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Abstract

Osteosarcoma is one of the most common primary bone tumors in childhood
and adolescence. Metastases occurrence at diagnosis or during disease evolution
is the main therapeutic challenge. New drug evaluation to improve patient
survival requires the development of various preclinical models mimicking at
best the complexity of the disease and its metastatic potential. We describe here
the development and characteristics of two orthotopic bioluminescent
(Luc/mKate2) cell-derived xenograft (CDX) models, Saos-2-B-Luc/mKate2-CDX
and HOS-Luc/mKate2-CDX, in different immune (nude and NSG mouse strains)
and bone (intratibial and paratibial with periosteum activation) contexts. IVIS
SpectrumCT system allowed both longitudinal computed tomography (CT) and
bioluminescence real-time follow-up of primary tumor growth and metastatic
spread, which was confirmed by histology. The murine immune context influ-
enced tumor engraftment, primary tumor growth, and metastatic spread to
lungs, bone, and spleen (an unusual localization in humans). Engraftment in
NSG mice was found superior to that found in nude mice and intratibial bone
environment more favorable to engraftment compared to paratibial injection.
The genetic background of the two CDX models also led to distinct primary
tumor behavior observed on CT scan. Saos-2-B-Luc/mKate2-CDX showed os-
teocondensed, HOS-Luc/mKate2-CDX osteolytic morphology. Bioluminescence
defined a faster growth of the primary tumor and metastases in Saos-2-B-
Luc/mKate2-CDX than in HOS-Luc/mKate2-CDX. The early detection of primary
tumor growth and metastatic spread by bioluminescence allows an improved
exploration of osteosarcoma disease at tumor progression, and metastatic spread,
as well as the evaluations of anticancer treatments. Our orthotopic models with
metastatic spread bring complementary information to other types of existing
osteosarcoma models.
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Bioluminescent Orthotopic Osteosarcoma CDX

Background

Osteosarcoma is a rare but the most frequent primary
malignant bone tumor with a peak incidence in adoles-
cence and young adulthood [1]. The survival of patients
with osteosarcoma has not improved in the last 30 years
since the introduction of chemotherapy in the “70s—80s”
[1-3]. The development of metastasis, mainly lung metas-
tases, remains the main cause of treatment failure [4].
The main prognostic factors of relapse are the metastatic
status at diagnosis and the histological response to neo-
adjuvant chemotherapy (surrogate marker of osteosarcoma
chemosensitivity) [5, 6]. Several aspects might have par-
ticipated in this disappointing situation, the insufficient
understanding of osteosarcoma oncogenesis, the non-
optimal phase II clinical trial designs [7], and the unsat-
isfactory of preclinical osteosarcoma
models.

Due to the complex osteosarcoma genetic background
and the importance of bone and immune microenviron-
ment in this tumor type [8-10], multiple osteosarcoma
models representative of the human disease in different
in vitro and in vivo contexts are needed to get more
insight into different processes involving osteosarcoma
initiation, progression especially metastatic and treatment
sensitivity. The EuroBoNeT (European Network of
Excellence on bone tumors) consortium has characterized
19 osteosarcoma cell lines [9, 11, 12] and described their
tumorigenic capacities under simplified conditions (sub-
cutaneous and intramuscular/paratibial xenograft condi-
tions) to identify technically practical models [9]. Although
covering a large panel of osteosarcoma genetic abnormali-
ties, these mice models might not be fully clinically relevant
because osteosarcoma cells are not spontaneously arisen
and do not grow in the proper site. It can be hypoth-
esized that in vivo models in an orthotopic setting might
reveal different tumor behavior: primary tumor growth,
metastatic potential, and response to treatment [13-15],
by better mimicking the initial bone site of the disease
in patients. The major difficulty in using these preclinical
orthotopic bone models is the measurement of the disease
burden in a nonaccessible site, which requires the use of
noninvasive techniques such as radiography [16], computed
tomography (CT), magnetic resonance imaging (MRI),
or bioluminescence [13, 14].

