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Abstract

Background: Preclinical models of non-small cell lung cancer (NSCLC) require better clinical relevance to study disease
mechanisms and innovative therapeutics. We sought to compare and refine bioluminescent orthotopic mouse models of
human localized NSCLC.

Methods: Athymic nude mice underwent subcutaneous injection (group 1-SC, n=15, control), percutaneous orthotopic
injection (group 2-POI, n =30), surgical orthotopic implantation of subcutaneously grown tumours (group 3-SOI, n=25), or
transpleural orthotopic injection (group 4-TOIl, n=30) of A549-luciferase cells. Bioluminescent in vivo imaging was then
performed weekly. Circulating tumour cells (CTCs) were searched using Cellsearch® system in SC and TOl models.

Results: Group 2-POIl was associated with unexpected direct pleural spreading of the cellular solution in 53% of the cases,
forbidding further evaluation of any localized lung tumour. Group 3-SOI was characterized by high perioperative mortality,
initially localized lung tumours, and local evolution. Group 4-TOIl was associated with low perioperative mortality, initially
localized lung tumours, loco regional extension, and distant metastasis. CTCs were detected in 83% of nude mice bearing
subcutaneous or orthotopic NSCLC tumours.

Conclusions: Transpleural orthotopic injection of A549-luc cells in nude mouse lung induces localized tumour, followed by
lymphatic extension and specific mortality, and allowed the first time identification of CTCs in a NSCLC mice model.
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Introduction

Non-small cell lung cancer (NSCLC) is the leading cause of
cancer-related mortality worldwide. Despite numerous clinical
trials of preclinically promising drugs, no major outbreak has been
made in NSCLC management in the last decades. Although there
is strong evidence based medicine supporting the clinical use of
cytotoxic, around 3 types of agents have shown consistent but
limited efficacy (platinum, taxanes, gemcitabine). More recently,
targeted therapies have waived important hopes given their ability
to directly hit cancer cell specific survival mechanisms. In sharp
contrast with the robustness of the underlying biological rational,
clinical translational of this knowledge into clinical benefit still
remains challenging since targeted therapies showed only a
marginal survival benefit when considering the whole NSCLC
patients population [1-4]. After these initial trials, retrospective
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molecular analyses of tumor tissue led to the definition of
subgroups of patients that favourably respond to investigational
treatments, with management of certain cancers being revolution-
ized [5]. Among patients with NSCLC who receive erlotinib, the
presence of an EGFR mutation increased responsiveness to the
agent [6,7], but concerned only 16% of patients [8]. More
recently, the inhibition of anaplasic lymphoma kinase (ALK) has
been reported to result in tumour shrinkage or stable disease in
most patients with NSCLC harbouring EML4-ALK fusion genes,
but concerned only 2 to 7% of NSCLC [9]. However, in the
meantime, considerable efforts have been spent in clinical trials
testing active treatments on resistant tumors [2,3,10-12].

The discrepancy between the values of the clinical rationale, the
amount of preclinical data on one hand and the low output of their
transfer in clinical trials suggest that the relevance of preclinical
models may be questioned. Especially, preclinical testing should
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have a more clearcut positive versus negative predictive value [13].
Current in vivo preclinical models are not reflecting the steps of
malignant progression from normal tissue to precancerous lesion
and then to cancer (localized and then metastatic). Ideal model
should mimic the natural history of human cancer, in order to
improve our understanding of cancer pathogenesis, predict the
efficacy of the investigated treatment and identify which treatment
will fit to which patient before the design of clinical trials. In this
context, xenografts models remain the cornerstones of preclinical
experiments and will gain from which technical improvements,
along with the recent development of computer-assisted drug
design, computer modeling, and genetically engineered animals
[14]. Human NSCLC xenografts may be implanted into
immunodeficient animals either subcutaneously (SC) or orthotop-
ically. In one hand, SC xenografts of lung cancer are easy to
perform and to follow, but lack relevance regarding (i) the natural
history of cancer due to absence of lymphatic or metastatic
extension, and (ii) the prediction of drug efficacy in clinical trials as
witnessed by the high proportion of negative clinical trials [13]. In
the other hand, orthotopic models of lung cancer are technically
more challenging, do not always mimic the natural history of lung
cancer, but raise considerable hope regarding drug screening [15].
The recent increase in our understanding in the cross talk of the
tumor stroma [16-18] and its involvement in drug resistance,
metastasis, immune escape, angiogenesis strongly suggests that
orthotopic models should provide valuable information that one
could not obtain from sub-cutaneous models.

Considering thoracic tumors, the technical challenge is to grow
“lung tumor cells within the chest”. Several techniques may be
used to this aim, including intra tracheal administration [19] or
percutaneous orthotopic injection [20] of NSCLC cells in solution,
and surgical orthotopic implantation of subcutaneously grown
tumour originating from NSCLC cell line [21]. Intratracheal
administration is associated with diffuse initial spreading of the
cells to both lungs, interfering with progression and lung metastasis
process, therefore favouring percutaneous and surgical models.
However, technical feasibility and natural history of these two
models have never been compared. This study sought to compare
and refine these two orthotopic xenografts models of lung cancer,
with the ultimate goal to reproduce human NSCLC progression,
from initially localized intraparenchymatous tumor, to metastasis
development and general worsening. For this purpose, we
compared four xenografts models, including SC injection used
as control, percutaneous orthotopic injection and surgical
orthotopic implantation as previously described, and transpleural
orthotopic injection as a new model. To allow longitudinal follow
up of tumor progression and further evaluation of treatment
efficacy, we used a cell line transfected with luciferase and
performed @ vivo bioluminescent imaging. Feasibility was assessed
by perioperative mortality and engraftment rate. Clinical rele-
vance was assessed by initial intra parenchymatous location, loco-
regional extension, metastatic extension, median survival and
histological aspect. In an exploratory analysis, identification of
Circulating tumor cells (CTCs) was performed using the

Cellsearch® assay (Veridex LLC, USA).

