among them, four patients received immunotherapy
before docetaxel/nintedanib combination treatment (Table 2).

Outcome of Platinum-Doublet
Chemotherapy
The majority of patients (80%) received platinum-doublet
chemotherapy as a first-line metastatic setting. Among them, five
patients received bevacizumab as part of a combination and
maintenance treatment. The median cycle of platinum-doublet
chemotherapy was five cycles [range 1-14]. Median PFS of
platinum-based doublet chemotherapy was 5.6 months [range 0.5-
48, 95% CI: 4.9-6.8]. 31 patients (55%) had disease progression in less
than 6 months since the start of treatment, while 15 patients (26.7%)
had disease progression in less than 3 months.

Outcome of Combination Docetaxel
and Nintedanib
The median number of treatment cycles of docetaxel and
nintedanib as part of combination docetaxel/nintedanib were 6
April 2021 | Volume 11 | Article 572740
)
)

)

)

TABLE 1 | Demographic characteristics of participants in this study.

Characteristic N (%)

Sex Male 35 (62.5%)
Female 21 (37.5%)

Age at diagnosis < 60 years 32 (57.1%)
> 60 years 24 (42.9%)

ECOG performance status at
recurrence/metastasis

0-1 50 (89.2%)
>2 6 (10.8%)

Smoking status Current/Former smoker 27 (48%)
Never smoker 29 (52%)

Histology Adenocarcinoma 49 (88%)
Squamous cell
carcinoma

1(1.5%)

Large cell carcinoma 1(1.5%)
NSCLC NOS 5 (9%)

EGFR/ALK alteration Exon 19 del (n=12)/
L858R (n=4)

16/46
(34.7%)

ALK overexpression 2/28 (7%)
Reimbursement Universal/social

insurance
18 (32%)

CSMBS/state enterprise 31 (55%)
Out of pocket 7 (13%)

Initial stage at diagnosis Advanced stage 46 (82%)
Relapsed/recurrence 10 (18%)

Lines of treatment < 3 regimens 22 (39.3%)
> 3 regimens 34 (60.7%)
¶ECOG performance status denotes the Eastern Cooperative Oncology Group (ECOG)
scale; a performance status grade of 0 indicates asymptomatic; 1 restricted in strenuous
activity but ambulatory; 2 ambulatory and capable of all self-care but unable to carry out
any work activities.
TABLE 2 | Summary treatment of participants in this study.

Details of
treatment

N (%)

Previous platinum-
doublet chemoRx
regimen

Platinum-based/gemcitabine 13 (23.2%
Platinum-based/paclitaxel 17 (30.3%
Platinum-based/vinorelbine 1 (1.8%)
Platinum-based/pemetrexed 19 (34%)
Platinum-based/etoposide 1 (1.8%)
Platinum-based/paclitaxel/bevacizumab 1 (1.8%)
Platinum-based/gemcitabine/bevacizumab 2 (3.5%)
Platinum-based/pemetrexed/bevacizumab 2 (3.5%)

Number of Rx lines
before docetaxel/
nintedanib

One-line 36 (64%)
Two-lines 11 (17%)
Three-lines 5 (9%)

Relapse-time of
platinum-doublet
chemotherapy

< 3 months 15 (26.7%
< 6 months 31 (55%)

Sequence of
immunoRx

Never received immunoRx 48 (86%%
Before docetaxel/nintedanib 4 (7%)
After docetaxel/nintedanib 4 (7%)
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[range 1-10] and 5 cycles [range 0-43], respectively. Overall
disease control rate (DCR) of combination docetaxel/nintedanib
was 57%. The median PFS was 5.6 months [range 0.25-45, 95%
CI: 4.8-6.9] (Figure 1B) which was longer than median PFS in
the LUME-lung 1 study (median PFS 3.4 months [95% CI 2.9-
3.9]. Three patients (5%) stopped docetaxel/nintedanib after the
first cycle due to intolerance/toxicities and response of treatment
could not be evaluated. 10 patients (17%) and 20 patients (35%)
had either interrupted or reduced doses of docetaxel and
nintedanib, respectively. The prevalence of dose modification
of nintedanib in our study was higher than the LUME lung I
study (18.6%). Three patients continuing maintenance
nintedanib beyond eight cycles of docetaxel and were censored
on December 31, 2019.

Analysis According to Relapse-Time of
Platinum-Double Chemotherapy
The efficacy of docetaxel/nintedanib disease control was categorized
by relapse-time of platinum-doublet chemotherapy i.e. rapid (less
than 3 months) or slow progressor (more than 3 months). For
excluded patients who could not tolerate treatment, median PFS of
combination docetaxel/nintedanib for rapid relapse-time of
platinum-doublet chemotherapy was 3.6 months [range 1-3; 95%
CI: 2.5-5.5] which was significantly shorter than slow progressor
which had a median PFS of 6.4 months [range 1.2-43.9; 95% CI: 4.9-
7.4, p-value 0.03]. Using a relapse-time of 6 months also represented
shorter disease control from combination docetaxel/nintedanib than
relapse-time of more than 6 months. Median PFS for patients who
had a relapse-time of platinum-doublet chemotherapy of less than 6
months andmore than 6months were 3.8months [range 1-24.4; 95%
CI: 3.2-5.2] and 7.3months [range 1.2-43.9; 95%CI: 5.1-8.6, p-value =
0.01), respectively (Figure 1C).

Analysis According to Sequence of
Immunotherapy Treatment
The efficacy of docetaxel/nintedanib according to the sequence of
immunotherapy, either before or after, was explored. Four
patients who received combination docetaxel/nintedanib after
immunotherapy had a median PFS of 7.9 months [range 5.2-9.1].
Frontiers in Oncology | www.frontiersin.org 4163
This duration seemed longer than the median PFS of the
remaining patients (median PFS 4.5 months, range 0.25-43.9;
95% CI: 4.0-6.0, p-value 0.09). A response assessment was done
in three patients and revealed a partial response rate of 50% and
stable disease rate of 25%. One patient who received only one
cycle of docetaxel/nintedanib after immunotherapy was not
evaluated for response due to toxicity from treatment.

Cox Proportional Hazards Regression
Model for Prognostic and Predictive
Factors
The median OS of the entire cohort was 22.5 months [range 2.2-
100.1; 95% CI 20.2-31.1] (Figure 1A). We evaluated prognostic
factors of overall survival using cox proportional hazards regression
model and applied it to all potential factors including age, ECOG,
smoking status, histology, oncogenic alteration, relapse-time of
platinum-doublet chemotherapy, line of treatment, and sequence
of docetaxel/nintedanib after immunotherapy (Table 3) and found
that none of them prognosticated survival in our study.

We further analyzed predictive factors of combination
docetaxel/nintedanib to define which patient subgroup might
benefit most from this treatment. Nevertheless, we restricted
predictive factor analysis for combination docetaxel/nintedanib in
only the adenocarcinoma subtype following the USFDA approval
indication. Relapse-time of platinum-doublet of more than 6
months was correlated with longer PFS with the HR of 0.36 [95%
CI 0.19-0.69]. It was also an independent predictive factor of
progression-free survival from docetaxel/nintedanib with the
multivariate HR of 0.32 [95% CI: 0.14-0.68, p-value 0.003] (Table
4). Relapse-time of platinum-doublet chemotherapy of more than 6
months provided benefits of combination docetaxel/nintedanib
treatment compared to the relapse-time of platinum-doublet
chemotherapy of less than 6 months.
DISCUSSION

Novel strategies to define treatment by adopting predictive
biomarkers are currently accepted as standard practice. However,
A B C

FIGURE 1 | Median overall survival (A) and median progression-free survival of combination docetaxel/nintedanib of the entire population (B). Progression-free
survival of combination docetaxel and nintedanib according to relapse-time of platinum-doublet chemotherapy. Median PFS were 7.3 months vs. 3.8 months for
relapse-time of platinum doublet chemotherapy ≥ 6 months vs. < 6 months, respectively (multivariate HR 0.32 [95% CI: 0.14-0.68], p-value 0.003) (C).
April 2021 | Volume 11 | Article 572740
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in the setting of subsequent treatment after disease progression,
there are limitations of biomarker usage. Subsequent
immunotherapy after platinum-doublet chemotherapy were
explored in several randomized phase III trials to improve patient
survival benefit and ensure quality of life (5, 14, 15). There was more
progression disease and shorter PFS compared to the standard
treatment arm of docetaxel. This could imply that a novel immune
checkpoint inhibitor did have efficacy of long term durability and
disease control in a limited number of patients in a second-line
setting (11). Adding anti-angiogenesis such as nintedanib to
docetaxel is another option that has been approved by the
USFDA as second-line treatment after platinum-resistance in
advanced NSCLC patients with adenocarcinoma subtype (2).
However, there is no comparative efficacy of this combination to
immunotherapy. The strategy to enhance treatment efficacy by
modulating the sequence of treatment requires further elucidation.
There are potential high objective response rates and PFS reports
for the nintedanib/docetaxel treatment combination after
Frontiers in Oncology | www.frontiersin.org 5164
immunotherapy in a case series from the Spanish Named patient
used program (ORR 36%, median PFS 3.2 months [95%CI: 1.4-
14.6]) (16) and the prospective non-interventional VARGADI
cohort study (ORR 58%, PFS 5.5 months [95% CI: 1.9-8.7]) (10).
In our series, albeit a small sample size to validate the results,
the median PFS for patients who received combination nintedanib/
docetaxel after immunotherapy (median PFS 7.9 months, range
5.2-9.1) was longer than the rest of the patients in this
retrospective cohort (median PFS 4.5 months, range 0.25-43.9;
95% CI: 4.0-6.0, p-value 0.09). Among the adenocarcinoma
subtype, the Cox proportional hazard regression analysis did not
indicate superiority of sequential docetaxel/nintedanib after
immunotherapy in terms of PFS with HR 0.50 [95% CI: 0.15-
1.65, p-value 0.26] by univariate analysis and HR 1.05 [95% CI:
0.30-3.72, p-value 0.92] by multivariate analysis.

Advanced stage adenocarcinoma histology lung cancer
patients who had rapid progression of platinum-doublet
chemotherapy within 9 months had better outcomes when
TABLE 3 | Univariate and multivariate analysis of prognostic factors to overall survival benefit including demographic characteristics, treatment by using Cox
proportional hazards regression model.

Variables Univariate, HR [95% CI] p-value Multivariate, HR [95% CI] p value

Sex (Female vs. Male)
0.83 [0.45-1.53] 0.55 1.32 [0.34-5.13] 0.67

Age (> 60 vs. <60)
0.81 [0.45-1.48] 0.51 1.06 [0.40-2.75] 0.90

ECOG (0-1 vs. >2)
0.60 [0.25-1.43] 0.25 0.40 [0.12-1.26] 0.12

Smoking status (Never vs. Former/Current)
0.61 [0.33-1.13] 0.11 0.40 [0.12-1.37] 0.14

Histology (Adenocarcinoma vs. Non-adenocarcinoma)
0.44 [0.19-1.01] 0.05 0.47 [0.12-1.90] 0.29

EGFR/ALK alteration (Present vs. Absent)
0.58 [0.29-1.18] 0.13 0.79 [0.32-1.97] 0.62

Lines of treatment (> 3 vs.< 3)
0.59 [0.32-1.08] 0.08 0.64 [0.25-1.58] 0.33

Relapse-time of platinum-doublet (> 6 vs. < 6 months)
0.76 [0.42-1.38] 0.36 0.78 [0.34-1.79] 0.56

Sequence of docetaxel/nintedanib (after immunoRx vs. none)
1.26 [0.38-4.14] 0.69 3.72 [0.85-16.1] 0.07
April 2021 | Volume 11 | Article
TABLE 4 | Univariate and multivariate analyses of predictive factors of combination docetaxel/nintedanib treatment for adenocarcinoma subtype including demographic
characteristics and treatment by using Cox proportional hazards regression model.

Variables Univariate, HR [95% CI] p value Multivariate, HR [95% CI] p value

Sex (Female vs. Male)
0.97 [0.53-1.80] 0.94 0.78 [0.27-2.23] 0.64

Age (> 60 vs. <60)
0.68 [0.38-1.22] 0.19 0.94 [0.43-2.07] 0.89

ECOG (0-1 vs. >2)
0.66 [0.23-1.86] 0.43 0.75 [0.24-2.39] 0.63

Smoking status (Never vs. Former/Current)
0.74 [0.41-1.34] 0.33 0.73 [0.27-1.96] 0.54

EGFR/ALK alteration (Present vs. Absent)
1.31 [0.67-2.57] 0.42 1.14 [0.53-2.44] 0.72

Relapse-time of platinum-doublet (> 6 vs. < 6 months)
0.36 [0.19-0.69] 0.001* 0.32 [0.14-0.68] 0.003*

Sequence of docetaxel/nintedanib (after immunoRx vs. none)
0.50 [0.15-1.65] 0.26 1.05 [0.30-3.72] 0.92
*Statistically significant.
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adding nintedanib to docetaxel as a subsequent treatment, which
can be translated to survival outcome (17, 18). Advanced stage
non-small cell lung cancer with rapid progressive disease might
not be fruitful for immunotherapy (19). However, none of our
patients who received immunotherapy had rapid progression
from platinum-doublet chemotherapy. This limits our ability to
explore this issue. Furthermore, there was a smaller proportion
than the general prevalence of sensitizing EGFR mutation in this
cohort (34.7%) which represented physician selections of
preferred non-oncogenic addicted advanced stage lung cancer
for anti-angiogenic treatment. However, among the
adenocarcinoma subtype, neither EGFR nor ALK alteration
impacts the outcome of this combination. A relapse time of
platinum-doublet chemotherapy of more than 6 months solely
indicated the benefit of combination docetaxel/nintedanib
treatment compared to the relapse time of platinum-doublet
chemotherapy of less than 6 months by multivariate HR of PFS
0.32 [95% CI: 0.14-0.68, p-value 0.003].

We would like to declare our study limitations. First, the
retrospective cohort prohibits us to retrieve complete
information, for example, toxicity of treatment and precise
time of imaging evaluation. There might be variations among
each center that provided treatment for patients. The treatment
lines of combination nintedanib/docetaxel varied from second to
forth line. Heavy pretreatment chemotherapy might evolve
resistance clones than limited-line treatment. Moreover, the
median PFS of combination docetaxel/nintedanib in our study
(5.6 months, 95% CI 4.8-6.9) was longer than the LUME lung-1
study (3.4 months, 95% CI 2.9-3.9). The higher frequency of
imaging evaluation in LUME lung-1 [first at 4-weeks and then
every 6- weeks after randomization compared to our usual
standard practice (every 9-weeks)] probably explains this
finding. Lastly, even though the general global recommended
dosage of docetaxel is 75 mg/m2, in Thailand, the standard used
is 60 mg/m2. No direct comparison between dosage efficacy has
been reported, however, results from a prospective randomized
phase IIb (SENECA study) revealed less toxicity, such as afebrile
neutropenia and mucositis of combination nintedanib/docetaxel
from the lower dosage (33 mg/m2 D1,D8) of docetaxel, without
any compromise of efficacy (20).
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Background: Osimertinib efficacy in pre-treated patients with epidermal growth factor

receptor (EGFR) T790M-mutated non-small cell lung cancer (NSCLC) has been

demonstrated in clinical trials, but real-world data, particularly regarding resistance profile,

remains limited. This study aims to analyze the resistance mechanisms acquired after

treatment with Osimertinib.

Methods: Clinical outcomes and molecular results from re-biopsies at the time of

osimertinib progression of EGFR T790M-mutated NSCLC patient were analyzed.

Results: Twenty-one patients with stage IV adenocarcinoma were included [median

69 years; 57.1% female; 85.7% never-smokers; 23.8% ECOG performance status (PS)

≥2]. Median PFS and OS were 13.4 (95% CI: 8.0–18.9) and 26.4 (95% IC: 8.9–43.8)

months, respectively. At the time of analysis, 10 patients had tumor progression (47.6%).

T790M loss occurred in 50%, being associated with earlier progression (median PFS

8.1 vs. 21.4 months, p = 0.011). Diverse molecular alterations were identified, including

C797S mutation (n = 1), PIK3CA mutation (n = 2), MET amplification (n = 1), CTNNB1

mutation (n = 1), and DCTN1-ALK fusion (n = 1). Histological transformation into small

cell carcinoma occurred in one patient.

Conclusions: This real-world life study highlights the relevance of re-biopsy at the time

of disease progression, contributing to understand resistance mechanisms and to guide

treatment strategies.

Keywords: non-small cell lung cancer, EGFR T790M mutation, osimertinib, resistance, real-world data, next

generation sequencing
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INTRODUCTION

Patients with advanced non-small-cell lung cancer (NSCLC) with
activating mutations in the epidermal growth factor receptor
(EGFR) gene are eligible for EGFR tyrosine kinase inhibitors
(TKIs). Despite the high response rates to first-line TKIs and
a median progression-free survival (PFS) of 10–14 months
(1–8), the disease ultimately progresses. In about 50–60% of
patients, the acquired mechanism of resistance to first-line TKIs
is a p.Thr790Met point mutation (T790M) in the EGFR gene.
This mutation increases the receptor affinity for ATP binding,
drastically reducing the drug activity (9–12).

Osimertinib is an irreversible EGFR-TKI that is selective
for both EGFR and T790M resistance mutations (13). In the
Phase III AURA3 trial (AZD9291 vs. Platinum-Based Doublet-
Chemotherapy in Locally Advanced or Metastatic Non-Small
Cell Lung Cancer), osimertinib was superior to platinum therapy
plus pemetrexed in patients with T790M whom the disease
progressed during first-line EGFR-TKI therapy with a median
PFS of 10.1 months, and objective response rate (ORR) of
71% (14). Moreover, osimertinib had significant efficacy in
patients with central nervous system (CNS) metastases (15).
Recently, in the Phase III FLAURA trial (AZD9291 vs. Gefitinib
or Erlotinib in Patients With Locally Advanced or Metastatic
Non-small Cell Lung Cancer), Osimertinib was also superior in
first-line (16).

Despite the survival data and response rates for osimertinib,
acquired resistance, unfortunately, occurs after about 10 months
(17). The mechanisms that determine disease progression
are heterogeneous and not fully understood, including on-
target EGFR-dependent and off-target independent mechanisms.
EGFR-dependent mechanisms include new tertiary mutations,
like the exon 20 C797S mutation, EGFR amplification or T790M
disappearance. EGFR independent mechanisms can occur with
bypass pathway activation, such as erb-b2 receptor tyrosine
kinase 2 (HER2) and MET amplification, PIK3CA activating
mutations, PTEN deletion, RAS mutations, fusions affecting
anaplastic lymphoma kinase (ALK), and RET and others. There
is also the possibility of phenotypic alteration, such as the
transformation in small-cell lung cancer (SCLC) (18–20).

Treatment approaches for patients progressing from third-
generation EGFR TKIs have not been clearly established.
However, in case of disease progression without targeted therapy
available, chemotherapy is still indicated and maintaining
osimertinib beyond progression, with or without adjunctive
radiotherapy, can be a useful option (21, 22). Although, a
considerable amount of data is published on 3rd generation
EGFR-TKIs, real-world data is limited. In this sense, this study
aims to analyze the resistance profile of Osimertinib in a T790M
EGFR-mutated population.

MATERIALS AND METHODS

Study Design
A retrospective analysis of T790M-mutated NSCLC patients
treated with osimertinib, at the Centro Hospitalar e Universitário
de São João (CHUSJ), Porto, Portugal, was performed. This

study was conducted under the Declaration of Helsinki and was
approved by the Ethics Committee of CHUSJ (243/20).

Eligible patients were required to have histologically
confirmed stage IV NSCLC (based on TNM staging AJCC
8th edition), with an activating EGFR mutation, treated with
osimertinib after progression with at least one 1st or 2nd
generation TKI and with confirmed EGFR T790M mutation
identified by re-biopsy at the time of progression. Patients
initiated osimertinib between August 2016 and April 2019. Last
data analysis was performed on 30 April 2020.

Patient demographics and clinical features, tumor histology,
disease stage, lines of treatment received before osimertinib, and
pattern of progression were recorded.

Molecular analyses from initial biopsies and re-biopsies at
osimertinib progression were reviewed. Digital protein chain
reaction (PCR) was used for EGFR T790M detection, and next-
generation sequencing (NGS) at the time of progression was
performed using a validated amplicon-based NGS (OncomineTM

Focus Assay, ThermoFisher). These assays allow the analysis of
targeted regions in EGFR, KRAS, NRAS, BRAF, MET, HER2,
HER4, PIK3CA, andALK genes plus the detection of ALK, ROS1,
RET and NTRK (1, 2, and 3) gene fusions.

Statistical Analysis
Most analysis was descriptive. Categorical variables are presented
as relative frequencies and percentages, and continuous variables
as median, interquartile range (IQR) and minimum and
maximum values. Kaplan-Meier actuarial curves analysis was
used to estimate OS, PFS and time to treatment discontinuation
(TTD) for the entire cohort. Group comparisons were performed
using theMann-Whitney test. The significance level assumed was
0.05. All statistical analyses were performed using the Statistical
Package for Social Sciences (SPSS, IBM Corp, Chicago, IL, USA)
software, version 25.0.

RESULTS

Patients’ Characteristics
Twenty-one patients treated with osimertinib were included
(Table 1), with median age of 69 (range 39–84) years, 12 (57.1%)
were female, mostly never-smokers (n = 18; 85.7%). Of note,
13 (61.9%) patients were ≥65 years, and 5 (23.8%) had an
ECOG performance status (PS) ≥2. All patients were diagnosed
with stage IV adenocarcinoma [IVA n = 9 (42.9%); IVB n =

12 (57.1%)]. Exon 19 deletion and exon 21 L858R mutations
were present, at initial biopsy, in 17 (85%) and 3 (15%) cases,
respectively. The T790M mutation was detected by tissue biopsy
in eight (38.1%), liquid biopsy in five (23.8%), and by both in 8
(38.1%) patients. Osimertinib was given as 2nd line treatment in
13 cases (61.9%), after a 1st or 2nd generation EGFR-TKI, and in
3rd or more line in eight cases (38.1%). The best ORR was 52.7%
(nine partial responses; one complete response) and DCR 89.5%
(seven with stable disease), respectively. Median PFS was 13.4
(95% CI: 8.0–18.9) months (Figure 1A). Of the 17 cases with an
objective response/disease control, 10 subsequently progressed
and underwent re-biopsy. There were eight patients with oligo-
progression (80%) and two with systemic progression (20%).
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TABLE 1 | Baseline patients’ characteristics.

Characteristics n (%)

Age, years

Median (range) 69 (39–84)

Gender

Female 12 (57.1)

Male 9 (42.9)

Performance status

0–1 16 (76.2)

≥2 5 (23.8)

Smoking status

Never 18 (85.7)

Smoker/former smoker 3 (14.3)

Type of EGFR sensitizing mutation

Exon 19 deletion 18 (85.7)

L858R (exon 21) 3 (14.3)

Stage

IVA 9 (42.9)

IVB 12 (57.1)

Metastasis

CNS 3 (14.3)

Extra-thoracic 13 (61.9)

Previous treatment

1 13 (61.9)

≥2 8 (38.1)

Previous TKIs

1st generation (erlotinib/gefitinib) 18 (85.7)

2nd generation (afatinib) 1 (4.8)

Sequential TKIs 2 (9.5)

CNS, central nervous system.

The main sites of progression were bone (n = 4), lung (n = 4),
pleura (n = 2), CNS (n = 1), and liver (n = 1). Thirteen (61.9%)
patients died, with a median OS since osimertinib initiation of
26.4 months (95% IC: 8.9–43.8) (Figure 1B).

Osimertinib was well-tolerated, with only two cases reporting
grade ≥3 AE, corresponding to pneumonitis resolved with
definite discontinuation (9.5%) and corticosteroids treatment.

Post-osimertinib Resistance Profile and
Progression Treatment
At the time of analysis, 10 patients had tumor progression
(47.6%), and the resistance profile is summarized in Figure 2

and Table 2.
A total of 12 re-biopsies were analyzed among the 10 patients

who progressed (Figure 2). Molecular testing was performed in
all cases, 10 on tissue biopsy (83.3%), including 8 computed
tomography (CT)-guided percutaneous core needle biopsy
(PCNB), one ultrasound-guided liver biopsy and one CT-guided
soft tissue biopsy, and two (16.7%) on liquid biopsy. The patients
that performed liquid biopsy presented no clinical conditions for
tissue biopsy (n= 1) or inaccessible disease (n= 1).

T790M mutation loss occurred in 50% of cases (n = 6), but
other molecular changes were also found among this group,
including PIK3CAmutation (n= 2), MET amplification (n= 1),
and CTNNB1 mutation (n = 1). In the T790M-persistent group,
a patient presented a newly exon 20 C797S mutation and another
a DCTN1-ALK fusion (n = 1). Histological transformation in
SCLC occurred in one patient.

T790M mutation loss was associated with earlier progression
[PFS: median 8.1 (range: 3.8–11.3) vs. 21.4 months (range: 20.3–
45.0), p= 0.011] and worse OS [median 13.0 (range: 7.0–30.3) vs.
32.1 months (range: 29.6–45.7), p= 0.019].

Of the 10 progressing patients, nine received at least
one subsequent treatment, three received osimertinib beyond
progression (33.3%), two of them in association with local
ablative treatment (LAT), and six initiated a new treatment
line [ChT (n = 4); another EGFR-TKI (n = 2)]. One patient
received best supportive care (BSC). The patient with DCTN1-
ALK fusion started crizotinib, presenting a partial response at
the 3-month CT evaluation. The three patients who received
osimertinib beyond progression had a new re-biopsy at the time
of 2nd progression (Figure 2), and all received a new treatment
line (2 ChT). The median post-progression PFS (ppPFS) was 5.0
months (range: 3.2–13.1; all cases with progression). The ppPFS
of those who received a new treatment line was 2.7 months
(range: 0.5–4.8; 2 cases without progression), p= 0.12.

DISCUSSION

Randomized controlled trials are the gold standard in clinical
research. Still, real-world data is essential to verify the
effectiveness, safety, application of treatment in the general
population and to understand the patient’s evolution in
daily clinical practice. This is the first report of osimertinib
in pre-treated EGFR T790M-mutated NSCLC patients in
our population, focusing on the resistance mechanisms, and
progression profile.

Identifying the resistance profile is critical in selecting the
appropriate treatment after osimertinib, as several biological
mechanisms of acquired resistance have been identified. To
fully capture the diversity of resistance mechanisms is essential
to repeat a biopsy to obtain the best possible sample that
harbors the alteration responsible for progression with the less
invasive and safer technique. However, obtaining tissue samples
from patients experiencing progressive disease after EGFR-TKI
failure remains a challenge. Rate of patients submitted to re-
biopsy ranges from 50 to 60% in different series (23–25).
With the analysis of circulating tumor DNA (ctDNA), liquid
biopsy is a promising technique considering its invasiveness,
repeatability, and accessibility. Some studies proved the role
of ctDNA based assays to detect EGFR activations mutations
and the T790M. In the osimertinib progression setting, in
AURA3 trial, ctDNA genomic profile detected several resistance
mechanisms, including MET amplification (26). Nevertheless,
the use of cfDNA presents some limitations and challenges,
especially considering the occurrence of false-negative results
associated with the absence or lowDNAof tumoral origin present
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FIGURE 1 | PFS (A) and OS (B) under osimertinib treatment.

FIGURE 2 | Treatment and resistance profile of NSCLC patients post-osimertinib progression.

on plasma or analytical limitations and to the difficulty to detect
small cell-transformation. In the setting of EGFR progressive
disease, both tissue and liquid assays, are complementary.

Comprehensive NGS panels help to define the genomic
diversity of resistancemechanisms and are particularly important
in this setting, where there is no single alteration to detect.
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TABLE 2 | Resistance profile of osimertinib.

Group Initial biopsy 1st re-biopsy PFS

(months)

Post-progression

treatment

Treatment

response

2nd re-biopsy 2nd post-

progression

treatment

Treatment

response

Post-progression

PFS (months)

Post-

progression PFS

2 (months)

Loss of

T790M

T790M

Exon 19 del

Exon 19 del

MET amp

3.8 ChT Death

1.5

T790M

Exon 19 del

Exon 19 del

PIK2CA mut

CTNNB1 mut

7.7 2nd generation TKI

(afatinib)

Progression

2.0

T790M

Exon 19 del

Exon 19 del 8.5 2nd generation TKI

(afatinib)

Death

0.5

T790M

Exon 19 del

Exon 19 del 4.3 ChT Stable disease

3.8

T790M

L858R

L858R

PIK3CA mut

10.8 ChT Stable disease

3.5

Maintained

T790M

T790M

Exon 19 del

T790M

Exon 19 del

20.3 Osimertinib

LAT

Progression

3.2

Small cell

carcinoma

ChT Death

3.1

T790M

Exon 19 del

T790M

Exon 19 del

11.3 Osimertinib

LAT

Progression

13.1

Exon 19 del ChT Death

5.6

T790M

Exon 19 del

T790M

Exon 19 del

C797S

22.4 ChT Progression 4.8

T790M*

Exon 19 del

- 20.5 Osimertinib Progression

5.0

T790M

Exon 19 del

DCTN1/ALK fusion

ALK inhibitor

(crizotinib)

Partial response

5.0

T790M

Exon 19 del

T790M

Exon 19 del

45.90 BSC Death

0.6

*Patient with 2 re-biopsies (1st: maintained T790M; 2nd: lost T790M).

In this group, concerning osimertinib efficacy, ORR was
52.7%, median PFS 13.4 and median OS 26.4 months, similar to
data from other real-world studies. All patients underwent a new
biopsy at the time of progression, mainly tissue re-biopsy, and
two liquid biopsies. All samples were evaluated with a targeted
gene panel NGS.

We found that T790M mutation loss is common in
Osimertinib-resistant cases (50%), consistent with previous
studies (21, 27–30). Also, T790M mutation loss was associated
with a shorter median PFS, which agrees with a previous study
in which acquired resistance to osimertinib mediated by T790M
mutation loss was associated with early progression, lower PFS
and shorter TTD (28).

Molecular analyses from the AURA 3 trial revealed the
presence of acquired EGFR mutations in 21% of patients,
most commonly a new exon 20 point mutation C797S (14%)
(26). In our series, only one patient acquired the C797S
mutation. Most of the molecular alterations found were in
EGFR-independent pathways, two PIK3CA mutation, one MET
amplification, one CTNNB1 mutation, and one DCTN1-ALK
fusion. In one patient occurred histological transformation
into SCLC, a mechanism previously described in other
studies (18, 20, 31).

