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A B S T R A C T

Objectives: Epidermal growth factor receptor (EGFR) mutation-positive lung cancer accounts for a significant
subgroup of non-small cell lung cancers (NSCLC). Approximately 4–10% of EGFR mutations in NSCLC are EGFR
exon 20 insertion mutations, which are reportedly associated with resistance to EGFR tyrosine kinase inhibitor
(EGFR-TKI) treatment. NSCLC patients carrying these mutations are rarely treated with EGFR-TKIs. The purpose
of this study was to evaluate the efficacy of afatinib or osimertinib plus cetuximab combination therapy in
experimental NSCLC models with EGFR exon 20 insertion mutations.
Materials and methods: The EGFR mutations examined in this study were A763_Y764insFQEA, Y764_V765insHH,
A767_V769dupASV, and D770_N771insNPG. Ba/F3 cells constitutively expressing wild type or mutated EGFR
were used to determine the efficacy of afatinib or osimertinib plus cetuximab combination therapy in vitro. To
determine the efficacy of the combination therapy in vivo, female BALB/c-nu mice were injected subcutaneously
with 1 million Ba/F3 cells carrying EGFR A767_V769dupASV or Y764_V765insHH.
Results: We observed a mild but significant (P < 0.05) additive effect of the combination therapy against
several EGFR exon 20 insertion mutations in vitro. Regarding EGFR A767_V769dupASV and EGFR
Y764_V765insHH, cetuximab and afatinib single treatment did not induce significant inhibition of tumor for-
mation; however, afatinib plus cetuximab combination treatment induced significant (P < 0.05) tumor growth
inhibition without significant body weight loss or skin rash.
Conclusion: The combination therapy induced a more potent inhibitory effect against several EGFR exon 20
insertion mutations than either therapy alone. Cetuximab can potentially increase the efficacy of afatinib or
osimertinib in NSCLC with EGFR exon 20 insertion mutations.

1. Introduction

Lung cancer is a leading cause of cancer-related deaths worldwide
[1]. However, in recent decades, the elucidation of key molecular
mechanisms contributed to the improvement of prognosis in patients
with lung cancer, especially in those with non-small cell lung cancer
(NSCLC) [2]. In 2004, an association between somatic mutations in the
tyrosine kinase domain of epidermal growth factor receptor (EGFR)
gene and the response to EGFR tyrosine kinase inhibitor (TKI) treat-
ment were reported by several groups [3,4]. Among the EGFR muta-
tions found in NSCLC, in-frame deletions near the LREA motif in exon

19 (exon 19 deletions) and the L858R point mutation in exon 21 are
classic mutations, accounting for approximately 80–90% of EGFR mu-
tations [5]. These mutations destabilize the inactive conformation of
EGFR and induce its constitutive activation [6–8]. Activated EGFR
transduces downstream signaling, including the extracellular signal-
regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) and
phosphatidylinositol-3-kinase/protein kinase B (AKT) pathways [5,9].
After this discovery, multiple clinical trials demonstrated the efficacy of
EGFR-TKIs in NSCLC patients carrying classic EGFR mutations [10–13].
Multiple EGFR-TKIs, including gefitinib, erlotinib (first-generation),
afatinib, dacomitinib (second-generation), and osimertinib (third-
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generation), are in clinical use for the treatment of NSCLC patients with
these EGFR mutations [14–16]. However, the EGFR exon 20 insertion
mutations are reportedly associated with resistance to EGFR-TKIs
[17,18]. One exception is A763_Y764insFQEA, which we identified as
an EGFR-TKI sensitive EGFR exon 20 insertion mutation [18]. EGFR
exon 20 insertion mutations account for approximately 4–10% of all
EGFR mutations associated with NSCLC [19]. Afatinib had a response
rate of 8.3% in EGFR exon 20 insertion mutation-positive NSCLC, in-
dicating the limited efficacy of EGFR-TKIs against this subgroup of
NSCLC [19]. To improve the prognosis in NSCLC patients harboring
EGFR exon 20 insertion mutations, the development of an effective
therapy is urgently needed. Our study findings show that cetuximab
combination therapy would be a potential strategy for the treatment of
these patients.