Materials and Methods

Cell line

Human A549 lung adenocarcinoma cell line stably transfected
with luciferase (A549luc) was purchased from Caliper Lifesciences
Corp. Cells were cultured in complete medium, consisting of 10%
(v/v) fetal bovine serum, 2 mmol L-glutamine, and 50 units/mL
penicillin-streptomycin in RPMI (all from Invitrogen). Cells were
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grown at 37°C and 5% CO2 in an incubator, tested as mycoplasm
free using a PCR mycoplasma detection kit (MycoProbe, R&D
Systems, MN, USA), and tested as luciferase positive using direct
application of 2 mL of a 150 pg/ml solution of luciferine (Firefly
Luciferin, Caliper Lifescience Corp, USA), followed by immediate
bioluminescent imaging (IVIS system, Caliper Lifescience Corp,

Figure la).

Animals

Six-week-old female athymic mice were purchased from Janvier
(Elevage Janvier, Mayenne, France), and kept in appropriate
conditions. Once arrived in our animal facility, mice were divided
in 4 groups, underwent xenografts implantation following the
protocols described below (Figure 1b), and subsequent biolumi-
nescent imaging. Per procedure mortality rate, engraftment rate,
locoregional and metastatic progression were determined. The end
of the experiment was defined as cachexia, dyspnea, or clinical
worsening. Animals were then humanely killed. Primary tumour,
lungs, and mediastinal lymph nodes were surgically harvested,
fixed using a formalin-free, water-based concentrate (Finefix,
Milestone S.r.l., Sorisole, Italy), and embedded in paraffin.
Histological examination was then performed. Cancer-related
mortality was assessed. All animal experiments were approved by
the local Ethics Committee (CEEA IRCIV/IGR n°26, registered
with the French Ministry of Research), and were in compliance
with the European Directive 86/609/CEE and French laws and
regulation.

Subcutaneous (SC) injection (group 1 - SC)

A solution of 3x10° A549luc cells in 200 uL of culture medium
was injected subcutaneously into the left flank region of the
animals (n=15), using I-mL tuberculin syringes with 30 G
hypodermic needles (Becton Dickinson, NJ, USA).

Percutaneous orthotopic injection (group 2 - POI)

Animals (n = 30) were anesthetized using isoflurane and putted
in a position of dorsal decubitus. Under radiographic control,
3x10° A549luc cells in a solution containing 30 uL of culture
medium, 10 pL. of contrast medium (Omnipaque 300, GE
Healthcare SA, France), and 10 pL. of mouse sarcoma extracel-
lular matrix (Matrigel, BD Biosciences, NJ, USA) were injected
percutaneously into the left lung of the animals using 1-mL
tuberculin syringes with 30 G hypodermic needles (Becton
Dickinson, NJ, USA). Mice were then allow to rest on a heating
carpet until fully recover.

Surgical orthotopic implantation (group 3 - SOI)

As a first step, 3x10° A549luc cells were injected subcutane-
ously into the flank region of 3 donor animals. Once SC tumours
reached 50 mm3, tumours were harvested and subdivided into
1 mm® pieces constituting tumour grafts. Recipient animals
(n=25) were anesthetized using intraperitoneal injection of
xylazine (20 mg/kg) and ketamine (100 mg/kg), intubated using
a 22 G 1iv catheter, mechanically ventilated (stroke volume
200 pL, respiration rate =120 strokes/min, Ventilator Minivent
Type 845, Harvard Apparatus, MA, USA) and putted in a
position of right lateral decubitus. A 2-cm skin incision was made
below the left scapula and a sharp dissection of the chest muscles
was performed, in order to expose the costal layer. A 0.5 cm
intercostals incision between the third and fourth costa on the
chest wall was made, and the chest wall was opened. The left lung
was taken up by a forceps, clamp with a carotid clamp (Scanlan
International, MN, USA), incised with surgical knife, and the
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Figure 1. Study flowchart. a. A549 cells stably transfected with luciferase were tested by direct application of serum saline (left side, control) or
luciferine (right side), and analysed after optical imaging (Time 1 min after addition of luciferine, exposure 1 min, bin medium). b. Animals were
divided in 4 groups, subcutaneous injection (group 1-SC), percutaneous orthotopic injection under radiographic control (group 2-POI), surgical
orthotopic implantation after orotracheal intubation and thoracotomy approach (group 3-SOlI), and transpleural orthotopic injection after costal layer

surgical exposure (group 4-TOI).
doi:10.1371/journal.pone.0026073.g001

tumour was introduced promptly into the lung parenchyma. The
incision of the lung parenchyma was closed with surgical glue
(Bioglue, Gamida, France). The incision of the chest wall was
closed by a 4-0 polypropylene suture (Prolene, Ethicon Inc, USA).
Mice were then allow to rest on a heating carpet until fully
recover.

Transpleural orthotopic injection (group 4 - TOI)

Animals (n=30) were anesthetized using intraperitoneal
injection of xylazine (20 mg/kg) and ketamine (100 mg/kg), and
putted in a position of right lateral decubitus. A 2-cm skin incision
was performed below the left scapula, and a sharp dissection of the
chest muscles was performed, in order to expose the costal layer.
On observing the left lung motion through the pleura, 3x10°
A549luc cells in a solution containing 10 pL of culture medium,
and 10 pL of mouse sarcoma extracellular matrix (Matrigel, BD
Biosciences, NJ, USA) was directly injected through the intercostal
space into the lung to a depth of 3 mm using a 29 G needle
permanently attached to a 0,5 mL insulin syringe (Becton
Dickinson, NJ, USA). The skin incision was closed by a 4-0
polypropylene suture (Prolene, Ethicon Inc, USA). Mice were then
allow to rest on a heating carpet until fully recover.