In this work, we used bioluminescence (cell lines trans-
duced with luciferase) and CT imaging to facilitate in vivo
follow-up of primary tumor growth, changes in bone
microarchitecture, and metastatic development. Therefore,
we developed and characterized distinct orthotopic cell-
derived xenograft (CDX) human osteosarcoma models in
mice with different immune backgrounds with metastatic
potential.

low number
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Methods

Cell culture

A panel of seven human osteosarcoma cell lines (HOS,
143B, U20S, MG-63, Saos-2, Saos-2-B, and IOR/OS18)
mycoplasma free were used. The 143B cell line was pur-
chased from the American Type Culture Collection. All
other osteosarcoma cell lines were kindly provided within
the scope of the European Consortium Innovative Therapies
for Children with Cancer (ITCC). Testing Saos-2 issued
from two different culture flasks, we observed two slightly
different CGH profile. We continued the experiments with
both and named the second one Saos-2-B.

The cell lines were cultured, using early passages in
Dulbecco’s modified Eagle medium (DMEM, GIBCO/
Invitrogen, Saint Aubin, France) supplemented with 10%
(v/v) fetal bovine serum (FBS, GIBCO/Invitrogen) at 37°C
in a humidified atmosphere (5% CO, and 95% air).
Mycoplasma test was performed each month by PCR.

Transfection and cell transduction with Luc/
mkate2 (transgene) in vitro

Procedures were performed in sterile and safe conditions.
The procedures using genetically modified organisms
(GMO) were approved by the Ministry of Higher Education
and Research and performed under the conditions estab-
lished according to Decree no 2011-1177. Lentiviral par-
ticles were produced by transfecting HEK 293T cells 24 h
after plating, with transfection solution containing jet-
PRIME Transfection Reagent kit (Polyplus transfection,
Illkirch, France), envelop plasmids—29.4 pg of VSVG
(pMD2G) and 54.6 pg of GAGPOL (psPax2) and 48 pg
of plasmid Plvx-CAG-luc-2A-mKate2 that contains the
gene of interest. Plasmids were provided by David Castel
from UMR8203 Research Unit, at Gustave Roussy [17].
The supernatant containing the virus was collected 48 h
later and centrifuged for 5 min at 2376 g and 4°C, the
pellet was discarded, and the supernatant was centrifuged
at 49782 g and 4°C for 70 min. The pellet was resus-
pended in PBS, incubated under agitation for 1 h at 4°C,
centrifuged 1 min at 5000 rpm and 4°C, and aliquoted
at —80°C.

For virus titration, serial dilutions of supernatants had
been tested on HCT116 cells, which were then analyzed
for mkate2 detection by cytometry (BD Biosciences, Le-
Pont-De-Claix, France), 4/5 days postinfection.

All seven cell lines were plated at 1 x 10° cells per
well in a 6-well plate and infected with viral supernatant
with a high MOL After cells reached confluency, a selec-
tion of the cells marked with Luc/mKate2 was performed
by flow cytometry using FACSDiva version 6.1.3. software

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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(BD Biosciences). The cells expressing the transgene were
amplified for further use.

Expression and activity were measured by biolumines-
cence using IVIS SpectrumCT system (Perkin Elmer,
Courtaboeuf, France).

In vivo bioluminescent CDX orthotopic
models

Animal experiments were approved by the CEEA26, CEEA
PdL No 6 Ethics Committee, and the Ministry of Agriculture
(approval number: APAFIS#1648-2015090713516480) and
performed under the conditions established by the
European Community (Directive 2010/63/UE).

We have established osteosarcoma orthotopic models
derived from two human cell lines, using two different
7-week-old immunodeficient mouse strains and two dif-
ferent types of bone injection conditions.

Osteosarcoma cell lines used for CDX

Two cell lines were used for in vivo CDX establishment,
Saos-2-B-Luc/mKate2 and HOS-Luc/mKate2. The non-
bioluminescent human Saos-2-B osteosarcoma cell line
was established from a primary osteosarcoma of an
11-year-old Caucasian female patient. In Saos-2-B cell
line, TP53 (del> > EX4-EX8) gene is deleted, RbI mutated,
and CDKN2A normal [9, 11, 18]. Nonbioluminescent
human HOS osteosarcoma cell line was established from
a primary tumor of a 13-year-old female patient (TP53
mutation p.Argl56Pro and CDKN2A homozygous dele-
tion) [11].

Immunodeficient mouse strains

Swiss nude and NSG mouse strains were purchased at
Gustave Roussy (Villejuif, France). They were born and
bred at the animal facilities at Gustave Roussy and main-
tained under controlled conditions. NSG mouse strains
are deficient in B and T lymphocytes and with low NK
cell activity [19], minimizing the chance of xenograft
rejection, while nude mouse strains have T-cell depletion,
but with age an increase in NK cells and afTCR lym-
phocytes, maturation is observed. Innate immunity of the
nude mice is less compromised than in the NSG strain
[19].

