
Abstract. Background/Aim: Brain metastases are found in
approximately 30% of patients with epidermal-growth-factor
receptor (EGFR) mutant non-small cell lung cancer
(NSCLC). We compared the efficacy of two EGFR-tyrosine
kinase inhibitors (TKIs), erlotinib and osimertinib on a PC-
9-GFP EGFR mutant NSCLC growing in the brain of nude
mice. Materials and Methods: The brain metastasis models
were randomized into five groups and treated for 15 days:
Control; 5 mg/kg erlotinib; 50 mg/kg erlotinib; 0.5 mg/kg
osimertinib; 5 mg/kg osimertinib. Tumor volume was
evaluated by non-invasive fluorescence imaging. Results:
Only 5 mg/kg osimertinib, a low-dose compared to the
clinically-equivalent dose, showed significant tumor
regression compared to the control. Conclusion: This study
strongly supports the high activity of osimertinib for
intracranial lesions of EGFR-mutant NSCLC.

Lung cancer is the leading cause of cancer-related deaths
worldwide (1) and in the United States (2). Non-small-cell
lung cancer (NSCLC) has several predictive biomarkers such
as EGFR, ALK, ROS1, and BRAF. Targeted drugs against
NSCLCs that carry such mutations have prolonged the

survival time of patients with NSCLC. Approximately 30% of
patients with EGFR mutant NSCLC have brain metastases at
the time of diagnosis (3), and the control of brain metastases
is essential for survival. The 1st and 2nd generation EGFR-
tyrosine kinase inhibitors (EGFR-TKIs), erlotinib, gefitinib,
and afatinib, had only partial efficacy on brain metastases,
with 60-80% response rates in studies of a limited number of
patients (4). The 3rd generation EGFR-TKI, osimertinib, has
high central nervous system (CNS) activity both in clinical
studies (5) and in pre-clinical studies. Osimertinib has a high
brain:plasma Cmax ratio compared to other EGFR-TKIs, as
shown in pre-clinical studies (6), suggesting that osimertinib
has potential to have efficacy on brain metastases.

We have previously demonstrated that a clinically-
equivalent dose of 25 mg/kg of osimertinib had strong
efficacy against the PC-9 green fluorescent protein
expressing (PC-9-GFP) EGFR mutant NSCLC growing in
the brain of nude mice, compared to the cytotoxic drugs
cisplatinum and pemetrexed (7). In the present study, we
compared the efficacy of the 1st-generation EGFR-TKI
erlotinib, and the 3rd-generation EGFR-TKI osimertinib, at
a low dose, on the PC-9-GFP brain model.

Materials and Methods

Cell line. GFP-expressing PC-9 (NSCLC, EGFR exon 19 deletion)-
GFP cells (AntiCancer, Inc., San Diego, CA, USA) were maintained
in RPMI-1640 medium (Mediatech, Inc. Manassas, VA, USA)
supplemented with 10% fetal bovine serum, 100 U/ml penicillin and
100 μg/ml streptomycin. Cells were cultured at 37˚C with 95% air
and 5% CO2, and split 48 h prior to inoculation to ensure they were
in log growth phase when harvested. Then, cells were re-suspended
at a concentration of 4×107 cells/ml in serum-free RPMI medium.
Suspended cells were well mixed with ice-thawed Matrigel at 1:1
ratio for inoculation (7).
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Experimental animals. Athymic nude (nu/nu) male mice (6-8 week
AntiCancer, Inc., San Diego, CA, USA) were utilized. Animal
housing and their diet were as previously described (7). Mice were
observed on a daily basis and humanely sacrificed by CO2 inhalation
with humane endpoint criteria as previously described (7).

Tumor stock preparation using subcutaneous models. Nude female
mice (5-6) weeks were used for tumor stock. Each mouse received
a subcutaneous cancer-cell inoculation in both flanks with a 0.1 ml
inoculum of 2.0×106 cells. Once the tumor diameter reached
approximately 10 mm, the mouse was anaesthetized and euthanized
in order to resect the tumor (7).