Bioluminescent imaging

Bioluminescent imaging was detected from luciferase expressing
A549 cells (A549luc) after implantation of the xenografts into
mice. Luciferin (Firefly Luciferin, Caliper Lifescience Corp, USA)
was used as the substrate for the luciferase expressing tumour cells
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and injected intra peritoneally at a concentration of 150 mg/kg in
PBS, 15 minutes before imaging. Mice were then anesthetized
using 2% isofluorane and imaged using a cooled CCD camera
(VIS system, Caliper Lifesciences Corp, USA). Exposure times
ranged from 1 minute to 1 second. Images were quantified as
photons/s using the Living Image software (Caliper Lifesciences
Corp, USA). Bioluminescent imaging was performed at day one,
then weekly, and then immediately before sacrifice. Xenograft
implantation rate was defined as the number of primary tumour
on imaging 2 weeks after grafting divided by the number of animal
alive after the procedure. Subsequent locoregional extension,
lymphatic and haematogenous metastasis rates were determined
during a 2-month follow up, and confirmed by pathologic
examination at the end of the experiments.

Identification of CTCs

To further characterize SC and transpleural injection models,
we sought to identify CTCs in these models, using 2 additional
groups. In the CTC group 1, athymic nude mice underwent SC
mjection of A549luc cells in both flanks (n = 6). In the CTC group
2, animals underwent general anesthesia, chest wall incision, and
transpleural injection of cells in the parenchyma of the left lung
(n=15). After 2 weeks, bioluminescent imaging was performed,
and tumour-bearing animals were identified. During the third
week, 6 tumour-bearing animals from each group were randomly
chosen and anesthetized. A venous blood puncture of 600 uL was
performed in the cavernous sinus and was tested for CTC using
the CellSearch® system and a modified protocol based on the
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CellSearch® Epithelial Cell kit (Veridex LLC, USA). Briefly, to
identify human CTCs in mouse blood, each 600 pl. mice blood
samples was mixed with 7 mL of healthy human blood. Then,
cach sample was automated enriched for cells expressing the
epithelial-cell adhesion molecule (EPCAM) with antibody-coated
magnetic beads, and cells were labeled with the fluorescent nucleic
acid dye 4',6-diamidino-2-phenylindole dihydrochloride (DAPI).
Fluorescently labeled monoclonal antibodies specific for leukocytes
(CD45-allophycocyan) and epithelial cells (cytokeratin 8,18,19-
phycoerythrin) were used to distinguish epithelial cells from
leukocytes. Cell Enrichment and labeling were performed using
the CellSearch® Autoprep. The identification and enumeration of
CTCs was performed using the CellSearch® Analyzer II. CTCs
were defined as nucleated cells lacking CD45 and expressing
cytokeratin 8, 18, 19. As a negative control, a solution containing
600 puL of non-tumor bearing mouse blood and healthy human
blood was analysed. As a positive control, 50 and 500 A549luc
cells were analysed in a solution containing 600 pL of medium and
7 mL of healthy human blood.

Statistical analysis

Normally distributed continuous variables were expressed as
means * standard deviation, and compared with unpaired t-tests.
Categorical data were expressed as counts and proportions, and
compared with Fisher exact tests. All tests were 2-sided and a p-
value<.05 was considered significant. All data analyses were
performed with the free R software (http://www.r-project.org, R
Foundation for Statistical Computing, Vienna, Austria).

Results

Feasibility

Feasibility was assessed by determination of perioperative
mortality and engraftment rate. The perioperative mortality was
null in group 1-SC used as a control, and significantly higher in
group 3-SOI (60%, p<<0.001) but not in groups 2-POI (6%,
p=.79) or 4-TOI (3%, p=.72). Assessing the effect of a learning
curve on the perioperative mortality of group 3-SOI, we observed
a non significant decrease in the mortality between the first 10
animals and the former 15 animals (mortality 80% vs 47%,
respectively, p=.21). No significant difference was observed
between groups 2-POI and 4-TOI regarding the perioperative
mortality rate (p =.99, Table 1). The engraftment rate was 100%
in group 1-SC used as a control, and significantly lower in group
2-POI (68%, p =.037), group 3-SOI (60%, p=.034) and group 4-
TOI (65%, p=.027). No significant difference was observed
between the 3 experimental groups regarding the engraftment rate

(p=.90, Table 1).
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Clinical relevance

Clinical relevance was assessed by location of the initial tumor,
imaging of tumor extension, survival analysis and histological
examination. The initial tumor was confined to the SC tissue in
group 1-SC and to the lung parenchyma in group 3-SOL. In group
2-POI, 53% of the animals underwent pleural seeding during
percutaneous orthotopic injection and developed initial loco
regional extension to both pleurae. As the goal of this study was
to obtain an intrapulmonary localized NSCLC model, this
immediate pleural seeding disqualified the technique. In group
4-TOl, the tumour was initially confined to the lung parenchyma
(Table 1, Figure 2a and 2b). Bioluminescent imaging found
irregular curves in group 1-SC and 3-SOI, with high inter
individual and chronological variations. No animal developed
locoregional or metastatic extensions during follow up. In group 2-
POI, no bioluminescence curve was plotted because of perioper-
ative pleural seeding. One animal developed bone metastasis. In
group 4-TOI, bioluminescent imaging found a regular, exponen-
tial curve after day 21. Seven percents of the animals developed
locoregional extension to homolateral pleura as an evolution of the
primary tumour. One animal developed bone metastasis (Table 1,
Figure 2a). Survival analysis revealed that median survival was
not achieved after a follow up of 2 months in group 1-SC and 3-
SOL In group 2-POI, no survival curve was plotted because of
perioperative pleural seeding. In group 4-TOI, median survival
was 40 days (Table 1, Figure 2c). Histological examination
revealed SC round tumours with a regular shape, high proportion
of undifferentiated carcinoma, few capsular ruptures, and few
vascular or lymphatic emboli in group 1-SC. In group 2-POI,
regular intraparenchymatous tumors were obtained, with a low
proportion of undifferentiated carcinoma, a high number of
capsular ruptures, and vascular or lymphatic emboli. In group 3-
SO, irregular intraparenchymatous tumors were obtained, with a
low proportion of undifferentiated carcinoma (+), capsular
ruptures (++) and a high number of vascular or lymphatic emboli.
The findings were similar in group 4-TOI and group 2-POI
(Figure 3, Table 2).