Paratibial and Intratibial injection

1.5 X 10° of Saos-2-B-Luc/mkate2 or HOS-Luc/mkate2
cells were injected in a total volume of 10 pL Matrigel
(Corning, Wiesbaden, Germany) solution at 4 mg/mlL,
whatever the injection method used. Procedures were

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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performed under a sterile atmosphere and with the mice
being anesthetized using 3% isoflurane. Paratibial injection
with periosteum denudation and intratibial injection were
performed according Ulugkan et al., with some modifica-
tions [20].

Paratibial injection was performed applying a 30-G
needle perpendicular to the tibia after a 0.5-cm skin inci-
sion. Before cell injection, periosteum was gently activated
with the needle (periosteum denudation).

For intratibial injection, a 0.5-cm skin incision was
performed just below the knee joint and cells were injected
into the intramedullary cavity of the tibia with a 30-G
syringe, and then, skin was sutured. To avoid bone pain,
an analgesic (buprenorphine at 0.3 mg/kg) was applied
in addition to general anesthesia.

Mice were clinically monitored every week, for general
symptoms, weight, and tumor size. They were euthanized
at the onset of general symptoms (e.g., weight loss, dif-
ficulty to walk).

In vivo bioluminescence and CT imaging

Images were acquired using IVIS SpectrumCT (Perkin
Elmer). This multimodality imaging system allows the
detection of tumors and metastases in X-ray tomography
coregistered with optical images of tagged tumor cells
without image adjustment for anatomical correspondence.
As light is only emitted by tumor cells without any back-
ground signal, bioluminescence is a highly specific and
sensitive methodology for tumor detection and follow-up
over time [13]. For optical detection, mice were injected
intraperitoneally with 150 mg/kg of D-luciferin (Beetle
luciferin, Promega, Charbonnieres, France) and then anes-
thetized with 3% isoflurane. For primary tumor detection,
the lower section of the body (area of the lower legs)
was imaged. For metastatic spread, especially lung metas-
tases, primary tumor was covered to exclude its signal
and chest was imaged. For primary tumors as for metas-
tases, acquisition parameters were automatically computed
by the SpectrumCT software to optimize bioluminescence
signals (photons per second [p/s]) detection.

Ex vivo organs imaging

After sacrifice, organs (legs, lungs, and spleen) were col-
lected and immersed in 150 ug/mL of D-luciferin and
then imaged individually for luciferase detection using
IVIS SpectrumCT system.

Histology

paraformaldehyde and
stained  with

Organs were fixed in a 4%
embedded in paraffin. Tissues were
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hematoxylin—eosin—saffron (HES) for morphology. Paraffin
sections were processed following heat-induced antigen retrieval
using a mouse antifirefly luciferase monoclonal antibody (1:200;
ThermoFisher Scientific, Waltham, MA, USA). The cytoplasmic
signal was revealed with klear mouse kit (GBI laboratories
Washington 98021 USA). Slides were examined using light
microscopy (Zeiss, Marly-Le-Roy, France). IGR-N91-Luc neu-
roblastoma cells [21] were used as positive control. Single
representative whole tumor tissue section from each animal
was digitized using a slide scanner NanoZoomer 2.0-HT
(C9600-13; Hamamatsu Photonics, Massy, France). Histology
was reviewed by an expert pathologist of human bone.

Statistical analysis

In vitro and in vivo bioluminescence intensity is shown
as the mean * standard error of mean (SEM) using
Graphpad Prism® Software version 5.00 (Graphpad
Software Inc, La Jolla, CA, USA).

Results

Osteosarcoma cell transduction

All seven osteosarcoma cell lines were successfully trans-
duced with a rate above 90% of Luc/mKate2-positive
cells (Fig. 1; Figure S1), including HOS and MG-63 cell
lines after selection by flow cytometry. Data are shown
for Saos-2-B-Luc/mKate2 and HOS-Luc/mKate2 which
were also used for the in vivo model establishment
(Fig. 1). Cell transduction with Plvx-CAG-luc-2A-mKate2
plasmid using the viral vector resulted in 98% and 68%
of luciferase/mKate2-positive cells for Saos-2-B and HOS,
respectively. HOS cells were subjected to an additional
selection using mKate2 positivity by flow cytometry which
resulted in a 99% rate of HOS-positive cells (Fig. 1A).
Using IVIS system, we were able to detect bioluminescence
>10° photons/sec in both Luc/mKate2 transduced cells at
a concentration of 1000 cells. Bioluminescence intensity
increased with the number of cells in both bioluminescent
cell lines in the presence of luciferin substrate (Fig. 1B).

