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Abstract: Predicting a response of osteosarcoma patients to chemotherapy, such as doxorubicin or high-dose meth-
otrexate cocktail, remains a challenge in the clinic. Moreover, the prognostic value of currently used necrosis analy-
sis is debatable. New markers of the therapeutic response or the prognostic response are urgently needed. The mi-
croenvironment plays a key role in the vascularization of highly heterogeneous tumors. Using the syngeneic MOS-J 
mouse model of osteosarcoma, we focused our study on the immunohistochemistry of tumor vascularization in 
order to identify new vessel markers, and to search for potential markers of the therapeutic response. Endomucin+, 
CD31+, and α-SMA+-positive elements were quantified in control (n=6) and doxorubicin-treated (n=6) mice in three 
different intra-tumor locations. We also used co-labeling to assess CD31+/Endomucin+ and CD31+/α-SMA+ co-ex-
pression. We identified a central tumor zone with a low vascularization profile for all of these markers. We identified 
two distinct types of vessels: CD31+/Endomucin+ vessels with a sprouting, neo-angiogenic, interlaced appearance, 
and CD31+/α-SMA+ vessel with a well-defined, mature structure. Doxorubicin appeared to reduce CD31+ expres-
sion in the tumor invasion front. In the doxorubicin-sensitive model, there were four times more CD31+/α-SMA+ ele-
ments than in the poorly responsive model. Therefore, we propose a methodology based on immunohistochemistry 
and multiplexed immunofluorescence to use endomucin as a promising new vascular marker in the osteosarcoma 
model. Moreover, our results suggest that CD31+/α-SMA+ vessels could be considered to be indicators of vascula-
ture normalization and they may be used as specific markers of a good therapeutic response. 
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Introduction

Osteosarcomas (OS), which are derived from 
mesenchymal bone cells, represent the most 
common type of malignant primary bone tumor. 
The annual incidence of osteosarcoma in the 
general population is 5 cases per million [1]. 
This tumor type has several histological sub-
types [2] (osteoblast, chondroblast, telangiec-
tasia, etc.), as well as a high degree of intratu-

mor histological heterogeneity [3, 4]. The prog-
nostic factors for long-term survival described 
in the literature comprise the location and the 
size of the tumor, the presence of metastases, 
the response to chemotherapy determined by 
the Huvos and Rosen score, as well as on the 
quality of the tumor resection [5-7]. Polyche- 
motherapy, before and after carcinologic sur-
gery, is the treatment of choice and associates 
different drug cocktails depending on the 
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patient’s age (high-dose methotrexate, doxoru-
bicin, ifosfamide, cisplatin, etc.) [8]. Despite 
these protocols, OS survival rates have not 
improved for approximately 40 years, with a 
5-year survival of approximately 75% for local-
ized forms and 25% for metastatic disease [8]. 
Moreover, 25% of the patients who respond 
well to chemotherapy as estimated by the 
Huvos/Rosen score relapse [9].

Using a preclinical model of OS, we previously 
demonstrated the tumor environment can play 
a role in the response to chemotherapy [10].  
In the syngeneic MOS-J mouse model, we 
observed a better anti-tumor response to doxo-
rubicin chemotherapy when the tumor was 
located at an intraosseous site, whereas the 
tumors appeared to be refractory to the drug 
when they developed in paratibial areas in 
close contact with the periosteum and soft  
tissues. This result was linked to a clinical 
hypothesis: patients have a good or poor 
response to chemotherapy depending on the 
tumor localization in soft or bone tissue exten-
sions. As doxorubicin is a key treatment of OS 
for patients over the age of 18, understand- 
ing and identifying good response predictors 
seems crucial. This difference in the therapeu-
tic response according to the environmental 
context is a key factor in the mechanisms of 
resistance in clinical oncology. Several aspects 
of the microenvironment have been reported: 
the role of immunity and inflammation, support-
ing tissue, and vascularization. The bone micro-
environment is indeed highly specialized, with  
a complex and dynamic environment involv- 
ing different components: bone cells (osteo-
clasts, osteoblasts, osteocytes), stromal cells 
(MSCs, fibroblasts), immune cells (macro-
phages, lymphocytes), mineralized extracellu-
lar matrix (ECM), and vascular cells (endothelial 
cells and pericytes) [11].