Identification of CTCs

Xenograft implantation rates were 100% in CTC group 1 (SC,
n=6) and 60% in CTC group 2 (TOIL, n=9). Three Cellsearch®
assays were performed in each control group, and 6 Cellsearch®
assays were performed in each experimental group. Negative
controls demonstrated zero or one CD45—, DAPI+, CKPE+ cell
per assay (data not shown). Positive controls demonstrated a
correlation between the number of tumor cells in solution and the
Cellsearch® CTC count (Figure 4a and 4b). In CTC group 1-
SC, 5 assays (83%) were positive for CTCs detection (C'TCs level

Table 1. Per-procedure mortality, tumor engraftment, and tumor extension rates.

Number Per-procedure Implantation Loco-régional
of animals mortality rate rate invasion Metastasis
(n) (n) (n) (n) (n)
Subcutaneous injection (group 1) 15 0 100% (15)
Percutaneous orthotopic injection (group 2) 30 6% (2) 68% (19) 53% (15) 3% (1)
Surgical orthotopic implantation (group 3) 25 60% (15) 60% (6)**
Transpleural orthotopic injection (group 4) 30 3% (1) 65% (19) 7% (2) 3% (1)*
“Bone metastasis.
“n=1 false positive (infection); n=2 false negatives.
doi:10.1371/journal.pone.0026073.t001
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Figure 2. Follow-up using bioluminescent imaging and survival curves. a. Evolution of the photons count (expressed as 10° photons/s) over
time, from day 0 (implantation) to day 63 (end of the bioluminescent follow up). For each time, the mean and standard deviation of the animals alive
are reported. In group 2-POI, percutaneous injection led to pleural seeding in 53% of the cases, as postoperative X-ray showed contrast agent in
either left pleural space, right pleural space (anatomical continuum), or both. b. Representative evolution of the bioluminescent signal, from day 14 to
day 42. In group 2-POlI, pleural seeding created a signal located at the right basis of the thorax, contradicting with the primary goal of this study. No
subsequent follow-up as been performed for this group. c. Survival curve from the time of tumor implantation to 2 months using the Kaplan-Meier
method and 95% confidence interval bars. The 2-month survival is 100% in group 1-SC, 40% in group 3-SOI, and 65% in group 4-TOl.

doi:10.1371/journal.pone.0026073.g002

range 2-5, mean 2.5%+1.76). In C'TC group 2-TOI, 5 assays were
positive for CTCs detection (CTCs level range 2-21, mean
9.5%9.35). All together, 3 weeks after tumour implantation, CTCs
were detected in 83% of nude mice bearing either SC or orthotopic
NSCLC tumours (Figure 4c and 4d). When comparing groups,
the difference in CTC levels showed a trend toward statistical
significance (p=.058, Figure 4c, Table 2).

Discussion

Tumor implantation site and method impacts tumor
development and kinetics

Comparing SC, percutancous orthotopic injection and surgical
orthotopic implantation models with intend to refine the follow up
of tumour progression using bioluminescent imaging, we faced the
limits of these models, including organ discrepancy (SC), frequent
pleural seeding (percutaneous orthotopic injection) and high
perioperative mortality (surgical orthotopic implantation). Fur-
thermore, none of these models allow a reliable follow up of

@ PLoS ONE | www.plosone.org

tumour progression using bioluminescent imaging. Therefore, we
developed a transpleural orthotopic injection model, combining
low perioperative mortality, reasonable engraftment rate, scarcity
of pleural seeding, and tumour progression with metastasis for
which tumor progression may be monitored by bioluminescent
imaging. Furthermore, this study allows identification of C'TCs in
murine models of NSCLC for the first time to date. We believe
that besides functional imaging, the application at the preclinical
in vivo stage of CTCs will contribute to define biomarkers of
tumour burden and treatment efficacy in subsequent clinical trials.

SC xenografts models

SC xenografts from human-derived cell lines to immunodefi-
cient animals have been the gold standard of preclinical cancer
experiments for decades [14]. This model presented several
advantages, including technical feasibility (absence of anesthesia,
easy-to-perform injection) and tumor accessibility (direct measure-
ment of the SC tumor allowing longitudinal follow up). However,
SC models are limited by discrepancy between xenograft origin
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Figure 3. Pathological examination. Surgical orthotopic implantation (Group 3) resulted in localized infiltrating tumors, whereas percutaneous
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revealed a high proportion of undifferentiated carcinoma in group 1-SC tumor, but a low proportion in the 3 experimental groups. Furthermore, the 3
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doi:10.1371/journal.pone.0026073.g003

and host microenvironnement, including extra cellular matrix,
paracrine signals, and therefore do not model Paget’s “seed and
soil” theory [22]. This discrepancy has been found to impact
tumour response to cytotoxic agents and radiation therapy [23,24]
and certainly impact the response to novel anticancer agents. This
discrepancy might be of critical importance in NSCLC, were
hypoxia and neoangiogenesis play a major role in tumor
progression [25], and occur differently in SC and intrathoracic
xenografts [26]. Last, only a minority of SC models disseminate
and progress to the metastatic stage, the absence of progression
from localized to metastatic stage through loco-regional lymph
node extension is therefore a major limitation of SC models while
the major cause (2/3) of cancer death is metastatic disease.
These differences have major implications regarding tumor
progression, with few circulating tumor cells and no metastasis in
our experiments, pointing a major limit to drug evaluation, with
two risks. The first risk is to push into the clinic a molecule or a
drug combination with little or no efficacy. As an example, the
combination of chemotherapy and EGFR inhibitors has proved
efficacy in SC models of NSCLC [27,28], but has never reached
significant efficacy in clinical trials including unselected NSCLC
patients upon EGFR status [3,10,29]. The second risk is to stop
the development of promising drugs. As an example, HIF-1alpha
antagonist PX-478 showed no measurable activity against NSCLC
SC xenografts, but inhibited progression and spread of orthotopic

Table 2. Pathological examination and CTC levels.

human small cell lung cancer and lung adenocarcinoma in mice,
and is finally tested in phase 1 trial [30].