Until today, no specific drug has been approved for the
treatment of Osimertinib resistant patients, and a plethora
of strategies are being explored. Rechallenge with 1st/2nd

generation TKIS for C797S occurring in trans can be an
option (32). Innumerous therapeutic combinations between
osimertinib and antiangiogenics can be an option to overcome
EGFR-dependent resistance mechanisms (33). Combination of
Osimertinib and other inhibitors can help overcome resistance
mediated through alternative kinase activation, as MET, MEK,
and BRAF inhibitors (34–36). For most patients, platinum-based
doublet chemotherapy is the only available option.

Regarding resistance to osimertinib, oligo-progression is
frequent, being present in our series in more than 2/3 of patients.
Schmid et al. (37) also reported this finding in 73% of cases.
In this situation, LATs and osimertinib continuation beyond
progression can be beneficial (37). In about one-third of cases,
osimertinib treatment was continued beyond progression, with
a longer ppPFS than patients who started a new treatment line,
although not significant (5.0 vs. 2.0 months, p = 0.22). In the
remaining cases, a new treatment line was started, mostly ChT.
Two patients who lost the T790M and maintained the exon 19
deletion were treated with 2nd generation TKI afatinib, with a
poor outcome. Crizotinib was initiated in a patient with DCTN1-
ALK fusion with partial response.

Although, being a single center, retrospective study with
small sample size, it illustrates the feasibility and relevance
of performing re-biopsies, and NGS to study the resistance
mechanisms at the time of progression, opening the window for
new therapeutic strategies as demonstrated.
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CONCLUSION

Re-biopsy at the time of disease progression is feasible outside
clinical trials, being of extreme usefulness to understand the
underlying resistance mechanisms, to guide treatment strategies
and, consequently, contributing to increase patient’s survival.
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Purpose: Epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) have
been indicated to be an effective treatment for advanced EGFR-mutant NSCLC. However,
the neoadjuvant application of EGFR-TKIs in resectable NSCLC needs further
investigation. Here, we aimed to evaluate the efficacy and safety of neoadjuvant EGFR-
TKIs for lung cancer.

Methods: Published studies on neoadjuvant EGFR-TKIs in NSCLC were identified in
PubMed, Web of Science, and EMBASE until June 1, 2020. Data on surgical rates,
objective response rates (ORRs), pathologic responses, and adverse event (AE) rates
were retrieved for proportional meta-analysis.

Results: In total, 7 enrolled studies involving 129 EGFR-TKI-sensitive NSCLC patients
were included in this analysis. The overall surgical rate in these studies was 95% (95% CI:
83% to 100%), with an ORR of 48% (95% CI: 39% to 57%) in the population with EGFR-
TKI-sensitive mutations, whereas the ORR including wild-type EGFR patients was 28%
(95% CI: 14% to 44%). The rate of grade 1-2 AEs was 69% (95% CI: 41% to 91%) but
with an acceptable rate of grade 3-4 AEs of 0% (95% CI: 0% to 5%). The pooled rates of
rash and diarrhea were 56% (95% CI: 31% to 79%) and 25% (95% CI: 6% to 51%),
respectively. The impact of neoadjuvant EGFR-TKIs on survival remains inconclusive.

Conclusions: Neoadjuvant EGFR-TKIs showed objective responses in approximately
half of EGFR-sensitive NSCLC patients with a tolerable adverse effect profile. The
favorable impact of neoadjuvant EGFR-TKIs on NSCLC needs more evidence for
validation, such as the comparison of survival improvement between EGFR-TKIs and
chemotherapy. The efficacy of neoadjuvant next-generation EGFR-TKIs in clinical trials
remains unclear.
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INTRODUCTION

Surgery is an effective treatment for non-small cell lung cancer
(NSCLC), but the 5-year overall survival (OS) rates of patients
with stage II and IIIA disease are only 65% and 41%, respectively
(1). Even when the tumors in these patients have been radically
resected, micrometastasis may exist before surgery and is
considered to be the main factor causing postoperative local or
distant recurrence. In addition to the elimination of
micrometastases, preoperative systemic treatment could result
in tumor shrinkage and decreased lymph node enlargement,
therefore reducing the TNM stage and tumor burden and
facilitating the surgical procedure. Therefore, the optimal
neoadjuvant therapy should be to reduce tumor burden
without delaying the scheduled operation and have fewer
adverse effects. Studies have shown that the use of neoadjuvant
chemotherapy can improve the OS of NSCLC patients (2).
Although targeted therapy led by epidermal growth factor
receptor tyrosine kinase inhibitors (EGFR-TKIs) and
immunotherapy led by PD-1 inhibitors have been proven to be
effective treatments in advanced NSCLC, the application of those
reagents as neoadjuvant therapy for lung cancer other than
chemotherapy is still at the exploration stage.

For the large group of patients with EGFR gene mutations, the
administration of EGFR-TKIs is preferred (3, 4). Compared to
the controversial molecular markers for the prediction of the
efficacy of immunotherapy, the limited application of EGFR-
TKIs in patients with EGFR wild-type NSCLC and the low
abundance of EGFR mutations (5) are widely accepted.
However, the design of previous neoadjuvant EGFR-TKI
clinical trials did not distinguish between populations that
were sensitive and those with wild-type mutations (6, 7). In
more recent studies, the safety and efficacy of neoadjuvant
EGFR-TKI therapy have been more focused on populations
with EGFR-TKI-sensitive mutations (8, 9). In theory, sensitive
mutations may improve the efficacy of neoadjuvant EGFR-TKIs,
but there is currently little evidence to support this hypothesis.

In addition to the above clinical trial designs, which are based
on changes in EGFR mutation status, a more detailed design
taking clinical staging into consideration is needed. From 2009 to
2016, clinical trials tried to cover a broad spectrum of TNM
stages, including patients from stage I to stage IV, and wild-type
EGFR status (6, 10). Since 2016, the study designs have tended to
focus on NSCLC patients with stage II and stage III disease (8, 9)
with EGFR-sensitive mutations. In addition, a comparison of
neoadjuvant EGFR-TKIs and chemotherapy (11, 12) suggests
that neoadjuvant EGFR-TKIs can improve patient prognosis
compared with chemotherapy. Nevertheless, the chemotherapy
group in the study by Zhong et al. (11) was administered
gemcitabine plus cisplatin, while in the study by Xiong et al.
(12), cisplatin-based doublet chemotherapies including
vinorelbine, gemcitabine, paclitaxel, docetaxel or pemetrexed
were administered. In the cases of limited sample sizes and
different chemotherapy combinations contributing as a
confounding factor, the level of evidence for this conclusion
needs to be improved by adding more results in future studies.
Frontiers in Oncology | www.frontiersin.org 2175
Though a series of phase II trials on neoadjuvant EGFR-TKIs
for NSCLC have been reported, the safety and efficacy of
neoadjuvant EGFR-TKIs, especially in subgroups of EGFR
mutation status or TNM staging, remain unclear. Considering
that these trials have great potential to change current
neoadjuvant practice in lung cancer surgery, we performed a
meta-analysis incorporating the results of the surgical rates,
clinical responses, pathologic responses, toxicities, and
prognoses to evaluate the safety and efficacy of neoadjuvant
EGFR-TKI therapy.
MATERIALS AND METHODS

We prospectively registered the protocol for this study in the
International Prospective Register of Systematic Reviews
(PROSPERO number: CRD42020187031). We reported the
analysis by following the Meta-Analysis of Observational
Studies in Epidemiology (MOOSE) standards (Table S1) and
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement.

Literature Retrieval
We performed a literature search in PubMed, Web of Science,
and EMBASE until June 1, 2020. We used the following
combinat ion of keywords : “NSCLC” , “EGFR-TKI” ,
“neoadjuvant”, “preoperative”, and drug names of EGFR-TKIs.
The detailed literature search criteria are listed in the
supplementary files. We also performed an additional search
through Google Scholar. Two authors (XY Dong and JX Zhai)
removed the duplicated literature independently. Only studies
reported in English were included.

Inclusion and Exclusion Criteria
We included studies based on the following criteria: (I) studies
reported NSCLC patients with neoadjuvant EGFR-TKI therapy,
and any generation of EGFR-TKIs was permissive; and (II) the
surgical rate, objective response rate (ORR), and rate of adverse
events (AEs) were available. Studies with the following
characteristics were excluded from this meta‐analysis: (I)
studies from the same institutions or research group, studies
with a close timeframe, and the same clinical trials (only the
largest patient population was included); (II) comments, letters,
and reviews; (III) incomplete data that are unable to be used for
statistical analysis, such as studies that do not provide the ORR
and rate of AEs; and (IV) case reports or studies with sample
sizes less than 10.

Quality Assessment and Data Extraction
We (JX Zhai, XG Liu, Z Ni) used the Newcastle-Ottawa Scale to
assess all the included studies (Table S2). Funnel plots were used
to assess publication bias for outcomes reported by a minimum
of 3 studies.

Data on the surgical rate, ORR, rate of AEs, and survival
outcome were extracted by JX Zhai and Z Ni independently. In
this study, the assessment of the surgical rate was limited to
May 2021 | Volume 11 | Article 608608

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


Shi et al. Neoadjuvant EGFR-TKIs of NSCLC
patients with EGFR-sensitive mutations. Other measurements
included patients with wild-type EGFR in the expanded analysis.
We reached a final consensus if discrepancies occurred.

Statistical Analysis
The surgical rates of patients with EGFR-sensitive mutations
receiving neoadjuvant EGFR-TKIs were calculated by the actual
number of surgeries divided by the total number of patients.
ORR was defined as the sum of the complete response plus
partial response divided by the total number of included patients.
Similarly, the number of pathological responses and grade 1-2
and grade 3-4 AEs were retrieved from the included literature
and then transformed into rates by dividing by the total number
of included patients. Survival data were retrieved by the methods
reported by Tierney et al. (13). We performed a normality test for
each rate in the proportional meta-analysis based on the raw rate,
log transformation, logit transformation, arcsine transformation,
and Freeman-Tukey double arcsine transformation to determine
which method was best for the pooled analysis (Table S3).
Finally, we applied the Freeman-Tukey double arcsine
transformed proportion in the pooled analysis. As reported in
our previous studies (14), heterogeneity was measured by the
Cochran Q test and I2 value. We reported values from the
random effects model for studies with potential heterogeneity;
otherwise, values from the fixed effects model were reported. All
analyses were performed using R version 3.5.1, in which the
proportional meta-analysis was performed with the “meta”
package and the meta-regression analysis was performed with
the “metafor” package. We considered a statistical test with a P
value < 0.05 as significant.
RESULTS

Features of the Eligible Studies
We identified records based on the search strategy and finally
enrolled 7 studies involving 129 NSCLC patients with clear
EGFR-sensitive mutation status out of a total of 312 patients,
with a summary provided in Table 1. The PRISMA 2009 flow
diagram is shown in Figure 1. In this analysis, the exact number
of patients with EGFR-TKI-sensitive mutations was not available
in two studies and was partially available in two studies, so we
included only the selected number in the relevant analysis.

Neoadjuvant EGFR-TKIs Are Feasible
We evaluated the feasibility of neoadjuvant EGFR-TKIs based on
the pooled estimation of the surgical rate, pathologic response,
ORR, rate of stable disease, and rate of grade 3-4 AEs. Overall,
the surgical rate in the population with EGFR-TKI-sensitive
mutations was 94% (95% CI: 83% to 100%, Figure 2A).
Additionally, meta-regression analysis indicated that the
surgical rate could decrease in the advanced stage population
(Figure 2B). Other important measurements for the justification
of neoadjuvant therapy are tumor response. The cutoff of 50%
tumor necrosis and no more than 10% viable tumor cells were
both considered as pathological response in this study. Only
Frontiers in Oncology | www.frontiersin.org 3176
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FIGURE 1 | The PRISMA 2009 flow diagram.
A B

DC

FIGURE 2 | Meta-analysis and meta-regression analysis of surgical rate and ORR. The pooled surgical rate in the population with EGFR-TKI-sensitive mutations (A);
meta-regression analysis of the surgical rate based on different advanced stages (B); the pooled ORR in the population with EGFR-TKI-sensitive mutations (C);
meta-regression analysis of ORR based on different TNM stages (D).
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three studies reported pathological response, with a pooled
estimated rate of 20% (95% CI: 6% to 38%, Figure S1). In our
analysis, the ORR in the population with EGFR-TKI-sensitive
mutations was 48% (95% CI: 39% to 57%, Figure 2C), while the
ORR in the overall population including patients with wild-type
EGFR status decreased to 28% (95% CI: 14% to 44%, Figure S2).
In populations with EGFR-TKI-sensitive mutations, studies
including early-stage NSCLC may decrease the ORR of
neoadjuvant EGFR-TKIs (Figure 2D). Of note, the rate of
stable disease in the population with EGFR-TKI-sensitive
mutations was 45% (95% CI: 36% to 53%, Figure S3), which
could more likely occur in early-stage NSCLC (Figure S4).

Next, we found that the rate of grade 1-2 AEs reached 69% (95%
CI: 41% to 91%, Figure 3A), and the rate of grade 3-4 AEs was 0%
(95% CI: 0% to 5%, Figure 3B). In the population with EGFR-TKI-
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sensitive mutations, rash and diarrhea were the most common
adverse effects, with pooled rates of 56% (95% CI: 31% to 79%,
Figure 3C) and 25% (95% CI: 6% to 51%, Figure 3D), respectively.
However, the current evidence did not support the increased rate of
rash (45%, 95% CI: 29% to 62%, Figures S5 and S6) or diarrhea
(22%, 95% CI: 12% to 34%, Figures S7 and S8) when patients with
wild-type EGFR were included. In the subgroup analysis, the rate of
rash was higher while the rate of diarrhea was lower in the early
TNM stage subgroup when neoadjuvant EGFR-TKIs were used in
the overall population (Figures S9 and S10).

The Impact of Neoadjuvant EGFR-TKIs
on Survival
Detailed survival data were not available in the majority of
current publications. Only two studies reported survival data
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FIGURE 3 | Meta-analysis of the rate of adverse effects. The pooled rate of grade 1-2 AEs (A), grade 3-4 AEs (B), rash (C), and diarrhea (D).
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related to neoadjuvant EGFR-TKIs compared with neoadjuvant
chemotherapy. Zhang et al. (8) reported a median disease-free
survival (DFS) of 33.5 months (95% CI, 19.7-47.3), while Xiong
et al. (9) reported a median DFS of 10.5 months (95% CI, 7.7-
29.9). For the comparison of the survival outcomes of
neoadjuvant EGFR-TKIs versus neoadjuvant chemotherapy,
Zhong et al. (11) reported that the median progression-free
survival (PFS) and OS were significantly longer with erlotinib
than with gemcitabine plus cisplatin chemotherapy (HR, 0.39;
95% CI, 0.23 to 0.67; P < 0.001; and HR, 0.77; 95% CI, 0.41 to
1.45; P = 0.417). Similar to these results, in one excluded study,
Xiong et al. (12) reported that erlotinib may have a survival
benefit compared with cisplatin-based doublet chemotherapy in
terms of DFS (HR, 0.51; 95% CI, 0.13 to 2.01; P =0.39) and OS
(HR, 0.45; 95% CI, 0.04 to 5.54; P =0.12), but a significant
difference was not found. However, the chemotherapy arm in
this study included vinorelbine, gemcitabine, paclitaxel,
docetaxel or pemetrexed with limited participants (n=16).
Moreover, different adjuvant therapy regimens and surgical
procedures (segmentectomy, lobectomy, and pneumonectomy)
may impose different impacts on individual survival. Therefore,
the contribution of neoadjuvant EGFR-TKIs to survival
remains inconclusive.

Assessment of Publication Bias
All publication bias was analyzed by Egger’s test and visualized
by funnel plots, as shown in Figure S11. No significant
publication bias was found.
DISCUSSION

Currently, neoadjuvant therapy based on chemotherapy has been
proven to be effective (2, 15). The unsatisfactory overall response,
adverse effects, and sometimes delay of surgery or inoperability,
especially in the middle and late stages of NSCLC, require a more
effective adjuvant treatment option. In this analysis, neoadjuvant
EGFR-TKI therapy was shown to be a potential alternative for
NSCLC patients with EGFR-TKI-sensitive mutations.

Compared with the overall response rates ranging from 50 to
70% depending on the combination (16) in neoadjuvant
chemotherapy studies, the 48% ORR in the population with
EGFR-TKI-sensitive mutations in this analysis seems to be
acceptable. When considering the 45% stable disease rate in
the population with EGFR-TKI-sensitive mutations including
those with early-stage NSCLC, we hypothesize that the small
EGFR-sensitive mutation tumors have relatively low abundances
of EGFR mutations. Therefore, the improvement is not apparent.
Of note, patients with advanced TNM stages may benefit more
from neoadjuvant EGFR-TKIs, while early-stage patients may
not benefit much, suggesting that there would be an optimal
cutoff TNM stage to achieve a better neoadjuvant EGFR-TKI
outcome. Furthermore, this study also suggests that the ORR can
be significantly reduced with mixed wild-type mutation studies.
Although we were unable to reanalyze the EGFR mutation status
of subgroups of patients in some of the previous neoadjuvant
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chemotherapy studies, Zhong et al. (11) reported that the ORR
for neoadjuvant erlotinib is better than that of gemcitabine plus
cisplatin chemotherapy (54.1% versus 34.3%) in the EGFR-
sensitive population. This finding suggests that this choice of
chemotherapy in the EGFR-sensitive population as a
neoadjuvant therapy could be inferior to the use of EGFR-
TKIs. Of course, more definite decision making depends on
more evidence from clinical trials in the future.

Another indicator of whether a drug is suitable for
neoadjuvant therapy is the occurrence and level of the AEs.
Although preoperative chemotherapy has advantages, its toxicity
and side effects cannot be ignored. In addition to affecting liver
and kidney functions, chemotherapy drugs also present toxicities
in the cardiovascular and nervous systems. Although the
occurrence of side effects is closely related to the dose and
combination of chemotherapy drugs, in general, EGFR-TKIs
have fewer side effects. Similar to the findings of previous EGFR-
TKI studies (17), the most common side effects in neoadjuvant
EGFR-TKI studies were rash and diarrhea. Although more than
half of the patients had grade 1-2 AEs, fortunately, only a small
number of patients had grade 3-4 AEs, possibly avoiding the
accumulating toxicity from the long-term use of EGFR-TKIs in
previous clinical trials. This confers one of the essential factors to
ensure that the surgery is performed as scheduled.

There are many limitations in current neoadjuvant EGFR-TKI
studies. First, this study has not been included results from ongoing
clinical trials on the neoadjuvant therapy with next-generation
EGFR-TKIs, such as afatinib (NCT04201756) or osimertinib
(NCT03433469). Second, most of the current clinical trials based
on patients with EGFR-TKI-sensitive mutations are from China,
and more evidence from the Caucasian population is needed. The
current studies inconsistently reported the effect of neoadjuvant
EGFR-TKIs on survival (only 2 out of 7 studies), so it is not rational
to perform a pooled analysis for this outcome. Further studies on
this limitation are warranted. It is unknown whether the
combination of neoadjuvant EGFR-TKIs and chemotherapy or
immunotherapy achieves a better response rate and prolongs
NSCLC survival. Finally, for the intrinsic few studies have been
reported in and the methods of controlling were different among
studies, the heterogeneity cannot be ignored. An updated meta-
analysis is needed in the future.

We first provided pooled estimates of the surgical rate, response
rate, and drug toxicity rate in patients receiving neoadjuvant EGFR-
TKIs. Our analysis revealed that EGFR-TKIs are a promising
neoadjuvant option for NSCLC patients with EGFR-TKI-sensitive
mutations. Potential factors that affect these estimates were also
investigated. Our findings indicate that neoadjuvant EGFR-TKIs
could be more effective in NSCLC patients with EGFR-TKI-
sensitive mutations than in those with wild-type EGFR.
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Lung cancer is the leading cause of cancer-related deaths worldwide. Immune checkpoint
inhibitors, including monoclonal antibodies against programmed death-1 (PD-1) and
programmed death ligand-1 (PD-L1), have dramatically improved the survival and
quality of life of a subset of non-small cell lung cancer (NSCLC) patients. Multiple
predictive biomarkers have been proposed to select the patients who may benefit from
the immune checkpoint inhibitors. EGFR-mutant NSCLC is the most prevalent molecular
subtype in Asian lung cancer patients. However, patients with EGFR-mutant NSCLC
show poor response to anti-PD-1/PD-L1 treatment. While small-molecule EGFR tyrosine
kinase inhibitors (TKIs) are the preferred initial treatment for EGFR-mutant NSCLC,
acquired drug resistance is severely limiting the long-term efficacy. However, there is
currently no further effective treatment option for TKIs-refractory EGFR-mutant NSCLC
patients. The reasons mediating the poor response of EGFR-mutated NSCLC patients to
immunotherapy are not clear. Initial investigations revealed that EGFR-mutated NSCLC
has lower PD-L1 expression and a low tumor mutational burden, thus leading to weak
immunogenicity. Moreover, the use of PD-1/PD-L1 blockade prior to or concurrent with
osimertinib has been reported to increase the risk of pulmonary toxicity. Furthermore,
emerging evidence shows that PD-1/PD-L1 blockade in NSCLC patients can lead to
hyperprogressive disease associated with dismal prognosis. However, it is difficult to
predict the treatment toxicity. New biomarkers are urgently needed to predict response
and toxicity associated with the use of PD-1/PD-L1 immunotherapy in EGFR-mutated
NSCLC. Recently, promising data have emerged to suggest the potentiation of PD-1/PD-
L1 blockade therapy by anti-angiogenic agents and a few other novel therapeutic agents.
This article reviews the current investigations about the poor response of EGFR-mutated
NSCLC to anti-PD-1/PD-L1 therapy, and discusses the new strategies that may be
adopted in the future.

Keywords: targeted therapy, non-small cell lung cancer, immunotherapy, PD-1, PD-L1, EGFR mutation, tyrosine
kinase inhibitor
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INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths
worldwide (1). Non-small cell lung cancer (NSCLC) is the
most common histological subtype which constitutes more
than 85% of all lung cancer cases. The prognosis of advanced
NSCLC is very poor. A few subsets of NSCLC patients harboring
epidermal growth factor receptor (EGFR) mutation or anaplastic
lymphoma kinase (ALK) rearrangement were known to respond
well to the respective molecular targeted drugs with minimum
adverse reaction (2). However, targeted therapies are ineffective
in most NSCLC patients whose tumors lack the oncogenic driver
alterations. On the other hand, despite excellent initial response
to targeted therapies, essentially all EGFR-mutant NSCLC
inevitably progress over time due to acquired drug resistance
(3). There is currently no further effective therapeutic options for
NSCLC who develop disease progression on EGFR tyrosine
kinase inhibitors (TKIs) (4).

In recent years, immunotherapy has become integrated into the
treatment plan of NSCLC patients, which tremendously improved
survival and quality of life in some patients (5). Anti-CTLA-4 (e.g.,
ipilimumab) that changed the paradigm in melanoma treatment,
when tested in clinical trials did not show the expected benefit in
NSCLC patients (6, 7). On the other hand, monoclonal antibodies
targeting programmed death-1 (PD-1) and programmed death
ligand-1 (PD-L1) have demonstrated survival benefits, long lasting
responses and good safety profile over chemotherapy in patients
with advanced NSCLC in several recent Phase III trials (8–11). To
date, four anti-PD-1/PD-L1 monoclonal antibodies (nivolumab,
pembrolizumab (anti-PD-1); atezolimumab and durvalumab
(anti-PD-L1)) have been approved as 1st or 2nd line therapy for
NSCLC patients with metastatic and locally advanced NSCLC
respectively (12, 13).

PD-1 is an inhibitory receptor expressed on activated T cells,
B cells and natural killer cells, which normally function to blunt
the immune response. The major ligand of PD-1, PD-L1, is
expressed in tumor cells and infiltrating immune cells. When
PD-L1 interacts with PD-1, they suppress the T cell-mediated
cancer killing effect. Anti-PD-1/PD-L1 antibodies work by
binding to inhibitory PD-1 receptor on tumor-reactive T cells
and PD-L1 on tumor cells, respectively. The PD-1/PD-L1
interaction is then disrupted to reactivate the anti-tumor T
cell-mediated cell cytotoxicity. Clinical benefit from anti-PD-1/
PD-L1 therapy is associated with high tumor mutational load,
high levels of pre-treatment tumor-infiltrating T cells, and high
expression of pre-treatment PD-L1 on tumor cells and tumor-
infiltrating immune cells (14).

EGFR-mutant NSCLC is the most prevalent molecular subtype
in lung cancer patients. However, patients with EGFR-mutant
NSCLC show poor response to anti-PD-1/PD-L1 treatment. The
mechanisms mediating the poor response of EGFR-mutated
NSCLC patients to immunotherapy are not clear. Initial
investigations revealed that EGFR-mutated NSCLC has lower
PD-L1 expression and a low tumor mutational burden (TMB),
thus leading to weak immunogenicity.

This review recapitulates the underlying mechanisms
contributing to the inferior clinical outcomes of anti-PD-1/PD-L1
Frontiers in Oncology | www.frontiersin.org 2182
immune-checkpoint inhibitors (ICIs) in NSCLC patients bearing
EGFR mutations. Novel strategies to potentiate the use of PD-1
blockade therapy in EGFR mutant NSCLC are discussed.
PREDICTIVE BIOMARKERS FOR
SELECTING NSCLC PATIENTS
FOR IMMUNOTHERAPY

Identification of predictive biomarkers to select NSCLC patients
most likely responding to anti-PD-1/PD-L1 ICIs is currently an
area of intensive research. The response rates of anti-PD-1/PD-
L1 ICIs were estimated to be around 14-20% in unselected
patients (15). The most established predictive biomarker is
PD-L1 expression status of tumor cells from biopsy. It is now
routinely used in clinical practice for treatment decision to select
patients who may benefit the most. In fact, a number of clinical
studies have reported the association between PD-L1 expression
and clinical outcome in NSCLC patients [reviewed in (16)]. PD-
L1 expression on tumor cells is considered not only a predictive
biomarker for response to PD-1/PD-L1 ICIs but also a
prognostic factor in NSCLC patients (17).

However, a recent study reported significant discrepancy in
the assessment of PD-L1 tumor expression in NSCLC patients
and its association with prognosis (17). Multiple PD-L1
immunohistochemical (IHC) assays with various scoring
systems and cutoff values have been developed for companion
diagnostic use (18, 19). Thus, appreciable differences in the
correlation observed in different clinical trials may arise from
the different IHC assays, the antibodies used for the assays,
positivity cutoff, type of biopsies (primary versus metastasis) and
staining of tumor versus immune cells (17). It will be important
to standardize a universal assay to assess tumoral PD-L1
expression and also to define appropriate cut-off points (20).

On the other hand, PD-L1 is also known to be highly expressed
in circulating immune cells, including dendritic cells (21) and
myeloid-derived suppressor cells (22). They regulate T cell
activation during antigen presentation or excessive inflammation
(23, 24). It has been postulated that the baseline distribution of PD-
L1 expression in systemically circulating immune cells could
contribute to the therapeutic responses to PD-L1/PD-1 blockade
immunotherapy. While tumoral PD-L1 expression was assessed in
most clinical trials investigating anti-PD-1/PD-L1 ICIs, PD-L1 level
of tumor-infiltrating immune cells was also evaluated in
atezolizumab’s trials [POPLAR (25) and OAK (11)]. In both
POPLAR and OAK trials, higher PD-L1 levels in both tumor cells
and tumor-infiltrating immune cellswere associatedwith improved
patient survival after atezolizumab treatment. Amore recent report
also revealed that NSCLC patients with percentages of PD-L1+
CD11b+ myeloid cells above 30% before the start of anti-PD-L1
immunotherapy exhibited superior response rates of 50% (26). The
data suggest that PD-L1 expression onmyeloid cells in the systemic
circulation could serve as a useful and accessible biomarker for
patient stratification.

However, the utility of PD-L1 expression alone as an exclusive
predictive biomarker for clinical efficacy of anti-PD-1/PD-L1
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ICIs remains controversial (17). The determination of PD-L1
level alone is insufficient to understand the mechanisms of
resistance to anti-PD-1/PD-L1 ICIs. It also does not explain
why some PD-L1-negative patients can achieve response to
treatment. PD-L2 is another ligand identified for PD-1 T cell
receptor (TCR) (27). While PD-L1 is the predominant ligand for
PD-1, PD-L2 could compete with PD-L1 with 2-6 fold higher
affinity to PD-1 (28). However, the biological role of PD-L2 in
the tumor microenvironment (TME) and as a predictive marker
in NSCLC has not been definitively established. More
investigations about the predictive and prognostic roles of PD-
L2 are warranted.