The tumor vasculature is largely determined by 
angiogenesis. This process is a hallmark of 
cancer, and the angiogenic switch is one of  
the main underlying factors of tumor growth 
[12]. Compared to the normal vasculature, the 
tumor vascular network is rather immature  
and dysfunctional. Therefore, it impacts the 
microenvironment, resulting in hypoxia, acido-
sis, and glucose starvation, as well as decreas-
ing immune cell infiltration and activity, all of 
which enable cancer progression, metastasis, 
and drug resistance. Poor perfusion and an 

immature tumor vasculature prevent drugs 
from reaching tumor cells at a lethal concentra-
tion [13]. The distribution of chemotherapy 
drugs in tumor tissues depends on the plasma 
pharmacokinetics, but the abnormal architec-
ture and functionality of the tumor vessels do 
not allow optimal distribution of chemothera-
peutic agents [14]. These considerations lead 
to a double-edged sword in therapies when 
addressing the tumor vasculature: on one 
hand, blocking neo-vascularization with anti-
angiogenic agents to limit tumor expansion, 
and, on the other hand, preserving functional 
vessels to deliver drugs in direct contact with 
the tumor [15].

The vasculature of normal bone during growth 
has recently been described by Adams’s team 
[16-18], with the characterization of endomu-
cin+ CD31+ type-H vessels in the metaphysis in 
contact with osteoprogenitors, and type L ves-
sels in the diaphysis. Regarding OS, a detailed 
characterization of the tumor vascular com-
partment is lacking and it remains largely unex-
plored. Drug distribution to the tumor can be 
considered to be an important factor in poor 
responses to chemotherapy [14]. There is, 
therefore a need to focus on OS vasculariza-
tion. In this context, we analyzed the vascular 
network of the OS environment in the syngene-
ic MOS-J orthotopic mouse model of OS, with 
and without treatment with the chemothera-
peutic drug doxorubicin. We examined different 
areas (invasion front, direct bone contact, and 
tumor center) in order to refine the analysis of 
the vascularization architecture according to 
the geography and to take into account the  
high degree of heterogeneity of the tumor. We 
studied expression of the vascular markers 
CD31, endomucin, and α-SMA by IHC staining. 
We then studied the distribution of CD31+/
Endomucin+ and CD31+/α-SMA+ elements by 
immunofluorescence multiplexing. We also 
hypothesized that the tumor vascular signature 
could be modified by exposure to doxorubicin 
and that it can also be an indicator of the 
response to chemotherapy, discriminating good 
versus poor responders.

Materials and methods

Cell culture

The murine MOS-J osteosarcoma cell line was 
developed from a spontaneous OS in the 
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C57BL/6J mouse strain. All of the experiments 
were performed under sterile conditions using 
a vertical laminar flow hood (PSM Securiplus, 
Astec, France). The cells were grown in 25, 75, 
or 175 cm² flasks (Falcon™, Becton Dickinson 
Labware, NJ, USA) in RPMI 1640 (Roswell Park 
Memorial Institute, BioWhittaker, Verviers, 
Belgium) culture medium supplemented with 
5% FCS (Fetal Calf Serum, HyClone™, Perbio, 
Vigneux, France). Plates were seeded at a den-
sity of 104 cells/cm2 and were then incubated 
in a saturated-humidity atmosphere containing 
5% CO2 at 37°C. For subculturing, the cells 
were detached at confluence with a solution of 
trypsin-EDTA [BioWhittaker, Trypsin: 0.5 g/L; 
EDTA (ethylenediaminetetraacetic acid): 0.5 
g/L]. The trypsin was neutralized by adding FCS 
(10% in the culture medium) and the cells were 
then centrifuged at 1,600 rpm for 5 minutes. 
Cell counts were performed using a Malassez 
chamber. When cell amplification was required 
for in vivo experiments, the MOS-J cells were 
detached when they were 70-80% confluent in 
order to achieve optimal comparable growth 
rates from one procedure to the next.