Tumorigenicity and metastatic potential of
osteosarcoma cell lines in an orthotopic
setting to the bone using bioluminescence
in vivo

We first developed the Saos-2-B-Luc/mKate2 cell line
model. Saos-2-B  engraftment rate appeared higher
(Fig. 2A) and primary tumor (Fig. 2B), and metastases
growth (Fig. 2C) was faster in NSG than in nude mice.
Bioluminescence was detectable much earlier than clinical
deformation of the leg.
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Figure 1. Characterization of luciferase-transduced osteosarcoma cells.
(A) mKate2 (FL3-A) selection by flow cytometry of transduced Saos-2-B-
Luc/mKate2 and HOS-Luc/mKate2 cells showed a rate of more than
90% positive cells. (B) Bioluminescence detection using IVIS SpectrumCT
system showed increased bioluminescence signal paralleling the
increase numbers of Plvx-CAG-luc-2A-mKate2 transfected osteosarcoma
cells Saos-2-B and HOS (black A and @, respectively) in the presence of
luciferin, but not without luciferin (gray A and @, for Saos-2-B and
HOS, respectively).

Primary tumor bioluminescence was detectable in vivo
as early as 5 days after Saos-2-B-Luc/mKate2 cell injection
(the first evaluation time point) for both mouse strains and
both injection conditions used (Fig. 2B). Bioluminescence
>10'0 was reached at 40-50 days and 90-163 days in NSG
and nude mice, respectively. Between paratibial and intratibial
injection, no difference in primary tumor growth was
observed in NSG mice. In nude mice, primary Saos-2-B-
Luc/mKate2 tumors showed an initial decrease in biolumi-
nescent signals with a subsequent recovery of tumor growth.
This phenomenon was more prominent for intratibial injec-
tion (Fig. 2B), resulting in delayed tumor growth.
Bioluminescence allowed to detect metastases that occurred
earlier in NSG than in nude mice (2642 and 78-104 days
after injection, respectively) (Fig. 2C). In nude mice, metas-
tases occurred earlier after paratibial injection than intratibial
injection, as observed for the primary tumors (Fig. 2C). In
NSG mice, intratibial injection seemed slightly favorable for
metastatic growth as compared to paratibial Saos-2-B-Luc/
mKate2-CDX with first detection at 26 and 42 days, respec-
tively (Fig. 2C).

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Figure 2. In vivo tumor growth and metastatic potential of Saos-2-B-Luc/mKate2-CDX and HOS-Luc/mKate2-CDX orthotopic bioluminescent models.
(A) Primary tumor growth engraftment and metastatic rate according to osteosarcoma cell line, mouse strain, and type of injection. (B) Primary tumor
In vivo bioluminescence detection overtime. (C) Metastases /n vivo bioluminescence detection overtime. Orthotopic osteosarcoma bioluminescent
models: Saos-2-B-Luc/mKate2-CDX in nude (left panel) and NSG mice (central panel); HOS-Luc/mKate2-CDX in NSG mice (right panel). 1.5 x 106
Luc/mKate2 transduced cells were injected in NSG mice by intratibial injection (black) for both cell lines (Saos-2-B and HOS). Saos-2-B-Luc/mKate2 was
also injected by paratibial injection (gray) on the left tibia for NSG as well as in nude with intratibial and paratibial injection. NSG and nude mice were
imaged for bioluminescence with IVIS spectrumCT system until 67 or 77 days (paratibial or intratibial) and 114 or 191 days (paratibial or intratibial),
respectively, in Saos-2-B-Luc/mKate2-CDX and 160 days for NSG in HOS-Luc/mKate2-CDX. ND, Not done.

