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Non-invasive monitoring of cisplatin and erlotinib efficacy
against lung cancer in orthotopic SCID mouse models
by small animal FDG-PET/CT and CT
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Abstract. We established patient-like models of lung cancer
metastasis by orthotopically implanting human non-small
cell lung cancer cell lines into SCID mice. We evaluated the
utilities of small-animal computed tomography (CT) and posi-
tron-emission tomography-computed tomography (PET/CT)
in these models to non-invasively and repeatedly monitor the
anticancer effects of cisplatin and erlotinib. We orthotopically
implanted three non-small cell lung cancer cell lines, A549,
FT821 and PC-9, into SCID mice. These mice were then
divided into three groups: Control, cis-diamminedichloro-
platinum (II) (CDDP) (7-mg/kg CDDP, single administration
intraperitoneally), and erlotinib (25 mg/kg erlotinib/day, oral
administration 5 days/week). After treatment initiation, we
repeatedly performed PET/CT and CT measurements and
assessed anticancer effects based on tumor volumes and FDG
uptake. A549 tumors were not affected by CDDP or erlotinib.
FT821 tumors were highly responsive to CDDP. PC-9 tumors,
which have an epidermal growth factor receptor mutation,
were highly responsive to erlotinib. Histological results and
metastatic rates correlated with the anticancer effects shown
by CT. In our orthotopic SCID mouse lung cancer models,
BFDG-PET/CT and CT imaging non-invasively and repeat-
edly monitored the efficacies of cisplatin and erlotinib against
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not only implanted tumors, but also mediastinal lymph node
metastases.

Introduction

Lung cancer is the most common cause of cancer death in
Japan, North America and Europe. Approximately 85% of
these cases are non-small cell lung cancer (NSCLC) (1). More
than 50% of patients with NSCLC have lymphadenopathy
and/or distant metastasis and, thus, a poor prognosis. The
5-year relative survival rate of patients with distant metastases
is less than 4% (2). The primary reason for the difficulties
associated with treating NSCLC is that patients are identi-
fied at a very late stage and effective treatments available
for advanced NSCLC are limited. However, advances have
recently been achieved in elucidating the molecular origins of
NSCLC, with the better classification of histological subtypes
and development of targeted therapies. A molecular analysis of
NSCLC has suggested many new molecularly targeted drugs
for its treatment (3,4). Thus, suitable preclinical tumor models
are required to assess whether new anticancer drugs will be
effective for NSCLC.

Preclinical tumor models are a fundamental component for
the study and design of new treatment regimens for cancer (5).
These models are either ectopic (tumors in an abnormal site,
such as lung cancer grown subcutaneously) or orthotopic
(tumors in their organ or tissues of origin, such as lung cancer
in the lung). In 1889, Paget proposed the ‘seed and soil’ theory
in which an organ-specific site provides tumor cells with the
most appropriate environment for local growth and metas-
tasis (6). Subcutaneously implanted tumors in mice generally
grow rapidly, which does not reflect the slower doubling times
of most human cancers; therefore, they may be more sensitive
to chemotherapy drugs than orthotopic tumors (7). Models
with subcutaneously implanted tumors generally show a low
incidence of distant metastatic disease. The orthotopic trans-
plantation of tumors results in a higher incidence of distant
metastases (8), and these models show spontaneous metastasis.
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Orthotopic models may provide more relevant pharmacokinetic
and pharmacodynamic information than subcutaneous ectopic
models (9). The advantage of orthotopic models is their similar
characteristics to those of tumors in clinical settings (5).

Considerable efforts have focused on developing clinically
relevant models using orthotopic tumor implantation. We
established an orthotopically implanted lung cancer model
in SCID mice without thoracotomy (10-15). We previously
reported an animal model that consisted of the orthotopic
implantation of lung cancer cell lines and showed a high
frequency of lymphatic metastasis. This model was simple
and reproducible, enabling transplantation in many mice at
once, and metastatic patterns, exhibiting lymphatic metastases
and/or distant metastases at high frequencies, were similar to
those observed clinically in human lung cancer. However, the
primary disadvantage of orthotopic models is that changes in
tumor sizes are difficult to monitor continuously and reproduc-
ibly, and may only be assessed at necropsy.

