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Abstract

Osteosarcoma (OS) is the most common primary bone cancer, where overall 5-year surviving rate
is below 20% in resistant forms. Accelerating cures for those poor outcome patients remain a
challenge. Nevertheless, several studies of agents targeting abnormal cancerous pathways have
yielded disappointing results when translated into clinic because of the lack in accurate OS
preclinical modeling. So, any effort to design preclinical drug testing might consider all inter-,
intra- and extra-tumoral heterogeneities throughout models mimicking extracellular and immune
microenvironment. Therefore, we are proposing here the bioengineering of patient-derived models
reproducing the OS heterogeneity, the interaction with tumor-associated macrophages (TAMs) and
the modulation of oxygen concentrations additionally to recreation of bone scaffold. We, first,
developed eight two-dimensional preclinical models mimicking several OS clinical situations and
their TAMs in hypoxic conditions and, subsequently, generated the paired three-dimensional (3D)
models faithfully preserving histological and biological characteristics. We were in capacity to
shape reproducibly M2-like macrophages cultured with all OS patient-derived cell lines in both
dimensions. The final 3D models pooling all heterogeneity features are providing accurate
proliferation and migration data to understand the mechanisms involved in OS and immune
cells/biomatrix interactions and sustained that such engineered 3D preclinical systems will improve

personalized medicine.

1. Introduction

Osteosarcoma (OS) is the most common primary bone malignancy that affects adolescents and
young adults and is known to be a highly aggressive malignancy.!! Commonly, tumors are found
near the metaphyseal growth plates of long bones, mostly in the lower limbs.[?) The OS arises from

osteoblastic progenitors unable to proceed to their terminal differentiation, but able to generate new
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bone tissue and invade the surrounding bone matrix.[*! Around twenty percent of the patients will
be diagnosed for visible metastases, whereas more than 80% of them present micro-metastases.*!
The current first-line treatment begins with multiagent chemotherapy (ifosfamide, cisplatin,
doxorubicin, vepeside and/or methotrexate), followed by a surgical resection of the primary tumor
and an adjuvant chemotherapy adapted to the tumor response to the neoadjuvant therapy.”~") With
this standard strategy, over the past 30 years, the overall survival of patients with osteosarcoma
remains stable. All patients with localized primary tumors at diagnosis have a 5-year survival rate
of more than 60% while patients with a metastatic tumor at diagnosis drop their survival rate to
20%."%) Thus, overall survival must be improved by identifying new therapeutic strategies, which
notably implies a better understanding of OS chemoresistance. To provide those new insights, it
is urgently required to develop in vitro models integrating the bone specificities and its
pathophysiological complexity leading to therapeutic resistances. The OS microenvironment is

s®19 and is characterized by a

surveyed by the immune system through specific macrophage
cancerous osteoid matrix,!'!! and an oxygen gradient, ranging from the normal peripheral physioxia
in bone marrow at 6% of oxygen to a profound hypoxia in the tumor core.'>!3] The surrounding
immune microenvironment comprises the tumor-associated macrophages (TAM) and T
lymphocytes.!'*] Several studies in multiple cancers and in OS have shown that the presence of
specific TAM is linked with better survival and fewer metastases.!'>) The macrophages present in
this microenvironment include M1 and/or M2 populations, where M1 are generally defined as pro-
inflammatory and anti-tumoral macrophages and M2 as anti-inflammatory and pro-tumoral cells.
However, M2 macrophages appear as the major OS immune cells depending on the tumoral site
and seem to be one of the keys in chemoresistance.[!*-18]

To mimic these complex features, many laboratories are now focusing on models based on patient-

derived OS cells.['*2!] The in vitro xenografted animal models are not considering the immune
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microenvironment engineering, as fresh OS biopsies and/or OS patient-derived cell lines (PDCL)
are usually orthotopically or subcutaneously injected in immunodeficient hosts (e.g., nude or NOD
scid gamma (NSG) mice). Generation of syngenic models in immunocompetent animals could be
an alternative but are not using human OS cells. Therefore, for now, variations of immune
microenvironment are not well recreated to study OS origin, progression and response to drugs. To
mimic osteoid matrix, the use of biomaterials that incorporate physiological components of the
bone should enable to reproduce its spatial, mechanical, and biological complexity. The
extracellular matrix (ECM) of bones and cartilages contains mineralized collagen fibers,*? as well
as glycosaminoglycans (GAGs), which are crucial to maintain mechanical properties and cell
differentiation.[?>>* Therefore, the combination of collagen with chitosan, a natural polymer with
a chemical structure similar to GAGs, might recapitulate bone ECM and provide a favorable
structural support to recreate the physiological mechanical induction and/or the secretion of factors
for immune and bone cell differentiation, proliferation and migration. Such scaffolds were used by
the past to mimic the cutaneous matrix in skin models,'®’! but also to take part into new approaches
developed for osteosarcoma regeneration therapies, as well as inducers of bone differentiation or
to activate external therapies potentially able to enhance this bone regeneration.[26-2%]