Consistent with the bioluminescent observations, clini-
cal deformation of the leg appeared later in nude as
compared to NSG mice (100 and 40 days, respectively)
and later after intratibial injection as compared to para-
tibial one in NSG mice (60 and 40 days, respectively).
Difficulties in moving led to NSG mice sacrifice between
67 and 77 days after paratibial and intratibial injections,
respectively, and for nude mice between 114 and 191 days
after paratibial and intratibial injections, respectively.

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

For the HOS-Luc/mKate2 cell line, we used the best
conditions observed with Saos-2-B-Luc/mKate2-CDX, that
is intratibial injection in NSG mice. Primary tumors devel-
oped in all five mice injected (Fig. 2A) but barely grew
locally (Fig. 2B). Bioluminescence values were 10’-10% at
day 0 and 3.5 x 10° at day 160 when mice were sacri-
ficed. However, lung metastases were detected 26 days
after injection in four of five animals (Fig. 2C). In total,
the growth rate of primary tumors and metastases of the
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Figure 3. Primary bone tumor—morphological and histological characteristics of SAOS-2-B-Luc/mKate2-CDX and HOS-Luc/mKate2-CDX orthotopic
models in NSG mice. Orthotopic osteosarcoma bioluminescent models in NSG mice at sacrifice time: paratibial Saos-2-B-Luc/mKate2-CDX (top panel),
intratibial Saos-2-B-Luc/mKate2-CDX (middle panel), and intratibial HOS-Luc/mKate2-CDX (bottom panel). (A) In vivo CT scan imaging by IVIS
spectrumCT system of the normal leg (N) and primary tumor (PT), by sagittal and axial view showing osteocondensation (plain arrow) and osteolysis
(dotted arrow). (B) In vivo bioluminescence imaging by IVIS spectrumCT system of the primary tumor (left leg) compared to the control leg (right leg).
(C) Histology using hematoxylin—eosin-saffron (HES) and luciferase stainings of the primary tumor and normal bone at 16x magnification.

intratibial HOS model were slower than those seen with
intratibial Saos-2-B-Luc/mKate2-CDX in NSG. Metastasis
bioluminescence values reached >10% at 110 and 70 days,
respectively.

Radiological and morphological
characteristics of the orthotopic Saos-2-B
and HOS osteosarcoma Luc/mKate2-CDX
models

CT imaging allowed real-time detection of tumor growth
and modifications of the bone structures in the CDX
models (Fig. 3A), but did not detect lung or any other
metastases. Saos-2-B-Luc/mKate2-CDX scans revealed
tumor-bearing tibia bone structure abnormalities similar

670

to those observed in the human disease. Aggressive bone
lesions (cortical rupture, periosteal reaction), detection of
aberrant new bone formation extending within the extra-
osseous mass (osteocondensation, new calcified material),
and some osteolysis (bone destruction) were found as
shown in Fig. 3A when mice were sacrificed at day 67
and 77 for paratibial and intratibial, respectively.
Osteocondensation was also observed inside the bone of
intratibial models, but less in paratibial models (Fig. 3A).
These changes were first noted 41 days after Saos-2-B-
Luc/mKate2 injection in NSG mice and 78 days in nude
mice, independently of injection localization (data not
shown). In HOS-Luc/mKate2-CDX intratibial model, bone
structure alterations had more osteolytic characteristics
(Fig. 3A, lower panel) and were detected later (>day 100)

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Table 1. Morphological and histological characteristics of all osteosarcoma bioluminescent orthotopic CDX.

Primary tumor Metastases
Cell line Histology cT Lung Bone Spleen
Luc/ Mouse  Injection Mouse
mKate2 Strain Type Number Subtype Necrosis Calcification  Histology BLI Histology BLI  Histology BLI
Saos-2-B Nude Paratibial 32773 HG OB - ++ - ++ (78 days) - - - -
Saos-2-B Nude Intratibial 33535 HGOB 10% ++ - ++ - - - -
(100 days)
33536 HGOB - +++ - ++ - + - -
(100 days)
Saos-2-B NSG Paratibial 32752 HG OB - +++ - ++ - N.A + +
32753 HG OB <1% +++ - ++ + NA + +
32754 HG - +++ - ++ - N.A - +
FB+OB
32755 HG - +++ - ++ - N.A + +
FB+OB
32756 HG OB - +++ - ++ - N.A + +
Saos-2-B NSG Intratibial 32769 HG OB - ++++ - ++ - NA + +
32770  HG 40% ++++ +(32met)  ++++ - NA - +
FB+OB (Visible)
32771 HG OB - ++++ + (6met)  ++++ - NA + +
(Visible)
32772 HG OB 30% ++++ +(22met)  ++++ + N.A - +
(Visible)
34104 HG OB - ++++ + (6met)  +++ + + - +
HOS NSG Intratibial 34662 HG - + +(19met) ++ - - + +
FB+OB
34663 HG - + +(29met) ++ - + - -
FB+OB