Establishment of brain implantation model. Subcutaneous tumors
were harvested and cut into small fragments (2-3 mm in diameter).
Mice were anesthetized with a subcutaneous ketamine mixture. An
8-mm sagittal incision of the scalp was made to expose the skull. A
5 mm v-shaped flap on the skull was made. Each tumor fragment
was implanted between the bone flap and brain. The skin was closed
with a surgical suture (7).

Randomization and Initiation of treatment. Group randomization took
place the day prior to the dosing day (day 0) based on the condition
of the animals. Treatment was started 3 weeks later in the brain
models when the tumor GFP fluorescent area reached 8-60 mm2.

Treatment protocol. The mice were randomized into 5 groups of 10
mice each; G1: control group [vehicle (PBS + 1% DMSO), 0.1 ml/10
g body weight, oral administration (p.o.), once daily (qd)]; G2:
erlotinib 5 mg/kg + vehicle, 0.1 ml/10 g body weight, p.o., qd; G3:
erlotinib 50 mg/kg + vehicle, 0.1 ml/10 g body weight, p.o., qd; G4:
osimertinib 0.5 mg/kg + vehicle, 0.1 ml/10 g body weight, p.o., qd;
G5: osimertinib 5 mg/kg + vehicle, 0.1 ml/10 g body weight, p.o., qd.

Mice were observed daily for general mobility, morbidity and
mortality. Body weight was evaluated twice a week. Mouse deaths
were assessed as tumor-related, drug-related, technical, or of
unknown reason based on factors including gross observation and
weight loss and number and day of death in each group. Signs of
toxicity were monitored, including cachexia, diarrhea, skin rash and
color. Animals were sacrificed 15 days after treatment initiation, or
earlier, if mice became moribund.

Imaging. A FluorVivo Small Animal Imaging System (INDEC
BioSystems, Santa Clara, CA, USA) was used for fluorescence
imaging. Tumor volume was calculated by multiplying fluorescent
tumor area (mm2) and fluorescence intensity (% × 1/100).

Statistical analysis. All statistical analyses were performed with EZR
(http://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmed.html).
Statistical analysis of tumor volume and body weight was performed
using the Student’s t-test to compare differences among treatment
groups. The Kruskal-Wallis test was performed as a non-parametric test.
A probability value of p<0.05 was considered as statistically significant.

Ethical considerations. All experiments were done at AntiCancer
Inc. with an Institutional Animal Care and Use Committee
(IACUC)-protocol solely approved for the study and following the
principles and procedures defined in the National Institutes of
Health (NIH) Guide for the Care and Use of Animals under
Assurance Number A3873-1.

Results

Treatment efficacy evaluated by tumor volume. GFP
fluorescent area and fluorescence intensity were used to
calculate tumor volume on days 0 and 15 after treatment.
The tumor volume ratio change of each group (day 15/day
0) is shown in  Figure 1A. Five mg/kg osimertinib (G5;
mean±SD; 0.79±0.48) led to a significant tumor volume-
ratio reduction compared to the control group (G1;
mean±SD; 1.65±0.78) (p=0.022). Other groups did not show
a significant tumor volume-ratio reduction: 5 mg/kg elrotinib
(G2; mean±SD; 2.04±0.91), 50 mg/kg elrotinib (G3;
mean±SD; 1.50±0.83), 0.5 mg/kg osimertinib (G4;
mean±SD; 2.28±1.77). Representative images of mice with
growth or shrinkage of the tumor are shown in Figure 1B.

Body weight change. The body weight ratio of each group
(day 15/day 1) showed no significant difference among
groups (G1 control group; mean±SD; 0.96±0.14, G2 5 mg/kg
erlotinib; mean±SD; 0.85±0.17, G3 50 mg/kg erlotinib;
mean±SD; 0.98±0.04, G4 0.5 mg/kg osimertinib; mean±SD;
0.94±0.05, G5 5 mg/kg osimertinib; mean±SD; 0.99±0.11),
although G2 showed relatively low body weight because of
insufficient antitumor effect (Figure 2).