The aim of our work was to engineer a novel three-dimensional (3D) model considering the bone
complexity with its ECM, macrophages, hypoxic microenvironment and tumor cells. For this
purpose and to prepare the validation of this innovative 3D system, we started first to develop
several PDCLs to take into account inter- and intra-tumoral variations and provide the accurate and
appropriate clinical situations to study.”*=% Next, PDCLs and M2 macrophages were co-cultured
in hypoxic gradients to create two-dimensional (2D) models and the paired 3D spheroids. The 2D

step was the prerequisite to validate the characteristics of isolated OS and immune cells and their
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co-cultures and be in capacity to maintain those characteristics in 3D systems. To distinguish the
two cell populations, track cellular movements and assess proliferation we used dye-loaded
polymer nanoparticles of different colors (NPs),l*!l which can efficiently internalize inside cells by
endocytosis and provide their long-term labelling.*?! 3D spheroids were subsequently elaborated
to construct small tumors where immune and osteosarcoma cells were present and verified the
maintenance of their characteristics. Finally, we prepared a 3D bone model combining a
physiologically relevant matrix containing collagen and chitosan and cultured under hypoxia OS
cells with M2 macrophages. These steps allowed the engineering of more accurate osteosarcoma
models to use in the future for precision medicine and that were able to pool OS inter-, intra- et

extra-tumoral heterogeneities.

2. Results and discussion

2.1 2D OS PDCLs and patient-derived subcutaneous xenografts (PDSXs): therapeutic
situations, validation and recreation of high-grade osteosarcoma models.

The generation of OS patient-derived models were part of the PEDIAMODECAN (PEDIAtric
MODEIs for CANcer research) program, through which in vitro models of several pediatric cancers
were initiated.[**] In fact, for bone sarcoma subgroup, twenty OS fresh samples and fifteen Ewing
sarcomas were collected, dissociated, and passaged in cell culture and/or by subcutaneous
implantations, as described in Figure 1A. Eight samples were only seeded for in vitro culture, 4
were subcutaneously injected into mice and 8 specimens were concomitantly derived for in vitro
culture and for mouse subcutaneous xenografts. We selected for the 2D and 3D model

bioengineering those eight specimens where paired OS cell line (OSL) and subcutaneous xenograft
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were initially attempted. Those results are detailed in Figure 1B. The PDCL generation after five
successive culture passages was successful in 75% (12 out of 16 OS specimens seeded in vitro).
The engraftment efficiency in immunodeficient NSG mice was reaching also 75% (9 out of 12 OS
subcutaneously engrafted). This patient-derived model efficiency was similar for bone diagnostic
and lung metastatic OS samples. After initial tumor engraftment, tumors were passaged into NSG
mice to confirm that the PDSX could be reliably maintained from 5 to 12 passages (average of 7
passages per PDSX). Subcutaneous tumors reached a size of 1000 mm? within 4- to 8-months. All
PDSX tumors were dissected, cryopreserved or processed for histopathology evaluation.

The eight selected OS derivations are listed in Table 1 and presented in Figure 1B, which depicts
clinical and histological characteristics of the patients, aged from 10 to 18 years old. The clinical
situations overlapped OS diagnosis, as well as relapsing time. Surgical samples were coming from
localized (5/8) and metastatic tumors (3/8), which are representing the inter-tumoral heterogeneity
of OS population. For the subset of the six tumors where PDSXs were successful, dissociated cells
were adapted for in vitro propagation to facilitate the validation of OS characteristics. Those 6
PDSXs were able to be seeded in vitro and further cultured (example of OSL16 in Figure 1C, where
its paired post-PDSX line is presenting similar microscopic features to the biopsy-derived line).
Several passages were confirming the post-PDSX OSL establishment into paired stable cell lines.
So, we were able to generate from those eight OS biopsies 8 stable PDCLs and paired PDSX in 6
cases (Table 1) and from the 6 subcutaneous xenografts their paired post-PDSX line.