Besides PD-L1 expression, TMB, DNA mismatch repair
deficiency, extent of CD8+ cell infiltration, immune gene
expression signatures and composition of the gut microbiome
have also been proposed to correlate with clinical response to
anti-PD-1/PD-L1 ICIs (29–32). NSCLC patients with high TMB
and the smokers were found to respond better to anti-PD-1/PD-
L1 ICIs (33). The potential use of TMB as a predictive marker of
clinical response to anti-PD-1 therapy has been evaluated in the
CheckMate026, CheckMate568 and CheckMate227 trials (34–
37). NSCLC patients with high TMB showed prolonged clinical
benefit and PFS to immunotherapy regardless of PD-L1
expression (38–40). It is noteworthy that lung cancer generally
has higher TMB when compared with other tumor types (41).
However, overall survival (OS) in anti-PD-1 ICI-treated NSCLC
patients was not affected by TMB alone. Thus, further
investigation about the role of TMB as a predictive biomarker
is warranted before clinical implementation. Galectin-3 is a
carbohydrate-binding lectin whose expression is associated
with inflammatory cells including macrophage. Recently,
NSCLC patients with negative or intermediate expression of
galectin-3 in their tumor cells were found to demonstrate an
early and durable response to pembrolizumab (42). A large
multicenter clinical trial is underway to investigate the
potential use of galectin-3 as a predictive marker for better
patient selection for immunotherapy (42). Last but not least,
NSCLC patients bearing EGFR mutations have been reported to
show poor response to anti-PD-1/PD-L1 ICIs (43), which will be
discussed in detail in the next section.
NSCLC PATIENTS HARBORING EGFR
MUTATIONS SHOW POOR RESPONSE TO
ANTI-PD-1/PD-L1 IMMUNOTHERAPY

Initial Enthusiasm About Using PD-1 ICIs
in EGFR-Driven NSCLC According to
Preclinical Studies
Early preclinical studies have reported that aberrant oncogenic
EGFR signaling upregulates PD-L1 expression in NSCLC cell
lines (44). PD-1 inhibitors were found to inhibit tumor cell
proliferation in coculture systems of EGFR-mutant tumor and
immune cells in vitro (44, 45). Moreover, PD-1 inhibitors were
also shown to improve survival in EGFR-mutant mouse models
(44). However, clinical studies have revealed an opposite result.
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NSCLC patients harboring EGFR mutation exhibited poorer
response to PD-1/PD-L1 ICIs than those bearing wild-type
EGFR (9, 11, 46, 47). More recently, a retrospective analysis
conducted by Gainor et al. has revealed that EGFR mutations
were associated with low clinical response to PD-1 blockade in
NSCLC patients (48). The discrepancies between preclinical and
clinical findings indicate a complex relationship among EGFR
mutation, the immune microenvironment and therapeutic
response from immunotherapy. Furthermore, EGFR TKI
treatment in EGFR-driven NSCLC cell model was shown to
cause PD-L1 downregulation (45), thus also deterring the utility
of combining EGFR TKI with PD-1 inhibitor. In fact, the
combination of EGFR TKI and PD-1 inhibitor did not lead to
synergistic anticancer effect in EGFR-driven coculture system (45).
Key Clinical Trials Evaluating Anti-PD-1/
PD-L1 ICIs in EGFR-Mutant NSCLC
Advanced NSCLC patients bearing EGFR mutations only account
for about 5-14% of the total number of patients recruited in the
major clinical trials investigating the four approved anti-PD-1/PD-
L1 ICIs (Table 1) (8, 9, 11, 25, 46, 51, 52). Since these clinical trials
were not designed solely to investigate the role of PD-1/PD-L1
blockade immunotherapy in EGFR mutant NSCLC patients, the
efficacy in EGFRmutant patients was revealed by patient subgroup
analysis. CheckMate-057 is the first Phase III trial to report the
clinical efficacy of PD-1/PD-L1 inhibitors in NSCLC patients
bearing EGFR mutant tumors. While this trial confirmed that
patients with advanced non-squamous NSCLC and progress
during or after platinum-based chemotherapy survived longer
with nivolumab (an anti-PD-1 monoclonal antibody) than
docetaxel, subgroup analysis revealed that there was no PFS or
OS benefit in patients with activating EGFR mutation (9). Patient
subgroup analysis in another Phase III trial (KEYNOTE-010)
evaluating pembrolizumab (another PD-1 inhibitor) also
indicated that EGFR mutant NSCLC did not achieve statistically
significant OS benefit from immunotherapy over salvage
chemotherapy (46). In another Phase III trial (OAK) evaluating
atezolizumab (an anti-PD-L1 monoclonal antibody), NSCLC
patients with EGFR-mutated tumor also did not achieve OS
benefit from the immunotherapy over docetaxel (11). A pooled
analysis evaluating data from 3 clinical trials (CheckMate-057,
KEYNOTE-010 and POPLAR) confirmed that PD-1/PD-L1 ICIs
did not enhance OS versus docetaxel in advanced NSCLC patients
bearing EGFRmutation (n = 186, HR= 1.05, 95%CI: 0.70-1.55, P <
0.81) (47). Furthermore, another pooled analysis which covered 5
trials (CheckMate-017, CheckMate-057, KEYNOTE-010, OAK,
and POPLAR) also verified that prolonged OS was only observed
in the EGFR wild-type patient group but not in the EGFR-mutant
subgroup (50).

A Phase II clinical trial (NCT0287994) was conducted to
specifically evaluate the efficacy of pembrolizumab (anti-PD-1
monoclonal antibody) in TKI-naïve EGFR-mutant advanced
NSCLC patients whose tumors have high PD-L1 expression
(49). The trial enrolment was halted due to lack of efficacy
after 11 of the 25 planned patients received the immunotherapy.
Thus, the patient number is very small because of premature
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closure of the trial, none of the patients bearing EGFR mutations
responded to pembrolizumab (49). Based on these clinical
findings, the National Comprehensive Cancer Network
(NCCN) clinical practice guidelines of NSCLC (version 4,
2021) did not recommend immunotherapy for the treatment
of EGFR-mutant NSCLC patients.

Efficacy of Anti-PD-1/PD-L1 ICIs in NSCLC
Bearing the Two Most Common EGFR
Sensitizing Mutation Subtypes
Interestingly, the heterogeneity of EGFR mutation subtypes was
found to cause variations in the therapeutic efficacy of anti-PD-1/
PD-L1 ICIs. Amulticenter retrospective study analyzed the clinical
data of 171EGFRmutantNSCLCpatients on treatmentwithPD-1/
PD-L1 ICI alone or in combination with CTLA4 inhibitor (53).
While patients harboring EGFR exon 19 deletion or L858R
mutation shown less benefit from immunotherapy than the
EGFR wild-type group, the L858R group exhibited more
favorable response than the exon 19 deletion group (ORR, 7% in
EGFR 19 deletion subgroup versus 16% in L858R subgroup versus
22% in wild-type subgroup). However, EGFR T790M status and
PD-L1 expression did not affect response and survival outcomes to
anti-PD-1/PD-L1 ICIs. NSCLC tumors bearing EGFR exon 19
deletion was found to have a lower tumor mutation burden
compared with the EGFR L858R subtype despite similar smoking
history. Therefore, screening for EGFRmutation subtypes could be
useful for personalized use of PD-1/PD-L1 ICIs in EGFR-mutant
NSCLC patients. Further studies with larger patient cohorts
are warranted.
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Mechanisms Contributing to the Poor
Efficacy of Anti-PD-1/PD-L1 Therapy in
EGFR Mutant NSCLC
PD-L1 Expression
PD-L1 expression in tumor tissues is the most extensively
studied predictive biomarker for clinical response to PD-1/PD-
L1 inhibitors. Status of tumoral PD-L1 expression is now
routinely used for selecting patients who could benefit the
most. The contribution of PD-L1 expression to poor efficacy of
anti-PD-1/PD-L1 therapy in EGFR mutant NSCLC is
controversial. A number of studies have reported that high
PD-L1 expression is found more frequently in EGFR-mutant
than EGFR-wild type lung tumor tissues (44, 54–56). The
activation of the PD-1 pathway is thus believed to contribute
to immune escape in EGFR-driven NSCLC. In contrast, another
study has found a decreased PD-L1 expression in tumor tissues
from NSCLC patients bearing EGFR mutation (57). More
recently, a pooled analysis of 15 clinical studies also revealed
that patients with EGFR mutation have decreased PD-L1
expression (58). Analysis of The Cancer Genome Atlas
(TCGA) and the Guangdong Lung Cancer Institute (GCLI)
cohort have also confirmed an inverse correlation between
EGFR mutation and PD-L1 expression in tumor tissues (58).
On the other hand, other studies have reported a lack of
correlation between the expression of PD-L1 and PD-L2 in
patients with different EGFR mutation status (59). With these
conflicting findings, the use of PD-L1 expression alone could not
adequately predict and explain why EGFR-mutant NSCLC
exhibits poor response to PD-1/PD-L1 inhibitors.
TABLE 1 | Key clinical trials reporting efficacy and toxicity of PD-1/PD-L1 blockade immunotherapy in EGFR-mutant NSCLC patients.

PD-1/PD-L1
blockade
therapy

Clinical trial # Efficacy Toxicity Reference

Atezolizumab OAK
(Phase III;
NCT02008227)

No OS benefit from atezolizumab over docetaxel in EGFR mutant versus wild-
type patients (HR: EGFR mutant – 1.24 (0.71-2.18) versus EGFR wild-type –

0.69 (0.57-0.83)

Grade 3-4 treatment-related
adverse events: 15% with
atezolizumab group versus 43%
with docetaxel group

(11)

Nivolumab CheckMate 057
(Phase III;
NCT01673867)

Median OS was 12.2 months (n=292) in nivolumab group versus 9.4 months in
docetaxel group (n=290). However, subgroup analysis in EGFR mutated patients
did not show PFS or OS benefit from nivolumab (HR=1.18 (0.69-2.00)).

Grade 3-5 treatment related
adverse events were reported in
10% of nivolumab and 54% of
docetaxel-treated patients

(9)

Pembrolizumab KEYNOTE-010
(Phase III;
NCT01905657)

No OS benefit from pembrolizumab over docetaxel in EGFR mutant versus wild-
type patients (HR: EGFR mutant – 0.88 (0.45-1.70) versus EGFR wild-type 0.66
(0.55-0.80))

Grade 3-5 treatment-related
adverse events: 13% with
pembrolizumab group versus
35% with docetaxel group

(46)

Pembrolizumab Phase II;
NCT0287994

The efficacy of pembrolizumab was evaluated in TKI-naïve NSCLC patients with
EGFR mutation and PD-L1 positive tumors. None of the patients with EGR-
mutant NSCLC responded. Enrollment was ceased due to lack of efficacy after
11 of the 25 planned patients were treated.

– (49)

Nivolumab,
Pembrolizumab,
Atezolizumab

Pooled analysis
(CheckMate 057,
KEYNOTE 010
and POPLAR)

PD-1/PD-L1 blockade immunotherapy did not enhance OS versus docetaxel in
advanced NSCLC patients bearing EGFR mutation (n=186, HR=1.05, 95% CI:
0.70-1.55, P<0.81)

– (47)

Nivolumab,
pembrolizumab,
atezolizumab

Pooled analysis
(CheckMate 017,
057, 063, 003)

PD-1/PD-L1 blockade immunotherapy prolonged OS in EGFR wild-type
subgroup (HR=0.67; 95% CI: 0.60=0.75; P<0.001) but not in EGFR mutant
subgroup (HR=1.11; 95% CI: 0.80-1.53; P=0.54)

– (50)
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Tumor Mutational Burden (TMB)
In a recent study investigating the impact of TMB on clinical
outcomes of NSCLC patients treated with EGFR TKIs, TMB was
found to be remarkably lower in EGFR-mutated tumors (n =
153) than EGFR wild-type tumors (n = 1,849) (median 3.77
versus 6.12 mutations/Mb; P < 0.0001) (60). To this end, the
association of higher TMB with tobacco smoking leading to
better outcomes with PD-1/PD-L1 ICIs is well documented (9,
11, 34, 37, 46, 61). A recent meta-analysis also revealed that never
smokers are less responsive to PD-1/PD-L1 inhibitors (62).
Interestingly, EGFR mutant NSCLC is more enriched in the
never smoking population (63).

Among the more common sensitizing EGFR mutations, TMB
in the exon 19 deletion cohort was found to be lower than that in
the L858R cohort (60). Hastings et al. has recently reported that
clinical outcomes (OS and ORR) with PD-1 ICIs were worse in
patients with exon 19 deletion than patients harboring L858R
mutation (53). PD-L1 and smoking status were similar in the two
patient subpopulations. Further TMB analyses of the two patient
cohorts suggested that the higher TMB in EGFR L858R mutation
could contribute to the differential responses to PD-1 ICIs.

In fact, specific subset of EGFR-mutant NSCLC patients have
been shown to preferentially benefit from PD-1/PD-L1 ICIs to
some extent (64–68). In a retrospective study evaluating NSCLC
patients from the IMMUNOTARGET registry, the response of
125 pre-treated EGFR-mutated patients with ICI monotherapy
was compared among patients with different EGFR mutation
subgroups (69). The ORR was not notably affected by PD-L1
expression levels, smoking status or previous lines of treatment,
but was significantly different in the various EGFR mutation
subgroups (3.7%, 9.5%, 20.8% and 11.8%, respectively, in EGFR
T790M, exon 19 deletion, L858R, and other EGFR mutation
subgroups) (69). This is in line with the aforementioned findings
of Hastings et al., demonstrating more favorable outcomes of
L858R (coincident with higher TMB) than exon 19 deletion
(coincident with lower TMB). The combination of nivolumab
and erlotinib in 21 EGFR mutated NSCLC patients has been
evaluated by Gettinger et al. (64). Intriguingly, patients bearing
the EGFR L858R mutation were achieving longer survival benefit
than those harboring other EGFR mutations (64). While TMB in
the tumor tissues was not assessed in the study, the findings are
consistent with the fact that TMB in EGFR L858R mutated
NSCLC favors better response to PD-1 ICIs.

Immunosuppressive Tumor Microenvironment (TME)
in EGFR-Mutant Tumors
A typical tumor mass consists of not only a heterogeneous
population of cancer cells but also a variety of neighboring host
cells, tumor-infiltrating lymphocytes, extracellular matrix proteins,
and other secreted factors, which collectively referred to as the TME.
Tumors have been classified into 4 different TME types according to
the presence or absence of tumor-infiltrating lymphocytes (TIL) and
PD-L1 expression (Type I: TIL+, PD-L1+; Type II: TIL-, PD-L1-;
Type III: TIL-, PD-L1+; and Type IV: TIL+, PD-L1-) (70). Type I
tumors were found to the only subtype that responds to PD-1/PD-
L1 inhibitor (70). Therefore, besides PD-L1 expression, high level of
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TIL is critical to allow PD-1/PD-L1 inhibitors to work. Similarly,
Chen et al. divided tumors into different immunity phenotypes
(immune-desert phenotype; immune-excluded phenotype; and
inflamed phenotype) according to a set of tumor, host, and
environment factors (71). Using Chen’s classification, tumors with
the immune-desert and immune-excluded phenotypes are resistant
to PD-1/PD-L1 inhibitors (71). Importantly, there is a close
correlation between EGFR mutations and an uninflamed TME
with immunological tolerance and weak immunogenicity (48, 58).
This correlation may explain the inferior response of EGFR-mutant
NSCLC to PD-1 blockade therapy. The overexpression of CD73 has
also been reported in EGFR mutant NSCLC, thus resulting an
immunosuppressive TME and reduced IFN gamma signature (72).
Figure 1 depicts the characteristic composition and function of the
immunosuppressive TME in EGFR-mutated NSCLC cells.

EGFR-mutant NSCLC is characterized by its aberrant
activation of the EGFR signaling pathway. To this end,
activation of EGFR signaling has been reported in numerous
studies to participate in immunosuppression and immune
escape. Regulatory T cells (Tregs) play a critical role in
suppressing the immune response to self and foreign particles,
which help prevent autoimmune disease. They generally suppress
the induction and proliferation of effector T cells. Amphiregulin
(AREG) is an EGF-like growth factor and it is frequently
upregulated in tumors (73). AREG is a known ligand of EGFR
(74). Importantly, AREG is critical for Treg function in vivo, thus
providing a mechanistic link between the EGFR signaling and
regulation of the immune system (75). Wang et al. reported that
AREG maintains the suppressive function of Tregs via the EGFR/
GSK-3b/Foxp3 machinery in vitro and in vivo, thus confirming
the importance of EGFR signaling in the regulation of Tregs (76).
Recently, a long noncoding RNA lnc-EGFR has been shown to
stimulate Treg differentiation and promote immune invasion of
hepatocellular carcinoma via an EGFR-dependent signaling
pathway (77). Moreover, the inhibition of EGFR signaling by
gefitinib has been shown to alter the immune environment of the
targeted cancer in vitro and in vivo, probably by reducing the
number of Tregs in the tumors (78).

Myeloid-derived suppressor cells (MDSCs) are immature
myeloid cells that suppress immune responses. MDSCs expand
during cancer, infection and inflammatory diseases. A recent
study reported that EGFR TKI therapy alters the TME in EGFR
mutant NSCLC and elevates the level of mononuclear MDSCs
(79). The serum level of inflammatory factors IL-10 and CCL-2
was also found to be increased in vivo after EGFR TKI treatment
(79). The increase in MDSC and inflammatory factors associated
with EGFR TKI treatment has been proposed to explain why
most EGFR TKI-resistant NSCLC patients are also refractory to
anti-PD-1/PD-L1 ICIs (79). Moreover, MDSCs are known to
inhibit IL-2 and anti-CD3/CD28 mAb-induced T cell
amplification and Th1 polarization but induce apoptosis in T
cells in an IDO-dependent manner (80). To this end, the
activation of STAT3 (an important downstream signaling
molecule of the EGFR pathway) is required for IDO expression
(80). Therefore, STAT3 activation is essential for immune
suppression of MDSCs. In fact, persistent activation of STAT3
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has been shown to promote MDSC-mediated immune
suppression in lung cancer (81).

Yes-Associated Protein (YAP)
YAP is a major mediator of the Hippo pathway and it has been
shown to promote cancer progression, drug resistance and
metastasis in NSCLC (82). Accumulating evidence suggests
that YAP also plays critical role in cancer immunity. YAP
interacts with interferon regulatory factor 3 to negatively
regulate innate immunity (83). YAP has also been reported to
regulate tumor–associated immune cells (including MDSCs,
macrophages, and Tregs) in the TME (83–85). In NSCLC
tumor specimens, high nuclear YAP staining is associated with
positive PD-L1 expression (86). Genetic knockdown or chemical
inhibition of YAP was shown to reduce mRNA and protein
expression of PD-L1 in NSCLC cell lines (86). On the other hand,
forced expression of YAP was shown to increase PD-L1 protein
expression in NSCLC A549 cells (87). Recently, a gefitinib-
resistant PC9 cell line has been shown to express higher
protein level of YAP and PD-L1 than the parental cells (88).
Importantly, YAP knockdown could reduce PD-L1 expression in
gefitinib-resistant PC9 cells (88). It is also noteworthy that the
EGFR signaling pathway has crosstalk with the Hippo/YAP
pathway, which positively regulating the YAP oncogenic
function in various cancers including NSCLC (89).
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Preferential Response of NSCLC Patients
With Uncommon EGFR Mutations to PD-1
Blockade Therapy
Emerging evidence from a few recent studies suggest that the
efficacy of PD-1 blockade therapy is relatively more favorable in
NSCLC patients bearing uncommon EGFR mutations compared
to those with the classical mutations (46, 69, 90). Approximately
10% of EGFR mutant NSCLC is classified as the uncommon
subtypes (91), including G719X, L861Q, S768I, and exon 20
insertion, which have different clinicopathological characteristics
and response to EGFR TKIs (92–96). Most recently, Chen et al.
investigated the clinical response of Chinese NSCLC patients
harboring uncommon EGFR mutations to PD-1/PD-L1
inhibitors and the underlying mechanisms (90). They tied the
favorable response of the NSCLC patients with uncommon EGFR
mutations to the high incidence of concomitant PD-L1 expression
and CD8+ tumor-infiltrating lymphocytes within TME (90). In a
retrospective efficacy analysis of PD-1 inhibitors conducted by a
Japanese group, NSCLC patients harboring uncommon EGFR
mutations and without T790M mutations were associated with
significantly longer PFS than those with common EGFR
mutations or with T790M mutation (97). This retrospective
study was limited by the small sample size (n = 27). Further
investigations are warranted to identify the clinical biomarkers
useful for predicting the ICI responders with EGFR mutations.
FIGURE 1 | Immunosuppressive tumor microenvironment (TME) in EGFR-mutated NSCLC. EGFR mutations promote an immunosuppressive TME by interfering
with several intracellular pathways and modulating immune accessory cells including tumor-infiltrating lymphocytes (TILs), natural killer cells (NK), T-regulatory cells
(Tregs), myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs). Overexpression of CD39/CD73 in EGFR-mutated NSCLC induces
high extracellular production and release of adenosine that inhibit the activity of innate and adaptive immune system cells and endothelial cells in TME. Activation of
CD39 triggers the de-phosphorylation of ATP to ADP, and subsequently to AMP. On the other hand, CD73 catalyzes the hydrolysis of AMP to adenosine and
phosphate. The increased level of extracellular adenosine bind to A2A adenosine receptor (A2AR) expressed by both adaptive and innate immunity, thereby inhibiting
the activity of various immune cells. Moreover, exosomes secreted from EGFR-mutated NSCLC cells also increase PD-L1+/CD73+ expression and extracellular
adenosine release to promote immunosuppression. IL, interleukin; M2, macrophages 2; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP,
adenosine monophosphate; CCL2, C-C motif chemokine ligand 2.
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TOXICITY EXPERIENCED ON
COMBINATION TREATMENT WITH EGFR
TKI AND IMMUNOTHERAPY

Immunotherapy generally has a lower incidence of adverse
reactions than chemotherapy. However, ICIs are known to
mediate inflammatory side effects commonly referred to as
immune-related adverse events (irAEs) (98). The etiology
leading to irAEs is largely unknown but it is believed to be
caused by the disruption of immunologic homeostasis (99). The
occurrence of irAEs generally predicts treatment efficacy of ICIs in
NSCLC (100, 101), and it also triggers treatment discontinuation
and premature termination of clinical trials. A Phase 1b TATTON
trial (NCT02143466) investigating osimertinib (3rd generation
EGFR TKI) plus nivolumab was stopped early because of the
high incidence (38%) of interstitial lung disease (102). Another
Phase III open-label CAURAL trial (NCT02454933) evaluating
the combination of osimertinib and durvalumab in EGFR T790M
positive NSCLC patients was also prematurely terminated due to
safety concerns (103). irAEs can affect one or multiple organ
systems. The incidence of grade 3 or above toxicities is around 7-
13% in NSCLC patients treated with anti-PD-1/PD-L1 ICIs (104).
It is noteworthy that toxicity experienced upon combination
treatment with immunotherapy and EGFR TKIs can be severe,
difficult to predict and with unusual forms of presentation. Specific
laboratory tests and regular physical examinations should be
conducted to facilitate early detection of irAEs and their effective
management (105, 106).
HYPERPROGRESSIVE DISEASE (HPD)
ASSOCIATED WITH PD-1/PD-L1
BLOCKADE IN NSCLC PATIENTS

Several recent studies have reported a paradoxical deleterious
effect of anti-PD-1/PD-L1 immunotherapy, which is described as
“hyperprogressive disease (HPD)”, in a subset of patients (106,
107). HPD is characterized as an unexpected and fast progression
in tumor volume and rate, poor survival of patients and early
fatality (108).

HPD has been defined in different studies using 5 different
criteria (109). Various parameters including tumor growth rate,
tumor growth kinetics and time to treatment failure were used to
define and quantify the incidence of HPD (110). In a recent
retrospective cohort study of NSCLC patients, these 5 definitions
of HPD were found to be associated with different tumoral
behaviors. Kas et al. proposed a new definition of HPD, which
is based on DTGR (tumor growth rate) greater than 100 (110).
This new definition appeared to be more closely associated with
the expected characteristics for HPD (i.e., rapid increase in tumor
kinetics and poor patient survival). Numerous biomarkers
associated with HPD have been proposed, which may be used to
stratify patients for anti-PD-1/PD-L1 immunotherapy. Among
them, EGFR mutation represents an important tumor cell
biomarker linked with HPD after immunotherapy (108). HPD
has been reported in 20% of patients with EGFR mutations and it
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was associated with worse clinical outcome. EGFR mutations were
known to upregulate cell surface inhibitory receptors (e.g., PD-1/
PD-L1 and CTLA-4), cytokines and immunosuppressive cells,
subsequently driving innate immune resistance (44). The precise
role of EGFR mutations in HPD warrants further investigation.
NOVEL STRATEGIES TO POTENTIATE
PD-1/PD-L1 BLOCKADE IMMUNOTHERAPY
IN EGFR MUTANT NSCLC

A promising therapeutic approach is to combine a PD-1/PD-L1
ICI with chemotherapy, EGFR TKI, or other type of ICI with an
aim to increase the immunogenicity of tumor cells, or to inhibit
immunosuppressive signaling in the TME (111).
Combination of PD-1/PD-L1 Blockade
Therapy and Conventional Chemotherapy
In lung cancer patients without targetable mutations, the addition
of PD-1/PD-L1 blockade therapy to standard chemotherapy has
been shown to give rise to significantly longer OS and PFS than
chemotherapy alone (10). Therefore, it is also speculated that
addition of PD-1/PD-L1 immunotherapy to chemotherapy in
NSCLC patients with EGFR mutation could also achieve
desirable clinical outcomes.

Antitumor effect from conventional chemotherapy is not solely
attributed to the direct tumor cell cytotoxicity, but it is also
mediated by the restoration of immunosurveillance. To this end,
antitumor immune response and re-establishment of
immunosurveillance can be primed by immunogenic cell death
(ICD). ICD comprises the release of damage-associated molecular
patterns (DAMPs) from dying tumor cells that result in activation
of tumor-specific immune responses (112). This can trigger long-
term efficacy of anticancer drugs by combining direct cancer cell
killing and antitumor immunity. ICD-induced DAMPs include
surface-exposed calreticulin (CALR) and secreted ATP, annexin
A1, type I interferon, and high mobility group box 1 (113). A
number of classical chemotherapeutic drugs, including
anthracyclines, cyclophosphamide, oxaliplatin, and paclitaxel, are
known to elicit ICD (114). In mice bearing KRAS-positive and
TP53-negative NSCLC tumor xenograft, two immunogenic
chemotherapeutic drugs (oxaliplatin and cyclophosphamide)
were shown to strongly enhance T cell infiltration of the tumors
and sensitize them to subsequent checkpoint inhibition targeting
both CTLA-4 and PD-1 (115).

A few recent clinical reports have corrobated the hypothesis
that pretreatment with ICD-inducing anthracyclines or
irradiation could potentiate the efficacy of ICIs in various
tumor types including NSCLC (116) (Table 2). The PACIFIC
study is a Phase III trial that evaluated durvalumab (PD-L1
antibody) as consolidation therapy in stage III NSCLC patients
(51). The enrolled subjects did not present disease progression
after 2 or more cycles of platinum-based chemotherapy (51). The
study showed a significantly longer median PFS in the
durvalumab cohort (16.8 months) than that in the placebo
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cohort (5.6 months). Importantly, in subgroup analysis, patients
with EGFR-mutations demonstrated slightly more clinical
benefit from durvalumab after chemoradiotherapy (platinum
doublet chemotherapy administered with definitive-dose
radiotherapy) (51). An open-label Phase III trial (Checkmate
722; NCT02864251) has also been conducted to compare the
efficacy of nivolumab plus chemotherapy and nivolumab plus
ipilimumab with chemotherapy alone (117). The Checkmate 722
study enrolled patients with EGFR-mutated metastatic or
recurrent NSCLC who progressed on 1st or 2nd line EGFR
TKIs (117). The final result has not been reported yet. Another
ongoing Phase III trial (KEYNOTE-789; NCT03515837) is
evaluating the efficacy of pembrolizumab in combination with
chemotherapy (pemetrexed, carboplatin or cisplatin). Unlike the
CheckMate 722 trial, KEYNOTE-789 will also recruit NSCLC
patients bearing EGFR T790M who have acquired resistance to
osimertinib (118).
Combination of PD-1/PD-L1
Immunotherapy With Targeted Therapy
High levels of intra-tumoral T cells and tumor antigenicity have
been shown to correlate with favorable response from
immunotherapy (119). Thus, therapies capable of increasing
these factors may be combined effectively with ICIs to enhance
the treatment outcome. In addition to the specific effects on
oncogenic signaling pathways, a few targeted therapeutic agents
are also known to increase tumor antigen presentation (120, 121),
promote intra-tumoral T cell infiltration (122), or upregulate PD-
1/PD-L1 expression (123). Therefore, it is logical to combine these
targeted therapies with immunotherapies.

EGFR TKIs
EGFR TKIs have been reported to cause immunogenic apoptosis
of tumor cells (124), and subsequently releasing aberrant
intracellular antigens and recruiting T cells via interferon-g-
induced major histocompatibility complex class I presentation
(120). A few clinical studies have been conducted to evaluate the
combination of PD-1-based immunotherapy and EGFR targeted
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therapy in EGFR TKI-naïve and/or pretreated EGFR-mutant
NSCLC patients (Table 3).

CheckMate 012 (NCT01454102) is a multi-arm Phase 1 study
evaluating the combination of nivolumab and different agents
including erlotinib in advanced NSCLC with small sample size
(n = 20) (125). At least 4 out of the 20 patients with acquired
resistance to EGFR TKI were shown to achieve clear benefit from
the addition of nivolumab to EGFR TKI therapy [objective
response rate (ORR) = 15%, including 1 complete response
(CR)] (125). The combination of atezolizumab and erlotinib
has been evaluated in another Phase I clinical trial in EGFR TKI-
naïve and –treated NSCLC patients (NCT02013219; n = 28)
(126). Atezolizumab plus erlotinib was shown to demonstrate a
tolerable safety profile and favorable efficacy compared with
prior reports of erlotinib monotherapy. ORR was 75% and
median PFS was 15.4 months (126).

On the other hand, the combination of EGFR TKIs with PD-1/
PD-L1 inhibitors did not demonstrate favorable clinical efficacy in
EGFR-mutated NSCLC patients in a few other trials. In the Phase
I/II KEYNOTE-021 trial (NCT02039674), the combination of
erlotinib (n = 12) or gefitinib (n = 7) with pembrolizumab was
evaluated in EGFR-mutant advanced NSCLC patients (129).
While pembrolizumab plus erlotinib produced similar adverse
events as erlotinib monotherapy, pembrolizumab plus gefitinib
combination caused grade 3/4 liver toxicity in five out of seven
patients and resulting in premature treatment discontinuation.
Disappointingly, pembrolizumab plus erlotinib did not improve
ORR compared with previous EGFR TKI monotherapy
studies (129). Another open-label multicenter Phase I trial
(NCT02088112) has also been recently conducted to evaluate
the combination of gefitinib and duvalumab in patients with
EGFR-mutant and EGFR TKI-naïve NSCLC (127). Durvalumab
and gefitinib in combination was shown to produce higher toxicity
than either drug alone. There was no significant improvement in
PFS or ORR compared with gefitinib monotherapy previously
reported in similar patient populations. To the best of our
knowledge, no other Phase III trials investigating the
combination EGFR TKI and PD-1 inhibitors in EGFR TKI-
naïve patients are currently planned or actively recruiting.
TABLE 2 | Representative clinical trials evaluating the combination of PD-1/PD-L1 blockade immunotherapy and conventional chemotherapy in EGFR-mutant
NSCLC patients.

Clinical trial # PD-1/PD-L1
blockade
therapy

Chemotherapy Key findings Reference

PACIFIC Durvalumab (PD-
L1 antibody)

Platinum-based
chemotherapy

- Phase III trial evaluating durvalumab as consolidation therapy in stage III NSCLC patients
who did not present disease progression after 2 or more cycles of chemotherapy.
- In patient subgroup analysis, patients with EGFR mutations demonstrated slightly more
clinical benefit from durvalumab after chemoradiotherapy.