Cause of deaths and adverse events. During 15 days of
treatment, the cause of death in each group was as follows:
Two died in G1 control group (1 was tumor-related, and 1 was
technical). Three died in G2 5 mg/kg erlotinib (2 were tumor-
related, and 1 was technical). Three died in G3 50 mg/kg
erlotinib (1 was tumor-related, and 2 were others or unknown).
One died in G4 0.5 mg/kg osimertinib (tumor-related). Two
died in G5 5 mg/kg osimertinib (both were tumor-related).
One adverse event, which was related to treatment, was seen
in G3 50 mg/kg erlotinib: occasional soft stool in one mouse.
Overall, treatment was tolerable in all groups.

Discussion

For the brain model of PC-9-GFP NSCLC nude mice, 5
mg/kg osimertinib showed a significant reduction in tumor
volume compared to the control. No significant difference
was seen in the change in body weight or toxicities between
the control group, erlotinib, and osimertinib treatment groups.

Our study, using the relatively low dose (5 mg/kg qd) of
osimertinib, strongly supports the superior activity of
osimertinib for brain metastasis of EGFR mutant NSCLC
compared to erlotinib. Osimertinib was developed for
NSCLC EGFR T790M resistance mutant. The search for
EGFR sensitizing mutations (exon 19 del and L858R
mutations) is still ongoing. We observed that 0.5 mg/kg qd
osimertinib was not sufficient for intracranial tumor
shrinkage. The 5 mg/kg osimertinib used in the present study
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is five times less than the dose we used in our previous
study, which was a clinically-equivalent dose (7), but had
similar efficacy against the PC-9-GFP NSCLC nude-mouse
brain model. The high efficacy of osimertinib for brain
metastasis has been previously explained by the high blood-
brain barrier penetration (6).

For patients with EGFR mutant NSCLC, treatment options
for asymptomatic brain metastasis are radiation therapy and
systemic therapy such as EGFR-TKIs. An ideal treatment
sequence has not been determined yet by prospective clinical
studies. Several prospective clinical studies to consider this
clinical question have been reported: 1st-generation EGFR-
TKI, gefitinib, showed favorable response on brain
metastatic lesions in a Phase II study (8). Osimertinib
showed better central nervous system efficacy compared to
cytotoxic agents (platinum-pemetrexed) in the subset
analysis of a Phase III study (9). Response rates of the
intracranial lesions were higher for osimertinib, 91%,
compared to gefitinib or erlotinib, 68%, in the subset
analyses of a Phase III study (10). Accumulated clinical data
and tolerable adverse events of EGFR-TKIs, compared to
cytotoxic agencies or radiation therapy, favor systemic
treatment with EGFR-TKIs for EGFR mutant NSCLC with
asymptomatic brain metastasis.

In terms of the tumor regression efficacy, 5 mg/kg of
osimertinib showed significant benefit in brain-implanted
GFP-labeled EGFR mutant NSCLC in nude mice, and is
superior to erlotinib, an earlier generation EGFR-TKI. It is
noteworthy, that 5 mg/kg of osimertinib was as active as the
clinically-equivalent 25 mg/kg dose in our previous study in

the PC-9-GFP NSCLC brain model in nude mice, further
indicating the potential of osimertinib and the importance of
orthotopic models to study clinically relevant drug targeting
of tumors (11).
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Figure 1. Drug efficacy and tumor volume. (A) Tumor-volume ratio change in each treatment group. G1: Control; G2: erlotinib 5 mg/kg; G3:
erlotinib 50 mg/kg; G4: osimertinib 0.5 mg/kg; G5: osimertinib 5 mg/kg. In the box and whisker plots, the horizontal line within the box indicates
the median, boundaries of the box indicate the 25th- and 75th- percentile, and the error bars indicate the highest and lowest values of the results.
(B) Representative images of tumor volume change. The upper mouse was in G2 and the lower mouse was in G5.

Figure 2. Body weight. Body weight ratio change (day 15/day 1) in each
treatment group. G1: Control; G2: erlotinib 5 mg/kg; G3: erlotinib 50
mg/kg; G4: osimertinib 0.5 mg/kg; G5: osimertinib 5 mg/kg. In the box
and whisker plots, the horizontal line within the box indicates the
median, boundaries of the box indicate the 25th- and 75th- percentile,
and the error bars indicate the highest and lowest values of the results.
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