2. Materials and methods

2.1. Reagents

Erlotinib and afatinib were purchased from LC Laboratories
(Woburn, MA, USA). Osimertinib was purchased from Selleck
Chemicals (Houston, TX, USA). Cetuximab was purchased from Keio
University Hospital (Tokyo, Japan). Total EGFR antibody (#2232),
total AKT antibody (#9272), phospho-AKT (S473; D9E) antibody
(#4060), total p44/42 MAPK antibody (#9102S), and phospho-p44/42
MAPK (T202/204) antibody (#9101S) were purchased from Cell
Signaling Technology (Beverly, MA, USA). Phospho-EGFR (Y1068)
antibody (44,788 G) was purchased from Invitrogen/Life Technologies
(Carlsbad, CA, USA). Actin antibody was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Ba/F3 stable cell lines

Ba/F3 cells constitutively expressing wild type or mutated EGFR
were created as previously described [18]. Ba/F3 cells harboring EGFR

mutations were cultured in RPMI-1640 growth medium supplemented
with 10% fetal bovine serum, at 37 °C in a humidified 5% CO2 in-
cubator. Ba/F3 cells expressing EGFR wild type were cultured in RPMI-
1640 growth medium supplemented with 10 ng/mL epidermal growth
factor (EGF) and 10% fetal bovine serum at 37 °C in a humidified 5%
CO2 incubator. The EGFR mutations examined in this study were
A763_Y764insFQEA, Y764_V765insHH, A767_V769dupASV, and
D770_N771insNPG.

2.3. Cell proliferation assay

The MTS assay was performed as previously described [18]. Ba/F3
cells were seeded with or without EGFR-TKI in 96-well plates. Control
cells were treated with the same concentration of vehicle, dimethyl
sulfoxide (DMSO). Absorbance was measured after 72 h of treatment
period. All experiments were performed at least three times.

2.4. Immunoblotting analysis by western blotting

The cells were treated with 0.1 μmol/L of EGFR-TKI. Cetuximab was
used at a concentration of 10 μg/mL. The cells were subjected to single
or combination therapy for 8 and 24 h, followed by lysis in Cell Lysis
Buffer (Cell Signaling Technology). Equal amounts of protein were
loaded per lane on sodium dodecyl sulfate-polyacrylamide gels.
Separated proteins were transferred to polyvinylidene fluoride mem-
branes. The membranes were incubated overnight with primary anti-
bodies at 4 °C and then incubated with secondary antibodies for 1 h. For
the detection of proteins, the membranes were incubated with agitation
in LumiGLO reagent and peroxide (Cell Signaling Technology) and then
exposed to X-ray film.

2.5. Apoptosis assay

Ba/F3 cells carrying EGFR A763_Y764insFQEA, Y764_V765insHH,
A767_V769dupASV, and D770_N771insNPG were seeded in 6-well

Fig. 1. Effect of cetuximab on Ba/F3 cells
harboring EGFR exon 20 insertion mutations.
The sensitivity of Ba/F3 cells expressing EGFR
exon 20 insertion mutations to cetuximab was
examined. MTS assays were conducted with
Ba/F3 cells expressing the indicated EGFR
genotypes. Data points represent the mean ±
standard deviation.
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plates. The cells were treated with EGFR-TKIs (0.1 μM) and cetuximab
(10 μg/mL) as a single or combination therapy for 48 h. The control
cells were treated with the same concentration of the vehicle, DMSO.
We analyzed the apoptotic status of cells using the Annexin V Apoptosis
Detection Kit APC (eBioscience, San Diego, CA, USA), according to the
manufacturer’s protocol. The proportion of apoptotic cells was

evaluated by flow cytometric analysis using the Gallios flow cytometer
system (Beckman Coulter, Brea, CA, USA).