Murine model

The animal experiments were carried out at  
the Experimental Therapeutics Unit (Nantes 
Medical School; accreditation number D-440- 
45) in accordance with protocols approved by 
the Regional Committee for Ethics in Animal 
Experimentation (ECAE n° 6) and the Depart- 
ment of Agriculture, under the direction of  
the investigators authorized to perform the 
experiments. Four-week-old male C57BL/6J 
mice bred by Janvier Labs (Le Genest-Saint-
Isle, France) were used. For each experiment, 
one week of adaptation of the animals to the 
environment was necessary before starting the 
procedure. MOS-J tumor cells were injected 
into various sites according to the template. All 
of the tumor cell injections were performed 
under general anesthesia (isoflurane 1.5% with 
air at 1 L/min) after disinfection with Betadine. 
All of the injections were performed within one 
hour of having harvested the cells. Preliminary 
experiments were performed to determine the 
optimal cell number to achieve reproducible 
kinetics and optimal growth.

Paratibial and intraosseous injections of MOS-J 
tumor cells were performed as described previ-
ously [10]. Briefly, for paratibial injection: 3.106 

MOS-J cells were injected percutaneously into 
the middle diaphyseal tibia after periosteal 
denudation. Intraosseous injections were per-
formed after a sub-centimetric inferio-lateral 
incision of the tibial tuberosity in order to 
expose the bone: the cortical bone was pierced 
with a needle by a rotational movement and 
then 3.106 MOS-J cells were injected. Doxoru- 
bicin treatment was initiated when the average 
tumor volume in one group exceeded 100 mm3 
as describe in the literature [10, 19, 20]. The 
intravenous injections were all performed 
biweekly in 50 μl of PBS with a solution of  
doxorubicin 4 mg/kg. The control group receiv- 
ed injections of 50 μl PBS.

Histological characterization

Murine osteosarcoma models and sectioning: 
Three samples (from a group of six mice with 
median tumor volume) for each of the four 
groups were included in the study. The speci-
mens were fixed in 4% formaldehyde for 24 
hours, dissected, fixed another day at 4°C and 
decalcified in 4.13% EDTA, 0.2% paraformalde-
hyde, in 1× PBS buffer (pH 7.4) for 10 to 15 
days at 50°C in a KOS microwave tissue pro-
cessor (Milestone, MI, USA). The decalcified 
samples were then dehydrated by immersion in 
graded ethanol baths, cleared with 2-butanol, 
and embedded in paraffin. Ten serial 5-µm 
thick sections were cut from each sample at 
four levels separated by 250 µm in order to 
account for the tumor heterogeneity. The three 
first sections (sections 4-6) were immunos-
tained for α-SMA, endomucin, and CD31 mark-
ers, while section 3 was triple-immunostained 
for CD31 and both endomucin and α-SMA 
markers.

Chromogenic immunohistochemistry: The sec-
tions were deparaffinized and subjected to  
20 h of antigen retrieval in Tris-EDTA buffer (1 
mM Tris, 0.5 mM EDTA, pH 9.0) at 60°C. The 
endogenous peroxidase activity was then 
blocked by incubating the sections with 3% 
H2O2, and non-specific binding was blocked 
with 2% normal donkey serum and 1% BSA in 
1× Tris-buffered saline with 0.05% Tween 20, 
pH 7.4. Sections 4 to 6 of each of the four  
levels were then immunostained for CD31  
(section 4), endomucin (section 5), and α-SMA 
(section 6), respectively. Briefly, after blocking, 
the sections were incubated for one hour at 
room temperature with rabbit ant-CD31 anti-
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body (1:50; Abcam, ab28364), rat anti-endo-
mucin antibody (1:50; Abcam, ab106100), and 
mouse anti-α-SMA antibody (1:3,000; R&D 
Systems, MAB1420). Immune complexes were 
visualized by the conventional ABC method 
using biotinylated donkey anti-rat (Jackson 
ImmunoResearch, 712-065-153), or donkey 
anti-mouse (Jackson ImmunoResearch, 715-
065-151), or donkey anti-rabbit (Jackson Imm- 
unoResearch, 711-065-152) secondary anti-
bodies for 45 min followed by incubation  
with HRP (horseradish peroxidase)-streptavidin 
(Agilent, P0397) for another 45 min at room 
temperature. After staining with DAB liquid 
QUANTO substrate (MM France, F/TA-125-
QHDX), the sections were counterstained with 
Gill-2 hematoxylin, dehydrated, cleared, and 
mounted with PERTEX® mounting medium  
(MM France, F/00811) and covered with a 
coverslip.