To conduct continuous monitoring, we employed in vivo
imaging techniques, such as computed tomography (CT)
and positron-emission tomography-computed tomography
(PET/CT), for small animals. CT and "®F-fluorodeoxyglucose
(®F-FDG) PET/CT are excellent methods for detecting primary
lesions or lymph node metastases in patients with NSCLC. CT
provides high anatomical resolution criteria for the detection
of abnormal lymph nodes, with an axial short-axis diameter
of 1-cm sensitivity (51-64%) and specificity (74-86%). PET
using ®F-FDG is superior for detecting lymph node metas-
tasis with a sensitivity of 74% and specificity of 85% (16-18).
We previously reported the non-invasive monitoring of the
anticancer effects of cisplatin (CDDP) on lung cancer in an
orthotopic SCID mouse model using "*F-FDG PET/CT (19).
The findings obtained supported the use of *F-FDG-PET/CT
to detect tumor progression and the therapeutic responses of
lung cancer in an orthotopic model through non-invasive and
repeated monitoring. We consider our orthotopic models to
provide suitable systems for the preclinical evaluation of the
antitumor efficacies of potential new NSCLC therapies.

In the present study, we evaluated the usefulness of
small-animal PET/CT and CT to non-invasively and repeatedly
monitor the inhibitory effects of the conventional anticancer
agents, CDDP and erlotinib, on orthotopically implanted lung
cancer in SCID mice. The aim of the present study was to
establish a standard model to evaluate the efficacies of novel
treatment regimens in lung cancer.

Materials and methods

Animals. Eighty male SCID mice (CB-17/Icr-scidJcl; CLEA
Japan, Inc., Tokyo, Japan) at 6-8 weeks of age were used in the
present study and maintained at the Laboratory for Animal
Experiments of our institution. The animals were housed in
microisolator cages on a layer of wood shavings at a tempera-
ture of 22+2°C under a fixed 12 h light/dark regime. The basic
diet (MF; Oriental Yeast Co., Ltd., Tokyo, Japan) and water
were available ad libitum. All experiments were performed in
accordance with the guidelines established by the Tokushima
University Committee on Animal Care and Use. At the end of
each in vivo experiment, mice were anesthetized with isoflu-
rane and euthanized humanely by dislocating the vertebrae.
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All experimental protocols were reviewed and approved by the
Animal Research Committee of The University of Tokushima,
Japan.

Cell lines. We used three types of NSCLC cell lines in the
present study: A549 (human adenocarcinoma lung cancer cells),
FT821 (human large cell lung cancer cells) and PC-9 (human
adenocarcinoma cells). We established the FT821 cell line
using a primary culture of surgically resected tissue provided
by Dr Haruhiko Fujino (Tokushima University, Tokushima,
Japan) (13). A549 (JCRBO0O076) cells were purchased from
the Health Science Research Resources Bank (Osaka, Japan).
PC-9 (CVCL_B260) cells were kindly provided by Professor
Seiji Yano (Division of Medical Oncology, Cancer Research
Institute, Kanazawa University, Kanazawa, Japan) (20). PC-9
cells have an epidermal growth factor receptor (EGFR) muta-
tion (deletion in exon 9 of the EGFR gene, del E746_A750),
whereas the other two cell lines do not. These cell lines were
cultured in RPMI-1640 medium (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; BioWhittaker; Lonza, Walkersville,
MD, USA) and were maintained at 37°C in a humidified incu-
bator equilibrated with 5% CO, and 95% air.

Orthotopic intrapulmonary implantation. As described in
our previous studies (10-15), mice were fully anesthetized
with 1.5% isoflurane inhalation and placed in the right lateral
decubitus position with all four limbs restrained. A 1-cm
transverse incision was made in the left lateral skin just below
the inferior border of the scapula in each mouse. The muscles
were separated from the ribs by sharp dissection and the
intercostal muscles exposed. The left lung was then visible
through the intercostal muscles. A 30-gauge needle was
inserted ~5 mm into the lungs through the intercostal muscle
and an inoculum of 2x10° tumor cells/ml with 400 mg/ml
Matrigel (Collaborative Biomedical Products, Bedford, MA,
USA) was then dispersed into the left lung in a final volume of
10 pl medium (2x10* cells). The procedure required ~1 min for
completion and was easily performed. The skin incision was
closed with 3-0 silk.