2.6. Mouse xenograft model

The animal experiment was approved by the Laboratory Animal

Fig. 2. Additional efficacy of afatinib and cetuximab combination therapy.
MTS assays were conducted with Ba/F3 cells expressing the indicated EGFR exon 20 insertion mutations. (A) Cells were treated with afatinib (A) and/or cetuximab
(C). Data points represent the mean ± standard deviation. *: p value<0.05 by t-test. (B) Cells were treated with osimertinib (O) and/or cetuximab (C). Data points
represent the mean ± standard deviation. *: p value< 0.05 by t-test.
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Center, Keio University School of Medicine. Female BALB/c-nu mice
were purchased from Charles River (Kanagawa, Japan). The mice were
anesthetized with ketamine, and 1 million Ba/F3 cells carrying EGFR
A767_V769dupASV or Y764_V765insHH were injected subcutaneously
as a Matrigel (Corning, NY, USA) suspension. When the average tumor
volume reached approximately 180mm3, the mice were randomized to
receive vehicle (control), afatinib (20mg/kg, 5 days per week, orally),
cetuximab (50mg/kg, twice per week, intraperitoneally), and the
combination of both. Subcutaneous tumors of these mice were mon-
itored. The animals were humanely sacrificed and tumor tissues were
harvested.

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism software,
version 4.0 (GraphPad Software, La Jolla, CA, USA). IC50 values were
calculated using GraphPad Prism software. Student’s t test was used for
comparisons. All P values were two sided; values of p < 0.05 were

considered statistically significant.

3. Results

3.1. Efficacy of afatinib or osimertinib plus cetuximab combination therapy
on EGFR exon 20 insertion mutations

To evaluate the efficacy of cetuximab on EGFR exon 20 insertion
mutations, we performed the MTS cell proliferation assay with cetux-
imab in a panel of Ba/F3 cells transduced with EGFR exon 20 insertion
mutations (A767_V769dupASV, A764_V765insHH, D770_N771insNPG,
and A763_Y764 in. FQEA). Except for EGFR A763_Y764insFQEA, an
EGFR-TKI sensitive mutation, cetuximab did not induce an efficient
inhibition of Ba/F3 cell proliferation (Fig. 1). These data indicated that
cetuximab monotherapy has no effect on most EGFR exon 20 insertion
mutations. Next, we evaluated the efficacy of afatinib or osimertinib
plus cetuximab combination therapy on EGFR exon 20 insertion mu-
tations. Notably, afatinib plus cetuximab combination therapy exerted
an additional effect on A767_V769dupASV, A764_V765insHH, and
D770_N771insNPG when compared with that of afatinib monotherapy
(Fig. 2A). The difference of the additional effect was statistically sig-
nificant.

Similarly, an additional effect was observed for osimertinib plus
cetuximab combination therapy when compared with that of osi-
mertinib monotherapy (Fig. 2B). The calculated IC50 values of these
experiments are summarized in Table 1. In Ba/F3 cells expressing EGFR
A767_V769dupASV, A764_V765insHH, or D770_N771insNPG, the IC50
values of afatinib or osimertinib used in combination with cetuximab
were significantly lower than those of afatinib or osimertinib alone.
However, no additional effect was observed using erlotinib in combi-
nation with cetuximab (Supplementary Fig. S1). These data indicated

Table 1
IC50 values (nM) of afatinib/osimertinib alone or in combination with cetux-
imab.

Treatment Exon 20 insertion mutations

ASV HH NPG FQEA

Afatinib 72.6 166.6 27.9 0.8
Afatinib+Cetuximab (1 μg/mL) 7.9 58.8 9.2 0.7
Afatinib+Cetuximab (10 μg/mL) 13.2 32.9 9.0 0.6
Osimertinib 130.2 257.2 91.0 17.7
Osimertinib+Cetuximab (1 μg/mL) 40.2 113.6 87.8 5.8
Osimertinib+Cetuximab (10 μg/mL) 32.1 102.7 54.7 5.5

Fig. 3. Cetuximab enhanced apoptosis induced by afatinib or osimertinib in Ba/F3 cells harboring EGFR A767_V769dupASV.
Apoptosis assays of Ba/F3 cells harboring EGFR A767_V769dupASV were performed. The cells were treated with the indicated EGFR-TKI and/or cetuximab for 48 h
prior to staining with propidium iodide and annexin V-APC for analysis by flow cytometry. The numbers indicate the percentages of cells in the annexin V- and/or
propidium iodide-positive quadrants.
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that afatinib or osimertinib plus cetuximab combination therapy is
more effective than afatinib or osimertinib monotherapy.