Altogether, these data suggest that SC xenografts are not fully
adequate for the preclinical study of NSCLC, and should only be
used and analyzed carefully. Similar conclusions have been drawn
from SCLC preclinical drug testing [31].

Previous orthotopic models

To take the influence of organ specificity and tumor micro
environnement into account, orthotopic models have been
progressively developed over the last 20 years, with the ultimate
goal to obtain a single intraparenchymatous lung tumor that
mimic the clinical situation and allow longitudinal follow up.
Intravenous [32], intrabronchial [33-35] and intrapleural admin-
istration [36,37] of lung cancer cell lines resulted in pleural, locally
advanced, or multiple synchronous tumors. Therefore, these
models may be interesting to study these particular situations,
but may not be extended to localized intrapulmonary NSCLC,
constituting the majority of NSCLC patients and the basis of
further tumor progression.

Genetically engineered mouse models (GEMMs) have also been
developed to study NSCLC in mice. These animals are usually
P53 mutated, favoring genetic instability and tumor formation,
and develop lung tumors driven by the EGFR [38], KRAS [39],
PIK3CA [40], BRAF [41] oncogenic activation or the presence of

Undifferenciated Capsular
Primary tumor population rupture Emboli CTC

Subcutaneous injection (group 1) SC =+ + +

Percutaneous orthotopic injection (group 2) Lung+pleura +++ +H+ 2.5*1.76/animal
Surgical orthotopic implantation (group 3) Lung + ++ +

Transpleural orthotopic injection (group 4) Lung ++ ++ 9.5+9.35/animal
doi:10.1371/journal.pone.0026073.t002
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Figure 4. Identification of circulating tumor cells. a. Representation of the staining of circulating cells using the Cellsearch® assay. CTC are
defined as CD45—, DAPI+, and CKPE+ cells. - Upper line: as a positive control, 50 and 500 A549luc cells were analysed in a solution containing 600 pL
of medium and 7 mL of healthy human blood. Here, as an example, both CD45—, DAPI+, CKPE+ cells are tumor cells. - Bottom line: representation of
the results of the experimental groups. Here, as an example, this CD45—, DAPI+, CKPE+ cell is a CTC. b. Correlation between the Cellsearch ® CTC
count and the number of tumor cells in solution. As controls, 0 (negative control), 50 and 500 (positive controls) A549luc cells were analysed in a
solution containing 600 uL of medium and 7 mL of healthy human blood. This experiment demonstrated a correlation between the Cellsearch® CTC
count and the number of tumor cells in solution (R?=.99857). c. Number of CTC according to the experimental group, CTC group 1 (SC) or CTC group
2 (orthotopic). The overall positivity of the Cellsearch ® assay is comparable in both groups (83%), with a trend toward more CTC in the orthotopic
rather than in the subcutaneous model. d. Representation of the bioluminescent signal and number of CTC detected in each of the 12 animals.

doi:10.1371/journal.pone.0026073.g004

EMI4-ALK fusion oncogene [42]. KRAS mutated lung cancer
may be observed in mouse strains carrying oncogenic alleles of
KRAS that can be activated only on a spontaneous recombination
event in the whole animal [43], or after KRAS sporadic activation
through Cre-lox mediated somatic recombination after adenoviral
mediated delivery of Cre recombinase in lung epithelia [39]. Both
models allow the development of KRAS-mutated lung cancer in a
short period of time. However, these models are limited by their
distance to clinical situation, as mutations of one or two oncogenes
or tumor suppressor genes are far from the multi step progression
of lung cancer occurring on underlying chronic inflammation.
Furthermore, GEMM models result in hundreds of primary
NSCLC in the same period of time those are difficult to follow and
to quantify during preclinical testing and non-invasive imaging.
Despite these drawbacks, GEMM have the advantage to refine the
definition of oncogenes and to take immune response into account.
Recent studies have reported that GEMM may be of interest when
studying the efficacy of common NSCLC treatments [44].

@ PLoS ONE | www.plosone.org

Surgical implantation of NSCLC fragment into the lung of
immunodeficient mice via thoracotomy was first reported in 1992
[21,45,46]. Tumor fragment came from primary fresh tumors or
subcutaneously-grown tumors developed after NSCLC cells
injection. Tumor fragment were inserted into the lung parenchy-
ma, on the visceral pleura, or on the parietal pleura, according to
the disease extension aimed for. Per procedure mortality was
below 10%, engraftment rates ranged between 60 and 100%, but
not systemic metastasis was observed. The same model was then
developed in rat [47] and confirmed using primary cultured cells
from surgical-resected NSCLC in SCID mice [48]. Addition of
GFP to implanted tumor allow in vivo imaging of orthotopic
xenografts development, and metastatic extension to mediastinal
lymph nodes, controlateral lung, and bone [49-52]. However,
these experiments are technically difficult, require specialized
laboratory and dedicated manpower, and despite encouraging
preliminary results [53], have not been generalized in preclinical
NSCLC research to date.
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Orthotopic transpleural injection combined to
bioluminescent imaging

Orthotopic injection of NSCLC cells in nude mice has been
developed to overcome the technical difficulties of thoracotomy
[20,54,55]. This technique is technically feasible with a low
mortality rate and a high engraftment rate, with 2 limits. The first
limit is the impossibility to predict perioperatively if the tumor will
be localized to the lung parenchyma or if there is a pleural seeding
leading to a locally advanced tumor. Therefore, to obtain a single
tumor limited to the lung parenchyma, we used a high number of
cells in a small volume of medium and add some matrix of mouse
sarcoma, improving the solution anchorage to the lung parenchy-
ma. We injected this solution trans pleurally, under direct vision of
the lung motion through the intercostal space, combining
technical feasibility (absence of orotracheal intubation and
mechanical ventilation) and high precision.