BF.-FDG PET/CT measurements. On day 20 after the implan-
tation of A549 cells, we performed a PET/CT measurement
on each mouse. Mice were then divided into two groups: A
control group [n=8, saline solution (0.7 ml), single administra-
tion intraperitoneally] and cis-diamminedichloroplatinum (IT)
(CDDP) (Pfizer Japan Inc., Tokyo, Japan) group [n=8, 7 mg/kg
CDDP (0.7 ml), single administration intraperitoneally]. After
treatments, PET/CT measurements were evaluated every
10 days until day 50 after implantation.

All scans were performed with a Siemens Inveon
small-animal PET scanner (Siemens Healthcare, Knoxville,
TN, USA). Mice with the orthotopic implantation of A549 cells
to be monitored by ®F-FDG PET/CT were fasted for 18-24 h,
with access to water only. Body weights were measured and
mice were anesthetized by 1.5-2.0% isoflurane inhalation
and injected via a tail-vein catheter with 10 MBq/0.1-0.2 ml
BE-FDG. The lung field was scanned by CT [field of view
(FOV): 32.0x32.0x48.1 mm®]. PET data were acquired for
20 min following a delay of 40 min to allow for FDG uptake.
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Figure 1. (A) Coronal view of CT and PET/CT images revealed an A549 tumor in the left lungs of control and CDDP mice. Yellow arrows indicate lung tumors.

(B) PET/CT imaging quantitative data in mice implanted with A549 cells. a, Tumor volume; b, SUV,,,; and c, the correlation between tumor volumes and SUV,

Measurement of tumor volumes by small animal CT. All
scans were performed with a Siemens Inveon small-animal
CT scanner (Siemens Healthcare). Mice with the orthotopic
implantation of A549, FT821, or PC-9 cells were weighed
and then anesthetized by 1.5-2.0% isoflurane inhalation. CT
acquisition was performed as described in the previous section
(BF-FDG PET/CT measurements).

We orthotopically implanted mice with A549 cells. We
evaluated the success of orthotopic implantations as well as
tumor volumes in all animals by periodic CT after implantation.
When tumor volumes reached >1 mm?, mice were treated with
CDDP or erlotinib. These treatments were initiated on days 21,
50, and 35 after implantation with A549, FT821,and PC-9 cells,
respectively. Mice implanted with A549 cells were divided
into four groups: control [n=4, saline solution (0.7 ml), single
administration intraperitoneally]; CDDP [n=4, 7 mg/kg CDDP
(0.7 ml), single administration intraperitoneally]; control [n=4,
6% sulfobutylether-B-cyclodextrin (Captisol) (ChemScene,
Monmouth Junction, NJ, USA) solution (0.2 ml)/day, oral
administration 5 days/week]; and erlotinib (n=4, 25 mg/kg erlo-
tinib dissolved in 6% Captisol solution/day, oral administration
5 days/week) (21,22). CDDP and erlotinib were obtained from
Pfizer Japan, Inc. and Selleck Chemicals (Houston, TX, USA),
respectively. Mice implanted with FT821 and PC-9 cells were
similarly divided into four groups (n=3/group). After treat-
ments, mice were evaluated by CT every third day.

Analysis of primary tumor volumes and SUV,,,.. PET and
CT images were analyzed using Inveon Research Workplace

max*

software (IRW; version 3.0; Siemens Healthcare). In all
PET/CT datasets, the volume of interest (VOI) was defined
manually around the primary tumor on CT images as the
tumor volume. In fused PET images, the maximum standard-
ized uptake value (SUV,,,,) was calculated from the maximum
voxel value (Bg/ml) in the VOI.