3.2. Afatinib or osimertinib plus cetuximab combination therapy induces
apoptosis in EGFR exon 20 insertion mutations

The observed efficacy of afatinib or osimertinib plus cetuximab
combination therapy prompted us to examine whether the combination
therapy could efficiently induce apoptosis in Ba/F3 cells carrying EGFR
exon 20 insertion mutations. In Ba/F3 cells with A763_Y764insFQEA,
all EGFR-TKIs, erlotinib, afatinib, and osimertinib, efficiently induced
apoptosis as predicted (Supplementary Fig. S2A). For EGFR
A767_V769dupASV, one of the most frequent mutations among EGFR
exon 20 insertion mutations, erlotinib, afatinib, or osimertinib did not
efficiently induce apoptosis in cells carrying this mutation, and cetux-
imab monotherapy was also not active in this apoptosis test. Notably,
afatinib plus cetuximab or osimertinib plus cetuximab combination
therapy efficiently induced apoptosis in the cell lines carrying EGFR
A767_V769dupASV, whereas erlotinib plus cetuximab combination
therapy was not active in this assay (Fig. 3). Similarly, efficient in-
duction of apoptosis by afatinib plus cetuximab combination therapy
was observed in Ba/F3 cells with A764_V765insHH and
D770_N771insNPG (Supplementary Fig. S2B). These data demon-
strated that afatinib or osimertinib plus cetuximab combination therapy

induces apoptosis in EGFR exon 20 insertion mutations.

3.3. Inhibition of EGFR and downstream signaling pathways by afatinib or
osimertinib plus cetuximab combination therapy

To verify that the inhibition of Ba/F3 cell proliferation was medi-
ated by the inhibition of EGFR and the respective downstream sig-
naling, we performed an immunoblot analysis on Ba/F3 cells carrying
EGFR A767_V769dupASV, A764_V765insHH, or D770_N771insNPG.
Although cetuximab monotherapy did not inhibit the phosphorylation
of EGFR, AKT, and ERK after 8 h of treatment, afatinib and osimertinib
monotherapies inhibited these phosphorylation effects (Fig. 4A and B).
The addition of cetuximab to afatinib or osimertinib slightly increased
the inhibition of AKT phosphorylation. A similar inhibition profile was
observed in Ba/F3 cells with EGFR mutations after 24 h of treatment
(Fig. 4C and D). Notably, the expression level of EGFR decreased in
cetuximab-treated cells, demonstrating the effect of cetuximab on the
degradation of EGFR protein. These data indicated that afatinib or
osimertinib plus cetuximab combination therapy inhibited EGFR and its
downstream signaling pathways.

Fig. 4. Effects of EGFR-TKIs and/or cetuximab on signaling pathways downstream of EGFR in Ba/F3 cells expressing the indicated EGFR exon 20 insertions.
Ba/F3 cells expressing the indicated EGFR exon 20 insertions were treated with EGFR-TKIs [afatinib (A and C) or osimertinib (B and D]] and/or cetuximab for 8 h or
24 h prior to immunoblotting for the phosphorylated forms of EGFR, AKT, and ERK. Actin was used as a loading control.
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3.4. In vivo efficacy of afatinib plus cetuximab combination therapy on
EGFR A767_V769dupASV

To confirm the efficacy of afatinib plus cetuximab combination
therapy on EGFR exon 20 insertion mutations, we performed a xeno-
graft experiment. Because Ba/F3 cells are pro-B cells whose growth
depends on interleukin (IL)-3, we subcutaneously transplanted 1 mil-
lion Ba/F3 cells carrying EGFR wildtype to nude mice to exclude the
possibility of tumor growth depending on IL-3 or EGFR ligands ex-
pressed in mice subcutaneous microenvironment. However, no tumor
growth was observed, indicating that the expression of IL-3 or EGFR
ligands was not sufficient for Ba/F3 cells to form a tumor in vivo (data
not shown). To examine whether Ba/F3 cells carrying EGFR
A767_V769dupASV or Y764_V765insHH could form tumors in vivo, we
transplanted these cells to the mice. Notably, the formation of tumors
was observed for both cell lines, indicating that EGFR mutation-derived
signals can induce tumor formation in vivo. After tumor formation, the
mice were divided into four groups, namely control, cetuximab, afa-
tinib, and afatinib plus cetuximab groups. Regarding EGFR
A767_V769dupASV, although cetuximab and afatinib single treatment
did not induce significant inhibition of tumor formation, afatinib plus
cetuximab combination treatment induced a significant tumor growth
inhibition (p < 0.05) (Fig. 5A). In addition, a similar growth inhibition
by the combination therapy was observed for EGFR Y764_V765insHH
(Supplementary Fig. S3A). No significant body weight loss or skin rash
was observed (Fig. 5B, Supplementary Fig. S3B), indicating the tol-
erability of the combination therapy. Thus, our data demonstrated the
in vivo efficacy of afatinib plus cetuximab combination therapy on
several EGFR exon 20 insertion mutations.