(51)

Checkmate 722
(NCT02864251)

Nivolumab
(PD-1 antibody)

Pemetrexed,
cisplatin, or
carboplatin

- Open-label phase III trial enrolling ~500 patients with confirmed stage IV or recurrent EGFR
mutated NSCLC progressed on prior EGFR TKI therapy
- Efficacy of nivolumab plus chemotherapy, nivolumab plus ipilimumab and chemotherapy
alone was compared.
- Final result has not been reported.

(117)

KEYNOTE-789
(NCT03515837)

Pembrolizumab
(PD-1 antibody)

Pemetrexed,
carboplatin or
cisplatin

- Ongoing Phase II trial which compared efficacy of pembrolizumab and its combination with
chemotherapy
- It also recruited NSCLC patients bearing EGFR T790M who have acquired resistance to
osimertinib

(118)
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In preclinical studies, the 3rd generation EGFR TKI,
osimertinib, has been shown to enhance the antitumor efficacy
of PD-1/PD-L1 blockade therapy by increasing CD8+ T cell
infiltration in tumors (130). However, in a Phase Ib trial
TATTON (NCT02143466) investigating the safety and
tolerability of combining osimertinib and durvalumab, 38% of
patients developed serious interstitial pneumonitis and thus the
poor safety profile renders the combination not feasible (102). In
an animal study using EGFR mutated tumor-bearing mouse
model, osimertinib (but not gefitinib) combined with anti-PD-L1
therapy was shown to cause pneumonitis and injury to lung
tissues (124).

Vascular Endothelial Growth Factor Receptor
(VEGFR) TKI
IMpower150 was an open-label Phase III study (NCT02366143)
comparing atezolizumab ± chemotherapy + bevacizumab (ABCP
group) versus chemotherapy + bevacizumab (BCP group) in
metastatic NSCLC patients who had not previously received
chemotherapy (128). Bevacizumab is an anti-VEGF monoclonal
antibody and its combination with chemotherapy has been
approved for the treatment of metastatic NSCLC (131). Apart
from the well-known antiangiogenic effects of bevacizumab
(132), the inhibition of VEGF has also been shown to mediate
immunomodulatory effects (14, 133, 134). Thus, the efficacy of
atezolizumab may be enhanced by the addition of bevacizumab
to reverse VEGF-mediated immunosuppression (134, 135).
Encouragingly, the ABCP group was shown to achieve
significantly longer PFS (8.3 months versus 6.8 months) and
Frontiers in Oncology | www.frontiersin.org 9189
OS (19.2 months versus 14.7 months) than the BCP group,
regardless of PD-L1 expression and EGFR/ALK genetic
alteration status (128) (Table 3).

Combination of PD-1/PD-L1 ICIs With
Other Immunotherapies
Both CTLA-4 and PD-1 ICIs demonstrated impressive durable
antitumor response and they had a manageable safety profile.
However, benefits of monotherapy were limited by low response
rates and only a fraction of patients were found to be responsive
(136). Combination of CTLA-4 and PD-1/PD-L1 blockade was
proposed to increase the response rates and patient survival rates.
It was thought that blockade of CTLA-4 (primarily involved in
regulation of T cell activation in lymph nodes and in suppression
of DC activity via Treg cells) could act synergistically with
blockade of PD-1 (mainly involved in inhibition of effect T
cells and NK cell activation in peripheral tissues and in induction
of Treg cell differentiation) (137).

Multiple studies have investigated the combination of PD-1/
PD-L1 plus CTLA-4 antibodies in treating NSCLC (Table 4).
The first study is a phase Ib trial that evaluated the safety and
efficacy of durvalumab (anti-PD-L1) and tremelimumab (anti-
CTLA-4) combination. Encouraging clinical activity was
observed in NSCLC patients with PD-L1 positive as well as
PD-L1 negative tumors, with investigator assessed confirmed
ORR in 23% patients (138). Importantly, this study revealed that
the antitumor effect of the combination does not depend on PD-
L1 expression. Thus, this might provide a new treatment option
for patients with negative PD-L1 expression (138). In a phase III
TABLE 3 | Representative clinical trials evaluating the combination of PD-1/PD-L1 blockade immunotherapy and targeted therapy in EGFR-mutant NSCLC patients.

Clinical trial # PD-1/PD-L1
blockade
therapy

Targeted
therapy

Key findings Reference

CheckMate 012
(NCT01454102)

Nivolumab Erlotinib
(EGFR TKI)

- Phase I trial evaluating combination of nivoluman and various other agents including erlotinib
- At least 4 out of the 20 recruited NSCLC patients with acquired resistance to EGFR TKI achieved
clear benefit from combination of nivolumab and erlotinib (ORR = 15%, including 1 CR)

(125)

NCT02013219 Atezolizumab Erlotinib
(EGFR TKI)

- Phase I trial in EGFR TKI-naïve and –treated NSCLC patients
- Combination of atezolizumab and erlotinib was well tolerated and it exhibited favorable efficacy
compared with prior reports of erlotinib monotherapy. ORR = 75% and median PFS = 15.4 months

(126)

KEYNOTE-021
(NCT02039674)

Pembrolizumab Gefitinib or
erlotinib
(EGFR TKI)

- Phase I/II trial evaluating the combination of pembrolizumab with erlotinib or gefitinib in advanced
NSCLC patients bearing EGFR mutation
- Pembrolizumab plus erlotinib did not improve ORR compared with previous EGFR TKI
monotherapy
- Pembrolizumab plus gefitinib combination caused grade 3/4 liver toxicity in 5 out of 7 patients,
resulting in premature treatment discontinuation

(126)

NCT02088112 Durvalumab Gefitinib
(EGFR TKI)

- Open-label multicenter Phase I trial evaluating combination of gefitinib and durvalumab in patients
with EGFR-mutant and EGFR TKI-naïve NSCLC
- No significant improvement in PFS or ORR compared with gefitinib monotherapy previously
reported in similar patient populations.
- Gefitinib-naïve patients: ORR=63.6%; DoR=9.2 months; PFS=10.1 months
- Gefitinib-pretreated patients: ORR=70.0%; DoR=12.6 months; PFS=12.0 months

(127)

TATTON
(NCT02143466)

Durvalumab Osimertinib
(EGFR TKI)

- Phase Ib trial investigating the safety and tolerability of osimertinib and durvalumab combination
- 38% of subjects developed serious interstitial pneumonitis

(102)

IMpower150
(NCT02366143)

Atezolizumab Bevacizumab
(anti-VEGF
monoclonal
antibody)

- Open-label Phase III study comparing atezolizumab + chemotherapy + bevacizumab (ABCP group)
versus chemotherapy + bevacizumab (BCP group) in metastatic and chemotherapy-naïve NSCLC
patients
- ABCP group achieved significantly longer PFS (8.3 versus 6.8 months) and OS (19.2 versus 14.7
months) than BCP group, regardless of PD-L1 expression and EGFR/ALK genetic alteration status

(128)
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trial evaluating chemotherapy-naïve stage IV or recurrent
NSCLC patients, the combination of nivolumab and
ipilimumab achieved ORR of 45.3%, 1-year progressive free
survival rate of 42.6% and median PFS of 7.2 months (139).
The relative incidence of disease progression or death was
significantly lower in nivolumab plus ipilimumab combination
compared to chemotherapy alone group (HR for disease
progression or death, 0.58, p < 0.001). In another phase II
study, the efficacy and safety of nivolumab plus “low dose”
ipilimumab as first line treatment for metastatic NSCLC was
investigated (140). The association of efficacy with PD-L1
expression and TMB was also assessed. The ORR achieved by
the combination was found to be higher in patients with TMB of
at least 10 mutations per megabase and it was not dependent on
PD-L1 expression (140).

Combination of PD-1/PD-L1 Blockade
Immunotherapy With Other Miscellaneous
Therapies
Interleukin-10 (IL-10) is known to possess anti-inflammatory and
CD8+ T cell stimulating activities (141). Pegilodecakin (pegylated
IL-10) is a first-in-class long-acting IL-10 receptor agonist that
induces oligoclonal T cell expansion (142). It has demonstrated
single-agent activity in advanced solid tumors (143) (Table 5). IVY
is a multicenter, multicohort, open-label, phase Ib trial
(NCT02009449) evaluating the combination of pegilodecakin and
pembrolizumab or nivolumab for patients with advanced solid
tumors (144). The combination of pegilodecakin with anti-PD-1
monoclonal antibodies demonstrated a manageable toxicity profile
and promising antitumor activity. Th ORR was relatively higher for
NSCLC (43%), than that in renal cell carcinoma (40%) and
melanoma (10%) (144). The favorable responses were also
observed when PD-1/PD-L1 blockade immunotherapy only
Frontiers in Oncology | www.frontiersin.org 10190
produced limited benefit, such as low PD-L1 expression, low
TMB and liver metastasis. Since subgroup analysis focusing on
EGFR-mutant patients were not available from the study, further
investigation is needed to verify its clinical usefulness for NSCLC
patients with EGFR mutations.

As discussed above, the major Hippo regulator YAP plays
critical role in regulating tumor immunity and PD-L1 expression
(83–88). It follows that therapies targeting YAP may potentially
enhance the efficacy of anti-PD-1/PD-L1 ICIs in EGFR-mutant
NSCLC. A few small molecule compounds or drugs, including
dasatinib, JQ1, norcantharidin, MLN8237 and dobutamine, have
been shown to inhibit YAP (150). Further investigation is needed
to verify the beneficial effect of combining YAP inhibitors with
anti-PD-1/PD-L1 ICIs for treating EGFR TKI resistant NSCLC.
Apart from inhibiting YAP, the modulation of YAP-related
oncogenic pathways may also be evaluated. Inhibition of MEK1/
2 is known to promote YAP degradation in NSCLC (146)
(Table 5). Recently, the combination of MEK inhibitor and anti-
PD-1/PD-L1 antibodies have been shown to produce synergistic
anticancer effect and prolong survival of NSCLC tumor-bearing
mice (147). On the other hand, cyclin-dependent kinase 9 (CDK9)
is a key mediator promoting YAP-driven transcription of its
downstream oncogenic effectors (148). Therefore, CDK9
inhibitors, such as dinaciclib and seliciclib, may be evaluated for
potentiation of PD-1/PD-L1 blockade therapy. In fact, a recent
animal study has shown that a highly selective CDK9 inhibitor
(MC180295) sensitizes cancer cells to anti-PD-1 antibodies (149).

The combination of a few novel immune modulating agents
and PD-1/PD-L1 ICIs have also been investigated. Eftilagimod
alpha (IMP321) is a recombinant LAG-3Ig fusion protein that
binds to MHC class II to activate antigen presenting cell and
CD8 T-cell. The increase in activated T cells by IMP321 could
potentially reduce the number of non-responders to
TABLE 4 | Representative clinical trials investigating the combination of PD-1/PD-L1 and CTLA-4 blockade immunotherapies in NSCLC.

Clinical trial # PD-1/PD-L1 inhibitor CTLA-4 inhibitor Key findings Reference

NCT02000947
(Phase Ib)

MEDI4736 (anti-PD-L1 mAb) Tremelimumab - Advanced NSCLC patients
- ORR, 23%
- Grade 3-4 AEs, 35%

(138)

NCT01454102
(Phase I)

Nivolumab Ipilimumab - Untreated advanced NSCLC
- ORR, 47%
- Median PFS, 8.1 months
- 24-week PFS rate, 68%
- Grade 3-4 AEs, 37%

(139)

NCT02659059 (Phase II) Nivolumab Ipilimumab - Untreated advanced (Stage IV) NSCLC patients
- In patients with TMB > 10 mutations/megabase:
ORR, 44%
Median PFS, 7.1 months
6-month PFS rate, 55%
Grade 3-4 AEs, 29%

(140)

NCT02477826
(Phase III)

Nivolumab Ipilimumab - Untreated advanced (Stage IV) NSCLC patients
- In patients with TMB > 10 mutations/megabase:
ORR, 45%
Median PFS, 7.2 months
12-month PFS rate, 43%
HR for disease progression or death, 0.58
Grade 3-4 AEs, 31%

(139)
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pembrolizumab. Pilot results from the TACTI-002 trial showed
that the combination of IMP321 and pembrolizumab achieved an
ORR of 47% in advanced NSCLC (145) (Table 5). Activation of
EGFR is associated with overactivation of Tregs. To this end,
CD36 is known to make Tregs more adaptable to TME by serving
as a metabolic modulator (151). Forced expression of CD63 by
genetic approach in Tregs was shown to suppress tumor growth
and enhance the antitumor efficacy of PD-1 therapy (151). CD73
is a cell surface nucleotidase, which catalyzes the hydrolysis of
AMP into adenosine and phosphate. CD73-generated adenosine
plays a critical role in tumor immunoescape (152). In an ongoing
clinical trial (NCT03835949), the combination of an anti-CD73
drug (TJ004309) and atezolizumab is investigated in patients with
advanced or metastatic cancer (153).

Local Co-Treatments
Besides the aforementioned systemic combination treatment for
potentiating immunotherapy, a few local treatment options have
also been investigated. These include thermal therapies,
radiotherapy and minimal invasive intratumoral therapy.

Immunomodulation by Local Thermal Ablation
of Cancer
Thermal ablation has been used for the management of localized
tumors for patients not eligible for surgical resection. A growing
body of evidence suggests that thermoablation could modulate both
adaptive and innate immunity (154). However, the induced
immune responses are mostly weak and not sufficient for the
eradication of tumors or durable prevention of disease
progression. In recent years, the combination of thermal ablation
and ICIs therapy have been evaluated with promising results. Shi
et al. reported that radiofrequency ablation (RFA) treatment of liver
metastases increased not only T cell infiltration but also PD-L1
Frontiers in Oncology | www.frontiersin.org 11191
expression in primary human colorectal tumors (155). Using mouse
tumor models, RFA treatment of one tumor was found to initially
enhance a strong T cells mediated immune response in tumor.
However, the tumor quickly overcame the immune responses by
inhibiting CD8 and CD4 T cell function, subsequently driving a
shift to higher regulatory T cell to Teff ratio (155). Importantly, the
combination of RFA and anti-PD-1 antibodies was found to
significantly enhance T cell immune responses and lead to
prolonged animal survival (155).

Radiotherapy to Induce ICD
Radiotherapy is commonly used in cancer therapy to achieve a
local control of the irradiated target tumor lesions regardless of
clinical stage. Numerous preclinical studies have demonstrated
that radiotherapy could activate anti-tumor immune response.
Irradiation is known to activate host immunity by triggering ICD,
which is characterized by the release of DAMPs to activate
dendritic cells and to prime antigen-specific T cells in a dose-
dependent manner (156). Procureur et al. has recently published
an excellent review about the enhancement of ICIs by
radiotherapy-induced immunogenic cell death (157).
Radiotherapy-induced systemic immune activation could cause
shrinkage of distant tumor lesions outside the irradiated field, a
phenomenon known as abscopal effect (158). In the past, abscopal
effect was believed to be a very rare phenomenon. However, recent
clinical data revealed that the combination of radiotherapy and
anti-PD-1/PD-L1 ICIs could induce the abscopal effect (159).

On the other hand, the induction of immunosuppressive
cytokines and chemokines by radiotherapy contribute to
immunosuppressive reactions (160). The PD-1/PD-L1 axis is one
of the key factors in cancer immune escape induced by radiotherapy.
Moreover, upregulation of PD-L1 expression has been reported in
NSCLC patients who have undergone radiotherapy with or without
TABLE 5 | Representative studies (clinical trials and animal studies) evaluating the combination of PD-1/PD-L1 blockade immunotherapy and other miscellaneous
therapies in EGFR-mutant NSCLC.

Type of study PD-1/PD-L1 blockade
therapy

Other miscellaneous therapy Key findings Reference

Clinical trial: IVY
(NCT02009449)

Pembrolizumab or
nivolumab

Pegilodecakin
(PEGylated IL-10)
(first-in-class long-acting IL-10
receptor agonist that induces
oligoclonal T cell expansion)

- Multicenter, multicohort, open-label, phase Ib trial evaluating the drug
combination in patients with advanced solid tumors (including NSCLC,
renal cell carcinoma, and melanoma)
- ORR for the drug combination was higher for NSCLC (43%) than
that in renal cell carcinoma (40%) and melanoma (10%)
- However, patient subgroup analysis focusing on EGFR-mutant
patients were not available from the study

(144)

Clinical trial:
TACTI-002
(NCT03625323)

Pembrolizumab IMP321 (recombinant LAG-3Ig
fusion protein)

- Ongoing Phase II trial investigating the combination in patients with
previously untreated unresectable or metastatic NSCLC, recurrent PD-
X refractory NSCLC, or metastatic HNSCC
- Pilot results demonstrated that combination achieved an ORR of
47% in advanced NSCLC

(145)

Clinical trial:
NCT03835949

Atezolizumab TJ004309 (anti-CD73 antibody) - Ongoing Phase I trial investigating the combination in patients with
advanced or metastatic cancer

Animal study Anti-PD-1 (RMP1-14) and
anti-PD-L1 (10F.9G2)
monoclonal antibodies

Trametinib (MEK inhibitor) - Inhibition of MEK1/2 promoted YAP degradation in NSCLC
- The drug combination was shown to produce synergistic anticancer
effect and prolong survival of NSCLC tumor-bearing mice

(146, 147)

Animal study Anti-PD-1 monoclonal
antibodies

CDK9 inhibitor (MC180295) - CDK9 promotes YAP-driven transcription of its downstream
oncogenic effectors
- MC180295 sensitizes NSCLC to anti-PD-1 antibody in C57Bl/6
mouse model

(148, 149)
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chemotherapy as preoperative treatment (161). In addition, EGFR
signaling after irradiation leads to PD-L1 upregulation via the IL-6/
JAK/STAT3 pathway (162). As anti-PD-1/PD-L1 antibodies could
relieve this immunosuppression, it makes sense to combine PD-1/
PD-L1 ICIs and radiotherapy (161).

The phase III PACIFIC trial (NCT02125461) provided the most
remarkable clinical data to support the combination of radiotherapy
and anti-PD-1/PD-L1 ICIs. In this study, progression-free survival
was significantly prolonged by prescribing durvalumab as a
consolidation therapy after concurrent chemoradiotherapy as
compared with placebo (51). Based on this trial, durvalumab
following chemoradiotherapy has been approved for the treatment
of NSCLC by the US Food and Drug Administration in 2018.

Minimal Invasive Intratumoral Injection of ICD Inducer
Local immunotherapies such as the intratumoral injection of
oncolytic compounds have been used to reinstate and enhance
systemic anticancer immune responses. A recent animal study
reported the use of local immunotherapy to sensitize the tumor
to subsequent immune checkpoint blockade (163). LTX-401 is
an oncolytic peptide designed for local immunotherapy. The
sequential LTX-401 treatment combined with double checkpoint
inhibition of PD-1 and CTLA-4 exhibited strong antineoplastic
effects on both the primary lesions and distant tumors (163).
CONCLUSION

In this review, we summarize the recent investigations about the
use of PD-1/PD-L1 blockade therapy in EGFR-mutated NSCLC.
The underlying mechanisms leading to the inferior clinical efficacy
Frontiers in Oncology | www.frontiersin.org 12192
of PD-1/PD-L1 inhibitors in EGFR-mutated NSCLC and new
strategies for its potentiation are discussed. Currently, the NCCN
guidelines do not recommend immunotherapy for treating
NSCLC patients carrying EGFR mutations. The combinations of
PD-1/PD-L1-based immunotherapy and several other treatment
modalities are under active investigation in clinical trials. While
outcomes of these trials are immature, the optimal sequence,
schedule and dosing remain to be determined. Moreover, the
possible risk of combined toxicity pose a major challenge for the
drug combinations. Therefore, a thorough investigation about the
mechanism of action and risks associated with drug combinations
is needed. It will help identify specific patient population that can
benefit from the drug combination, predict the likelihood of
toxicities, and guide dosing/administration sequencing and
clinical monitoring consideration.
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TKIs in the EGFR-Mutant Lung
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Weili Min, Chenyang He, Shuqun Zhang and Yang Zhao*

Department of Oncology, The Second Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China

c-Src and the epidermal growth factor receptor (EGFR) are key apical kinases that govern
cell responses to microenvironmental cues. How c-Src affects EGFR-related signaling and
targeted therapy remains elusive. Initially, caspase-8 phosphorylated at tyrosine 380 by c-
Src predominantly enhancing c-Src activation to facilitate metastasis through attaining
epithelial-mesenchymal transition (EMT) phenotype in lung adenocarcinoma.
Mechanistically, the linkage of c-Src SH2 domain with phosphotyrosine 380 of
caspase-8 and SH3 domain with “PDEP” motif of caspase-8 overactivates c-Src as
compared with other c-Src-partner proteins. c-Src is incapable of triggering EGFR-related
signaling. This is reflected by the levels of phosphotyrosine 1068, 1086, and 1145, which
have no impact on c-Src activation. Tyrosine kinase inhibitors (TKIs) suppress EGFR-
related signaling to yield cell deaths of lung adenocarcinoma by both necroptosis and
intrinsic apoptosis. Given that c-Src activation is frequent in lung adenocarcinoma,
blocking c-Src activation through dasatinib can seal the survival-signaling-related
phosphotyrosines of EGFR by its SH2 domain, which in turn increases the antitumor
activity of TKIs in EGFR-mutant lung adenocarcinoma. Collectively, c-Src inactivation by
dasatinib administration sensitizes EGFR-mutant lung adenocarcinoma to TKIs.

Keywords: c-Src, caspase-8, non-small cell lung cancer, tyrosine kinase inhibitor, resistance
HIGHLIGHTS

• c-Src exclusively phosphorylated caspase-8 at tyrosine 380. Caspase-8 was predominant for c-Src
overactivation by phosphotyrosine 380 and “PDEP” motif docking to SH2 domain and SH3
domain of c-Src in lung adenocarcinoma;

• c-Src inactivation through dasatinib was able to seal the survival-signaling-related
phosphotyrosines of EGFR to increase the TKIs-induced necroptosis in the EGFR-mutant
lung adenocarcinoma.
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INTRODUCTION

Non-small cell lung cancer (NSCLC) is the leading cause
of cancer death worldwide, with a surprising increase in the
incidence of lung adenocarcinoma; traditional chemotherapeutic
drugs are only modestly effective (1–4). Recent advances with
targeted therapies have provided a marked benefit to subsets of
patients whose tumors harbor specific genetic abnormalities (5,
6). In particular, lung adenocarcinomas with mutations in the
gene encoding the epidermal growth factor receptor (EGFR) are
uniquely sensitive to EGFR blockade with specific tyrosine kinase
inhibitors (TKIs) (7, 8). Majority of cancers with EGFR-sensitive
mutations achieve the marked and durable responses to
treatment with EGFR TKIs, including gefitinib or erlotinib.
However, lung adenocarcinoma inevitably acquires resistance
to these inhibitors after approximately 1 year. Multiple
mechanisms of acquired resistance to first- and second-
generation EGFR-TKIs have been identified thus far (7), in
which 30% of EGFR TKI resistance was because of an
unknown mechanism (8). This sheds light on the lack of
research on the underlying mechanism of EGFR TKIs, which
must be investigated to enhance the therapeutic potency in
lung adenocarcinoma.

Caspase-8, an apical sensory protease, is recruited into the
death-inducing signaling complexes following death-related
receptor ligation to initiate an extrinsic apoptosis cascade (9,
10). The inactivating mutation of caspase-8 is surprisingly
infrequent among various human cancers (11–13). The study
that reported the association of caspase-8 to adhesion and
metastasis of human tumors is actually recent (14–16). It
is of note that caspase-8 has also been reported to be involved
in the focal adhesion complexes (17). The interplay between
caspase-8 and c-Src is confirmed by the observation
that cells stimulated with the survival-promoting factors lead
to c-Src–mediated caspase-8 phosphorylation on tyrosine
380 (pY380 caspase-8 or p-Casp8), which then inhibits its
apoptotic function (18–20). Consistently, we found that
p-Casp8 reversely activated c-Src (pY416 c-Src or p-Src) via
docking of phosphotyrosine 380 to the SH2 domain to restrain
chemotherapy efficacy in lung adenocarcinoma (21). c-Src
overactivation was ubiquitously detected in human tumors
and involved in the resistance of TKIs (7, 22). Therefore, it is
of interest to explore the interaction between caspase-8 and c-Src
and their effect on the clinical efficacy of TKIs in EGFR-mutant
lung adenocarcinoma.

In our study, caspase-8 phosphorylated by c-Src predominantly
enhanced c-Src activation to facilitate metastasis through attaining
EMT phenotypic features in lung adenocarcinoma. We found that
EGFR activation and c-Src activation did not mutually interact
with one another. TKIs suppressed EGFR-related signaling to yield
cell deaths of lung adenocarcinoma by necroptosis and intrinsic
apoptosis. Surprisingly, c-Src inactivation through caspase-8
knockdown or dasatinib was able to block the survival-signaling-
related tyrosine phosphorylation of EGFR, which, in turn,
increased the antitumor activity of TKIs in EGFR-mutant
lung adenocarcinoma.
Frontiers in Oncology | www.frontiersin.org 2199
MATERIALS AND METHODS

Ethics Approval and Consent to
Participate
The procedures of this study, which included seven references,
were approved by the Ethics Committee of the Second Affiliated
Hospital of Xi’an Jiaotong University. The experiments were
performed upon receiving written consent from each subject.
The study methodologies conformed to the standards set by the
Declaration of Helsinki.

Patients and Treatments
Human lung adenocarcinoma and adjacent paracancerous
tissues (≥ 2.0 cm from the primary tumor site) from 84
patients were collected following surgeries at the Department
of Pathology of the First and Second Affiliated Hospital of Xi’an
Jiaotong University from 2009 to 2012. Lung adenocarcinoma
was determined by two individual pathologists and classified as
pathological stages I to IIIA according to the American Joint
Committee on Cancer 2018 (AJCC 2018). Parallel to this, tissues
from metastatic lung adenocarcinomas with EGFR-sensitive
mutations of patients from our cancer center were
retrospectively collected. EGFR mutation was performed by the
Amplification-refractory mutation system (ARMS) in Big
Science (China, HuaDa gene). The patients with EGFR-mutant
lung adenocarcinoma received the first-generation TKIs gefitinib
or erlotinib, in accordance with the guidelines. The response to
treatment, including complete remission (CR), partial remission
(PR), stable disease (SD) and progressive disease (PD), was
evaluated according to response evaluation criteria in solid
tumors (RECIST 1.1) until disease progression. The eligible
patients were routinely scheduled for lifelong follow-up at the
outpatient clinic every 3 months during the first 2 years and
every 6 months for the next 3 years. Whenever recurrent or
metastatic events were suspected, radiologic, endoscopic, and
histologic confirmation was compulsory. The calculation of
duration of response started at the date of treatment and
ended at the date of the following events: recurrence, disease
progression, or oncological death. The calculation of overall
survival (OS) started at the date of treatment and ended at the
date of death. Unless it was reported here, no participants were
lost during follow-up. The study was approved by the Ethics
Committee of the Second Affiliated Hospital of Xi’an Jiaotong
University. Informed consent was obtained from the patients
before the study implementation.

Cell Culture, DNA/Short Hairpin
RNA Transfection, and Stable
Cell Line Generation
Lung adenocarcinoma cell lines, including A549 and National
Cancer Institute (NCI)-H522, were kind gifts from Chen Huang
from the Department of Cell Biology, Xi’an Jiaotong University,
Shaanxi Province, P.R. China. H1650, H3255 and PC9 cells were
purchased from the American Type Culture Collection (ATCC)
and cultured in RPMI 1640 supplemented with 10% fetal bovine
July 2021 | Volume 11 | Article 602900
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serum (FBS, Hyclone Laboratories Inc., Logan, UT, USA) and
penicillin/streptomycin/L-glutamine (Sigma-Aldrich, St. Louis,
MO, USA). The cell lines in our study were authenticated by
short tandem repeat (STR) analysis. To observe the
morphological features of EMT, we cultured cells for 5 days on
fibronectin (10 mg/ml)-coated dishes. EGFR-nonaddictive lung
adenocarcinoma cells were assayed for expression and viability
following treatment with reagents or drugs at 24 h after
attachment to the fibronectin-coated dishes. EGFR-addictive
lung adenocarcinoma cells were not attached on fibronectin-
coated dishes for 24 h. The knockdown of Fyn, Yes, Lyn, Hck,
EGFR, Her-2, Her-3, Her-4, FAK, and caspase-8 or c-Src was
performed using lentivirus-delivered short hairpin RNAs
(shRNAs; GenePharma, Shanghai, China), with the shRNAs
corresponding to the siRNAs. Following lentiviral transfection,
stable cell lines were selected via culturing in the presence of 500
mg/ml G418 (Grand Island Biological Company, Waltham, MA,
USA). The open reading frames of genes of interest, including
Fgr, Lck, Blk, wild-type caspase-8, EGFR and its mutants, and c-
Src and its mutants, were cloned into the MSCV-IRES-zeo
plasmid with a hemagglutinin (HA) tag to allow the expression
of HA-tagged proteins. The subsequent DNA was transfected
into packaging cells. Virus-containing supernatants were
removed, and debris was pelleted by centrifugation. Target
cells were cultured in virus-containing supernatants for 48 h
before selection for a stable cell line with 10 mg/ml zeocin
(Invitrogen, Waltham, MA, USA) for 14 days.
RESULTS

Tyrosine 380 of Caspase-8 Was Pivotal for
Lung Adenocarcinoma Metastasis
Through EMT
The recent evidence has been reported that supports the role of
caspase-8 in tumor cell migration under the nonapoptotic
condition (15, 17, 23, 24). Our team found that c-Src
phosphorylated caspase-8 at tyrosine 380 hampered the
apoptosis of caspase-8 responding to chemotherapy in lung
adenocarcinoma (25). We initially probed the interactive
effects of caspase-8 and c-Src on the aggressive properties of
lung adenocarcinoma. The expressions of caspase-8 and c-Src
were examined using immunoblott ing in the lung
adenocarcinoma-derived cell lines, including A549, H522, PC9,
H1975, H1650, H3255, and H23 (Figure 1A). Casp8−Src+ H522
and Casp8+Src+A549 with wild type (WT) EGFR were selected as
experimental cell lines. Given the role of tyrosine 380 of caspase-
8, we constructed the hemagglutinin (HA)-tagged wild type/
Y380A mutant caspase-8 (Figure 1B) and reconstituted the
physiological level of these constructions in the caspase-8-
deficient H522 cells (Figure 1C). In addition, the lentivirus-
delivered shRNAs of caspase-8 and c-Src were applied to
knockdown endogenous caspase-8 and c-Src in A549
cells (Figure 1C).