Histological examination of lymph nodes and lung metastasis.
Among the mice examined by PET/CT and CT, all mice in
each group were used for pathological analyses. We sacrificed
mice and en bloc resected the bilateral lungs, trachea and
bronchi, heart, esophagus, and mediastinal region of the mouse.
Implanted tumors in the lungs were sectioned at a maximal cut
and the lungs were cut into 5 to 6 1- to 2-mm-thick pieces in
the minor axis direction and the mediastinum was cut in the
longitudinal axis direction. These pieces were fixed by 10%
formalin and embedded in paraffin. Paraffin sections stained
with hematoxylin and eosin (H&E) were examined by a Leica
DM 2500 light microscopy (Leica Microsystems, Wetzlar,
Germany) and the sizes of tumors were measured using the
ruler of the microscope.

Statistical analysis. Tumor volumes and SUV_, numbers
in the control and CDDP groups were compared using the
Mann-Whitney U test. Relationships between tumor volumes
and SUV_,, were assessed using Spearman's test (SPSS soft-
ware, version 20; IBM Inc., New York, NY, USA). A P-value
of <0.05 was considered to indicate a statistically significant
difference.
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Figure 2. (A) Tumor volumes and body weights in mice implanted with: a and d, A549; b and e, FT821; or ¢ and f, PC-9 cells and treated, as indicated, with
CDDP or vehicle (control). (B) Tumor volumes and body weights in mice implanted with: g and j, A549; h and k, FT821; or i and 1, PC-9 cells and treated, as
indicated, with erlotinib or vehicle (control). “P<0.05, significant difference between control and CDDP groups.

Results

Monitoring responses using tumor volumes and SUV,,,..
Coronary CT and PET/CT images of control and CDDP mice
are presented in Fig. 1A. In both groups, CT scans detected a
lung tumor in the left lung on day 20 after implantation. The
sizes of tumors in both groups increased from day 20 to 50. In
coronal PET/CT images of control and CDDP mice, intense
FDG uptake was observed in the tumors of both groups on
day 30 and the intensity of FDG uptake increased from
day 30 to 50. The tumor volumes and SUV,,,, of the control
and CDDP groups are displayed in Fig. 1B. Tumor volumes in
both groups increased exponentially, and were similar in the
CDDP and control groups from day 20 to 50 after implanta-
tion (Fig. 1B-a). SUV,,, increased from day 20 to 50 after

implantation, with no significant difference between the control
and CDDP groups (Fig. 1B-b). A correlation was observed
between tumor volumes and SUV,,, in both groups (control:
r=0.76, P<0.01; CDDP: r=0.70, P<0.01; Fig. 1B-c).

Anticancer effects of CDDP and erlotinib in mice with A549-,
FT821-, and PC-9-implanted tumors assessed by CT imaging.
We examined the anticancer effects of CDDP in mice with
A549-,FT821-, and PC-9-implanted tumors using CT imaging.
The tumor volumes of A549 implants in the CDDP group were
similar to those in the control group, confirming the results
of the previous experiment (Fig. 2A-a). The tumor volumes
of FT821 implants in the CDDP group were significantly
smaller than those in the control group (P<0.05) (Fig. 2A-b).
The tumor volumes of PC-9 implants in the CDDP group were
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Figure 3. Histopathology of representative mice from control and treated
(CDDP and erlotinib) groups. Hematoxylin and eosin (H&E) staining magni-
fied (A) x200 and (B) x400. Yellow arrows show necrotic lesions.

smaller than those in the control group, and this difference was
significant on day 44 only (P<0.05) (Fig. 2A-c).

In the CDDP groups, the body weights of mice with A549
and FT821 implants were significantly lower than those of the
respective control groups. In mice with PC-9 implants, this
reduction in body weight was temporary (Fig. 2A, d-f).

We examined the anticancer effects of erlotinib in mice
with A549-, FT821-, and PC-9-implanted tumors by CT
imaging. The tumor volumes of A549 implants in the erlotinib
group were similar to those in the control group (Fig. 2B-g).
The tumor volumes of FT821 implants were slightly lower in
the erlotinib group than in the control group (Fig. 2B-h). The
tumor volumes of PC-9 implants were significantly lower in the
erlotinib group than in the control group (P<0.05) (Fig. 2B-i).