4. Discussion

In this study, we evaluated the in vitro and in vivo efficacy of afatinib
or osimertinib plus cetuximab combination therapy on EGFR exon 20
insertion mutations. An earlier report indicated a limited efficacy of 1st-
and 2nd-generation EGFR-TKIs in NSCLC with EGFR exon 20 insertion
mutations [19]. Therefore, NSCLC patients carrying these mutations
cannot be effectively treated with EGFR-TKIs. Recently, we reported
preclinical evidence for the potential efficacy of osimertinib on EGFR
exon 20 insertion mutations [20]. To evaluate the efficacy of osi-
mertinib in NSCLCs with EGFR exon 20 insertion mutations, multiple
clinical trials (NCT03414814, NCT03191149) are being conducted in-
cluding the AEX20 trial (UMIN000031929), for which we started re-
cruitment in June 2018. Currently, the approved dose of osimertinib is
80mg a day; however this dose may not be sufficient for demonstrating
optimal effects against NSCLCs with these EGFR exon insertion muta-
tions. The efficacy of poziotinib against cells carrying EGFR exon 20
insertion mutations has been reported [21]. TAS6417 was reported to
be potentially effective in preclinical studies against cells with EGFR
exon 20 insertions [22]. In addition to these inhibitors, TAK-788 has
been developed recently as an EGFR exon 20 specific inhibitor, and its
efficacy in clinical setting has been reported [23]. Furthermore, non-
EGFR targeted therapies, such as heat shock protein 90 inhibitors, have
demonstrated potential activity against EGFR exon 20 insertion muta-
tions [24]. These data indicated the possibility that multiple inhibitors
could become available for the treatment of NSCLCs with EGFR exon 20
insertion mutations. In our in vitro assays, afatinib or osimertinib plus
cetuximab combination therapy induced an additive inhibitory effect
on cell proliferation and downstream signaling and induced more
profound levels of apoptosis in cells carrying several representative
EGFR exon 20 insertion mutations. Notably, the inhibition of tumor
growth in vivo occurred at a remarkable efficacy. These data indicate
the possibility of the efficacy of the combination therapy against NSCLC
with several of the known EGFR exon 20 insertion mutations. Although
severe skin toxicities limit the application of this combination therapy
in clinical setting [25], in support of our assumption, Veggel et al. re-
cently reported the efficacy of afatinib and cetuximab combination
therapy in three of four lung cancer patients with EGFR exon 20 in-
sertion mutations [26]. In summary, we provide guidance based on
promising preclinical results for using afatinib or osimertinib plus ce-
tuximab combination therapy in NSCLC with EGFR exon 20 insertion
mutations.
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Fig. 5. Effect of afatinib and/or cetuximab on Ba/F3 cells expressing EGFR
A767_V769dupASV in vivo.
(A) Ba/F3 tumor-bearing mice were randomly assigned to the control (n= 5),
afatinib (n=5), cetuximab (n=5), or afatinib/cetuximab combination
(n=5) treatment group. Tumor size was measured to calculate tumor volume.
Values indicate the average tumor volume in each group. *p < 0.05 by t-test
for the afatinib/cetuximab combination group versus the control group or mice
treated with either alone. Error bars indicate the standard deviation. (B) Body
weights of the mice in each experimental group. Data points represent
means ± standard deviation.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.lungcan.2018.11.039.
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