BLI, Bioluminescence; CT, computed tomography; FB, fibroblastic subtype; HG, high-grade osteosarcoma; N.A, not available; OB, osteoblastic sub-

type; +, positive detection; —, negative detection; Met, metastases.

with slight osteocondensation only inside the bone detected
even later. Overlying the in vivo bioluminescence analysis
and the CT scan images allowed to confirm that CT
abnormalities correspond to the injected human osteo-
sarcoma cells transduced with luciferase in both models
(Fig. 3B).

For both Saos-2-B-Luc/mKate2-CDX and HOS-Luc/
mKate2-CDX, HES staining confirmed the osteosarcoma
nature of primary tumors (osteoid formation), mostly
osteoblastic with some fibroblastic components in some
animals (Fig. 3C, Table 1). Ex vivo bioluminescence analysis
(data not shown) and luciferase-positive staining (Fig. 3C)
in bone paraffin-embedded sections confirmed that his-
tological features correspond to the injected human osteo-
sarcoma cells transduced with luciferase in both
models.

Ex vivo bioluminescence and histology (HES and lucif-
erase staining) also confirmed the presence of lung
metastases in both models (Fig. 4). Saos-2-B-Luc/mKate2-
CDX pulmonary metastases were more frequent and
more numerous (range 6—32) when injected intratibially
than paratibially in NSG mice as detected by biolumi-

nescence in vivo (Fig. 4A) and ex vivo (Fig. 4B and C).

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

However, lung metastases in the paratibial model could
not be confirmed by histology, despite in vivo and ex vivo
bioluminescent positivity (Fig. 4D—F top panel; Table 1).
In intratibial Saos-2-B-Luc/mKate2-CDX, lung metastases
were visible even macroscopically (Fig. 4G). For intratibial
HOS-Luc/mKate2-CDX, lung metastases were also fre-
quent and numerous (<29) but of smaller size than those
in intratibial Saos-2-B-Luc/mKate2-CDX in NSG mice
(Fig. 4D-F; Table 1). Spleen metastases were detected
in all model types, except in Saos-2-B-Luc/mKate2-CDX
nude mouse model (Fig. 4H and I). Histology also
revealed a unique bone metastasis on the opposite leg
(not injected) in two Saos-2-B-Luc/mKate2-CDX NSG
mice (one after intratibial and one after paratibial injec-
tions) and one in the homolateral femur of one HOS-
Luc/mKate2-CDX model detected by in vivo and ex vivo
bioluminescence which could not be detected histologi-
cally (Fig. 4] and K).

Discussion

We developed two novel bioluminescent osteosarcoma
orthotopic xenograft models with spontaneous metastatic
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Figure 4. Metastases—morphological and histological characteristics of Saos-2-B-Luc/mKate2-CDX and HOS-Luc/mKate2-CDX orthotopic models in
NSG mice. Orthotopic osteosarcoma bioluminescent models in NSG mice at sacrifice time: paratibial Saos-2-B-Luc/mKate2-CDX (top panel), intratibial
Saos-2-B-Luc/mKate2-CDX (middle panel), and intratibial HOS-Luc/mKate2-CDX (bottom panel). In vivo bioluminescence of metastases (A). Ex vivo
bioluminescence of spleen (B) and lungs (C). Lung hematoxylin—eosin—saffron (HES) (D) and luciferase stainings (E) at 0, 24x and 0, 26x magnification
for paratibial and intratibial Saos-2-B-Luc/mKate2-CDX, respectively, and 0, 22x magnification for intratibial HOS-Luc/mKate2-CDX. Lung HES
staining at 10x magnification (F). Lung macroscopic view (G). Spleen HES (H) and luciferase stainings (1) at 2x magnification (paratibial and intratibial
Saos-2-B-Luc/mKate2) and 10x HOS-Luc/mKate2 intratibial. Bone of not injected leg HES (J) and luciferase stainings (K) at 10x and 4x magnification
for paratibial and intratibial, respectively. Plain arrows showed metastases. Dotted arrows showed the intraosseous osteoid matrix. Met, metastases.

spread, derived from two osteosarcoma cell lines (Saos-
2-B and HOS).