The body weights of mice with A549 implants were
significantly lower in the erlotinib group than in the control
group (Fig. 2B-j). The body weights of mice with FT821 and
PC-9 implants were similar with and without the erlotinib
treatment (Fig. 2B, k and 1).

Detection of lymph node metastases of the mediastinum
and lung metastases using CT imaging and histopathology.
Primary tumors were histopathologically confirmed in the
lungs of all mice (Fig. 3). In the control groups, no necrotic
lesions were observed in the tumors. In the CDDP groups,
there were some necrotic lesions in mice with PC-9 and FT821
tumors, but not in those with A549 tumors. There were some
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Figure 4. (A) A sagittal PET/CT image on day 50 after implantation of the
mediastinum revealed A549 tumor FDG uptake; the white dotted line in the
sagittal section indicates (B) the position of axial section FDG uptake by
mediastinum metastases (white arrow), the yellow dotted line in the sagittal
section indicates (C) the position of axial section FDG uptake by the inocu-
late tumor (yellow arrow), the red dotted line in the sagittal section indicates
(D) the position of axial section FDG uptake by lung metastases (red arrows).
Histopathology confirmed lymph node metastasis of the mediastinum, with
H&E staining, magnified (E) x40 and (F) x400.

necrotic lesions in erlotinib-treated mice with PC-9, but not
A549 or FT821 tumors.

Some mice exhibited the accumulation of FDG in the
mediastinum in the control and CDDP groups. Representative
sagittal and axial PET/CT images of the mediastinum on
day 50 after implantation are revealed in Fig. 4A and B,
with high FDG uptake in the mediastinum (white arrows).
Histopathology revealed lymph node metastases of the medi-
astinum microscopically (Fig. 4E and F). In CT images, lung
metastases were detectable, whereas 'SF-FDG uptake was
not (Fig. 4D).

Metastases of the lung and mediastinal lymph nodes, as
detected by CT and histopathology, in mice treated with or
without CDDP and with erlotinib are presented in Table I. CT
imaging detected lung metastases in A549-, but not FT821- or
PC-9-implanted mice. CT imaging did not detect lymph node
metastasis in any of the cell lines.

In the histopathological analysis, the frequencies of lung
and lymph node metastases in A549-implanted mice, whose
tumors were resistant to CDDP, were slightly higher with the
CDDP treatment than in the controls (100 vs. 75%, 100 vs.
75%, for lung and lymph nodes, respectively). There were no
lung metastases in the FT821-implanted mice, whose primary
tumors had responded to CDDP, in the CDDP group, whereas
they were detected in the control group (100%). The lymph node
metastasis rate of the mediastinum in the FT821-implanted
mice was lower with the CDDP treatment than in the control
group (66 vs. 100%). The frequency of lung metastasis in the
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PC-9-implanted mice, in which CDDP had been slightly effec-
tive, was lower with the CDDP treatment than in the control
group (66 vs. 100%). In each cell line, the anticancer effects of
CDDP for implanted tumors correlated with its effects on lung
and lymph node metastases.

Regarding mice treated with or without erlotinib, the
frequency of lymph node metastasis of the mediastinum
in PC-9 implants, which were responsive to erlotinib, was
lower with the erlotinib treatment than in the control group
(33 vs. 100%).

Discussion

Since many patients with NSCLC have lymphadenopathy
and/or distant metastasis when diagnosed, more than 80%
are potential beneficiaries of palliative systemic therapy (23).
Palliative first-line chemotherapy was revealed to improve
the quality of life and survival of advanced NSCLC patients
due to newly introduced drugs and patient selection based on
different histological subtypes and driver mutations. These
selection parameters may identify the biology of malignan-
cies and help predict drug efficacy (24). Recently developed
molecular analyses for NSCLC have led to proposals for many
new molecularly targeted drugs to treat NSCLC (3.4).