The chick embryo model has been useful in investigating
angiogenesis and tumorigenesis in vivo (26, 27). To approximate
Frontiers in Oncology | www.frontiersin.org 3200
the actual number of tumor cells in each tissue sample, a
standard curve was generated through quantitative real-time
PCR amplification of genomic DNA extracted from a serial
dilution of A549/H522 cells mixed with individual chick lung
homogenates (Figure 1D). By interpolating the alu signal from
real-time PCR with the standard curve (Figure 1E), the actual
number of tumor cells/lung could be determined over a linear
range. Knockdown of endogenous caspase-8 or c-Src by
lentivirus-delivered shRNAs of caspase-8 and c-Src efficiently
decreased A549 cells metastasis as compared with control
shRNA (Figure 1F). A disproportionate increase in the
metastasis was also detected in the H522 cells re-expressing
WT caspase-8 (Casp8 WT) (Figure 1F), whereas Y380A
mutation in the holoprotein of caspase-8 obviously attenuated
the metastasis of H522 cells (Figure 1F). We subsequently
explored the role of caspase-8 and c-Src in spontaneous distant
metastasis after primary tumors that weighed the same size were
removed from nude mice. As measured by bioluminescence
(Figure 1G), mice implanted with A549 + control shRNA cells
and H522 + Casp8 WT cells had a significantly increased tumor
burden, and metastasis occurred in all 10 mice in the group
(Figures 1H, I). Markedly increased metastatic incidences and
extended tumor distributions were observed in the mice
inoculated with A549 + control shRNA cells and H522 +
Casp8 WT cells (Figures 1J, K), which corresponded with
worse OS (Figures 1L, M). EMT was characterized as a
prometastatic process in the human cancers (28, 29). It was
observed that c-Src and caspase-8 was pivotal for EMT in lung
adenocarcinoma (Figures 1N, O). It was of note that Y380A
mutation in the holoprotein of caspase-8 attenuated the
spontaneous metastasis and impaired EMT process in lung
adenocarcinoma (Figures 1G–K, M–O). Collectively, tyrosine
380 of caspase-8 in the c-Src-caspase-8 interaction was pivotal
for metastasis through EMT in lung adenocarcinoma.

c-Src Was Overactivated in Lung
Adenocarcinoma Dependently on
Caspase-8
As a non-receptor tyrosine kinase, activated c-Src underpinned
the EMT of cancer cells following the multiple cell signaling (30).
Caspase-8 was phosphorylated on tyrosine 380 (Tyr-380) by c-
Src following the attachment to fibronectin (Figure 2A), which
was consistent with previous report (25). It was of importance
that c-Src was overactivated in a caspase-8–dependent manner
(Figure 2A). It had been proven that integrin aVb3 is expressed
on the surfaces of A549 and H522 cells (data not shown). With
the attachment to fibronectin, A549 and H522 cells expressing
caspase-8 displayed c-Src overactivation relative to those lacking
caspase-8 or c-Src (Figures 2B–E). Fibronectin was deemed
necessary to induce caspase-8-dependent c-Src overactivation.
In the consonance with immunoblottings, caspase-8 knockdown
or deficiency remarkably dampened c-Src activity in A549 and
H522 cells attached to fibronectin (Figures 2F, G). It was
intriguing that the basic activity of c-Src was maintained in
A549 and H522 cells with caspase-8 knockdown or deficiency
following fibronectin attachment (Figures 2C, D, F, G).
July 2021 | Volume 11 | Article 602900
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FIGURE 1 | Tyrosine 380 of Caspase-8 was pivotal for lung adenocarcinoma metastasis through EMT. (A) Immunoblotting analysis of Caspase-8, c-Src and b-actin
in various human lung adenocarcinoma cell lines, A549, NCI-H522, NCI-H1975, NCI-H1650, NCI-H3255, NCI-H23 and PC9. (B) Schematic representation of
various mutants of Caspase-8 that were used in this study. (C) Immunoblotting analysis of Caspase-8, c-Src and b-actin in A549 + control/Src/Casp8 shRNA and
H522 + control vector/Casp8 WT/Casp8 Y380A. (D) Alu PCR was used to amplify alu repeat sequences in human (A549 cells) DNA. Quantitative real-time alu PCR
was performed on genomic DNA extracted from the indicated number of A549 cells serially diluted into individual chick embryo lung homogenates. (E) Real-time
quantitative alu PCR was used to generate a standard curve from A549 cells/lung by plotting the Ct against the number of cells per lung. (F) A quantitative analysis
of spontaneous metastasis in the chick embryo using different human tumor cells. vs. control, **p < 0.01. (G–I) Ectopically grown A549/H522 tumors were surgically
removed. Biweekly quantification of bioluminescence showed accelerated tumor growth and increased spontaneous metastasis in the mice implanted with A549 +
control shRNA (H) and H522 + Casp8 WT (I) (*p < 0.05). Data were presented as mean ± SD. (J, K) Total cumulative incidences of metastasis confirmed by
immunostaining in the tumor-implanted mice cohorts by 2 or 4 weeks after tumor removal (**p < 0.01). Metastatic events were confirmed by immunostaining in
various organs of BALB/c nude mice. Tissue sections were scored as positive or negative based on the presence or absence of detectable metastasis. (L, M)
Kaplan-Meier survival curves for each group of mice with A549 cells (L) and H522 cells (M). (N) Immunoblotting analysis of Snail, Slug, E-cadherin (E-cad), Vimentin
(Vim), Fibronectin (Fibro), MMP-2 and b-actin in A549 + control/Src/Casp8 shRNA and H522 + control vector/Casp8 WT/Casp8 Y380A. (O) Immunofluorescence of
E-cadherin and Vimentin. Decreased E-cadherin and increased Vimentin in the Casp8+Src+ cells with spindle and dendritic shapes (scale bars = 50 mm).
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FIGURE 2 | c-Src was overactivated in lung adenocarcinoma dependently on Caspase-8. (A) Immunoblotting analysis of p-Src, c-Src, p-Casp8, Caspase-8 and b-
actin in A549 + control/Src/Casp8 shRNA and H522 + control vector/Casp8 WT/Casp8 Y380A attached on fibronectin for 24 h. (B–E) Immunoblotting analysis of p-
Src, c-Src and b-actin in A549 + control (B) /Casp8 shRNA (C) and H522 + control vector (D) /Casp8 WT (E) attached on fibronectin or not for 24 h. (F, G) A549
cells with a lentiviral delivery of either control shRNA (F) or Casp8 shRNA and H522 cells with an adenoviral delivery of either control vector or Casp8 WT (G)
attached on fibronectin or not were in the presence of a c-Src-specific fluorescent substrate, and fluorescence was recorded as the function of time (*p < 0.05).
(H, I) Immunoblotting analysis of pY397-FAK, pY567/577-FAK, FAK and b-actin in A549 + control/Casp8 shRNA and H522 + control vector/Casp8 WT attached on
fibronectin (H) or not (I) for 24 h. (J) Immunoblotting analysis of FAK, p-Src, c-Src, p-Casp8, Caspase-8 and b-actin in A549 + control/Casp8 shRNA and H522 +
control vector/Casp8 WT with or without FAK knockdown attached on fibronectin for 24 h. (K) c-Src activity analysis in A549 cells with a set of siRNAs for targets
(Table S1) as indicated attached on fibronectin for 24 h. (L) Positive expressions of p-Casp8 and p-Src examined by immunohistochemistry (IHC) of specific
antibody in cancerous tissue (×400). (M) Correlation between p-Casp8 and p-Src expression in cancerous tissues.
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This indicated that the extracellular stimuli maintained
the basic activity of c-Src that initiated c-Src–caspase-8
interaction, while caspase-8 virtually overactivated c-Src in
lung adenocarcinoma.

To confirm the specific role of caspase-8 on c-Src
overactivation relative to other intracellular c-Src activators,
such as focal adhesion kinase (FAK), we tested the interaction
between c-Src and FAK, which has been reported to contribute
to c-Src activation in various human tumors (31). It has also
been reported that fibronectin-integrin triggered the
autophosphorylation of Tyr 397 of FAK to facilitate c-Src
activation, while Tyr 576/577 of FAK was phosphorylated by
activated c-Src (30, 31). Autophosphorylation of Tyr 397 of FAK
was dependent on fibronectin rather than on caspase-8, which
was consistent. Caspase-8 knockdown or deficiency attenuated
Tyr 576/577 phosphorylation of FAK (Figures 2H, I). We then
knocked down FAK in A549 and H522 cells. It was of note that
FAK phosphorylation was completely eliminated without
fibronectin attachment (Figure 2I). Surprisingly, FAK
knockdown slightly decreased c-Src activation in the caspase-8–
lacking A549 and H522 cells (Figure 2J), while it was unable to
remarkably affect caspase-8 phosphorylation and c-Src
overactivation in the caspase-8-expressing A549 and H522
cells (Figure 2J). To further confirm the role of caspase-8 on c-
Src overactivation in lung adenocarcinoma, we profiled
a set of the potential activator of c-Src through the siRNA
library (Table S1). Accordingly, caspase-8 was strongly
associated with c-Src overactivation in lung adenocarcinoma
(Table S2 and Figure 2K). We retrospectively examined
the association between p-Casp8 and p-Src in the patients with
resectable lung adenocarcinoma (Table 1). Our examination
revealed that p-Casp8 was positively correlated with p-Src in
the lung adenocarcinoma tissues (Figures 2L, M). Together,
caspase-8 was able to exclusively overactivate c-Src in
lung adenocarcinoma.

Phosphorylated Caspase-8 by c-Src
Overactivated c-Src Through Its
Phosphotyrosine 380 and “PDEP” Motif
Docking to SH2 and SH3 Domain of c-Src
To clarify the interplay between c-Src and caspase-8, we depicted
the specificity of c-Src-induced caspase-8 phosphorylation and
phosphorylated caspase-8–induced c-Src overactivation. Initially,
we explored the expressions of other c-Src kinase family members
in the lung adenocarcinoma cells. Fyn and Yes were frequently
expressed in the lung adenocarcinoma cell lines (Figure 3A). The
other c-Src kinase family members did not affect caspase-8
phosphorylation in A549 cells (Figures 3B, C). We applied
immunofluorescence to reveal the subcellular locations of c-Src/
caspase-8 and p-Src/p-Casp8. p-Src/caspase-8 and c-Src/p-Casp8
were co-localized in A549 cells (Figures 3D, E). There were 18
tyrosines in the holoprotein of caspase-8 (Figure 3F). We aimed
to clarify whether tyrosine 380 of caspase-8 was specific for c-Src
kinase substrate. Three mutants of caspase-8 were constructed,
including caspase-8 with all tyrosine mutations (caspase-8 tyr-
mut), all tyrosine mutations except for tyrosine 380 (caspase-8 tyr
Frontiers in Oncology | www.frontiersin.org 6203
[380]-mut) and tyrosine 380 mutation (caspase-8 Y380A), all of
which were stably transfected into H522 cells with caspase-8
deficiency. caspase-8 tyr(380)-mut and WT caspase-8 (caspase-8
WT) were able to similarly maintain caspase-8 tyrosine
phosphorylation and c-Src overactivation instead of Casp8
Y380A (Figure 3G). This suggested that tyrosine 380 of
caspase-8 was specific for c-Src-induced phosphorylation.

We explored the capability of the SH2 domains of human
diverse proteins (Table S1) to bind to phosphotyrosine 380 of
caspase-8. Phosphotyrosine 380 of caspase-8 docked to a huge
number of human SH2 domains, including c-Src (Figure 3H),
implying that the phosphotyrosine 380 site of caspase-8 was not
specific for the SH2 domain of c-Src. A question was then raised
as to how caspase-8 most potently overactivated c-Src in lung
adenocarcinoma. Our team reanalyzed and scrutinized the
sequence of caspase-8 holoprotein. The amino acid motif of
“PDEP” (site 193-196) of caspase-8 might potentially bind to the
SH3 domain (Figure 3F). A set of caspase-8 mutants as shown in
Figure 3I were constructed and stably transfected into the
caspase-8-lacking H522 cells by adenoviral vectors. Caspase-8
with “PDEP” motif deletion did not impair the phosphotyrosine
380 of caspase-8 in H522 cells (Figure 3J), whereas “PDEP”-
deleted caspase-8 was unable to overactivate c-Src with
no impacts on c-Src-induced caspase-8 phosphorylation
(Figure 3J). The “PDEP” motif of caspase-8 was not required
for its interaction with c-Src as tyrosine 380 of c-Src (Figure 3K).
Collectively, caspase-8 phosphorylated by c-Src reversely
overactivated c-Src through its phosphotyrosine 380 and
“PDEP” motif docking to the SH2 and SH3 domains of c-
Src, respectively.

c-Src Was Unable to Trigger EGFR-
Related Signaling Reflected by the
Phosphotyrosines 1068, 1086, and 1145
of EGFR
EGFR signaling was critical to maintain proliferation and
metastasis of NSCLC in particular for EGFR-mutant NSCLC
(32, 33). The interaction between EGFR and other tyrosine
kinases amplified the survival signaling through the
phosphoinositide-3 kinase (PI3K)-protein kinase B (AKT) and
the mitogen-activated protein kinase (MAPK)-extracellular
signal-regulated kinase (ERK1/2 or ERK) pathway (32–34).
Therefore, we hoped to uncover the relationship between c-Src
activation and EGFR signaling in lung adenocarcinoma. We
showed the activation model of EGFR in the EGFR-nonaddictive
H522 cells lacking c-Src activation, in which the autophosphorylation
of EGFR at tyrosine 1173 was paralleled with the phosphorylated
tyrosine 1068, 1086, and 1148 with the epidermal growth factor
(EGF) addition (Figure 4A), while the phosphorylation of tyrosine
845, 1101, 974, and 992 was undetectable (Figure 4A). It seemed that
the tyrosine 1173 was more sensitive to reflect EGF-triggered EGFR
activation (Figure 4A). EGFR activation was completely eliminated
with no EGF addition inH522 cells (Figure 4A). In addition, tyrosine
1045 was slightly phosphorylated following EGF stimulation
(Figures 4A, B). It was explicable that the phosphotyrosine 1045
initiated the ubiquitination and degradation of EGFR (35). It was of
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interest to clarify whether c-Src overactivation was able to affect
EGFR activation in lung adenocarcinoma. In the EGFR-nonaddictive
H522 cells and A549 cells with caspase-8 expression, the
phosphorylation of tyrosine 845 and 1101 was significantly
increased under the stimulation of EGF (Figure 4B), suggesting
that the phosphorylation of tyrosine 845 and 1101 was associated
with c-Src overactivation and EGF stimulation. EGFR activation
depended on EGF in the EGFR-nonaddictive lung adenocarcinoma.
EGF triggered the EGFR-associated downstream signaling including
PI3K-AKT and MAPK-ERK (Figure 4C). It was noteworthy that
EGF triggered survival signaling and did not affect c-Src activity in
lung adenocarcinoma cells (Figure 4C).

We next evaluated the potency of phosphorylated tyrosine
sites of EGFR to trigger the EGFR-related signaling. Our team
constructed the tyrosine site mutants (tyrosine [Y] to alanine
[A]) of EGFR tagged with HA tag in the EGFR-deleted A549 cells
(Figure 4D). Accordingly, tyrosine 1068, 1086, and 1148 rather
than tyrosine 1173 had the synergic effect to trigger PI3K-AKT
andMAPK-ERK signaling (Figure 4D). It was of notes that c-Src
activation led to two tyrosine sites (tyrosine 845 and 1101) of
EGFR being phosphorylated and did not contribute to EGFR-
related signaling. A previous study uncovered that EGFR with
sensitive mutation was self-active through the form of
homodimerization to trigger survival signaling (36). To explore
the EGFR activation through EGFR homo- or hetero-
multimerization, we synthesized shRNAs for targets on Her-2,
Her-3, and Her-4 (Figure 4E). The knockdown of Her-2, Her-3,
or Her-4 was incapable of affecting EGFR-related signaling
as EGFR knockdown in the EGFR-nonaddictive lung
adenocarcinoma cells (Figure 4F). This indicated that EGFR
homodimerization might trigger EGFR-related signaling. We
extended the molecular machinery for EGFR-related signaling
in the EGFR-addictive lung adenocarcinoma cells with the
sensitive mutation of EGFR (PC9 and H1650 with exon 19
deletion mutation [deletion E746-A750], H3255 with exon 21
L858R). In PC9, H1650, and H3255 cells, EGFR activation and
Frontiers in Oncology | www.frontiersin.org 7204
EGFR-related signaling were similar regardless of EGF
stimulation (Figures 4G, H). Together, the phosphorylation of
tyrosine 1068, 1086, and 1148 was reflective of the EGFR
activation accompanied by the EGFR-related signaling in
lung adenocarcinoma.

TKIs Blocked EGFR-Related Signaling to
Facilitate Cell deaths of EGFR-Mutant
Lung Adenocarcinoma
Targeted therapy with TKIs is character ized as a
standard treatment for patients with EGFR-mutated lung
adenocarcinoma (37, 38). It was deemed necessary to
determine the antitumor effects and molecular mechanisms of
TKIs in lung adenocarcinoma. As shown in Figures 5A, B, TKIs
did not lead to the marked decrease in tumor cell viability in the
EGFR-nonaddictive A549 and H522 cells with or without c-Src
overactivation. By contrast, PC9, H1650, and H3255 cells with
the sensitive mutation of EGFR showed the potent antitumor
activity corresponding to distinct TKIs (Figure 5C). TKIs had
the great efficacy to inhibit the phosphorylation of tyrosine 1068,
1086, and 1145 of EGFR in the EGFR-mutant lung
adenocarcinoma cells (Figure 5D). In turn, TKIs efficiently
suppressed PI3K-AKT and MAPK-ERK signaling, particularly
for osimertinib (Figure 5E). It was intriguing that osimertinib
could attenuate c-Src activation to a lesser extent (Figure 5E).
Together, this indicated that TKIs induced the antitumor activity
through the inhibition of EGFR-related signaling in the EGFR-
mutant lung adenocarcinoma cells.

Sequentially, we sought to disclose the association between
the inhibitions of PI3K-AKT/MAPK-ERK signaling and cell
deaths. Our team procured a set of the inhibitors for PI3K-
AKT and MAPK-ERK signaling (MAPK/ERK kinase; MEK) as
shown in Table S3. In the EGFR-mutant cell lines, the variable
inhibitors of PI3K-AKT and MAPK-ERK presented variable
antitumor activity (Figures 5F, H, J), indicating that the ability
of TKIs to eliminate tumor cells accounted for the inhibitor of
TABLE 1 | Association of phosphotyrosine 380 Caspase-8 (p-Casp8) expression with clinicopathological characteristics of patients with operable lung adenocarcinoma (n = 84).

Clinicopathological characteristics p-Casp8 expression n (%) P

Positive Negative

Age (y)
≤60 19 (42.2%) 16 (41.0%) >0.05
>60 26 (57.8%) 23 (59.0%)

Sex
Male 35 (77.8%) 29 (74.3%) >0.05
Female 10 (22.2%) 10 (25.7%)

Differentiation
Well 24 (53.3%) 23 (58.9%) >0.05
Moderate 15 (33.3%) 13 (33.3%)
Poor 6 (13.4%) 3 (7.8%)

Lymphnodes metastasis
N0-1 22 (48.9%) 16 (41.0%) >0.05
N2-3 23 (51.1%) 23 (59.0%)

pTNM stage
I-II 21 (46.7%) 17 (43.6%) >0.05
III-IV 24 (53.3%) 22 (56.4%)
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FIGURE 3 | Phosphorylated Caspase-8 by c-Src overactivated c-Src through its phosphotyrosine 380 and “PDEP” motif docking to SH2 and SH3 domain of c-Src.
(A) Immunoblotting analysis of Fgr, Fyn, Yes, Lyn, Hck, Lck and Blk in lung adenocarcinoma cell lines including A549, H522, PC9, H1975, H1650, H3255 and H23
cells attached on fibronectin for 24 h. (B) Immunoblotting analysis of Fgr, Lck, Blk and p-Casp8 in A549 cells transfected by adenoviral delivery of Fgr, Lck and Blk
attached on fibronectin for 24 h. (C) Immunoblotting analysis of Fyn, Yes, Lyn, Hck and p-Casp8 in A549 cells transfected by lentiviral delivery of shRNAs of Fyn,
Yes, Lyn and Hck attached on fibronectin for 24 h. (D, E) A549 cells were allowed to attach onto fibronectin-coated dish for 24 h and assessed by confocal
microscopy using antibodies against p-Src, Casp8, c-Src and p-Casp8. Scale bars, 10 mm. (F) The amino acid sequence and tyrosine position of Caspase-8. (G)
Immunoblotting analysis of HA, p-Casp8, c-Src, p-Src and b-actin in H522 cells with adenovirus encoding control vector, Casp8 WT, Casp8 tyr-mut, Casp8 tyr
(380)-mut and Casp8 Y380A attached on fibronectin for 24 h. The TCLs of H522 cells with adenovirus encoding control vector, Casp8 WT, Casp8 tyr-mut, Casp8
tyr(380)-mut and Casp8 Y380A attached on fibronectin for 24 h were subjected to immunoprecipitation (IP) using anti-Caspase-8 antibody. The blot was then
stripped and reprobed for phosphotyrosine and Casp8. (H) Microarray analysis of SH2 domains of intracellular proteins binding to p-Casp8 in A549 cells. Green and
yellow represented equal signal and downregulation; red represented upregulation. (I) Schematic representation of various HA-tagged mutants of Caspase-8. (J)
Immunoblotting analysis of HA, p-Src, p-Casp8, c-Src and b-actin in H522 cells with adenovirus encoding Caspase-8 mutants attached on fibronectin for 24 h. (K)
The TCLs of H522 cells with adenovirus encoding Caspase-8 mutants in 3I were subjected to IP using anti-c-Src antibody. The blot was then stripped and reprobed
for c-Src and p-Casp8.
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survival signaling, including PI3K-AKT and MAPK-ERK.
Nevertheless, PI3K-AKT and MAPK-ERK inhibition was
unable to kill tumor cells as TKIs did (Figures 5G, I, K). This
implied the possibility that the applied inhibitors at the
Frontiers in Oncology | www.frontiersin.org 9206
concentration could not inhibit the survival signaling as TKIs
alone did. We then attempted to clarify the effects of the survival
signaling blockade on the viability of EGFR-nonaddictive cell
lines. It was intriguing that the PI3K-AKT and MAPK-ERK
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FIGURE 4 | c-Src was unable to trigger EGFR-related signaling reflected by the phosphotyrosines 1068, 1086, and 1145 of EGFR. (A) Immunoblotting analysis of
p-Y845, p-Y1101, p-Y947, p-Y992, p-Y1045, p-Y1068, p-Y1086, p-Y1148, p-Y1173 of EGFR and EGFR in H522 cells with Casp8 WT attached on fibronectin for
24 h stimulated by EGF or not as indicated times. (B) Immunoblotting analysis of p-Y845, p-Y1101, p-Y947, p-Y992, p-Y1045, p-Y1068, p-Y1086, p-Y1148, p-
Y1173 of EGFR and EGFR in H522 cells with control vector or Casp8 WT and A549 cells with control shRNA or Casp8 shRNA attached on fibronectin for 24 h
stimulated by EGF or not for 24 h. (C) Immunoblotting analysis of p-Src, c-Src, p-AKT, AKT, p-ERK, ERK and b-actin in H522 cells with control vector or Casp8 WT
and A549 cells with control shRNA or Casp8 shRNA attached on fibronectin for 24 h stimulated by EGF or not for 24 h. (D) Immunoblotting analysis of p-AKT, AKT,
p-ERK, ERK and HA in EGFR-deleted A549 cells transfected with lentiviral tyrosine mutants of EGFR attached on fibronectin for 24 h stimulated by EGF for 24 h.
(E) Immunoblotting analysis of EGFR, Her-2, Her-3, Her-4 and b-actin in A549 cells with lentiviral shRNAs specific for control, EGFR, Her-2, Her-3 and Her-4. (F)
Immunoblotting analysis of p-AKT, AKT, p-ERK, ERK and b-actin in A549 cells with lentiviral shRNAs specific for control, EGFR, Her-2, Her-3 and Her-4 attached on
fibronectin for 24 h stimulated by EGF for 24 hr. (G) Immunoblotting analysis of p-Y1068, p-Y1086, p-Y1148, p-Y1173 of EGFR and EGFR in PC9, H1650 and
H3255 cells stimulated by EGF or not for 24 hr. (H) Immunoblotting analysis of p-AKT, AKT, p-ERK, ERK and b-actin in PC9, H1650 and H3255 cells attached on
fibronectin for 24 h stimulated by EGF or not for 24 hr.
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FIGURE 5 | TKIs blocked EGFR-related signaling to facilitate cell deaths of EGFR-mutant lung adenocarcinoma. (A) Viability assay of A549 cells with control shRNA
or Casp8 shRNA attached on fibronectin for 24 h treated by TKIs at indicated concentrations for 48 h (n = 3). (B) Viability assay of H522 cells with control vector or
Casp8 WT attached on fibronectin for 24 h treated by TKIs at indicated concentrations for 48 h (n = 3). (C) Viability assay of PC9, H1650 and H3255 cells treated by
TKIs at indicated concentrations for 48 h (n = 3). (D) Immunoblotting analysis of p-Y1068, p-Y1086, p-Y1148 of EGFR and b-actin in PC9, H1650 and H3255 cells.
(E) Immunoblotting analysis of p-Src, c-Src, p-AKT, AKT, p-ERK, ERK and b-actin in PC9, H1650 and H3255 cells. (F, G) Viability assay of PC9 cells treated by
drugs indicated for 48 h (n = 3). * vs. control, p < 0.05. (H, I) Viability assay of H1650 cells treated by drugs indicated for 48 h (n = 3). * vs. control, p < 0.05. (J, K)
Viability assay of H3255 cells treated by drugs indicated for 48 h (n = 3). * vs. control, p < 0.05. (L, M) Viability assay of A549 cells attached on fibronectin for 24 h
treated by drugs indicated for 48 h (n = 3). * vs. control, p < 0.05. (N, O) Viability assay of H522 cells attached on fibronectin for 24 h treated by drugs indicated for
48 h (n = 3). * vs. control, p < 0.05.
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blockade induced A549 and H522 cell deaths (Figures 5L–O). It
seemed that H522 cells with caspase-8 deficiency were more
sensitive to the inhibition of survival signaling (Figures 5L, N).
Therefore, it was rationalized that TKIs could induce to
antitumor activity in the EGFR-mutant lung adenocarcinoma
cells through the inhibition of survival signaling.

The Necroptosis Through FADD Complex
Was Predominant for TKIs-Induced Cell
Death in the EGFR-Mutant Lung
Adenocarcinoma
It has been reported that TKIs induced apoptosis through the
inhibition of survival pathways in EGFR-mutant lung
adenocarcinoma (39, 40). We previously reported that
necroptosis was predominant for chemotherapy-induced cell
death in lung adenocarcinoma cells, owing to c-Src-induced
caspase-8 phosphorylation to block apoptosis (21). In line with
this, the inhibitor for caspase-8–induced apoptosis (z-IETD-
fmk) did not impact the antitumor activity of TKIs in PC9,
H1650, and H3255 cells expressing p-Casp8 (Figures 6A–C). We
found that caspase-9 inhibitor (intrinsic apoptosis inhibitor: z-
LEHD-fmk) and pan-caspase inhibitor (z-VAD-fmk) reduced
approximately 8%, 18%, and 4% (4%–18%) of cell deaths in the
EGFR-sensitive lung adenocarcinoma cells, while necrostatin-1
(necroptosis inhibitor; nec-1) salvaged the most cell deaths in
lung adenocarcinoma (Figures 6A–C). To further dissect the
models of TKI-induced cell death, flow cytometry analysis via
Annexin V-propidium iodide (PI) staining was applied. Dual
inhibitors for intrinsic apoptosis and necroptosis completely
rescued the cell deaths of EGFR-mutated lung adenocarcinoma
cells (Annexin V-positive: apoptosis; PI-positive: necroptosis;
Figures 6D–F). This indicated that necroptosis was predominant
in the TKI-induced cell deaths of lung adenocarcinoma, whereas
the intrinsic apoptosis was highly variable. Caspase-9 inhibitor
and nec-1 were able to prevent tumor cells from apoptosis
and necroptosis, respectively, in the EGFR-mutant lung
adenocarcinoma cells (Figures 6G–I).

It was shown that receptor-interacting serine/threonine-
protein kinase (RIPK) 1 and RIPK3 were obviously
phosphorylated in PC9, H1650, and H325 cells treated with
TKIs (Figures 6J–L). It was previously reported that Fas-
associated death domain (FADD) complex was the crux to
balance between caspase-8–induced apoptosis and RIPK1-
induced necroptosis (41–43). In line with that, FADD was
coimmunoprecipitated with sharply increased RIPK1 under the
stimulation of TKIs (Figures 6M–O). Our team harvested 33
pairs of EGFR-mutant lung adenocarcinoma and noncancerous
tissues, of which 13 pairs were accessible to patient-derived
xenografts (PDXs) or tumors. We sought to determine the cell
death pattern in the patient-derived tumor cells with the
sensitive-mutation EGFR (Table S4). The necroptosis
accompanied by apoptotic inhibition contributed to a greater
portion of TKI-induced cell deaths as compared with intrinsic
apoptosis alone (Figures 6P, Q). This, therefore, indicated that
the necroptosis was critical for TKI-induced antitumor activity in
the EGFR-mutant lung adenocarcinomas.
Frontiers in Oncology | www.frontiersin.org 11208
Inactivated c-Src Blocked EGFR-Related
Survival Pathway Through Sealing the
Phosphotyrosines of EGFR
Although activated c-Src did not enhance EGFR-related survival
pathways in lung adenocarcinoma, the possibility of c-Src
inactivation resulting in caspase-8 dephosphorylation to
facilitate cell death was considered. p-Src and p-Casp8 were
ubiquitous in EGFR-mutant lung adenocarcinomas (Figure 5E
and Table S4). It was expected that c-Src inactivation was
attained by dasatinib in the EGFR-mutant lung adenocarcinoma
cells (21). The addition of dasatinib in the EGFR-mutant lung
adenocarcinoma cells efficiently attenuated c-Src activation
(Figure 7A). It was of note that c-Src inactivation had the
potential to suppress EGFR-related survival pathways
(Figure 7A). We then explored the interaction between c-Src
and EGFR through the coimmunoprecipitation assay.
Coimmunoprecipitated c-Src was remarkably reduced with the
mutations of tyrosine 1068, 1086, and 1145 of EGFR in the EGFR-
lacking A549 cells (Figure 7B), while the interplay between c-Src
and EGFR was not affected in the other mutants of EGFR
(Figure 7B). It was more likely that c-Src was binding to
phosphotyrosine 1068, 1086, and 1145 to block the EGFR-
induced survival pathways. Then, we constructed various c-Src
mutants (Figure 7C). Moreover, the deletion of the SH2 domain
of c-Src completely eliminated its interaction with EGFR in the
EGFR-mutant lung adenocarcinoma (Figures 7D–F). We
constructed the microarray of SH2 domains of intracellular
proteins in the lung adenocarcinoma according to Table S1.
Our data showed that a huge number of SH2 domains could
bind to phosphorylated tyrosine 1068, 1086, and 1145 of EGFR, in
which the SH2 domain of c-Src could more effectively bind to the
phosphotyrosines of EGFR (Figure 7G). It seemed that other
members of the c-Src family were not binding to the
phosphotyrosines of EGFR as c-Src did (Figure 7G). We
analyzed the correlation between c-Src activation and the
therapeutic effect. It was intriguing that c-Src inactivation
promoted the clinical response of TKIs (Figure 7H).