Triple-color immunofluorescence histochemis-
try: As for the chromogenic immunohistochem-
istry procedure, the sections were deparaf-
finized, subjected to 20 h of antigen retrieval  
in Tris-EDTA buffer (1 mM Tris, 0.5 mM EDTA, 
pH 9.0) at 60°C, and blocked with 2% normal 
donkey serum and 1% BSA in 1× Tris-buffered 
saline with 0.05% Tween 20, pH 7.4, to reduce 
non-specific binding. Sections 3 were immu-
nostained with both rabbit anti-CD31 (1:40),  
rat anti-endomucin (1:50), and mouse anti-α-
SMA (1:1,000) antibodies for an hour at room 
temperature. After three washes in 1× TBS-
Tween 0.05%, pH 7.4, the following secondary 
antibodies were applied for another hour:  
Alexa Fluor® 488-conjugated donkey anti-rab-
bit (1:200; Jackson ImmunoResearch 711- 
545-152), biotinylated donkey anti-rat (1:200; 
Jackson ImmunoResearch 712-065-153), and 
Alexa Fluor® 647-conjugated donkey anti-
mouse (1:200; Jackson ImmunoResearch 715-
605-150). Finally, the sections were incubat- 
ed with Cy3-conjugated streptavidin (1:400; 
Jackson ImmunoResearch 016-160-084) for 
one hour, and the nuclei were counterstained 
with DAPI (1:1,000; Thermo Fisher Scientific, 
D1306) and mounted with ProLong™ Gold 
Antifade reagent (Thermo Fisher Scientific, 
P36930) and covered with a coverslip.

Imaging and histomorphometry: Confocal 
images were obtained by using a Nikon AI 
N-SIM confocal microscope and subsequently 
treated by smoothing and noise reduction of 

each channel, followed by a Z-projection treat-
ment using ImageJ software [21].

All of the histomorphometric analyses were 
conducted on scans of the immunostained sec-
tions. Acquisitions of sections 4-7 were made 
with a NanoZoomer Slide Scanner (Hamamat- 
su, Japan), and the images were then saved 
using NDP viewer software (Hamamatsu, ver-
sion 2.2.6) at 5× magnification and exported at 
10× using tiff format and analyzed with ImageJ 
software. Each of the chromogenically immu-
nostained sections was individually analyzed 
on three specific regions of interest (ROI): one 
was defined by a representative 0.5-mm thick 
ROI for which the tumor tissue was along the 
bone; the other was a full representative pic-
ture of the core of the tumor; the last one was 
defined by a representative 0.5-mm thick ROI 
that contained the tumor invasion front. All of 
the analyses were carried out on each of the 
four levels of all of the samples. Briefly, the 
images were subjected to color deconvolution 
using the ‘H-DAB’ vector [22], thresholded, and 
non-specific noise was reduced. The results are 
presented as the mean value for each compart-
ment of the number of positive elements per 
square millimeter.

For the triple-immunostained sections (section 
3), the analysis was achieved using two levels 
that were considered, according to the results 
of those that had been obtained with the  
chromogenically immunostained sections, to 
be enough to yield consistent values. Quan- 
tification of the CD31+/α-SMA+ (mature ves-
sels) and the CD31+/Endomucin+ (sinusoidal 
vessels) elements was carried out using a vir-
tual microscope (NDP viewer) at a selected 
magnification of 20× on a representative field 
of 0.366 mm2. Double-positive vessels were 
counted in the same manner as described 
above in the different compartments by select-
ing the two fluorochrome channels correspond-
ing to the two markers of interest. The results 
are presented as the mean value of each level 
of each sample of double-positive elements per 
square millimeter.

Statistical analysis

The data were collected and analyzed using 
GraphPad Prism 7 software. Analysis of the 
results of the in vivo experiments between 
more than two distinct populations was per-
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formed by one-way (only one condition tested) 
or two-way (two conditions tested) tests by 
applying the correction of the Šidák test for 
multiple comparisons. When two distinct 
groups were compared, we used the t-test with 
the Holm-Šidák correction method for multiple 
comparisons. The standard deviations are 
shown as numbers. The alpha risk for all these 
tests was set at 5%, with a significance of 
P<0.05.