We used IVIS SpectrumCT, a multimodality imaging
system combining X-ray tomography (CT scan) with opti-
cal detection (bioluminescence), and showed advantages
of this technique in our orthotopic bone CDX osteosar-
coma models.

The bioluminescence was valuable and presents advan-
tages to detect and follow in real-time without animal
sacrifice, both showed bone primary growth and spread
to metastatic sites, especially in the lung. The signal appears
before clinical and radiological detection capacity, as pre-
viously described [21]. We had more difficulties in detect-
ing other metastatic localizations (e.g., bone, spleen) when
the in vivo bioluminescent signal was close to the back-
ground noise, then either ex vivo bioluminescent detection
or histological confirmation at mice sacrifice was required
for metastases detection [21].

CT scans were also valuable and efficient for the analysis
of important tumor-associated bone modifications induced
by primary tumor growth, either bone destruction (oste-
olysis) or aberrant new bone formation (osteocondensa-
tion) [14]. However, in our models, lung metastases were
not detectable by CT scan. IVIS X-ray capacities are not
as good as those reached with a specific X-ray tomography,
giving lower limit detection and resolution. Because of
resolution and signal-to-noise ratio, tumor volumes under
1 mm remain difficult to detect which could explain the
absence of lung metastases detection in CT scans observed
in our study.

The combination of different techniques, in vivo and
ex vivo bioluminescence detection, CT scan and histology
using HES and luciferase staining allowed us to verify
that bone alterations and metastases were due to the pres-
ence of the human osteosarcoma cells injected. Thus, these
cell lines have the potential to develop primary tumors
that mimic different osteosarcoma primary tumors within
the in vivo bone environment and usual metastases in
lung and bone which are the typical metastatic homing
observed in patients.

Using the osteosarcoma cell line Saos-2-B-Luc/mKate2,
we compared CDX engraftment and metastatic potential
within different immune (nude and NSG mice) and bone

© 2018 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

(intratibial and periosteum-denuded paratibial injections)
contexts. We observed a differential impact of these con-
ditions on the in vivo primary bone tumor and metastatic
behavior, as reported in other models [22].

The NSG mouse strain used proved to be excellent
recipients for osteosarcoma orthotopic xenografts allowing
bone tumor engraftment in almost 100% of Saos-2-B-Luc/
mKate2-CDX injected animals in a shorter period of time
and more rapid metastatic spread compared to nude mice.
The NSG strain also allowed intratibial HOS-Luc/mKate2-
CDX engraftment in all tested animals and metastatic
spread, while the literature reports lack of engraftment
in nude mice (subcutaneous and intramuscular injections)
[9] and no metastatic potential in SCID mice (paratibial
injection) [23]. The more profound immune deficiency
of NSG mice compared to nude mice (B cell preserved
and some innate immunity as macrophages, dendritic cells,
and NK cells) not just maximize the chance of xenograft
engraftment [19] but favored osteosarcoma primary tumor
growth and metastatic spread [14, 21, 24]. Lung metastases
in Saos-2-B-Luc/mKate2-CDX models were indeed more
frequent in NSG than in nude mice as well as the unusual
spleen metastases, not observed in a human context. Spleen
metastases were also observed in HOS-Luc/mKate2-CDX
NSG mice. Others unusual metastatic localizations such
as kidney metastases were previously described in
143B-intratibial CDX Nu/Nu mice models [13], or lymph
nodes, liver, adrenal gland, kidney, or ovary in Saos-2
paratibial CDX in SCID mice [23]. These findings suggest
the importance of macrophages and innate immunity in
osteosarcoma oncogenesis and metastatic potential. Indeed,
macrophages intratumor environment is an important
aspect of osteosarcoma aggressiveness. High tumor-
associated macrophage (TAM) infiltrates were found asso-
ciated with better survival and lower risk of metastases
[25]. Thus, NSG strains might represent an advantage in
having osteosarcoma models rapidly developing and spread-
ing to test new drugs. However, therapeutics targeting
the immune environment cannot be tested appropriately
in these immune deficient mice strains.