To answer the question of whether dasatinib facilitated
caspase-8–induced apoptosis through caspase-8 dephosphorylation,
dasatinib obviously increased TKI-induced cell deaths in PC9,
H1650, and H3255 cells (Figure 7I). Strikingly, apoptosis was not
significantly increased, compared with necrosis (Figure 7J).
Dasatinib inactivated c-Src to dephosphorylate caspase-8 without
the apoptotic cleavage of caspase-8 (Figures 7A, K), whereas RIPK1/
RIPK3 phosphorylation was obviously enhanced (Figure 7K). This
suggested that dasatinib promoted the necroptosis of TKIs through
RIPK1/RIPK3 activation. On the other hand, caspase-8 knockdown
with the impairment of c-Src activation significantly increased the
response of the xenografts to gefitinib (Figure 7L), whereas dasatinib
achieved a similar effect (Figure 7M). In the sequence, we observed
the response of human lung adenocarcinoma with EGFR mutation
to gefitinib and dasatinib in the PDX model. The addition of
dasatinib consistently had the marked impacts on promoting the
response of the EGFR-mutant lung adenocarcinoma to gefitinib
(Figures 7N–P). Furthermore, our team retrospectively analyzed all
the patients with EGFR-mutant lung adenocarcinoma in our center.
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FIGURE 6 | The necroptosis through FADD complex was predominant for TKIs-induced cell death in the EGFR-mutant lung adenocarcinoma. (A–C), PC9, H1650,
and H3255 cells were treated with TKIs with the addition of DMSO (Control), zIETD-fmk, zVAD-fmk, and nec-1 for 48 h. Cell viability was determined by measuring
ATP levels using Cell Titer-Glo kit. Data were represented as mean ± standard deviation of duplicates. **, p < 0.01. (D–F) PC9, H1650, and H3255 cells were treated
with TKIs with the addition of DMSO (Control) and zIETD-fmk+nec-1 for 48 h. Cell viability was determined by measuring ATP levels using Cell Titer-Glo kit. Data
were represented as mean ± standard deviation of duplicates. ** vs. control, p < 0.01. (G–I), PC9, H1650, and H3255 cells were treated with TKIs with the addition of
DMSO (Control), zIETD-fmk, nec-1 and zIETD-fmk+nec-1 for 48 h. Cells were analyzed for Annexin V/PI staining by flow cytometry. All experiments were repeated 3
times with similar results. **, vs. Control, p < 0.01. (J–L), Immunoblotting analysis of RIPK1, RIPK3 and b-actin in PC9, H1650 and H3255 cells treated with TKIs 48 h.
Cells were labelled with [32P]-orthophosphate. Phosphorylated RIPK1 and RIPK3 were measured by Cyclone Plus Phosphor Imager. (M–O) The immunocomplexes of
PC9, H1650 and H3255 cells treated with TKIs for 48 h were eluted with antibody against FADD, and whole elution was used to measure RIPK1. (P) Soft agar colony
formation assay of patient-derived tumor cells with DMSO (Control), gefitinib, gefitinib+zIETD-fmk and gefitinib+nec-1 in 12-well dish (5×103 cells per well) for 1 weeks
(n = 3). Representative images (upper) and average number of colonies (lower) are shown. **, vs. Control, p < 0.01. (Q) PC9, H1650, and H3255 cells were treated with
gefitinib, gefitinib+zIETD-fmk and gefitinib+nec-1 for 48 h. Cell viability was determined by measuring ATP levels using Cell Titer-Glo kit. Data were represented as mean ±
standard deviation of duplicates. * vs. control, p < 0.05. ** vs. control, p < 0.01.
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FIGURE 7 | Inactivated c-Src blocked EGFR-related survival pathways through sealing the phosphotyrosines of EGFR triggering cell deaths. (A) Immunoblotting
analysis of Caspase-8, p-Src, c-Src, p-AKT, AKT, p-ERK, ERK, and b-actin in PC9, H1650, and H3255 cells treated with control and dasatinib for 48 h. (B) The
immunocomplexes of EGFR-deficient A549 cells transfected the adenoviral HA-tagged tyrosine mutants of EGFR treated with EGF were eluted with antibody against
EGFR, and whole elution was used to measure c-Src. (C) Schematic representation of various mutants of c-Src used in this study. (D–F) The immunocomplexes of
PC9, H1650, and H3255 cells transfected lentiviral Casp8 shRNA were eluted with antibody against EGFR, and whole elutions were used to measure HA. (G)
Microarray analysis of SH2 domains of intracellular proteins binding to EGFR in A549 cells attached on fibronectin for 24 h. (H) Immunohistochemistry for p-Src
expression in patients with EGFR-mutant lung adenocarcinoma representing CR, PR, and PD to TKIs by specific antibody (×400). The relationship between p-Src
IHC score and chemotherapy response was showed. * vs. intergroup, p < 0.05. (I) PC9, H1650, and H3255 cells were treated with gefitinib or gefitinib+dasatinib for
48 h. Cell viability was determined by measuring ATP levels using Cell Titer-Glo kit. Data were represented as mean ± standard deviation of duplicates. * vs. Gefitinib,
p < 0.05. (J) PC9, H1650, and H3255 cells were treated with gefitinib or gefitinib+dasatinib for 48 h. Cells were analyzed for Annexin V/PI staining by flow cytometry.
All experiments were repeated 3 times with similar results. **, vs. Gefitinib, p < 0.01. (K) Immunoblotting analysis of Caspase-8, p-Casp8, cleaved Casp8, and b-
actin in PC9, H1650 and H3255 cells attached on fibronectin for 24h treated with gefitinib+control (Control) and gefitinib+dasatinib (Dasa). Cells were labelled with
[32P]-orthophosphate. Phosphorylated RIPK1, RIPK3 and MLKL were measured by Cyclone Plus Phosphor Imager. (L) Subcutaneous xenograft assay of PC9,
H1650, and H3255 cells transfected with adenoviral control shRNA and Casp8 shRNA in nude mice treated with control or dasatinib. Volumes of tumors were
shown (n = 10 per group). **p < 0.01. *p < 0.05. (M) Subcutaneous xenograft assay of PC9, H1650 and H3255 cells in nude mice treated with control or gefitinib or
gefitinib+dasatinib. Volumes of tumors were shown (n = 10 per group). **, p < 0.01. *, p < 0.05. (N–P) Representative patient-derived tumor xenografts in nude mice
treated with control or gefitinib or gefitinib+dasatinib. Volumes of tumors were shown (n = 10 per group). **p < 0.01. *p < 0.05. (Q) Response to gefitinib or gefitinib
+dasatinib of patients with metastatic EGFR-mutant lung adenocarcinoma. **p < 0.01. (R, S) Kaplan-Meier analysis of duration of response and overall survival in the
cohort of PDX models, p < 0.001.
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18 patients with metastatic lung adenocarcinoma who received
gefitinib/erlotinib plus dasatinib were screened out. Of these
patients, 10 received no treatment except for the combined
treatment in Table S5. It was daunting that all eligible lung
adenocarcinomas were p-Src-positive (Table S5). After being
compared with the results of the EGFR-mutant lung
adenocarcinoma patients treated by gefitinib alone, dual drugs of
gefitinib and dasatinib achieved the better response rate and duration
as compared with gefitinib alone (Figures 7Q, R), which led to a
better prognosis for OS (Figure 7S). In sum, inactivated c-Src by
dasatinib sealed the phosphorylated tyrosine 1068, 1086, and 1145 of
EGFR to inhibit the survival pathway to sensitize EGFR-mutant lung
adenocarcinoma to TKI.
DISCUSSION

NSCLC is the most commonly diagnosed human cancer as well as
the leading cause of cancer-related deaths in 2019, of which lung
adenocarcinoma accounted for 55% with a significant increase (3).
The clinical utility of using a single gene-based biomarker as a
therapeutic focus for lung adenocarcinoma was first realized with
the discovery of mutations in the tyrosine kinase domain of EGFR
in 2004; this enabled the identification of patients with greater
sensitivity to TKIs (38, 44). The first-generation EGFR TKIs,
gefitinib and erlotinib, designed to reversibly compete for the
adenosine triphosphate binding sites and, thus, block EGFR-
induced downstream signaling activation in the lung
adenocarcinoma treatment (38, 45). A layer of complexity in
EGFR signaling is the potential for cross-talk with cytoplasmic
tyrosine kinases, particularly the ubiquitously expressed kinases c-
Src (46). Therefore, we expected to uncover a novel path to
sensitize TKIs in EGFR-mutant lung adenocarcinomas.

To date, there is increasing striking evidence that supports the
nonapoptotic roles of caspase-8 (14, 47). This was substantiated
by our observation that caspase-8 was rarely lacking in lung
adenocarcinoma (21, 25). The linkage between caspase-8 and
c-Src has been confirmed by the observation that cell
stimulations with the survival-promoting factors led to c-Src-
Frontiers in Oncology | www.frontiersin.org 14211
mediated caspase-8 phosphorylation on Tyr-380, and thus
inhibiting its apoptotic function (18, 25). It was more likely
that c-Src–caspase-8 interaction had a key role in human
cancers. Therefore, we further dissected the interaction
between c-Src and caspase-8 in lung adenocarcinoma cell lines.
Strikingly, only tyrosine 380 out of 18 tyrosines of caspase-8 was
clarified to be phosphorylated by activated c-Src. On the other
hand, phosphorylated caspase-8 was the most powerful in
inducing c-Src overactivation as compared with other putative
activators of c-Src, such as EGFR and FAK. To answer the
question as to why caspase-8 can furiously overactivate c-Src and
surpass other putative activators, prior studies uncovered that c-
Src was activated by docking to the SH2 domain or the SH3
domain with a higher affinity (35, 48). Caspase-8 had the
phosphotyrosine 380 docking to the SH2 domain of c-Src and
“PDEP” motif binding to the SH3 domain of c-Src to
overactivate c-Src in lung adenocarcinoma. It was reasonable
that EGFR and FAK could not activate c-Src due to a lack of
binding to the SH3 domain of c-Src despite its phosphorylated
tyrosines docking to the SH2 domain of c-Src.

EMT is a trans-differentiation characterized as a key step
toward cancer metastasis with decreased epithelial markers, such
as E-cadherin, and increased mesenchymal markers, such as
vimentin (49, 50). Activated c-Src has been identified as a potent
inducer for EMT (49, 50). Following phosphotyrosine 380 of
caspase-8–mediated c-Src overactivation, we detected the
downregulation of E-cadherin and upregulation of vimentin
with morphological characteristics of spindle and dendritic
shapes that could promote tumor metastasis in lung
adenocarcinoma. Our previous data demonstrated that RNF43
was able to ubiquitinate and degrade E-cadherin phosphorylated
by c-Src to facilitate the EMT process in lung adenocarcinoma,
indicating the mechanism that activated c-Src induced the EMT
phenotype (25). c-Src overactivation by caspase-8 triggered EMT
to facilitate tumor metastasis and yielded resistance to therapies
in lung adenocarcinoma. Hence, the blockade of caspase-8-
induced c-Src overactivation shed a light on this topic in
clinical practice.

EGFR is a receptor tyrosine kinase that is frequently
upregulated in human cancers, such as in NSCLC (51, 52).
FIGURE 8 | A schematic diagram of synergic effects of inactivated c-Src and TKIs.
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Diverse mechanisms augmented EGFR activity, including the
EGFRvIII truncations, as well as to its kinase domain, such as the
L858R mutations (52). These EGFR aberrations overactivated
downstream pro-oncogenic signaling pathways, including the
MAPK-ERK and PI3K-AKT pathways (51). These survival
pathways activated many biological outputs that were
beneficial to cancer cell proliferation. Nevertheless, the EGFR
activation model remained elusive. Tyrosine 1068, 1086, and
1143 of EGFR were characterized to reflect EGFR activation in
lung adenocarcinoma, and were irreplaceable for EGFR-related
signaling. The notion has been supported by previous reports
that tyrosine 1068, 1086, and 1143 of EGFR played a dominant
role on EGFR activation in lung cancer (40). Our observation
differed from a previous study in that EGFR was homo- or
heteromultimerized with Her-2, Her-3, and Her-4. Her-2 was
an important effector that leads to the resistance of TKIs to
tumor cells. We found that Her-2, Her-3, or Her-4 had less
contribution to EGFR activation. It was inferred that EGFR
homomultimerization was critical for EGFR activation.

Surprisingly, EGFR signaling was different in the capability to
maintain tumor growth in the different lung adenocarcinoma
cells. The EGFR-mutation lung adenocarcinomas were more
addictive to EGFR-induced survival signaling than the EGFR-
WT lung adenocarcinomas. TKIs efficiently blocked EGFR-
induced PI3K-AKT and MAPK-ERK in order to initiate
necroptosis to the majority and intrinsic apoptosis to a lesser
extent. This implied that EGFR addiction for tumor growth
might underlie the clinical value of TKIs. Accordingly, intrinsic
apoptosis was highly variable in the TKI-induced cell deaths of
EGFR-mutant lung adenocarcinoma. This may be because the
intrinsic apoptotic pathway was too entangled to disentangle,
involving too many molecular factors. Dauntingly, dasatinib
inactivated c-Src to seal the survival signaling-related
phosphorylated tyrosines of EGFR by the SH2 domain of c-Src
to facilitate necroptosis instead of caspase-8–induced apoptosis.
Our team has done great work in exploring why caspase-8
dephosphorylation could not initiate apoptosis during
dasat inib treatment in lung adenocarcinoma (data
unpublished). However, dasatinib had limited benefit for
advanced EGFR-mutant NSCLC (53, 54). It was more likely
that dasatinib was unable to efficiently inactivate c-Src kinase to
maintain its clinical therapeutic value.

Collectively, caspase-8 phosphorylated at tyrosine 380 by c-
Src predominantly enhanced c-Src activation to induce EMT
phenotypic features in lung adenocarcinoma. Mechanistically,
the linkage of the c-Src SH2 domain with phosphotyrosine 380 of
caspase-8 and SH3 domain with “PDEP” motif of caspase-8
furiously overactivated c-Src. In addition, activated EGFR
reflected by the levels of phosphotyrosine 1068, 1086, and 1145
of EGFR had no impact on c-Src activation, while TKIs
attenuated EGFR activation to induce cell deaths of lung
adenocarcinoma. Surprisingly, blocking c-Src activation
through dasatinib was able to inhibit the EGFR survival
signaling by sealing tyrosine 1068, 1086, and 1145 of EGFR,
which in turn increased the antitumor activity of TKIs in EGFR-
mutant lung adenocarcinoma. Together, inactivated c-Src by
Frontiers in Oncology | www.frontiersin.org 15212
dasatinib administration sensitized EGFR-mutant lung
adenocarcinoma to TKIs (Figure 8).
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GLOSSARY

EMT Epithelial-mesenchymal transition
Tyr Tyrosine
NSCLC Non–small cell lung cancer
WT Wild type
EGFR Epidermal growth factor receptor
PI3K Phosphoinositide-3 kinase
AKT Protein kinase B
MAPK Mitogen-activated protein kinase
ERK1/2 or ERK Extracellular signal-regulated kinase
MEK MAPK/ERK kinase
FAK Focal adhesion kinase
HA Hemagglutinin
TKI Tyrosine kinase inhibitor
PDX Patient-derived xenografts
CR Complete remission
PR Partial remission
SD Stable disease
PD Progressive disease
AJCC American Joint Committee on Cancer
RECIST Response evaluation criteria in solid tumors
IHC Immunohistochemistry
NCI National cancer institute
ATCC American type culture collection
FBS Fetal bovine serum
shRNAs Short hairpin RNAs
Ct Threshold cycle
nec-1 Necrostatin-1
IP Immunoprecipitation
PI Propidium iodide
IHC Immunohistochemistry
RIPK Receptor-interacting serine/threonine-protein kinase
FADD Fas-associated death domain
ARMS Amplification refractory mutation system
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Objectives: To establish the cost-effectiveness of dacomitinib compared to gefitinib from
the Chinese healthcare system perspective.

Patients: Advanced non-small cell lung cancer (NSCLC) harbouring epidermal growth
factor receptor (EGFR) mutations.

Methods: Partitioned survival analysis was undertaken to examine the cost-effectiveness
of dacomitinib utilising individual patient data (IPD) from the pivotal randomised controlled
trial (RCT) (ARCHER 1050). The three health states modelled were progression-free, post-
progression, and death. Parametric survival distributions were fitted to IPD against the
Kaplan-Meier survival curves corresponding to progression-free survival (PFS) and overall
survival (OS) outcomes by randomised groups. Costs included drug acquisition and
administration, outpatient management (outpatient consultation and examinations), and
best supportive care costs. Utility weights were sourced from the pivotal trial and other
published literature. The incremental cost-effectiveness ratio (ICER) was calculated with
costs and quality-adjusted life years (QALYs) discounted at an annual rate of 5%. Both
deterministic and probabilistic sensitivity analyses were undertaken.

Results: In the base case, dacomitinib (CNY 265,512 and 1.95 QALY) was associated
with higher costs and QALY gains compared to gefitinib (CNY 247,048 and 1.61 QALYs),
resulting in an ICER of CNY 58,947/QALY. Using the empirical WTP/QALY threshold,
dacomitinib is a cost-effective treatment strategy for patients with EGFR-mutation-positive
advanced NSCLC. The probabilistic sensitivity analysis suggested that dacomitinib had a
97% probability of being cost-effective.
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Conclusions: Dacomitinib is a cost-effective treatment strategy in treating patients with
EGFR-mutation-positive NSCLC from the Chinese healthcare system perspective. The
uncertainty around the cost-effectiveness of dacomitinib could be reduced if long-term
survival data become available.

Clinical Trial Registration: NCT01024413
Keywords: epidermal growth factor receptor (EGFR) mutations, NSCLC, cost-effectiveness analysis (CEA),
partitioned survival analysis, economic model
INTRODUCTION

With more than 2.1 million new cases and 11.6% of the total cancer
incidence in 2018, lung cancer is the leading cause of cancer-related
mortality (1.8 million deaths, 18.4% of the total) worldwide (1).
Among these patients, more than a third of all newly diagnosed lung
cancers were from China, constituting a substantial burden for
patients, families, and society as a whole (2). In 2014, the China
annual cancer report revealed that there were 782,000 patients with
newly identified lung cancer (3), including 521,000 male and
261,000 female patients, which represented a significant increase
(20%) from 651,053 total new cases in 2011 (4). It was estimated
that the total national medical cost attributable to lung cancer was
US$10.31 billion, accounting for 2% of the total medical cost in
China in 2015 (5).

Of all lung cancer cases, approximately 85% are non-small cell
lung cancer (NSCLC), and the majority of these patients are
diagnosed at the advanced or metastatic stage, losing their
opportunities for surgery. Epidermal growth factor receptor
(EGFR) mutations are observed in approximately 50% of Asian
and 20% of non-Asian patients (6). EGFRmutations occurred more
frequently in patients who had never smoked, women,
adenocarcinomas, and Asian patients (7–9).

First-line treatment options of NSCLC patients harbouring
EGFR-mutation include the EGFR tyrosine kinase inhibitors
(TKIs), gefitinib, erlotinib, and afatinib all demonstrating
improvements in progression-free survival (PFS) and quality of
life, compared with platinum-based doublet chemotherapy.
There are approved second (treating NSCLC harbouring
activating EGFR mutations) and third (i.e., osimertinib,
targeting NSCLC carrying EGFR-TKI–sensitising and EGFR
p.Thr790Met (T790M) resistance mutations) (10) generation
EGFT-TKIs in China. Dacomitinib is a second-generation,
irreversible EGFR TKI that was approved in China in 2019. It
is a pan-HER irreversible inhibitor that has activity against all
three kinase-active members of the ErbB family (EGFR/HER1,
HER2, and HER4). The FDA and China Food and Drug
Administration (CFDA) granted dacomitinib market access
based on a randomised, multicentre, open-label trial (ARCHER
1050). This trial evaluated the efficacy and safety of dacomitinib
versus gefitinib as a first-line therapy in patients with advanced
EGFR-mutation-positive NSCLC. The outcome from this phase
III trial showed that dacomitinib significantly improved PFS
compared to gefitinib in first-line treatment of patients with
EGFR-mutation-positive NSCLC, with median PFS of 14.7 vs 9.2
months, respectively (hazard ratio 0.59, 95% confidence interval,
2217
CI: 0.47-0.74, p<0.0001). also showed clinically meaningful
improvement in overall survival (OS) with dacomitinib (11).

The National Drug Reimbursement List (NDRL) has four first-
line EGFR TKIs (i.e., gefitinib, erlotinib, icotinib, and afatinib)
currently registered to treat patients with EGFR-mutation-positive
NSCLC dating back to 2016. However, given that the marked gap in
the health outcome for patients with EGFR-mutation-positive
NSCLC still exists and the availability of more effective treatment
options, the next critical question to address is whether more
effective treatment (i.e., dacomitinib) represents value-for-money,
in other words, whether the increased benefits justify the increased
costs. This is pivotal for the Chinese government since there is
always a constraint between ever-increasing healthcare demand and
the already stretched healthcare budget. In response, we aimed to
undertake a modelled economic evaluation of dacomitinib in
treating patients with EGFR-mutation-positive NSCLC from the
Chinese healthcare system perspective using the ARCHER 1050
trial and local costing data.
METHODS

Model Structure
Partitioned survival analysis was utilised to model the long-term
cost-effectiveness of dacomitinib versus gefitinib. A proportion of
patients can move among progression-free (PF), post-progression
(PP), and death states. The progressed patient cannot return to the
PF health state. This modelling approach was chosen because it is
most widely used to summarise the overall impact of treatments on
survival and health-related quality of life (HRQoL) in the context of
clinical trials (12–15). The survival curves of progression-free
survival (PFS) and overall survival (OS) were used independently
to derive the proportion of the cohort at PF and PP (i.e., the
difference in survival at the same timepoint from PFS and OS
curves) health states by various timepoints. Thus, the proportion of
patients in each modelled health state are time-dependent.

Population
Patients diagnosed with EGFR-mutation-positive advanced NSCLC
(stages IIIB/IV or recurrent) and at least one documented EGFR
mutation (exon 19 deletion or the Leu858Arg mutation, with or
without the Thr790Met mutation) were modelled. The baseline
characteristics were defined as per the published clinical trial.
Briefly, the modelled cohort had a median age of 62 years, with
female participants overrepresented (>50%) and predominantly
December 2021 | Volume 11 | Article 564234
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stage IV cancer (81%). Exon 19 deletion (59%) and Leu858Arg
(41%) are the key EGFR mutation types.

Long-Term Extrapolation
Treatment-specific PFS and OS curves from the pivotal trial were
used to track the proportion of patients who stayed in the PF, PP, and
death health states. Since the median duration of follow-up was 22.1
versus 23.0 months in the dacomitinib and gefitinib-treated patients,
respectively, extrapolation of survival curves observed from the trial is
necessary to assess the long-term cost-effectiveness of dacomitinib.

The ARCHER 1050 patient-level data were analysed to generate
the within-trial Kaplan-Meier survival curves for PFS (assessed by
the independent review committee) and OS by randomised groups.
The recommended parametric survival distributions, including
exponential, Weibull, log-normal, log-logistic, generalised-gamma,
and Gompertz, were fitted to the within-trial Kaplan-Meier curves
(16). The best fit curve for long-term extrapolation was selected
based on the goodness-of-fit statistics (AIC and BIC values), visual
inspection (17), and clinical validation. Input from clinical experts
was sought to assess the plausibility of the extrapolation.

Treatment Protocol
Hypothetical patients started either dacomitinib or gefitinib
treatment in the first cycle of the partitioned survival analysis
(PartSA) model. It was assumed that patients only discontinued
the dacomitinib/gefitinib treatment (i.e., first-line treatment) upon
disease progression (i.e., transition from PF to PP state). Those who
progressed are eligible for second- and third-line treatment
incorporating gefitinib, erlotinib, afatinib, osimertinib, and other
standard chemotherapy (i.e., pemetrexed, and platinum-based
chemotherapy). Around 71% of patients underwent the second-
Frontiers in Oncology | www.frontiersin.org 3218
line treatment since the disease progression, and a further 48% of
them received the third-line anti-cancer treatment. The duration of
second-, third-, and subsequent treatment are summarised in
Supplementary Table 1. The dosing regimen for each treatment is
supplied in Table 1.

Costs
Since the healthcare system perspective was adopted to measure the
cost and benefits, only direct medical costs were considered in the
modelled economic analysis. Primary cost components included
first-line treatment (drug acquisition and administration cost
relating to dacomitinib and gefitinib), second- and third-line
treatment, outpatient visit, and costs due to adverse events. The
costs related to the treatment of commonly reported adverse events
are included: for example, diarrhoea (56%), alanine aminotransferase
increase (39%), and aspartate aminotransferase increase (36%)
(details summarised in Supplementary Table 2). A 28-day cycle
was adopted to estimate the costs according to the treatment
regimen. The costs are expressed in Chinese yuan (CNY) valued
in the year 2018. EGFR-TKIs drug cost used in the model is the
national reimbursement price. All the unit costs of treatment are
listed in Table 1.

Utility Weights
The utility weights associated with being in the PF health states were
sourced from the pivotal trial. For the PF state, patients who received
dacomitinib (0.783) reported lower quality of life compared to those
who were treated with gefitinib (0.828); using this, differentiated
utility weights by treatment status are considered not favouring the
intervention. Different utility weights were assigned for patients
TABLE 1 | Unit cost of healthcare resources included in the analysis.

Treatment Unit price Dosing regimen Frequency per 28-day Cost per cycle Reference

First-line
Dacomitinib ¥88/15 mg 45 mg/day 1 ¥7,418 Local charge
Gefitinib ¥236/25mg 25 mg/day 1 ¥6,608 Online resource (16)
Second- & third-line
Erlotinib ¥195/150mg 150mg/day 1 ¥5,460 Online resource (16)
Afatinib ¥200/40mg 40mg/day 1 ¥5,600 Online resource (16)
Osimertinib ¥510/80mg 80mg/day 1 ¥14,280 Online resource (16)
Docetaxel* ¥97/20 mg 120 mg 1.33 ¥5082.40 Zeng et al 2012 (17)
Pemetrexed^ ¥321/200 mg 850 mg 1.33 ¥11212.71 Zeng et al 2012 (17)
Platinum-based therapy 1.33 ¥18,174.39 Zeng et al 2012 (17)
Docetaxel+ platinum-based – 120 mg+ 120 mg 1.33 ¥13,282.55 Zeng et al 2012 (17)
Chemotherapy drug
Cisplatin ¥64.31 128 mg 1.33 ¥10,932.70 Zeng et al 2012 (17)
Docetaxel ¥39.86 128 mg 1.33 ¥6,776.20 Zeng et al 2012 (17)
Pemetrexed ¥26.79 500 mg 1.33 ¥17,861.33 Gu et al 2019 (18)
Chemotherapy administration
Platinum-based ¥596.74/day 1.33 Zeng et al 2012 (17)
Single drug ¥270.87/day 1.33 Zeng et al 2012 (17)
Management
Outpatient consult ¥382.68 – 1 ¥382.68 Zeng et al 2012 (17)
CT ¥484.92 – 0.5 ¥242.46 Zeng et al 2012 (17)
MRI ¥1101.34 – 0.5 ¥550.67 Zeng et al 2012 (17)
Ultrasound ¥402.73 – 0.5 ¥201.37 Zeng et al 2012 (17)
Best support care ¥1902.33 – 1 ¥1902.33 Zeng et al 2012 (17)
Terminal care ¥17,423.00 – 1 ¥17,423.00 Lu S et al, 2017 (19)
December 2021 | Volume
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receiving second- or third-line TKI treatment, chemotherapy, or best
supportive care to account for the different profiles associated with
treatment-related adverse events post-progression. The utility
weights applied in the modelled economic analysis are outlined in
Supplementary Table 3.

Cost-Effectiveness Analysis
The primary outcome measure was the quality-adjusted life year
(QALY), which combines morbidity and mortality. Gefitinib was
selected as the sole comparator since it has been reimbursed inChina
and adopted as the comparator for the economic evaluation of
osimertinib in Australia that underpinned the reimbursement
decision-making (18). In addition, there was no significant
difference in effectiveness between erlotinib and gefitinib (and other
first-line EGFR TKIs (19)). The incremental cost-effectiveness ratio
(ICER)was calculated as the ratio between the incremental costs and
incrementalQALYs.All thecosts andQALYswereaccruedovera15-
year time period, given the relatively poor prognosis of the modelled
population. In theabsenceofanofficialwillingness-to-pay (WTP)per
QALY threshold in China, three times the Gross Domestic
Production (GDP) per capita (CNY 64,644×3) (20) from 2018 was
adopted toexamine thecost-effectivenessofdacomitinib.All thecosts
and benefits were discounted at a 5% rate per year (21).