Those eight OS PDCLs bear osteoblastic biomarkers shown in Figure 1C for OSL16 with positive
cytoplasmic immunofluorescent staining of SPARC/osteonectin and osteocalcin. This positivity is
present in 100% of OS cells. Recently, research results showed that human mesenchymal stromal
cells (hMSC) are one of the progenitor cells expressing GD2, a neural ganglioside. Such GD2+

hMSCs during their in vitro differentiation interact or become osteoblasts that produce an osteoid
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matrix. Therefore, we used GD2 immunofluorescent positivity to evaluate and number
mesenchymal osteoblastic progenitors in our cultures.**1 GD2 immunolabeling did not stain all OS
cells but, as shown in Figure 1D on the left images, more than 50% of them have an intense positive
staining (between 47 to 75% of OS cells in each line).

To confirm further the OS characteristics of PDCLs, we used the different lines for in vivo
subcutaneous implantations. As expected, all previous successfully engrafted initial samples had
paired post-cell line development of subcutaneous tumors in NSG mice. Engraftments of OSL20
and OSL35 failed in the “standard” direct PDSXs procedure but were successful as post-cell line
PDSXs. Histopathology of initial and post-cell line PDSXs (Table 1 and Figure 1E) showed typical
characteristics of pediatric OS, including a high cellularity, varying extent of osteoid matrix (red
arrows), mitotic activity (black arrows pointing mitotic malignant osteoblasts) and vascularization.
The PDSXs, generated from tumor biopsies or from PDCLs, recapitulated architectural and
cytologic features seen in the corresponding patient OS from which they were derived.

We also performed allelotyping analyses to confirm that PDCLs and PDSXs bear the same DNA
rearrangements than the paired patient tumor. As described in previous publications from our
laboratory,[**?’] several microsatellites located in 7P53 intron 1, close to pI6/INK4a (D9S171) and
on chromosome 7 (D752495, D75486 and D7S51683) frequently presented an allelic imbalance (AI)
in the patient tumor comparatively to their normal blood DNA, as seen in Figure 2. 1. As shown in
Table 1 and Figure 2, all in vitro and in vivo models matched the Al of the tumors from which they
were generated. The only differences observed in those DNA analyses are the percentage of OS
cells presenting this rearrangement in the derived models (Figures 2B and 2C). Indeed, as shown
for OSL16 and OSLOS8, the PDCL and/or PDSX had half of their cells bearing the DNA

rearrangement found in the corresponding patient. This reflects the polyclonality of those models
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recreating the intra-tumor heterogeneity of pediatric OS. This heterogeneity decreased with the
passages (example in OSL18, Figure 2B), suggesting that in vitro or in vivo expansion of OS cells
selected homogeneously mutated tumor cell populations. So, through the monitoring of DNA
rearrangements and GD2 staining, we were able to evidence in this osteoblastic population a tumor
cell continuum that goes from progenitors to differentiated malignant osteoblasts. Their molecular
intra-tumoral heterogeneity was by the past deciphered with CGHarray analyses and recently with
RNA sequencing or single cell analyses.[*] For the microsatellite AI chromosomal location, as
expected from previous trials, 7P53 rearrangement and/or its loss of heterozygosity was the more
frequent molecular hallmark observed in our PDCL models (6 out of our 8 specific models).**-*°]
When enlarging our OS model population to the 20 attempted derivations, the 15 finalized models
(Figure 1B) were presenting this 7P53 abnormality in 80% of cases (12 out of 15).

In conclusion, we were able to recreate 2D in vitro models and PDSXs preserving all osteosarcoma
cell features, as well as their intra-tumoral and inter-tumoral heterogeneity. This development was
the prerequisite to go further and engineer the hypoxic and immune OS microenvironment in 2D
and 3D conditions for those PDCLs. Those models remained rare even a gradually increasing

number of recent published researches using PDCLs for drug testing.['%7-3¢]

2.2 2D model engineering and technological developments for the recreation of oxygen and
immune osteosarcoma microenvironment.

The next step to build appropriate 3D system mimicking extra-tumoral heterogeneity was to test
the tolerance of hypoxic conditions for OS and macrophagic cells and to be in capacity to co-culture
both tumor and immune cells, track them during experiments and evaluate the respective cell-to-

cell interactions on proliferation and 3D modelization.
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2.2.1 Variable hypoxic conditions of culture and PDCL tolerance

To engineer the hypoxic features of tumor microenvironment and mimic the different tumors areas
(e.g., regions well oxygenated close to the vascular space and the hypoxic regions in the tumor
core), all eight PDCLs were cultured in parallel at 21%, 5% and 1% O>. We investigated
systematically all cellular changes during approximately 120h using the microscopic acquisitions
every 4h by IncuCyte® technology and its Zoom Live Cell Analysis system.