Results

Effect of doxorubicin on the vascular signature 
in the OS mouse model

Validation of the effects of doxorubicin on pri-
mary tumor growth: We determined the effect 
of doxorubicin on tumor growth in the OS MOS-J 
mouse model, irrespective of the site of tumor 
initiation. Administration of doxorubicin started 
on Day 12 after tumor cell injection (Figure 1). 
As shown in Figure 1, no significant difference 
was observed for up to 26 days between the 
doxorubicin-treated and non-treated groups, 
although tumor volumes significantly decreas- 
ed in the treated groups compared to the non-
treated groups at 26 and 28 days (mean of  
the difference at 26 days: 196.2 mm3, 95% CI 
[70.82 to 321.5], P<0.001, at 28 days: 293.9 
mm3, 95% CI [168.6 to 419.3], P<0.001) 
(Student’s multiple t-tests).

Vascular markers in OS tumors in non-treated 
mice: We analyzed the vascular markers in the 

non-treated OS tumors. The selected markers 
were CD31, an endothelial marker; endomucin, 
which is expressed more specifically in high 
endothelial venules and in H-type vessels in 
bone; and α-SMA, which is a mural cell  
(pericyte and vascular smooth muscle cell) 
marker [16, 17, 23]. We decided to analyze 
CD31-positive (CD31+) and endomucin-positive 
(Endomucin+) elements, as they represent key 
endothelial structures of bone vasculature [16, 
17]. α-SMA positive (-SMA+) staining was also 
chosen as it is linked to L-type vessels, which 
have been described in detail in the vascular-
ization of bone [16, 18, 24]. α-SMA+ is a  
well-known marker of vascular maturity, with 
pericyte coverage of endothelial structures 
[24-26].

Our analysis aimed to integrate the cellular and 
the architectural features specific to bone 
tumors, and we, therefore, defined three geo-
graphic tumor areas in our study: the bone con-
tact area with its periosteum, which is a niche 
for stem cells and vascularization [27-29] near 
the osteoblastic and osteoclastic activities;  
the invasion front, with potential leader cell 
phenotypes and highly proliferative capacities 
in direct contact with soft tissue [30, 31]; and 
the tumor center, which usually represents 
most of the necrotic area, with ischemic and 
metabolic features that are potential barriers 
for drug spread [10] (Figure 2A). Analysis of  
the vascular markers according to the different 
areas showed that endomucin+ elements/mm2 

Figure 1. Effects of doxorubicin on MOS-J tumor growth. Injections of 4 mg/kg doxorubicin started at D12 and were 
repeated every 2 or 3 days. The tumor volumes were measured and expressed in mm3. The results are expressed 
as means ± SD. n=6 in each group. Student’s multiple t-tests. Threshold of significance: ***P≤0.001.
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were more abundant in the bone contact region 
compared to the lesion center (Figure 2B) 
(237.70±77.58 vs. 130.20±20.83, respective-
ly, P=0.017). More CD31+ elements/mm2 

Confocal microscopy imaging (Figure 3) allowed 
for higher magnification and more precise visu-
alization of the morphology of the CD31+/
Endomucin+ and the CD31+/α-SMA+ elements 

Figure 2. Vascular signature in the OS model determined by IHC staining. 
A: Expression of endomucin in distinct tumor areas (Front: invasion front; 
Bone: bone contact; Center: lesion center) evaluated by IHC staining. Im-
age of an entire mouse leg (10x magnification; control group), the scale bar 
=1 mm; B: Histological analysis of endomucin, CD31, and α-SMA vascular 
markers in the control group. One-way ANOVA analysis, Thresholds of sig-
nificance: *: [0.05; 0.01], **: [0.01; 0.001]; C: Effects of doxorubicin on the 
vascular signature in the selected tumor areas (Front: invasion front; Bone: 
bone contact; Center: lesion center). Box-plot with the minimal and the maxi-
mal values. The mean value is indicated by a dot. Two-way ANOVA analysis, 
Thresholds of significance: *: [0.05; 0.01], **: [0.01; 0.001].

(136.50±44.61 vs. 357.1± 
180.97, P=0.002) and more 
α-SMA+ elements (90.32± 
57.74 vs. 256.30±92.31, P= 
0.029) were detected in the 
invasion front compared to 
the lesion center.