The second limit is the requirement of a longitudinal follow up
using micro CT in the absence of fluorescent or bioluminescent
imaging. MicroC'T' has limited spatial resolution and is available
only in a limited number of facilities. Therefore, we used
luciferase-transfected NSCLC cell line to allow in vivo biolumi-
nescent imaging. This technique has already been reported in a
percutaneous orthotopic model with pleural seeding [56], and has
now been applied successfully to transpleural model with localized
intra parenchymatous NSCLC model.

This xenogenic, orthotopic and bioluminescent model allowed
the first time identification of C'T'Cs in murine models of NSCLC.
CTCs are released into the bloodstream from tumors of epithelial
origin [57].

As haematogenous dissemination of tumor cells is the main
mechanism for distant metastasis, the assessment of cancer
patients’ blood is a highly desirable approach for detecting
systemic tumor cell spreading [58] and residual disease. CTCs
may be identified directly after automatic enrichment and
immunocytochemical detection (CellSearch® System) [59], mag-
netic bead enrichment and laser scanning cytometry (Maintrac
System) [60], microfluidic harvesting and molecular characteriza-
tion (CTC-Chip) [61], or membrane filter device (Isolation by Size
of Epithelial Tumor cells — ISET) [62]. The CellSearch® system is
the most available, and is now FDA-approved in breast, colorectal,
and prostate cancers. This new application to NSCLC preclinical
model could be of significant interest to study the role of C'TCs in
NSCLC progression and response to new therapeutic strategies.

Study limits and future developments

Our study has important limitations regarding the use of
immunodeficient animals and the heterogeneous genetic back-
ground of the xenografts, as the validity of xenograft models
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remains disputed by the compromised of anti tumour immunity
and the absence of clearly characterized molecular abnormalities
in comparison with GEMM. Therefore, we believe that the next
step refinement in preclinical models in vivo could take advantage
of the  situ implantation of tumour fragments or cells into the
lung as well as the advantage of murine tumour models (immune
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The application of current NSCLC treatments to both models
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available but also in terms of go/no go decision making value
toward the clinical stage. Our vision is that functional imaging and
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implantation of GEMM derived lung tumours into the lung could
be an optimal strategy to evaluate tumour immunity and to
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bined to novel agents).

Conclusion

The tumour microenvironment plays a major role in promoting
tumour growth [63]. In xenografts models, tumour localization is
important regarding sensitivity to chemotherapy [23], and will be
critical regarding sensitivity to targeted therapies, as suggested by
the involvement of integrin in the interactions between the tumour
and its environment, and subsequent cross talks with targeted
pathways. For these reasons, we have developed a murine
intrapulmonary model of human non-small cell lung cancer,
associated with low peri operative mortality, high engraftment
rate, locoregional grow, and development of metastasis. This
model allows the first time identification of a high number of
circulating lung tumour cells in mice bearing human xenografts of

NSCLC.

Acknowledgments

The authors would like to thank Patrick Gonin and Karine Ser-Leroux for
providing support in animal experiments.

Author Contributions

Conceived and designed the experiments: PM YL J-CS M-CV CD ED.
Performed the experiments: PM BL. Analyzed the data: PM YL J-CS M-
CV CD ED. Contributed reagents/materials/analysis tools: PM YL J-CS
M-CV CD ED. Wrote the paper: PM YC GL ED.

5. Soria JC, Blay JY, Spano JP, Pivot X, Coscas Y, et al. (2011) Added value of
molecular targeted agents in oncology. Ann Oncol 22: 1703-16.

6. Tsao MS, Sakurada A, Cutz JC, Zhu CQ, Kamel-Reid S, et al. (2005) Erlotinib
in lung cancer - molecular and clinical predictors of outcome. N Engl ] Med 353:
133-44.

7. Eberhard DA, Johnson BE, Amler LC, Goddard AD, Heldens SL, et al. (2005)
Mutations in the epidermal growth factor receptor and in KRAS are predictive
and prognostic indicators in patients with non-small-cell lung cancer treated with
chemotherapy alone and in combination with erlotinib. J Clin Oncol 23:
5900-9.

8. Rosell R, Moran T, Queralt C, Porta R, Cardenal F, et al. (2009) Screening for
epidermal growth factor receptor mutations in lung cancer. N Engl J Med 361:
958-67.

9. Kwak EL, Bang YJ, Camidge DR, Shaw AT, Solomon B, et al. (2010)
Anaplastic lymphoma kinase inhibition in non-small-cell lung cancer.
N Engl ] Med 363: 1693-703.

October 2011 | Volume 6 | Issue 10 | e26073



20.

21.

22.

23.

24.

26.

27.

28.

30.

31.

. Herbst RS, Giaccone G, Schiller JH, Natale RB, Miller V, et al. (2004) Gefitinib

in combination with paclitaxel and carboplatin in advanced non-small-cell lung
cancer: a phase III trial — INTACT 2. J Clin Oncol 22: 785-94.

. Gatzemeier U, Pluzanska A, Szczesna A, Kaukel E, Roubec J, et al. (2007) Phase

III study of erlotinib in combination with cisplatin and gemcitabine in advanced
non-small-cell lung cancer: The tarceva lung cancer investigation trial. J Clin

Oncol 25: 1545-52.