Bone is a site composed of many distinct cell types
(e.g., osteoblasts, osteoclasts, immune cells) leading to a

complex bone microenvironment. This complexity
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influences the development and progression of osteosar-
coma tumors [26, 27]. The bone microenvironment allows
engraftment and metastatic spread with Saos-2-B-Luc/
mKate2-CDX model in nude mice, while Saos-2 was
described as nontumorigenic after subcutaneous and intra-
muscular injection in this mouse strain [9]. The different
bone microenvironment of the primary tumor in Saos-
2-B-Luc/mKate2-CDX model influences primary tumor
engraftment and growth behavior as well as metastatic
spread. Intratibial models better mimic primary bone
tumor, reflecting the range of radiological (CT scan)
changes seen in patients with osteosarcoma and developed
early, frequent, numerous, and visible lung metastases. In
the paratibial setting, lung metastases were not confirmed
by histology, although detected by both in vivo and ex vivo
bioluminescence analysis. The metastases might have been
missed by the slide sampling, due to their small size. In
HOS-Luc/mKate2-CDX NSG mouse models, we observed
barely any primary bone growth but rapid metastatic
spread from day 30, while when injected subcutaneously
in NSG mice a fast primary growth within 20 days was
described [24], and when injected para-osseous in SCID do
not show metastatic potential [23], highlighting different
behaviors in distinct microenvironment context. Recently,
tumor microenvironment has been shown to influ-
ence drug sensitivity in osteosarcoma MOS-] syngeneic
model using C57BL/6] mice, where a higher response
to doxorubicin was observed in intratibial model com-
pared to intramuscular model for tumor growth and
necrosis [15].

The genetic background of osteosarcoma may also have
influenced in vivo behavior in terms of local and meta-
static potential. Saos-2-B-Luc/mKate2-CDX does not
express the TP53 gene exhibits RBI mutation and normal
CDKN2A, whereas HOS-Luc/mKate2-CDX is TP53
mutated and has CDKN2A homozygous deletion [11, 18],
hallmarks of aggressive osteosarcoma. When comparing
the same in vivo conditions (intratibial in NSG mice),
the first one has a high local growth potential leading to
big osteocondensated aggressive bone tumors, while the
second one grew very slowly and is more osteolytic. Lung
metastases developed at the same time in both models
but grew faster with Saos-2-B-Luc/mKate2-CDX than in
HOS-Luc/mKate2-CDX. Genetic transformation of these
cell lines (Ki-RAS transformed HOS cell line, 143B [11,
13] and in vivo metastatic selection of Saos-2 leading to
LM7 cell line [23]) led to CDX models with higher
metastatic potential than the parental cell line:
143B-subcutaneous CDX models in nude mice presented
tumorigenic and metastatic potential while parental HOS
was not tumorigenic [11, 13], LM7 paratibial CDX was
more metastatic than the parental Saos-2 in SCID mice
[23].
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Conclusion

Our two CDX orthotopic osteosarcoma bioluminescent
models with different primary bone behavior and meta-
static potential completed those previously published, the
“aggressive” HOS-143B intratibial model in nude mice
[13], and the Saos-2 intrafemoral model in NSG mice
[14]. These orthotopic models might further help to better
follow osteosarcoma human disease in terms of tumor,
progression, and metastatic spread, especially under dif-
ferent treatment conditions. They might bring comple-
mentary other types of
osteosarcoma models (subcutaneous CDX, syngeneic mod-

information  to existing
els in mice or spontaneous osteosarcoma in dogs) [28],
with the advantage of real-time in vivo follow-up in
orthotopic and metastatic conditions. Several programs
(e.g., MAPPYACTS, IMI2-P4) are also developing patient-
derived xenograft (PDX) models [29], which are missing
in this disease, as well as humanized models. In osteo-
sarcoma, all these multiple models developed in different
in vitro and in vivo contexts are needed to get more
insight into the different processes involving osteosarcoma

initiation, progression, and treatment  sensitivity/
resistance.
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Supporting Information

Additional supporting information may be found in the
online version of this article:

Figure S1. Characterization of luciferase-transduced osteo-
sarcoma cells. mKate2 (FL3-A) selection by flow cytometry
of transduced U20S-luc/mKate2, 143B-luc/mKate2, MG-63-
luc/mKate2, Saos-2-luc/mKate2 and IOR/OS18-luc/mKate2
cells showed a rate of more than 90% positive cells.
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