Expression of the vascular 
markers in OS tumors of doxo-
rubicin-treated mice: In order 
to determine whether doxoru-
bicin exposure could have an 
impact on the expression of 
vascular markers, we per-
formed the same analysis on 
tumors from mice treated  
with doxorubicin. A significant 
decrease in CD31+ elements 
was observed in the invasion 
front (357.1±73.88 elements/
mm2 in the control group vs. 
125.2±22.95 in the treated 
group, (P=0.031)), but not in 
the center nor in the bones of 
either group. There was also 
no significant difference in  
the number of endomucin+ or 
α-SMA+ elements between 
the control and the treated 
groups (Figure 2C).

Altogether, these results sug-
gest that doxorubicin treat-
ment is associated with a 
lower number of CD31+ ele-
ments in the invasion front of 
the tumor.

Analysis of the vascular net-
work in tumors of non-treated 
and doxorubicin-treated mice: 
In order to obtain a more com-
prehensive view of the vascu-
lar network, we performed a 
multiplexed analysis to deter-
mine the CD31+/Endomucin+ 
and the CD31+/α-SMA+ ele-
ments, which are indicators  
of bone H-type vessels and 
mature vessels, respectively.
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presented in Figure 4. Overall, the CD31+/α-
SMA+ elements were well-defined, with a 
CD31+ endothelial inner part, and an α-SMA+ 
external mural/pericyte wall. They exhibited a 
structured and straight architecture, with a 

In regard to the tumor response to doxorubicin, 
significant differences were observed at Day 
22, 26, and 28 depending on the tumor  
injection site (Figure 5C). In the intraosseous 
model, a better response to chemotherapy was 

Figure 3. Confocal analysis of CD31+/α-SMA+ and CD31+/Endomucin+ co-
staining in a control center lesion. A: CD31+/ α-SMA+ elements. B: CD31+/
Endomucin+ elements. The images are Z-stack projections at 63× magnifi-
cation, the scale bars =20 μm. DAPI: nuclear staining.

Figure 4. Vascular signature in the OS model determined by immunofluores-
cence double-staining of CD31+/Endomucin+ and CD31+/α-SMA+. Quanti-
fication of CD31+/Endomucin+ and CD31/α-SMA elements/field in defined 
tumor areas (center, front, bone). A: In the control group. B: In the control 
and the doxorubicin-treated group. Quantification was defined as elements/
field at 20× magnification (lesion center, invasion front, and bone contact). 
Box-plot with the minimal and the maximal values, the mean value is indi-
cated by a dot. Threshold of significance: P<0.01.

sizeable diameter, and they 
resembled mature vessels. On 
the other hand, the CD31+/
Endomucin+ elements were 
much more sinusoidal, with a 
more serpiginous and unorga-
nized structure. They also had 
a smaller diameter and they 
resembled immature sinusoi-
dal vessels.

In the control group, more 
CD31+/α-SMA+ vessels were 
observed in the invasion front 
compared to the lesion cent- 
er (6.30±2.16 elements/field  
vs. 2.08±0.77 elements/field, 
respectively, P=0.034) (Figure 
4A). No significant differences 
were observed between the 
control and the doxorubicin-
treated groups in the terms  
of the distribution of CD31+/
Endomucin+ and the CD31+/α-
SMA+ elements between the 
three different defined areas 
(Figure 4B).

Impact of the initial site of the 
tumor development on the 
vascular signature in treated 
mice

We then investigated whether 
the site of initiation of the 
tumor, namely paratibial vs. in- 
traosseous, could impact the 
vascular signature of doxorubi-
cin-exposed mice. To do so,  
we dichotomized the animal 
groups depending on their site 
of tumor injection. Analysis of 
the CD31+/α-SMA+ staining 
revealed that more CD31+/α-
SMA+ elements were present 
in the treated tumors in the 
intraosseous model compared 
to the paratibial model (5.52± 
3.23 elements/field vs. 1.27± 
0.59, respectively, P=0.044, 
unpaired one-sided t-test) (Fig- 
ure 5A and 5B).
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observed compared to the paratibial model, 
with a mean volume difference of 222.83 mm3 

at Day 28 (156.00 mm3±10.39 vs. 378.83 

mm3±139.56, t-test; P<0.001, Student’s multi-
ple t-tests). These results were corroborated by 
the whole induced necrosis area percentage 