. Wittenburg LA, Gustafson DL (2011) Optimizing preclinical study design in

oncology research. Chem Biol Interact 190: 73-8.
Sausville EA, Burger AM (2006) Contributions of human tumor xenografts to
anticancer drug development. Cancer Res 66: 3351—4.

. Dolgin E (2010) Animal testing alternatives come alive in US. Nat Med 16:

1348.

. Kubota T (1994) Metastatic models of human cancer xenografted in the nude

mouse: The importance of orthotopic transplantation. J Cell Biochem 56: 4-8.

. Rasanen K, Vaheri A (2010) Activation of fibroblasts in cancer stroma. Exp Cell

Res 316: 2713-22.

. Pietras K, Ostman A (2010) Hallmarks of cancer: Interactions with the tumor

stroma. Exp Cell Res 316: 1324-31.

. Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, et al. (2007)

Mesenchymal stem cells within tumour stroma promote breast cancer
metastasis. Nature 449: 557-63.

. Buckle T, van Leeuwen FW (2010) Validation of intratracheal instillation of lung

tumour cells in mice using single photon emission computed tomography/
computed tomography imaging. Lab Anim 44: 40-5.

Onn A, Isobe T, Itasaka S, Wu W, O’Reilly MS, et al. (2003) Development of an
orthotopic model to study the biology and therapy of primary human lung
cancer in nude mice. Clin Cancer Res 9: 5532-9.

Wang X, Fu X, Hoffman RM (1992) A patient-like metastasizing model of
human lung adenocarcinoma constructed via thoracotomy in nude mice.
Anticancer Res 12: 1399-401.

Mueller MM, Fusenig NE (2004) Friends or foes - bipolar effects of the tumour
stroma in cancer. Nat Rev Cancer 4: 839-49.

Teicher BA (2006) Tumor models for efficacy determination. Mol Cancer Ther
5: 2435-43.

Teicher BA (1992) Preclinical models for high dose therapy. In: Armitage JO,
Antman KH, eds. High-dose cancer therapy: pharmacology, hematopoietins,
stem cells. Baltimore: Williams and Wilkins. pp 14-42.

. Hu J, Bianchi F, Ferguson M, Cesario A, Margaritora S, et al. (2005) Gene

expression signature for angiogenic and nonangiogenic non-small-cell lung
cancer. Oncogene 24: 1212-9.

Graves EE, Vilalta M, Cecic IK, Erler JT, Tran PT, et al. (2010) Hypoxia in
models of lung cancer: Implications for targeted therapeutics. Clin Cancer Res
16: 4843-52.

Sirotnak FM, Zakowski MF, Miller VA, Scher HI, Kris MG (2000) Efficacy of
cytotoxic agents against human tumor xenografts is markedly enhanced by
coadministration of ZD1839 (iressa), an inhibitor of EGFR tyrosine kinase. Clin
Cancer Res 6: 4885-92.

Higgins B, Kolinsky K, Smith M, Beck G, Rashed M, et al. (2004) Antitumor
activity of erlotinib (OSI-774, tarceva) alone or in combination in human non-
small cell lung cancer tumor xenograft models. Anticancer Drugs 15: 503-12.

. Giaccone G, Herbst RS, Manegold C, Scagliotti G, Rosell R, et al. (2004)

Gefitinib in combination with gemcitabine and cisplatin in advanced non-small-
cell lung cancer: A phase III trial — INTACT 1. J Clin Oncol 22: 777-84.
Jacoby ]J, Erez B, Korshunova MV, Williams RR, Furutani K, et al. (2010)
Treatment with HIF-1alpha antagonist PX-478 inhibits progression and spread
of orthotopic human small cell lung cancer and lung adenocarcinoma in mice.
J Thorac Oncol 5: 940-9.

Kuo TH, Kubota T, Watanabe M, Furukawa T, Kase S, et al. (1993) Site-
specific chemosensitivity of human small-cell lung carcinoma growing
orthotopically compared to subcutaneously in SCID mice: The importance of
orthotopic models to obtain relevant drug evaluation data. Anticancer Res 13:
627-30.

. Reddy S, Piccione D, Takita H, Bankert RB (1987) Human lung tumor growth

established in the lung and subcutaneous tissue of mice with severe combined
immunodeficiency. Cancer Res 47: 2456-60.

. McLemore TL, Liu MC, Blacker PC, Gregg M, Alley MC, et al. (1987) Novel

intrapulmonary model for orthotopic propagation of human lung cancers in
athymic nude mice. Cancer Res 47: 5132-40.

. Kang Y, Omura M, Suzuki A, Oka T, Nakagami Y, et al. (2006) Development

of an orthotopic transplantation model in nude mice that simulates the clinical
features of human lung cancer. Cancer Sci 97: 996-1001.

. March TH, Marron-Terada PG, Belinsky SA (2001) Refinement of an

orthotopic lung cancer model in the nude rat. Vet Pathol 38: 483-90.

. McLemore TL, Eggleston JC, Shoemaker RH, Abbott BJ, Bohlman ME, et al.

(1988) Comparison of intrapulmonary, percutaneous intrathoracic, and
subcutaneous models for the propagation of human pulmonary and non-
pulmonary cancer cell lines in athymic nude mice. Cancer Res 48: 2880-6.

@ PLoS ONE | www.plosone.org

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

57.

58.

59.

60.

61.

62.

63.

Bioluminescent Orthotopic Mouse Models of NSCLC

Nagamachi Y, Tani M, Shimizu K, Tsuda H, Niitsu Y, et al. (1998) Orthotopic
growth and metastasis of human non-small cell lung carcinoma cell injected into
the pleural cavity of nude mice. Cancer Lett 127: 203-9.