Sensitivity Analysis
Deterministic and probabilistic sensitivity analyses (DSA and PSA)
were undertaken to test the robustness of base care results. In the
DSA, a series of one-way sensitivity analyses were performed to
examine the variation in ICER by varying one key parameter within
a range at a time. The results were presented in the form of a
Tornado diagram. In the PSA, the distribution of key uncertainty
parameters was incorporated. The second-order Monte Carlo
simulation technique was adopted to sample 1000 iterations from
each distribution to parameterise the model and calculate the
average across these 1000 iterations (and the 95% confidence
interval). The results from the PSA were plotted in the
incremental cost-effectiveness plane. The parameters that varied
in the DSA and PSA are shown in Supplementary Table 4. Further,
the various WTP/QALY thresholds were tested.
RESULTS

Long-Term Extrapolation
In consultation with clinical experts and the AIC/BIC values and
visual inspection, for PFS, Weibull and generalised gamma
Frontiers in Oncology | www.frontiersin.org 4219
distribution were considered most plausible, while for OS,
Weibull, Gompertz, and generalised gamma distribution were
deemed reasonable. Following the NICE DSU recommendations,
the same type of distribution for both arms of each endpoint is
preferred. The different distributions have differential tail
characteristics and therefore, utilising the same distribution
could potentially avoid bias in the comparison generated by
these differences. Moreover, the two treatment modalities
compared are both TKIs, which have a similar mode of action.
Hence, the Weibull distribution was chosen to extrapolate the
PFS and OS curve regardless of treatment groups. Extrapolation
of PFS and OS curves by alternative parametric survival
functions is shown in Supplementary Figures 1, 2.

Published economic evaluations for similar EGFR TKIs were
also reviewed. In the CEA of afatinib vs. gefitinib by Chouaid
et al. (2017) (based on the LUX-Lung 7 trial), the authors used
the Weibull distribution for both PFS and OS based on the AIC
(22). Gefitinib was a common comparator between the LUX-
Lung 7 and ARCHER 1050 trials, and afatinib and dacomitinib
have analogous mechanisms of action. As a result, it is reasonable
to assume that their long-term survival curves would follow a
similar distribution. It is acknowledged that the LUX-Lung 7 trial
had a complete follow-up period (i.e., 27.3 months) (23), which is
more informative for model selection in lieu of long-term
extrapolation. It is considered as an external data point
justifying the selection of the Weibull distribution in the
current economic evaluation.

The goodness-of-fit statistics for fitting PFS and OS curves are
provided in Table 2, and fitted parametric curves are shown in
Figure 1. The PFS results based on the independent review
committee (IRC) were used for the modelled cost-
effectiveness analysis.

Cost-Effectiveness Analysis
Over a 15-year time period, dacomitinib (CNY 265,512 and 1.96
QALY) was associated with higher costs and QALY gains
compared to gefitinib (CNY 247,048 and 1.61 QALY), resulting
in an ICER of CNY 58,947/QALY. Using the empirical WTP/
QALY threshold, it is considered that dacomitinib is a cost-
effective treatment strategy for patients with EGFR-mutation-
positive advanced NSCLC. The key cost components included
costs related to first-line medications (CNY 108,795 and 83,414),
outpatient care (CNY 81,944 and 73,215), second- and third-line
medications (CNY 59,446 and 74,699), terminal care (CNY15,290
and 15,690), and AE (CNY 37 and 30) in dacomitinib and gefitinib
groups, respectively (Table 3).
TABLE 2 | Goodness-of-Fit Statistics for the PFS and OS by treatment groups.

Treatment Curve (Weibull) AIC BIC Mean (month) Median (month)

Dacomitinib PFS (IRC) 545.20 552.04 18.67 14.74
PFS (INV) 530.36 537.21 19.06 15.70
OS 465.03 471.88 38.92 33.36

Gefitinib PFS (IRC) 514.46 521.29 11.80 10.25
PFS (INV) 513.42 520.25 13.25 11.60
OS 461.29 468.12 32.01 28.55
December 2021 | Volume 11
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Sensitivity Analyses
The DSA identified that drug acquisition cost for dacomitinib and
gefitinib, dacomitinib OS extrapolation, second-line treatment
duration and probability of receiving second-line treatment post-
gefitinib, and second-line treatment duration post-dacomitinib are
the key determinants for the ICER. At the same time, probability of
receiving third-line treatment post-dacomitinib, the medical
resource use (i.e., outpatient care) cost per cycle for both
Frontiers in Oncology | www.frontiersin.org 5220
dacomitinib and gefitinib, and gefitinib/dacomitinib PFS
extrapolation are less determinant for the ICER (Figure 2).

The base case ICER was moderately sensitive to the parametric
survival distributions adopted (i.e., for extrapolating survival curves
for gefitinib); for example, if the generalised gamma distribution was
selected for the PFS curve while Gompertz distribution was used for
the OS curve, the ICER increased to CNY 70,152/QALY
(Supplementary Table 4).

The PSA showed that most of the results demonstrated that
dacomitinib contributed to greater costs and QALYs, suggesting a
probability of 97% of being cost-effective compared to gefitinib
(Figure 3). The cost-effective acceptability curve is shown in
Figure 4, which shows that when the WTP/QALY was over three
times the GDP/Capita in China, dacomitinib becomes highly likely
to be cost-effective (over 90%). Lowering the WTP/QALY to two or
one times the GDP/Capita and reducing cost-effective probability to
89% and 54%, respectively (Supplementary Figures 3, 4).
DISCUSSION

The modelled cost-effectiveness analysis of dacomitinib as a first-
line treatment for patients with locally advanced or metastatic
EGFR-mutation-positive NSCLC in China was associated with an
ICER of CNY 58,947/QALY compared with gefitinib over a 15-year
time period. The incremental cost and QALYs were CNY 18,463
and 0.3132, respectively. Using the empiricalWTP/QALY threshold
in China, dacomitinib is considered a cost-effective treatment
modality in this population from the Chinese healthcare
payer’s perspective.

It is acknowledged that the parametric survival models for long-
term extrapolation play a key role in determining the cost-
effectiveness of the intervention. Sensitivity analyses were thus
undertaken by varying the model parameters and testing the
alternative distributions (i.e., generalised gamma). Not
surprisingly, the sensitivity analyses indicated that the OS
parameters for dacomitinib and gefitinib were critical drivers for
FIGURE 2 | Tornado diagram for the one-way sensitivity analysis. MRU, medical resource use; tx, treatment; OS, overall survival; PFS, progression-free survival;
PPS, post-progression survival. The lower values were not tested for the dacomitinib OS parameters and its unit cost due to the negative ICER generated.
FIGURE 1 | Parametric Fitting (Weibull) Compared to Observed KM Data:
PFS (based on independent review committee) and OS for dacomitinib
(upper) and gefitinib (lower). PFS, progression-free survival; OS, overall
survival; KM, Kaplan-Meier.
December 2021 | Volume 11 | Article 564234
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the ICER. The sensitivity analyses by adopting alternative
parametric distribution showed that even after adopting
alternative distribution to extrapolate the within-trial observation,
dacomitinib was still a cost-effective treatment strategy compared
to gefitinib.

The patient-level data were utilised to derive the long-term
extrapolation, which captured all the possible covariates that
might have influenced the OS and PFS over the trial duration and
reflected the time dependence. The PartSA approach directly
applies the primary outcomes from the pivotal trial (i.e., PFS and
OS) and derivation of the state membership from the survival
function directly. As the OS curve was utilised directly to
Frontiers in Oncology | www.frontiersin.org 6221
estimate the proportion of patients in the death state over
time, the OS from the PartSA was a perfect match to the
observed OS within-trial in this approach. In a 2017 NICE
DSU review of NICE oncology technology appraisals, 73% (22/
30) of the appraisal for cancer interventions adopted the PartSA
to assess the long-term cost-effectiveness of the intervention. It is
believed that this is an appropriate modelling technique in this
case as well.

Of particular importance, the base case cost-effectiveness results
were based on the PFS outcome assessed by the independent review
committee, which is considered conservative. The pivotal trial
showed median PFS was 14.7 (95%CI: 11.1-16.6) vs 9.2 months
FIGURE 4 | Cost-effectiveness acceptability curve.
FIGURE 3 | Incremental cost-effectiveness plane: Dacomitinib vs. gefitinib. The probability of dacomitinib being cost-effective is 97%.
TABLE 3 | Base case results of the cost-effectiveness analysis.

Treatment Cost (CNY) QALYs Incremental Cost (CNY) Incremental QALYs ICER

Dacomitinib 265,512 1.9548
Gefitinib 247,048 1.6067 18,463 0.3132 58,947
D
ecember 2021 | Volume 11 | Article
CNY, Chinese Yuan; QALY, quality-adjusted life year; ICER, incremental cost-effectiveness ratio.
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(95%CI: 9.1-11.0) from the independent review committee (HR
0.59, 95% CI: 0.47-0.74), while the same outcome was 16.6 (95%CI:
12.9-18.4) vs 11.0 months (95%CI: 9.4-12.1) from the investigators’
judgement (HR 0.62, 95%CI: 0.50-0.78).

The QALY outcome of dacomitinib from the current study (i.e.,
when a 10-year time period was adopted, the QALY gain was 1.938
and 1.629 in dacomitinib and gefitinib groups) was similar to other
published cost-effectiveness analyses concerning similar therapies.
The modelled economic analysis of afatinib versus gefitinib
reported a QALY of 1.857 and 1.687, respectively, which also
extrapolated the OS and PFS curves using the Weibull distribution
whereas they adopted a shorter time frame (i.e., 10 years) and a 4%
discount rate (22). Another report had slightly lower QALY gains
for the assessed TKIs conducted in the United States (i.e., 1.50
QALY for afatinib, 1.51 QALY for erlotinib, and 1.47 QALY for
gefitinib), compared with the current results. However, since the
US study did not have access to the individual-level patient data,
the long-term extrapolation may be less accurate than this
presented study which extrapolated the within-trial data based
on individual patient data. In terms of the incremental costs, the
previous studies reported €7,700 and $7,714 respectively in the base
case scenarios. With the simple currency conversion, incremental
costs were similar across these modelled economic evaluations.
Another economic analysis that compared afatinib with
pemetrexed-cisplatin in the same population reported an ICER
of SG$137,648/QALY (24) (the QALY gain was 1.69 in the afatinib
treatment group) based on the PartSA technique. A French study
compared afatinib versus erlotinib as a second-line treatment
(patient failed platinum-based therapy) for NSCLC, the QALY
gain was lower than those in the first-line treatment setting (0.94
versus 0.78 in these patients with more advanced disease), but
concluded it was highly likely to be cost-effective over a 10-year
time period with a corresponding ICER of €30,277/QALY (25).

The empirical WTP/QALY is established using the WHO
recommendation of one to three times of GDP/Capita, and we
also examined the cost-effectiveness conclusion by varying such a
threshold in the sensitivity analyses. Three times the GDP/Capita is
usually adopted for non-developed countries, and this threshold is
consistent with prior published economic evaluation in China
(26–28).

This study is not without limitations. First, only the PartSA
modelling technique was utilised to simulate the long-term costs and
QALY associated with dacomitinib treatment. Because the primary
assumption underlying the PartSA approach (i.e., PFS and OS are
independent, so PFS is not predictive of OS), this assumption cannot
hold sometimes. Second, the treatment with dacomitinib/gefitinib
was discontinued upon disease progression in themodel; however, in
actual clinical practice, patients may continue such treatment with
the treating physician’s discretion. Third, the patients recruited in the
trial may not be the same as the characteristics of patients in China.
For example, ARCHER 1050 had more women and non-smokers
and patients with less advanced NSCLC compared to the real-world
patients (29). Therefore, the cost-effectiveness analysis based on the
trial population may not be directly applicable for the Chinese
patient population (30). Nevertheless, this is the first published
economic evaluation of dacomitinib in treating patients with
Frontiers in Oncology | www.frontiersin.org 7222
EGFR-mutation-positive NSCLC, which was performed based on
the individual patient data that can maximise the accuracy of the
long-term extrapolation for the OS and PFS curves, which bears
important implications for policy decision-making. The economic
evaluation was performed from the Chinese healthcare system
perspective; however, the results may be helpful for other countries
with similar economic status.
CONCLUSIONS

Dacomitinib is a cost-effective treatment strategy in the first-line
treatment of patients with EGFR-mutation-positive NSCLC
from the Chinese healthcare payer’s perspective. The
uncertainty around the cost-effectiveness of dacomitinib could
be reduced if long-term survival data become available.
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Objectives: Tyrosine kinase inhibitors (TKIs) are a standard care option in

patients with non-small cell lung cancer (NSCLC) with epidermal growth

factor receptor (EGFR) mutation. TKI-based combination treatment modes

show encouraging outcomes. However, it remains unknown which is the

optimal treatment as the first-line regimen for these patients on overall

survival (OS).

Materials and methods: Randomized controlled trials and meeting abstracts

that investigated EGFR-TKIs alone or in combination as front-line care for

patients with NSCLC were systematically searched in relevant databases and

reviewed. Fixed and random effects network meta-analysis models were used

to estimate progression-free survival (PFS), OS, overall response rate, and grade

three and higher adverse events (AEs). Surface under the cumulative ranking

curves (SUCRAs) were used to rank treatment effects.

Results: Eighteen studies covering six treatments and involving a total of 4389

patients were included in this network meta-analysis. On OS, the top three

treatment were first-generation EGFR-TKIs (1G EGFR-TKIs) plus chemotherapy

(SUCRA, 88.1%), osimertinib (SUCRA, 65.8%) and second-generation EGFR-

TKIs (2GEGFR-TKIs) (SUCRA, 63.3%). On PFS, the top three treatments were

osimertinib (SUCRA, 96.0%), 1G EGFR-TKIs plus chemotherapy (SUCRA, 67.1%),

and 1G EGFR-TKIs plus antiangiogenesis (SUCRA, 48.2%). Two types of TKI-
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based combination therapy have significantly higher risk of grade three and

higher AEs than TKI alone.

Conclusion: 1G EGFR-TKIs plus chemotherapy and osimertinib seem to be the

two better options as first-line care in advanced NSCLC patients with EGFR-

mutation. Osimertinib caused the lowest incidence of AEs. However, TKIs-

based combination therapy significantly increased AEs.
KEYWORDS

non-small-cell Lung cancer, epidermal growth factor receptor tyrosine kinase
inhibitors, EGFR-TKIs, anti-angiogenesis, first line, overall survival, network
meta-analysis
Introduction

Lung cancer is the leading cause of cancer-related mortality

worldwide (1). Non-small-cell lung cancer (NSCLC) accounts for

nearly 85% of all lung cancer cases. Most patients with NSCLC are

diagnosed at an advanced stage and have a poor prognosis (2).With

the development of new drugs and novel therapeutic strategies,

patients with NSCLC harboring epidermal growth factor receptor

(EGFR) mutations have prolonged survival and improved

prognosis. Since 2004, several important trials have established

EGFR tyrosine kinase inhibitor (TKI) therapy as the standard first-

line care for patients with EGFR mutations (3–5). First-generation

EFGR-TKIs, including gefitinib and erlotinib, improved

progression-free survival (PFS) to 9–13.7 months (3–5).

Compared with the first-generation EGFR-TKIs, second- and

third-generation drugs prolong PFS to 11.0 months (afatinib),

14.7 months (dacomitinib), and 18.9 months (osimertinib), which

is significantly better than platinum-based chemotherapy (6–8).

Unfortunately, patients with EGFR mutations inevitably develop

progression as a result of acquired resistance (3–8), especially
ng cancer ; RCTs ,
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se effects; HR, hazard

DA, Food and Drug

h factor; EGFR-TKI,
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among patients with the L858R mutation, who develop resistance

earlier than patients with exon 19 deletion.

In order to improve survival, combination therapy strategies

are considered and emerging with promising results. The JO25567

trial (JapicCT-111390) identified that the addition of bevacizumab

to erlotinib demonstrates significant clinical benefit in improving

PFS(16.0 vs. 9.7 months, HR 0.54, 96% CI 0.36–0.79) (9).

Similarly, the NEJ009 study (UMIN000006340) shows that

concurrent combined treatment of gefitinib and chemotherapy

significantly extends both PFS (20.9 vs. 11.9 months, HR 0.49,

95% CI 0.39–0.62) and overall survival (OS) (50.9 vs. 38.8months,

HR 0.72, 95% CI 0.55–0.95) compared with EGFR-TKI

monotherapy (10). Studies exploring EGFR-TKIs plus the anti-

PD-1/PD-L1 antibody in the treatment of EGFR-mutation

positive NSCLC are on the way (TATTON, NCT02143466).

Currently, there is a diverse array of treatment strategies

under development for metastatic NSCLC (mNSCLC) with

sensitizing EGFR mutation. The National Comprehensive

Cancer Network and European Society for Medical Oncology

(ESMO) guidelines recommend first line osimertinib as the

preferred option and other treatment strategies as alternative

candidates (11, 12). Also, several previous network meta-

analyses compared these multiple treatments in terms of PFS,

and the results showed a favorable efficacy of osimertinib

compared with other EGFR-TKIs and combination treatments

in PFS. As a result, osimertinib is indicated as a preferable option

as up-front therapy in patients with activating EGFR mutation

mNSCLC (13–15). However, it still remains unclear which

treatment showed favorable efficacy in OS and how patients

can benefit the most. As the maturity of OS from relevant clinical

studies, it is necessary to make a comparison in terms of OS

among these available candidates to guide clinicians. This review

also aims to develop personalized treatment plans for each

patient with activating EGFR mutation NSCLC in an advanced

stage by subgroup analysis and provide some valuable clues to

guide further studies.
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Materials and methods

The preferred reporting items for systematic reviews and

meta-analyses (PRISMA) guidelines and extension for network

meta-analysis (16) were strictly followed in this study.
Literature search strategy

In this network meta-analysis, two authors independently

searched PubMed, Web of Science, Embase, MEDLINE, the

Cochrane Central Register of Controlled Trials, ClinicalTrial.gov,

and the Chinese Biomedical Literature Database (in Chinese) for all

studies published before December 31, 2021. The terms used for the

search included “non-small-cell lung cancer, NSCLC, erlotinib,

gefitinib, icotinib, afatinib, dacomitinib, osimertinib, epidermal

growth factor receptor tyrosine kinase inhibitors, EGFR-TKI,

anti-angiogenic drugs, bevacizumab, ramucirumab, vascular

endothelial growth factor receptor (VEGFR) inhibitors, apatinib

and chemotherapy” as well as their synonyms and variations. The

full literature search strategy.

In addition, the abstracts from annual meetings and

meetings related to lung cancer of the American Society of

Clinical Oncology, ESMO, and The World Conference on Lung

Cancer were reviewed to identify related studies.
Study inclusion and exclusion criteria

The inclusion criteria were as follows:
Fron
(1). Patients: Patients aged 18 years or older and who were

histologically or cytologically confirmed as having

NSCLC with clinical stage IIIb or IV harboring EGFR

mutation. Patients had no prior antitumor treatment

(chemotherapy, radiotherapy, and surgery).

(2). Intervention: 2G EGFR-TKIs (afatinib or dacomitinb)

or third-generation EGFR-TKIs (osimertinib) or 1G

EGFR-TKIs (erlotinib, gefitinib, and icotinib) plus

bevacizumab or ramucirumab or apatinib or plus

chemotherapy.

(3). Comparison: the 1G EGFR-TKIs (erlotinib, gefitinib,

and icotinib).

(4). Outcome: PFS, OS, objective response rate (ORR), and

incidence of adverse events (AEs).

(5). Study design: high-quality randomized controlled trials

(RCTs).
Duplication information, animal experimental studies,

single-arm clinical trials, retrospective clinical analysis, case

reports, and review commentaries were excluded.
tiers in Oncology
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Data extraction and quality assessments

Two reviewers independently assessed each RCT according

to the predetermined criteria, and a third reviewer was consulted

if there were some disagreements. The same two reviewers

independently extracted the data from the selected studies

using a standardized data extraction method, including study

name, publication year, author information, trial phase, study

design, sample size, intervention, primary end points,

participant characteristics, response rate, median PFS, median

OS, and number of patients who suffered grade three and higher

AEs. Hazard ratios (HRs) and 95% confidence intervals (CIs)

were directly extracted from qualified trials.

The Cochrane Collaboration Tool was adopted to assess the

risk of bias for each RCT, and it is based on various kinds of bias

from the following five domains: randomization sequence

generation, allocation concealment, blinding of participants

and personnel, blinding of outcome assessment, incomplete

outcome data, selective reporting, and other biases (17). The

quantitative Jadad scale was used to assess study quality (18).
Statistical analysis

All data analysis is based on the intention-to-treatment

principle. The primary outcomes of interest were PFS, OS,

ORR, and AEs. For time-to-events variables, PFS and OS were

synthesized by HR with corresponding 95% CIs. For

dichotomous variables, ORR and AEs were measured by

relative risks (RRs) with 95% CIs. A two-tailed P value of less

than 0.05 was considered statistically significant.

Heterogeneity across studies was evaluated by the Cochran

Q total statistic and the inconsistency index (I2 statistic) (19). If

I2 > 50% or the P value for the Q test < 0.1 indicated significant

heterogeneity (20), a random effects model was applied to

synthesize the available evidence; otherwise, a fixed effects

model was used. A sensitivity analysis was also performed to

investigate the influence of each single study on the overall

estimate size by omitting each one by one if there was

significant heterogeneity.

A Bayesian network meta-analysis was performed for all

outcome measures in R software (R v4.1.2., https://www.r-

project.org) using the package “gemtc” (v1.0-1, https://cran.r-

project.org/web/packages/gemtc/index.html), which calls upon

JAGS software (v4.3.0., https://mcmc-jags.sourceforge.io) using

the rjags package (v4-12, https://cran.r-project.org/web/

packages/rjags/index.html) for Markov chain Monte Carlo

methods. Cox proportional HRs and their corresponding CIs

were used as the summary estimates of relative treatment effects.

Log HRs and their corresponding standard errors were used as

inputs in the fixed-effect models, which were run with four

chains, at least 5000 burns-ins, and 10,000 inferential iterations
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per chain to ensure model convergence. All analyses were

replicated in WinBUGS software (version 1.4.3) for

comparative validation in R software in order to double-check

the results.

Rank probabilities for each treatment were also produced on

Bayesian NMA by calculating the probability of each treatment

that could achieve the best rank among the included treatments

(21). Surface under the cumulative ranking curves (SUCRAs)

were calculated to rank probabilities of all treatments in R

software (R v4.1.2.). Each statistical test was considered

two-sided.
Results

Search results and study selection

As shown in Figure 1, after reviewing abstracts and titles, 80

potentially eligible studies were assessed carefully by full-text

review. Among them, 62 studies were excluded for the following

reasons: 15 studies lacked outcomes of interest, 14 studies were

just trial protocols (study designs) without study results, 14

studies referred to second-line treatments; 10 studies were

single-arm studies, five trials included patients without

selecting EGFR mutation, and four trials failed to extract data.

Finally, 18 RCTs involving 4389 participates were considered to

meet the inclusion criteria and included in the network meta-

analysis to compare five treatments, including the 1G EGFR-

TKIs, 2G EGFR-TKIs, third-generation EGFR-TKIs (3G-EGFR-
Frontiers in Oncology
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TKIs), and the 1G EGFR-TKIs plus chemotherapy or plus

antiangiogenic drugs (6–10, 22–39). Among these 18 trials, 17

were reported as publications (6–10, 22–39), and some data of

interest in one study was extracted from a meeting abstract (10).

Two RCTs compared afatinib or dacomitinib with gefitinib,

respectively (7, 8, 36, 37), one RCT compared osimertinib with

erlotinib or gefitinib (6, 38), eight RCTs compared erlotinib or

gefitinib plus chemotherapy with erlotinib or gefitinib alone (10,

29–35). Six RCTs compared erlotinib plus bevacizumab or

ramucirumab with erlotinib alone (9, 22–27). One RCT

compared gefitinib plus apatinib, a VEGFR 2 TKI, with

gefitinib alone (28). One RCT compared high-dose icotinib

with routine-dose icotinib in patients with the L858R

mutation (39).
Population characteristics

In each trial, the demographic characteristic of participates were

generally well-balanced between different trial arms, within each

trial, and across trials. The sample size of included studies ranged

from 50 to 556. The basic characteristics of the included 18 RCTs

are summarized in Table 1. Median age ranged from 55 to 67.5

years. Most of the patients were in stage IIIb and IV of the disease.

Exon 19 deletion and exon 21-L858Rweremainly EGFRmutations.

The majority of the included trials in two combination treatment

divisions and the INCREASE trial were conducted in Asia (9, 10,

22–24, 26, 30–35, 39). A graphic network structure shows the

network of trials for PFS and OS (Figure 2). Each circle node

represents a special type of treatment. Direct comparisons are

represented by the black lines connecting treatments. The width

of lines is proportionate to the number of studies that perform

head-to-head comparisons in the same study (40) (Figure 2).
Quality assessment and publication bias

All 18 included trials were judged to have low risk of bias

through using the risk of bias tool described in the Cochrane

Handbook for Systematic Reviews of Interventions (17). All

included trials generated an adequate randomization sequence

without observable allocation concealment and selective

outcome reporting.
Overall survival

There were 15 trials contributing to network meta-analysis

for OS. The 2G EGFR-TKIs (HR 0.81, 95%CI 0.67–0.98), 1G

EGFR-TKIs plus chemotherapy (HR 0.73, 95%CI 0.63–0.85),

and osimertinib (HR 0.80, 95%CI 0.64–1.00) were all more

effective in comparison with 1G EGFR-TKIs in improving OS

except 1G EGFR-TKIs plus anti-VEGF drugs (HR 0.95, 95%CI
FIGURE 1

Search strategy and follow chat of the included studies.
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TABLE 1 Characteristics of the included randomized trials in the meta-analysis.

Study Region Phase Treatment Sample size
(no.)

No. Of EGFR
mutation

Efficacy Grade≥3
AEs (%)

ex19del L858R ORR
(%)

PFS
(months)

OS
(months)

JO25567 (9, 22) Japan II Erlotinib+bevacizumab 75 40 35 69 16.0 47.0 91

(JapicCTI-111390) multicenter Erlotinib 77 40 37 64 9.7 47.4 53

NEJ026 (23, 24) Japan III Erlotinib+bevacizumab 112 56 56 81 16.9 NA 98

(UMIN000017069) multicenter Erlotinib 112 55 57 74 13.3 NA 46

Stinchcombe et al
(25)

USA II Erlotinib+bevacizumab 43 29 14 81 17.9 32.4 NR

(NCT01532089) multicenter Erlotinib 45 30 15 83 13.5 50.6 NR

CTONG1509 (26) China III Erlotinib+bevacizumab 157 82 75 86.3 18.0 NR 53.5

(NCT02759614) multicenter Erlotinib 154 79 75 87.4 11.3 NR 25.5

RELAY (27) worldwide III Erlotinib+ramucirumab 224 123 99 76 19.4 NR 72

(NCT02411448) multicenter Erlotinib+placebo 225 120 105 75 12.4 NR 54

CTONG1706 (28) China III Gefitinib+Apatinib 157 81 74 77.1 13.7 NR 84.1

(NCT02824458) multicenter Gefitinib+placebo 156 83 73 73.7 10.2 NR 37.7

CALGB30406
(29)

USA II Paclitaxel+carboplatin
+erlotinib

33 16 17 73 17.2 38.1 NA

(NCT00126581) Erlotinib 33 23 10 70 14.1 31.3 NA

Yang et al. (30) East Asia III Pemetrexed+cisplatin
+gefitinib

26 14 10 65.4 12.9 32.4 34

(NCT01017874) Gefitinib 24 11 13 70.8 16.6 45.7 16

Cheng et al. (31) East Asia II Pemetrexed+gefitinib 126 65 52 80.2 15.8 43.4 53

(NCT01469000) Gefitinib 65 40 23 73.8 10.9 36.8 12

An et al. (32) China II Pemetrexed+gefitinib 45 16 29 80.0 18.0 34.0 NR

Gefitinib 45 17 28 73.3 14.0 32.0 NR

Han et al. (33) China II Pemetrexed+carboplatin
+gefitinib

40 21 19 82.5 17.5 32.6 NR

(NCT02148380) Gefitinib 41 21 20 65.9 11.9 25.8 NR

Noronha (34) India III Pemetrexed+carboplatin
+gefitinib

174 107 60 84 20.9 50.9 65.3

(CTRI/2016/08/
007149)

Gefitinib 176 109 60 67 11.9 38.8 31.0

NEJ009 (10) Japan III Pemetrexed+carboplatin
+gefitinib

170 93 69 75.3 20.9 50.9 75

(UMIN000006340) Gefitinib 172 95 67 68.3 11.9 38.8 49.4

Xu et al. (35) China II Pemetrexed+carboplatin
+icotinib

90 51 38 77.8 16.0 36.0 NR

(NCT02031601) Icotinib 89 52 37 64.0 10.0 34.0 NR

LUX-Lung7 (7,
36)

Worldwide II Afatinib 160 93 67 70.0 11.0 27.9 31.0

(NCT01024413) multicenter Gefitinib 159 93 66 56.0 10.9 24.5 18.0

ARCHER1050 (8,
37)

Japan,
Korea

III Dacomitinib 227 134 93 75.0 14.7 34.1 63

(NCT01774721) multicenter Gefitinib 225 133 92 72.0 9.2 26.8 41

FLAURA (6, 38) Worldwide III Osimertinib 279 158 97 80.0 18.9 38.6 32.0

(NCT02296125) multicenter Gefitinib/erlotinib 277 155 90 76.0 10.2 31.8 41.0

INCREASE (39) China II Icotinib high dose 90 0 90 73.0 12.9 6.67 NR

(NCT02404675) multicenter Icotinib routine dose 86 0 86 48.0 9.2 8.20 NR
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NA, not available; Outcomes: progression-free survival (PFS); objective response rate (ORR); adverse events (AEs); overall survival (OS). NR, not reach.
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0.78–1.20). Osimertinib was not clearly superior to 2G EGFR-

TKIs (HR 0.99, 95%CI 0.74–1.30), 1G EGFR-TKIs plus anti-

VEGF drugs (HR 0.84, 95%CI 0.63–1.10) or plus chemotherapy

(HR 1.10, 95%CI 0.84–1.40). According to SUCRAs, the rank

probability of OS was as follows: 1G EGFR-TKIs plus

chemotherapy (88.1%) > osimertinib (65.8%) > 2G EGFR-

TKIs (63.3%) > 1G EGFR-TKIs plus anti-VEGF agents

(24.5%) > 1G EGFR-TKIs (8.3%).