Figure 5. A: Vessel co-staining by immunofluorescence multiplexed for CD31+/α-SMA+ (20× magnification), the 
scale bar =100 μm. Images of control and doxorubicin-treated tumors for the paratibial and the intraosseous mod-
els. B: Histological analysis of control and doxorubicin-treated mouse vessels visualized by multiplexed CD31+/α-
SMA+ immunofluorescence co-staining for the paratibial and intraosseous models. Quantification of elements/
field at 20× magnification in the tumor center. Box-plot with the minimal and the maximal values, the mean value 
is indicated by a dot. Thresholds of significance: *: [0.05; 0.01]. Unpaired t-test one-sided. C: Increase in the aver-
age osteosarcoma volume in mice treated with doxorubicin (4 mg/kg), depending on the tumor initiation site (PT: 
Paratibial; IO: Intraosseous). The treatment was introduced at D12. Thresholds of significance: *: [0.05; 0.01], **: 
[0.01; 0.001], ***≤0.001. Student’s multiple t-tests.
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analysis previously performed [10]; but we did 
not identify significant effect of Doxorubicin on 
Ki67 and Caspase3 staining on whole analysis 
(Supplementary Figure 1) [10]. The specific 
area analysis suggests that there were more 
CD31+/α-SMA+ mature vessels in the center of 
the tumors that responded well to doxorubicin 
in the intraosseous group, thus highlighting a 
potential vascular profile associated with a bet-
ter response to chemotherapy.

Discussion

One of the most critical limitations in OS treat-
ment is the high rate of relapse following a poor 
response to chemotherapy [8]. Predicting how 
each patient will respond to a specific chemo-
therapy regimen is a real challenge, and identi-
fying factors predictive of a good response to 
better adjust chemotherapy protocols and 
improve OS survival rates remains an intensive 
field of research. Using a syngeneic mouse 
model of OS, we previously showed that the 
response to doxorubicin varies according to  
the site of tumor initiation [10]. The complexity 
of the bone tumor microenvironment could 
explain these differences. Although still poorly 
explored in OS, the vascular component is 
important as, aside from being a key factor for 
drug distribution [13, 32], it may also vary 
greatly depending on tumor angiogenesis  
and the nature of the tissue [16, 18, 33]. 
Furthermore, general and local treatments are 
thought to interact with the tumor and its envi-
ronment, leading to a remodeling of the vascu-
lar system and eventually a normalization of 
the distribution and maturity of the vessels, 
thus improving drug distribution by a virtuous 
cycle [13, 34].

This study aimed to characterize the vascular 
environment in OS bone tumors and the eff- 
ects of chemotherapy. Previously described in 
normal bone, we explored for the first time the 
expression of endomucin as a new vascular 
marker in bone tumor OS. Endomucin is an 
important endothelial marker in bone as it is 
highly co-expressed with CD31 in H-type ves-
sels, which have been identified in various bone 
tissue locations such as the metaphysis near 
the growth plate and the endosteum. In normal 
growing bone, these vessels are responsible 
for mediating growth of the bone vasculature, 
maintaining perivascular osteoprogenitors, and 
coupling angiogenesis to osteogenesis [16, 

35]. In the present study, we found that endo-
mucin is also expressed in the syngeneic MOS-J 
model of OS, with fewer elements in the center 
of the lesion than in the area in contact with the 
bone. This is in agreement with the previous 
identification of abundant endomucin-positive 
elements in contact with active areas of bone 
remodeling [16-18].