Li D, Ji H, Zaghlul S, McNamara K, Liang MC, et al. (2007) Therapeutic anti-
EGFR antibody 806 generates responses in murine de novo EGFR mutant-
dependent lung carcinomas. J Clin Invest 117: 346-52.

Meuwissen R, Linn SC, van der Valk M, Mooi W], Berns A (2001) Mouse
model for lung tumorigenesis through Cre/lox controlled sporadic activation of
the K-ras oncogene. Oncogene 20: 6551-8.

Engelman JA, Chen L, Tan X, Crosby K, Guimaraes AR, et al. (2008) Effective
use of PI3K and MEK inhibitors to treat mutant kras G12D and PIK3CA
H1047R murine lung cancers. Nat Med 14: 1351-6.

Pritchard C, Carragher L, Aldridge V, Giblett S, Jin H, et al. (2007) Mouse
models for BRAF-induced cancers. Biochem Soc Trans 35: 1329-33.

Chen Z, Sasaki T, Tan X, Carretero J, Shimamura T, et al. (2010) Inhibition of
ALK, PI3K/MEK, and HSP90 in murine lung adenocarcinoma induced by
EMIL4-ALK fusion oncogene. Cancer Res 70: 9827-36.

Johnson L, Mercer K, Greenbaum D, Bronson RT, Crowley D, et al. (2001)
Somatic activation of the K-ras oncogene causes early onset lung cancer in mice.
Nature 410: 1111-6.

Singh M, Lima A, Molina R, Hamilton P, Clermont AC, et al. (2010) Assessing
therapeutic responses in kras mutant cancers using genetically engineered mouse
models. Nat Biotechnol 28: 585-93.

. Wang X, Fu X, Kubota T, Hoffman RM (1992) A new patient-like metastatic

model of human small-cell lung cancer constructed orthotopically with intact
tissue via thoracotomy in nude mice. Anticancer Res 12: 1403-6.

Wang X, Fu X, Hoffman RM (1992) A new patient-like metastatic model of
human lung cancer constructed orthotopically with intact tissue via thoracotomy
in immunodeficient mice. Int J Cancer 51: 992-5.

Wang HY, Ross HM, Ng B, Burt ME (1997) Establishment of an experimental
intrapulmonary tumor nodule model. Ann Thorac Surg 64: 216-9.

Kondo K, Fujino H, Miyoshi T, Ishikura H, Sakiyama S, et al. (2003)
Establishment of patient-like SCID mouse model by orthotopically implanting
primary cultured cells from surgically-resected lung cancer tissues. Oncol Rep
10: 1709-15.

Hoffman RM (1999) Orthotopic metastatic mouse models for anticancer drug
discovery and evaluation: A bridge to the clinic. Invest New Drugs 17: 343-59.
Hoffman RM, Yang M (2006) Whole-body imaging with fluorescent proteins.
Nat Protoc 1: 1429-38.

Hoffman RM, Yang M (2006) Color-coded fluorescence imaging of tumor-host
interactions. Nat Protoc 1: 928-35.

Yamauchi K, Yang M, Jiang P, Xu M, Yamamoto N, et al. (2006) Development
of real-time subcellular dynamic multicolor imaging of cancer-cell trafficking in
live mice with a variable-magnification whole-mouse imaging system. Cancer
Res 66: 4208-14.

Kraus-Berthier L, Jan M, Guilbaud N, Naze M, Pierre A, et al. (2000) Histology
and sensitivity to anticancer drugs of two human non-small cell lung carcinomas
implanted in the pleural cavity of nude mice. Clin Cancer Res 6: 297-304.
Boehle AS, Kurdow R, Schulze M, Kliche U, Sipos B, et al. (2001) Human
endostatin inhibits growth of human non-small-cell lung cancer in a murine
xenotransplant model. Int J Cancer 94: 420-8.

. Boehle AS, Sipos B, Kliche U, Kalthoff H, Dohrmann P (2001) Combretastatin

A-4 prodrug inhibits growth of human non-small cell lung cancer in a murine
xenotransplant model. Ann Thorac Surg 71: 1657-65.

. Matsumoto S, Tanaka F, Sato K, Kimura S, Maekawa T, et al. (2009)

Monitoring with a non-invasive bioluminescent in vivo imaging system of pleural
metastasis of lung carcinoma. Lung Cancer 66: 75-9.

Eccles SA, Welch DR (2007) Metastasis: Recent discoveries and novel treatment
strategies. Lancet 369: 1742-57.

Pantel K, Cote RJ, Fodstad O (1999) Detection and clinical importance of
micrometastatic disease. ] Natl Cancer Inst 91: 1113-24.

Allard WJ, Matera J, Miller MC, Repollet M, Connelly MC, et al. (2004) Tumor
cells circulate in the peripheral blood of all major carcinomas but not in healthy
subjects or patients with nonmalignant diseases. Clin Cancer Res 10: 6897-904.
Rolle A, Gunzel R, Pachmann U, Willen B, Hoftken K, et al. (2005) Increase in
number of circulating disseminated epithelial cells after surgery for non-small cell
lung cancer monitored by MAINTRAC(R) is a predictor for relapse: A
preliminary report. World J Surg Oncol 3: 18.

Nagrath S, Sequist LV, Maheswaran S, Bell DW, Irimia D, et al. (2007) Isolation
of rare circulating tumour cells in cancer patients by microchip technology.
Nature 450: 1235-9.

Pinzani P, Salvadori B, Simi L, Bianchi S, Distante V, et al. (2006) Isolation by
size of epithelial tumor cells in peripheral blood of patients with breast cancer:
Correlation with real-time reverse transcriptase-polymerase chain reaction
results and feasibility of molecular analysis by laser microdissection. Hum Pathol
37: 711-8.

Whiteside TL (2008) The tumor microenvironment and its role in promoting
tumor growth. Oncogene 27: 5904-12.

October 2011 | Volume 6 | Issue 10 | e26073