To provide suitable preclinical systems for evaluating the
efficacy of these drugs, we established patient-like models of
lung cancer metastasis by orthotopically implanting human
NSCLC cell lines without thoracotomy (10-15). The models we
described have the following advantages: i) The implantation
procedure is simple and reproducible; ii) many tumor-implanted
mice may be produced at once; iii) the procedure may be
applied to many NSCLC cell lines; and iv) metastatic patterns,
showing lymphatic metastases and/or distant metastases at
high frequencies, are similar to those observed clinically in
human lung cancer. However, the major disadvantage of these
models is that the tumors, including primary and metastatic,
were difficult to monitor continuously and reproducibly, and
may only be assessed at necropsy. We previously evaluated
the utility of F-FDG PET-CT to non-invasively and repeat-
edly monitor the anticancer effects of CDDP in an orthotopic
lung cancer model using Ma44-3 cells. We demonstrated the
significant inhibition of tumor growth by the CDDP treatment,
and also revealed that tumor volumes and SUV,,,, correlated
in these mice (1*=0.67, P=0.048) (19). In the present study, we
evaluated the utility of "®F-FDG PET-CT to monitor the anti-
cancer effects of CDDP in an orthotopic model using another
lung cancer cell line, A549. Tumor volumes and SUV,_,,, were
similar in the CDDP and control groups, and tumor volume
correlated with SUV_,, in this A549 model (control: r=0.76,
P<0.01; CDDP: r=0.70, P<0.01). Thus, it was demonstrated that
BF-FDG PET/CT discriminates between CDDP-responsive
and -unresponsive tumors, Ma44-3 and A549, respectively.
Since SUV,_,, assessed by PET correlated with tumor volumes
using CT imaging, we subsequently used CT only to estimate
the anticancer effects of CDDP in FT821- and PC-9-implanted
models and of erlotinib in models using all cell lines.

Our histological results correlated with anticancer effects.
FT821 and PC-9, but not A549 tumors exhibited necrotic
lesions with CDDP. Therefore, CT imaging detected the
anticancer effects of CDDP, a major cytotoxic anticancer drug
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that is intravenously administered. We then used erlotinib, a
molecularly targeted drug that is orally administered. PC-9
tumors were very responsive to erlotinib, while A549 and
FT821 tumors were not. Histological results correlated with
these anticancer effects; PC-9 exhibited necrotic lesions,
whereas A549 and FT821 did not. PC-9 cells have an EGFR
mutation. The CT monitoring system may detect the anticancer
effects of molecularly targeted drugs or orally administered
drugs such as erlotinib. Moreover, anticancer effects correlated
with the frequencies of lung and lymph node metastases. Our
orthotopic models of lung cancer revealed frequent metastases
to the lymph nodes, similar to the metastatic patterns of lung
cancer observed in clinical settings. We found that PET/CT
imaging detected lymph node metastases of the mediastinum,
while CT imaging detected lung metastases. In the present
study, all cell lines, A549, FT821, and PC-9, exhibited lymph
node metastasis of the mediastinum, as identified histopatho-
logically. CT imaging did not detect lymph node metastasis
of the mediastinum due to poor contrast between the normal
mediastinum tissue and lymph node metastatic tumors.
However, F-FDG PET/CT imaging detected FDG uptake
in lymph node metastases of the mediastinum. Therefore,
the latter method may be used to non-invasively and repeat-
edly monitor the anticancer effects of agents in lymph node
metastases of the mediastinum. In patients, *F-FDG PET/CT
is useful for the diagnosis of mediastinal lymph node metas-
tasis and estimating the responses of lymph node metastases
to anticancer drugs (16). The present results demonstrated that
CT imaging may be used to non-invasively and repeatedly
monitor the anticancer effects of less specific drugs, such as
CDDP, and molecularly targeted drugs, including erlotinib, on
several different lung cancers.

In conclusion, we herein demonstrated that PET/CT and
CT imaging of our orthotopic SCID mouse models of lung
cancer enabled the non-invasive and repeated monitoring of
the anticancer efficacies of CDDP and erlotinib. These effects
were detected not only in implanted tumors, but also in medi-
astinal lymph node and lung metastases. These methods may
be applied to a number of NSCLC cell lines and anticancer
drugs. Therefore, our models have potential as fundamental
tools for the design and development of new therapies for
cancer.
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