A more detailed exploration of the vascular 
environment according to tumor territories was 
achieved by combining the endothelial markers 
endomucin and CD31 with the mural/pericyte 
marker α-SMA through a novel approach involv-
ing fluorescent multiplex immunohistochemis-
try. CD31/α-SMA-positive elements were sig-
nificantly more abundant in the invasion front 
compared to the center of the tumor, in agree-
ment with simple IHC staining showing an 
increase in CD31+ and α-SMA+ elements in 
this area. The confocal analysis highlighted the 
microvessel architecture and network organi- 
zation. The CD31+/α-SMA+ elements were gen-
erally well defined, with a CD31+ endothelial 
inner part and an α-SMA+ external pericyte 
wall. These elements had a structured and 
straight architecture with a sizeable diameter 
and they are defined as mature vessels in the 
literature [36]. Pericytes support the structure 
and help stabilize blood vessels in addition to 
stimulating basement membrane production, 
thereby improving vasculature stability and  
permeability, which contribute to better tumor 
perfusion and hence the delivery of nutrients 
and 02 as well as drugs and chemotherapy [37]. 
Importantly, these vessels are more abundant 
in the invasion front of tumors in mice, which is 
an area with a high degree of tumor cell prolif-
eration and a high requirement for O2 and nutri-
ents. In contrast, the CD31+/Endomucin+ ves-
sels in MOS-J tumor mice were of a small cali-
ber, sinusoidal, and not continuous. These fea-
tures are typical of angiogenic tumor microves-
sels, which are tortuous, leaky, and not sur-
rounded by pericytes, and hence exhibit poor 
perfusion. We suspect that they have poor 
overall perfusion that resists blood flow and 
drug delivery in tumors. These functional char-
acteristics of the tumor vasculature contribute 
to an elevated tumor interstitial fluid pressure 
that opposes diffusion and convection, which is 
the main form of transvascular transport of 
therapeutic agents in tumors [36]. These non-
functional vessels may also underlie doxorubi-
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cin resistance mechanisms, as a low degree of 
pericyte coverage may compromise vessel 
structure and functionality [38]. These anar- 
chic vessels differ from the bulky and fun- 
ctional CD31+/αSMA+ vessels that can allow 
the diffusion of doxorubicin. Such characteriza-
tion of vascular elements according to CD31, 
endomucin, and α-SMA co-staining has not 
been previously described in OS. Our methodol-
ogy allowed us to clearly identify these two 
types of elements in different areas of the 
tumors, namely CD31+/Endomucin+ sprouting 
vessels and mature functional CD31+/α-SMA+ 
vessels.

Importantly, our results show that doxorubicin 
decreased the number of CD31+ elements 
present in the invasive front, without affecting 
the α-SMA- or endomucin-positive elements or 
the double-CD31/α-SMA-positive elements. It 
could illustrate a vascular pruning effect of 
doxorubicin, eliminating the most immature 
and unfunctional vessels first (CD31+, endo- 
mucin- and α-SMA-negative) [13]. Altogether, 
these results show that doxorubicin did not 
affect the repartition of CD31/α-SMA and 
CD31/Endomucin elements in the tumor areas. 
Thus, doxorubicin treatment does not appear to 
drastically alter the vascular signature in MOS-J 
OS tumors.

Despite our small cohort, encouraging results 
were obtained by an initial dichotomization of 
the animals between good responders to doxo-
rubicin (intraosseous site of initiation) versus 
poor responders (paratibial site of injection). 
Indeed, we found a significant difference in the 
CD31+/αSMA+ mature vessels in the center 
part of the lesion, as they were four times more 
abundant in the good responding model com-
pared to the poor responders [10]. This is in 
keeping with good tumor perfusion and drug 
delivery to the tumors as a result of mature ves-
sels. These results open important perspec-
tives for exploration of the vascular signature 
as a predictor of responses, which is a major 
current limitation for patients and clinicians.

Despite our small sample number, our study 
suggests that the mature vessels defined as 
CD31+/α-SMA+ elements, when they are pres-
ent in the center of the lesion, may be consid-
ered to be markers of a good therapeutic 
response to doxorubicin This hypothesis needs 
to be explored further by analysis of a larger 

cohort and at the stage of tumor initiation using 
a dynamic approach. Analysis of human bone 
biopsies should also be considered for this spe-
cific marker in order to determine its potential 
as a predictor of a good response.

Our study is one of the first to specifically study 
the vascularization of OS by a multiplexed IF 
approach using a mouse preclinical model. Our 
methodology appears to be suitable for analyz-
ing CD31+/α-SMA+ mature vessels with a peri-
cyte coverage, as well as more immature 
CD31+/Endomucin+ sprouts of vascularization. 
Furthermore, this study opens new perspec-
tives to more extensively explore the vascular 
microenvironment in OS.
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Supplementary Figure 1. Histological whole analysis of induced necrosis from previous experiments on same mice 
specimen (percentage of necrosis relative to the tumor area), cell proliferation with IHC labeling of Ki67 (expressed 
as a proliferation index), and apoptosis with IHC cell labeling of caspase 3. Thresholds of significance: * [0.05; 0.01], 
** [0.01; 0.001], *** ≤0.001 (11).