There were nine trials that reported OS and corresponding

HRs in patients with specific mutations. For patients with the

ex19del mutation, osimertinib (HR 0.80, 95%CI 0.64–1.00), 2G

EGFR-TKIs (HR 0.81, 95%CI 0.67–0.98), and 1G EGFR-TKIs

plus chemotherapy (HR 0.73, 95%CI 0.63–0.85) were all more

effective in comparison with 1G EGFR-TKIs monotherapy in

improving OS. Osimertinib was not clearly superior to 2G

EGFR-TKIs (HR 0.99, 95%CI 0.74–1.30), 1G EGFR-TKIs plus

anti-VEGF agents (HR 0.84, 95%CI 0.63–1.10), or plus

chemotherapy (HR 1.10, 95%CI 0.84–1.40). 1G EGFR-TKIs

plus anti-VEGF agents did not improve OS (HR 0.95, 95%CI

0.78–1.20) compared with 1G EGFR-TKIs. According to

SUCRAs, 1G EGFR-TKIs plus chemotherapy (86.7%),

osimertinib (80.7%), and 2G EGFR-TKIs (47.5%) were the top

three treatments in terms of OS for patients with the ex19del

mutation (Figure 3 and Table 2). For patients with the L858R

mutation, 13 trials with five treatments reported OS and

contributed to the meta-analysis of OS. Only 1G EGFR-TKIs

plus chemotherapy tended to improve OS (HR 0.71, 95%CI

0.50–1.00) in comparison with 1G EGFR-TKIs. However,

osimertinib was not clearly superior to 2G EGFR-TKIs (HR

1.20, 95%CI 0.80–1.90), 1G EGFR-TKIs plus anti-VEGF agents

(HR 1.10, 95%CI 0.69–1.90), and 1G EGFR-TKIs plus

chemotherapy (HR 1.40, 95%CI 0.87–2.30). According to

SUCRAs, 1G EGFR-TKIs plus chemotherapy (84.6%), 2G

EGFR-TKIs (67.9%), and 1G EGFR-TKIs plus anti-VEGF
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agents (50.5%) were the top three treatments in terms of OS

for patients with the L858R mutation (Figure 3 and Table 2).

Exploration of OS in potential subgroups of interest (based

on the existence of CNS metastasis, gender, and ECOG PS) are

calculated but that of other interests (based on age, ethnicity, and

smoking status) was not feasible due to inconsistent reporting of

group data across the trials. In subgroup analysis, two

combination treatments, 1G EGFR-TKIs plus chemotherapy

(HR 0.57, 95%CI 0.36–0.9, SUCRA 85.6%) and plus

antiangiogenic drugs (HR 0.62, 95%CI 0.38–1.00, SUCRA

77.9%) showed a significant improvement of OS in patients

with CNS metastasis compared with 1G EGFR-TKIs alone. They

were ranked the top two treatments for patients with brain

metastasis. Better efficacy of osimertinib was observed in the

female group (HR 0.79, 95%CI 0.60–1.04, SUCRA 73.4%) as well

as 1G EGFR-TKIs plus chemotherapy (HR 0.66, 95%CI 0.44–

0.99, SUCRA 75.9%) and osimertinib (HR 0.70, 95%CI 0.54–

0.91, SUCRA 69.3%) in the ECOG PS 1 group.
Progress-free survival

There were 18 trials contributing to the network meta-

analysis for PFS analysis. As shown in Figure 4 and Table 3,

comparing the five treatments, osimertinib (HR 0.43, 95%CI

0.29–0.64), 2G EGFR-TKIs (HR 0.64, 95%CI 0.48–0.86), 1G

EGFR-TKIs plus anti-VEGF agents (HR 0.62, 95%CI 0.49–0.77),

and 1G EGFR-TKIs plus chemotherapy (HR 0.55, 95%CI 0.44–

0.69) were all more effective in comparison with 1G EGFR-TKI

monotherapy in improving PFS. Osimertinib was clearly

superior to 2G EGFR-TKIs (HR 0.71, 95%CI 0.54–0.93) and

1G EGFR plus anti-VEGF agents (HR 0.75, 95%CI 0.53–1.00),

but it was not more effective than 1G EGFR-TKIs plus

chemotherapy (HR 0.81, 95%CI 0.57–1.10). According the
A B

FIGURE 2

Network of the comparisons for the network meta-analysis. (A) PFS; (B) OS. Each circular node represents a type of treatment. The circle size is
proportional to the total number of studies. The width of lines is proportional to the number of studies performing a head-to-head comparison
in the same study. Abbreviations: First-generation EGFR-TKIs (1G EGFR-TKIs); Second-generation EGFR-TKIs (2G EGFR-TKIs); anti-vascular
endothelial growth factors drugs (anti-VEGFs).
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SUCRAs, the rank probability of PFS was as follows: osimertinib

(96.0%) > 1G EGFR-TKIs plus chemotherapy (67.1%) > 1G

EGFR-TKIs plus anti-VEGF agents (48.2%) > 2G EGFR-TKIs

(38.7%) > 1G EGFR-TKIs (0.03%).

There were 13 trials that reported HRs in patients with

specific mutations, 2284 (52.0%) patients had an ex19del

mutation, and 1892 (39.8%) had an L858R mutation. For

patients with the ex19del mutation, osimertinib (HR 0.43, 95%

CI 0.29–0.64), 2G EGFR-TKIs (HR 0.64, 95%CI 0.48–0.86), 1G

EGFR-TKIs plus anti-VEGF agents (HR 0.62, 95%CI 0.49–0.77),

and 1G EGFR-TKIs plus chemotherapy (HR 0.55, 95%CI 0.44–

0.69) were all more effective in comparison with 1G EGFR-TKI

monotherapy in improving PFS. Osimertinib was not clearly

superior to 2G EGFR-TKIs (HR 0.67, 95%CI 0.41–1.10), 1G

EGFR-TKIs plus anti-VEGF agents (HR 0.70, 95%CI 0.45–1.10),

or 1G EGFR-TKIs plus chemotherapy (HR 0.78, 95%CI 0.49–

1.20). According to SUCRAs, the top three treatments were

osimertinib (94.2%), 1G EGFR-TKIs plus chemotherapy

(67.6%), and the 1G EGFR-TKIs plus anti-VEGF agents

(46.8%) in terms of PFS. For patients with the L858R

mutation, in addition to the above 13 trials, there was a special

treatment reported by a trial for patients with the L858R

mutation, which increased the dose of incotinib, a kind of
Frontiers in Oncology 07
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first-generation EGFR-TKI, to improve the efficacy. All 14

trials with six treatments were included in the network meta-

analysis for PFS analysis. Osimertinib (HR 0.51, 95%CI 0.36–

0.72), 2G EGFR-TKIs (HR 0.66, 95%CI 0.51–0.86), 1G EGFR-

TKIs plus anti-VEGF agents (HR 0.64, 95%CI 0.54–0.76), and

1G EGFR-TKIs plus chemotherapy (HR 0.53, 95%CI 0.42–0.65)

were all more effective in comparison with 1G EGFR-TKI

monotherapy with routine dosage in improving PFS. No

treatment was clearly superior to others among the four

treatments. However, a high dose of 1G EGFR-TKIs (HR 0.75,

95%CI 0.53–1.10) was not more effective than the normal dose

of 1G EGFR-TKIs. According to the SUCRAs, osimertinib

(85.3%), 1G EGFR-TKIs plus chemotherapy (84.7%), and 1G

EGFR-TKIs plus anti-VEGF agents (52.3%) were the top three in

terms of PFS (Figure 3 and Table 2).
Objective response rate

For network meta-analysis of ORR, there were 17 trials that

covered five treatments included. As shown in Figure 4 and

Table 3, 1G EGFR-TKIs plus chemotherapy was considered the

highest probability of being the best treatment to achieve a
TABLE 2 Results of network meta-analysis for PFS and OS.

a. Hazard ratios (HR) with 95% confidence interval (CI) for progress-free survival (PFS) in patients with ex19del.

Osimertinib

0.67 (0.41, 1.10) 2G-TKIs

0.70 (0.45, 1.10) 1.00 (0.72, 1.50) 1G-TKIs+anti-VEGFs

0.78 (0.49, 1.20) 1.20 (0.80, 1.70) 1.10 (0.81, 1.50) 1G-TKIs+CT

0.43 (0.29, 0.64) 0.64 (0.48, 0.86) 0.62 (0.49, 0.77) 0.55 (0.44, 0.69) 1G-TKIs

b. Hazard ratios(HR) with 95% confidence interval(CI) for overall survival (OS) in patients with ex19del.

Osimertinib

0.99(0.74, 1.30) 2G-TKIs

0.84(0.63, 1.10) 0.85(0.65, 1.10) 1G-TKIs+anti-VEGFs

1.10(0.84, 1.40) 1.10(0.87, 1.40) 1.30(1.00, 1.70) 1G-TKIs+CT

0.80(0.64, 1.00) 0.81(0.67, 0.98) 0.95(0.78, 1.20) 0.73(0.63, 0.85) 1G-TKIs

c.Hazard ratios (HR) with 95% confidence interval(CI) for progress-free survival(PFS) in patients with L858R.

Osimertinib

0.77(0.50, 1.20) 2G-TKIs

0.80(0.55, 1.20) 1.00(0.76, 1.40) 1G-TKIs+anti-VEGFs

0.97(0.65, 1.50) 1.30(0.90, 1.80) 1.20(0.92, 1.60) 1G-TKIs+CT

0.68(0.42, 1.10) 0.89(0.58, 1.40) 0.85(0.58, 1.20) 0.70(0.47, 1.00) High 1G-TKIs

0.51(0.36, 0.72) 0.66(0.51, 0.86) 0.64(0.54, 0.76) 0.53(0.42, 0.65) 0.75(0.53,1.10) 1G -TKIs

d.Hazard ratios (HR) with 95% confidence interval(CI) for overall survival (OS) in patients with L858R.

Osimertinib

1.20(0.80, 1.90) 2G-TKIs

1.10(0.69, 1.90) 0.92(0.58, 1.40) 1G-TKIs+anti-VEGFs

1.40(0.87, 2.30) 1.10(0.72, 1.80) 1.20(0.74, 2.00) 1G-TKIs+CT

1.00(0.71, 1.40) 0.80(0.61, 1.10) 0.88(0.61, 1.30) 0.71(0.50, 1.00) 1G -TKIs
fron
OS, overall survival; PFS, progression-free survival; ORR, objective response rate. First-generation EGFR-TKIs (1G-TKIs); Second-generation EGFR-TKIs (2G-TKIs); anti-vascular
endothelial growth factor (anti-VEGF), Chemotherapy (CT). Significant hazard ratios are in bold.
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response (92.3%), followed by 2G EGFR-TKIs (68.4%),

osimertinib (47.3%), 1G EGFR-TKIs plus anti-VEGF drugs

(33.3%) and 1G EGFR-TKIs (8.7%).
Serious Adverse Events (SAEs)

As shown in Figure 4 and Table 3, regarding grade three or

worse AEs, compared with osimertinib, 1G EGFR-TKIs plus

anti-VEGF drugs (HR 2.40, 95%CI 1.70–3.40) and 1G EGFR-

TKIs plus chemotherapy (HR 2.50, 95%CI 1.60–4.60) led to a

significantly higher risk of grade three and worse AEs. Both 1G

EGFR-TKIs plus anti-VEGF drugs and 1G EGFR-TKIs plus

chemotherapy have a significantly higher risk of grade three and

worse AEs than 1G EGFR-TKIs alone. But there were no

significant differences between these two kinds of combined
Frontiers in Oncology 08
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therapies (HR 0.93, 95%CI 0.47–1.70). According to SUCRAs,

osimertinib had the lowest risk of grade three and worse AEs and

the rank probability was as follows: osimertinib (96.1%) > 1G

EGFR-TKIs (76.7%) > 2G EGFR-TKIs (42.7%) > 1G EGFR-TKIs

plus anti-VEGF agents (22.5%) > 1G EGFR-TKIs plus

chemotherapy (12.2%).
Discussion

In patients with advanced EGFR-mutant NSCLC, EGFR-

TKIs are approved as first-line options because all of them show

superior efficacy and prolonged PFS compared with platinum-

based chemotherapy (3–8). The second-generation TKIs

(afatinib and dacomitinib) and third-generation TKIs

(osimertinib) were more effective in comparison with first-
B

C

D

A

FIGURE 3

(A) PFS, forest plot of hazard ratio (HRs) for progression-free survival; (B) OS, forest plot of hazard ratio (HRs) for overall survival;(C) ORR, forest
plot of hazard ratio (HRs) for objective response rate; (D) SAE, forest plot of hazard ratio (HRs) for Serious Adverse Events. Results were based on
fixed effects or random effects method. First-generation EGFR-TKIs (1G EGFR-TKIs); Second-generation EGFR-TKIs (2G EGFR-TKIs); anti-
vascular endothelial growth factor (anti-VEGF).
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generation TKIs at improving PFS (7–9) in the first-line setting.

Survival of advanced NSCLC with activating EGFR-mutation is

significantly improved due to the introduction of osimertinib.

The FLAURA trial (NCT02296125) demonstrated that

osimertinib significantly extended the mPFS (18.9 months)

compared with the first-generation EGFR-TKIs (gefitinib or

erlotinib, 10.2 months) (7). In combined treatment strategies,

both the addition of chemotherapy or anti-angiogensis to 1G

EGFR-TKIs demonstrate considerable clinical benefit with

improved PFS (9, 10, 23–35). The precise network meta-

analysis demonstrated first-line osimertinib is superior to 1G
Frontiers in Oncology 09
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and 2G EGFR-TKIs as well as the combination of anti-VEGF

agents and 1G EGFR-TKIs and ranked top in terms of PFS (13–

15). The results of our study are consistent with these previous

meta-analyses. In the FLAURA study (NCT02296125), first-line

osimertinib also has significant OS improvement compared with

1G EGFR-TKIs, which established the foundation of osimertinib

as the standard first-line care in advanced NSCLC with

activating EGFR-mutations (38). The AURA3 study

(NCT02151981) demonstrated that 2L osimertinib exceeded

mPFS (10.1 vs. 4.4 months; HR 0.30, 95%CI 0.23–0.41)

compared with chemotherapy in patients with T790M
A

B
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FIGURE 4

(A) Forest plot of hazard ratio (HRs) for progression-free survival (PFS) in patients with 19 deletion mutation; (B) Forest plot of hazard ratio (HRs)
for progression-free survival (PFS) in patients with L858R mutation; (C) Forest plot of hazard ratio (HRs) for overall survival (OS) in patients with
19 deletion mutation; (D) Forest plot of hazard ratio (HRs) for overall survival (OS) in patients with L858R mutation. Results were based on fixed
effects or random effects methods. First-generation EGFR-TKIs (1G EGFR-TKIs); Second-generation EGFR-TKIs (2G EGFR-TKIs); anti-vascular
endothelial growth factor drugs (anti-VEGFs.).
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mutations followed by 1G/2G EGFR-TKIs as 1L therapy, which

established osimertinib as the standard of care for patients who

develop a T790M mutation after 1G/2G EGFR-TKI therapy as a

first line (41). There is a concern raised as to which setting of

osimertinib is most beneficial as the lL or 2L therapy. Some

clinicians may worry that, if osimertinib is set in the first line,

there are no targeted drugs available in the 2L treatment after

osimertinib resistance. In fact, if osimertinib was reserved in 2L

therapy, a portion of patients have a probability to not be tested

for and found to be positive for T790M mutation and lose the

opportunity to accept osimertinib therapy. Also, not all patients

develop a resistance mechanism to the T790M mutation after

earlier generation EGFR-TKI therapy, and some patients do not

survive to accept 2L therapy. A real-world study shows that only

72% of patients were tested for the T790Mmutation after 1G/2G

EGFR-TKI resistance, and the remaining nearly 30% of patients

were untested. About half of the tested patients were T790M-

positive. Only one third of the patients received osimertinib

upon progression on 1G/2G EGFR-TKIs (42). Moreover, the

FLAURA trial demonstrated that a significant OS improvement

with osimertinib in the 1L setting exists in spite of the fact that

47% of patients assigned to division of first line 1G/2G EGFR-

TKIs received osimertinib as the second line therapy (38).
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Therefore, setting osimertinib as the first-line treatment seems

to be more favored. Further trials need to provide more evidence

to determine which line osimertinib set in is more efficient and

rational. The APPLE study (NCT02856893), an ongoing phase II

trial, was designed to evaluate the best strategy for sequencing

gefitinib and osimertinib in patients with an EGFRmutation and

EGFR TKI treatment-naive advanced NSCLC in 1L treatment,

which could help to determine when osimertinib is most

beneficial as 1L or 2L treatment (43).

OS is considered the gold standard for choosing the optimal

therapy. As far as we are aware, this study is the first network

meta-analysis to compare the mature OS of these multiple

treatments. Results show the combined treatments of 1G

EGFR-TKIs and chemotherapy surpassed osimertinib and was

ranked the top in terms of OS in both all population and patients

with CNS metastasis. It indicates that combination therapy with

osimertinib and chemotherapeutic drugs seems to be a

promising strategy to further improve survival and even to

approach a cure. However, a randomized phase 2 clinical trial

(jRCTs071180062) showed that, as a second-line therapy after

initial EGFR-TKI resistance, the addition of carboplatin-

pemetrexed to osimertinib failed to improve PFS (14.6 vs. 15.8

months; HR 1.09, 95%CI 0.51–2.32) and OS (HR 2.42, 95%CI
TABLE 3 Results of network meta-analysis for PFS, OS, ORR and SAEs.

a. Hazard ratios(HR) with 95% confidence interval(CI) for progress-free survival (PFS)

Osimertinib

0.71 (0.54, 0.93) 2G-TKIs

0.75 (0.53, 1.00) 1.10 (0.80, 1.40) 1G-TKIs+anti-VEGFs

0.81 (0.57, 1.10) 1.10 (0.86, 1.50) 1.10 (0.86, 1.30) 1G-TKIs+CT

0.46 (0.34, 0.62) 0.65 (0.52, 0.81) 0.62 (0.53, 0.72) 0.57 (0.49, 0.67) 1G-TKIs

b. Hazard ratios(HR) with 95% confidence (CI) for overall survival (OS).

Osimertinib

0.99 (0.74, 1.30) 2G-TKIs

0.84 (0.63, 1.10) 0.85 (0.65, 1.10) 1G-TKIs+anti-VEGFs

1.10 (0.84, 1.40) 1.10 (0.87, 1.41) 1.30 (1.00, 1.70) 1G-TKIs+CT

0.80 (0.64, 1.00) 0.81 (0.67, 0.98) 0.95 (0.78, 1.20) 0.73 (0.63, 0.85) 1G-TKIs

c.Odds ratios(OR) with 95% confidence interval(CI) for objective response (ORR).

Osimertinib

0.92 (0.65, 1.30) 2G-TKIs

1.10 (0.78, 1.40) 1.20 (0.88, 1.50) 1G-TKIs+anti-VEGFs

0.82 (0.60, 1.10) 0.89 (0.69, 1.20) 0.78 (0.63, 0.96) 1G-TKIs+CT

1.10 (0.87, 1.50) 1.20 (1.00, 1.50) 1.10 (0.93, 1.20) 1.40 (1.20, 1.60) 1G-TKIs

c.Odds ratios(OR) with 95% confidence interval(CI) for serious adverse events (SAEs).

Osimertinib

0.47 (0.18, 1.20) 2G-TKIs

0.29 (0.12, 0.66) 0.63 (0.32, 1.20) 1G-TKIs+anti-VEGFs

0.27 (0.10, 0.65) 0.58 (0.26, 1.20) 0.93 (0.47, 1.70) 1G-TKIs+CT

0.69 (0.32, 1.50) 1.50 (0.84, 2.70) 2.40 (1.70, 3.40) 2.50 (1.60, 4.60) 1G-TKIs
fronti
OS, overall survival; PFS, progression-free survival; ORR, objective response rate. SAEs, serious adverse events; First-generation EGFR-TKIs (1G-TKIs); Second-generation EGFR-TKIs
(2G-TKIs); anti-vascular endothelial growth factor (anti-VEGF). Significant hazard ratios are in bold
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0.82–7.15) compared with standard osimertinib monotherapy

(44). Outcomes of ongoing FLAURA 2 (NCT04035486), a phase

3 clinical trial, evaluate osimertinib and platinum-pemetrexed

versus osimertinib in treatment-naive advanced NSCLC patients

with EGFR-mutation, are eagerly awaited to assess whether this

combination confers a significant survival benefit in a first

line setting.

The EGFR and VEGF pathways share downstream signaling

targets, and dual blockade of EGFR and angiogenic caused

synergetic effects (45). Clinically, the addition of bevacizumab

and remucirumab to 1G EGFR-TKIs significantly improved PFS

in advanced NSCLC with EGFR mutation (10, 22–28). In a first

line setting, the combination of erlotinib and bevacizumab

demonstrates an improved PFS of 16.0, 16.9, and 18.0 months

in JO25567 (JapicCTI-111390), NEJ026 (UMIN000017069) and

CTONG1509 (NCT02759614) trials, respectively (9, 23–28). But

the significant PFS benefit observed with erlotinib plus

bevacizumab failed to translate into a significant OS benefit

(22, 24, 26). The combination of erlotinib and ramucirumab

showed a significantly improved PFS of 19.4 months in the

RELAY trial, and the OS remains immature. In 2L treatment,

both the WJOG 8715L (UMIN000023761) and BOOSTER

(NCT03133546) trials demonstrate the addition of

bevacizumab to osimertinib in advanced NSCLC patients with

the EGFR mutation and acquired T790M mutation after failure

of 1L EGFR-TKI treatment was not associated with an

improvement in both PFS and OS, which suggests this

combination strategy may not be able to increase efficacy over

osimertinib monotherapy (46, 47). Outcomes of ongoing studies

in EGFR-TKI naive patients accepting osimertinib plus

bevacizumab (NCT4181060) or ramucirumab (NCT03909334)

may further examine the role of an antiangiogenic-included

combination strategy in 1L treatment.

Ex19del and L858R are two of the most common types of

EGFR mutations, but they have biological differences and

specific mechanisms that account for their different efficacy to

treatment (48). Subgroup analyses of major studies reveal a

tendency for patients with ex19del to benefit more from

treatment with three generations of EGFR-TKI candidates

than patients with L858R. Taking into account the subgroup

analysis in each landmark trial, patients with both ex19del and

L858R could significantly benefit from treatment of afatinib,

dacomitinib, and osimertinib compared with first-generation

EGFR-TKIs in terms of PFS (3–8). However, only osimertinib

improved the OS of patients with the ex19del mutation (HR

0.68, 95%CI 0.51–0.90) (38). No significant OS benefit from

treatment with second-generation EGFR-TKIs (afatinib, HR

0.80, 95%CI 0.64–1.00; dacomitinib, HR 0.80, 95%CI 0.64–

1.00) and even osimertinib (HR 1.00, 95%CI 0.71–1.40) was

observed in the subgroup of patients with the L858R mutation

(36–38). The INCREASE trial (NCT02404675), a randomized

phase II trial, demonstrated high-dose icotinib improved PFS in
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comparison with routine-dose icotinib in mNSCLC patients

harboring the L858R mutation (HR 0.75, 95%CI 0.53–1.05)

(39). In combination treatments, NEJ009 (UMIN000006340)

showed significant improvements in PFS from a combination of

EGFR-TKIs and chemotherapy for patients harboring both the

ex19del mutation (HR 0.47, 95%CI 0.34–0.64) and the L858R

mutation (HR 0.55, 95%CI 0.38–0.80) in IL treatment, but

subgroup data on OS are not available (10). A number of

meta-analyses offer strong evidence that patients with both

ex19del (HR 0.61, 95%CI 0.49–0.75, p = 0.00) and patients

with L858R (HR 0.59, 95%CI 0.47–0.73, p = 0.00) benefit from a

combination of elortinib and antiangiogenesis therapy on PFS

(49, 50). In the CTONG1509 trial (NCT02759614), the PFS of

patients with the L858R mutation achieved 19.5 months in the

combination group, which is the best PFS observed to date (26).

The result was approximately double that of the erlotinib-alone

group (9.7 months) and even exceeded the 14.4 months PFS of

patients receiving osimertinib, which is followed by erlotinib and

ramucirumab (19.4 months) in the RELAY (NCT02411448) trial

and erlotinib and bevacizumab (17.4 months) in NEJ026 (6, 23,

27). The data suggest that patients with L858R derive more

benefit from the addition of an anti-angiogensis to erlotinib.

Unfortunately, this significant prolonged PFS did not translate

into a significant OS benefit in patients with the L858R mutation

in both NEJ026 and CTONG1509, and OS data are awaited from

the RELAY trial to further evaluate the role of this combination

strategy for patients with the L858R mutation (24, 26). A group

of prospective trials focuses on the combination of osimertinib

and anti-angiogenic drugs (UMIN000028071, NCT 0281579) is

expected to further improve the efficacy and break though the

treatment bottleneck of patients with L858R mutation in the first

line setting.

EGFR-TKIs remains the standard care of advanced NSCLC

patients with sensitizing EGFR mutations. The molecular

mechanism of acquired resistance in up-front treatments are

of great importance because choosing the optimal subsequent

therapies after disease progression on 1L therapy depends largely

on the mechanisms driving resistance. T790M mutation is the

most common resistance mechanism to 1G and 2G EGFR-TKIs,

occurring in up to two thirds of patients and for whom

osimertinib is the standard of care (51). In the NEJ026 and

JO25567 studies, the frequency of T790M mutation in

progression patients after 1L treatments was similar between

the bevacizumab plus erlotinib and erlotinib alone groups, which

identified that the combination of bevacizumab and erlotinib

had no effect on the acquired T790M mutation, which allowed

patients in both groups to have same chance to use osimertinib

in a second line setting (9, 22–24). For patients who are T790M

mutation-negative, there is a lack of effective options in the

second line setting and where there remains an urgent unmet

medical need. Continuing with EGFR-TKIs, local therapy and

systemic chemotherapy are current alternative options, and
frontiersin.org

https://doi.org/10.3389/fonc.2022.616546
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Qi et al. 10.3389/fonc.2022.616546
clinical determination depends on patients’ characteristics.

Current explorations cover bevacizumab plus chemotherapy

and atezolizumab plus bevacizumab plus chemotherapy for

these T790M-negative patients after 1G/2G EGFR-TKI

treatment (51, 52).

The molecular mechanisms of resistance to osimertinib are

complex and still under study. Patterns of molecular resistance

vary depending on whether osimertinib is given in a first line

setting or in a subsequent line. It seems that the resistance

mechanism spectrum of osimertinib in the second line is more

complex than that in in the first line setting (53). However, the

resistance mechanism of osimertinib in both clinical contexts

could be grouped into two categories: on-target EGFR-

dependent and off-target EGFR-independent mechanisms (54).

EGFR-dependent resistance typically is related to alterations in

the banding site caused by additional EGFR-mutations, which

disrupt the osimertinib binding. The most common EGFR-

dependent resistance mutation of osimertinib is the EGFR

exon 20 C797S mutation, and other EGFR alterations include

C797X, L718O, and S768I in the front line and T790M absence,

L792H/L792V, G796S/G796C, and G724S in the second line

(53–55). EGFR-independent mechanisms are mostly associated

with aberrant downstream signaling or alternative pathway

activation and histological transformations. MET amplification

is the most frequent off-target mechanism of resistance to

osimertinib, which activates the MET-related downstream

PI3K/AKT and MAPK pathways. Other mechanisms include

HER2 amplification and the emergence of NRAS, PI3KCA,

BRAF, and KRAS mutations (56). Currently, platinum-based

combination chemotherapy, platinum plus pemetrexed in most

cases, is approved as the standard of care in patients after

osimertinib resistance. For patients with transformation to

SCLC and squamous cell carcinoma, treatments preferred are

platinum-etoposide and platinum-gemcitabine, respectively. A

treatment strategy of combined MET and EGFR inhibition in

the setting of MET amplification–driven osimertinib resistance

seems a promising and compelling approach in preliminary

results of the INSIGHT 1 trial (NCT01982955) assessing the

combination of tepotinib and gefitinib and in the CHRYSALIS-1

study (NCT02609776) evaluating lazertinib, a 3G EGFR-TKI, in

combination with amivantamab, which is a special antibody that

can inhibit both EGFR and MET receptors (57, 58). As with the

MET amplification, a combination of EGFR-TKIs and an

inhibitor of the acquired mutation is an emerging trend in the

treatment strategy for patients with acquired HER2, ALK, RET,

BRAF, and other oncogenes. Brigatinib plus cetuximab could be

of benefit and may be potentially effective to improve outcomes

in patients with acquired co-mutations in C797S and EGFR

T790M–driven resistance (59). The prospective ELIOS trial

(NCT03239340) will provide a more complete picture of

osimertinib resistance in the 1L setting and help to develop a

more reasonable treatment strategy for sequential treatment.
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Several potential limitations should be considered when

interpreting the results of this study. First, heterogeneity exists

in network meta-analyses, especially in subgroup analyses. The

main intrinsic sources of heterogeneity were from different trial

designs, including different treatments, races, and designs. It was

difficult to resolve even using the individual patient data. Second,

one study was only presented as abstract, which led to insufficient

data in subgroups being available. This limitation built a barrier to

reach a definitive conclusion about the superiority between

different treatments. Finally, most of the included RCTs in the

EGFR-TKIs plus chemotherapy group (30–35) and EGFR-TKIs

plus anti-angiogenesis group (9, 22–24, 26, 28) were performed in

Asian countries; therefore, the vast majority of participants were

Asians. And data on other races were not available.
Conclusions and perspectives

In summary, our study is, to our knowledge, the first

network meta-analysis to estimate and compare the mature

OS of five treatments as the first-line treatment in advanced

NSCLC patients who are EGFR mutation-sensitive. IG EGFR-

TKIs plus chemotherapy and osimertinib had high SUCRAs for

PFS and OS and ranked as the top two best treatments. With

regard to AEs, osimertinib had an obvious advantage due to a

significantly low risk of SAEs. However, limitations of the study,

including a single RCT investigating osimertinib and lacking

data on the combination regimens from other races than Asian.

Further investigations and updated analyses are needed

to provide additional evidence to verify the most favorable

first-line management in patients harboring activated EGFR-

mutated NSCLC. From our perspective, further direction of

effort includes next-generation EGFR-TKIs, the resistance

mechanisms of EGFR-TKIs and new agents to target these

resistances, novel combination modes, and control of AEs.
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