As shown for OSL16 in supplemental Figure 1A, the phenotypic aspect of the OS cells and their
confluence at the seeding time, or after 48h and 96h were not affected by an intense hypoxia (1%
02). In addition, we performed proliferation assays using the same IncuCyte® system. No
significant differences were seen in doubling times when comparing 21% and 1% O- for each OS
PDCL (Table 1 and examples in supplemental figure 1B). The average doubling time was between
63h and 122h (mean of 85.25h) in normoxia and 59h and 168h in hypoxia (mean of 90.25h).
Increased expression of nuclear HIF-1 and of cytoplasmic pS6-RP, reflected activation of the mTor
pathway upstream of HIF-1, confirmed the induction of hypoxic signaling in all OS cells under
those conditions of oxygen low concentrations (supplemental Figures 1C, right panel), as in tumor
samples and in PDSX (supplemental Figures 1C, left panel). Our results are in concordance with
recent research publications highlighting the frequent involvement and prognostic impact of
hypoxic biomarkers in pediatric osteosarcomas and its correlation with a more aggressive OS cell
phenotype.[!33%4]

Together, our results demonstrated that all OS PDCLs tolerated well very low oxygen
concentrations and were preserving their phenotypic characteristics.

2.2.2 M2 macrophage differentiation in normoxic and hypoxic conditions
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Macrophages, mainly of M2 phenotype (CD163+/c-MAF+), play a central role in OS response to
chemotherapy, as well as in local and metastatic OS progression.[*!**l In order to clarify and
distinguish the roles of M2 macrophages in OS models and disease, we developed a 2D model in
both oxygen conditions (21% and 1% O>) integrating macrophages together with OS PDCLs. To
obtain CD163+ macrophages resembling osteoclasts, we differentiated them from circulating
monocytes using M-CSF stimulation for 5 days. On images captured by contrast-phase microscope,
D5 macrophages acquired a slight but non-significant increase in their diameters and, for a third of
them, an elongated global cell shape (supplemental Figures 1D). No difference in adherence was
observed during cell passage, nor oxygen modulation. All M2 cells, independently from their
morphology, maintained a CD163 and c-MAF staining confirming the stably M2-like phenotype
as in previous publications.['®!7#!44] The initial generation and isolation of M2 macrophages is a
procedure that is quite different from the previous models developed in adult cancer models.*>-47]
2.2.3 2D co-cultures and cell interactions: viability, hypoxia, nanoparticle (NP) labelling and
cancer cell phagocytosis

The next step was to combine those OS and macrophagic cells in a 2D culture system to evaluate
their respective viability, hypoxia tolerance and interactions (Figure 3A). In fact, the analysis of
cell morphology (Figure 3B, left panel) by contrast-phase microscope did not allow to easily
distinguish macrophages from PDCLs, although, upon closer inspection, the former displayed a
larger cell diameter and an elongated cell shape and the latter had smaller nucleus. Therefore, we
used dye-loaded polymeric NPs of two different colors to label these two cell populations: DiO-
loaded NPs labeled the OS PDCL in green, while Cy5 (DiD)-loaded NPs tagged the M2
31,32]

macrophages (D6 of differentiation) in red (Figures 3B), which are standard colors used.!

Previous work showed that these NPs based on the biocompatible polymer poly(lactide-co-
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glycolide) (PLGA) can provide efficient labelling of different cell types through endocytosis
without signs of cytotoxicity.*?] As the color code was preserved inside the cells after several cell
divisions, this allowed color barcoding of multiple cell populations and their further long-term
tracking.*l Here, each cell population was individually labeled with NPs of corresponding color
and then these two populations were co-cultured together. Their endocytosis in each cell did not
induce any cell mortality and shape modifications (e.g., cell confluence and microscopic follow-
up comparing OSLs and M2 macrophages separately and in co-culture with and without labelling
as showed in Figure 3B and 3C) . Since we did not observe obvious macroscopic differences when
different PDCLs were cultured, we choose to focus on OSLI16 thereafter. At each step, the
IncuCyte® Zoom™ Live Cell Analysis system allowed to monitor cells over time and to
demonstrate that the labelled cells could be easily followed and quantified (Figures 3B, top panel).
For this purpose, specific IncuCyte® masks were used for image analyses. The NPs remained
fluorescent even after 120h of culture for PDCL, which have long doubling-time, to establish
clearly their proliferation in the presence of macrophages. The immunofluorescence generated by
the NPs in M2 macrophages remained more intense since those cells do not divide (stable number
of macrophages on each graph of Figures 3C), limiting the NP dilution over time. Quantification
of fluorescent objects confirmed a stable number of M2 macrophages and the concomitant
proliferation of OS cells, here exemplified by OSL16 (Figures 3B, right panel). Of note, the co-
cultured OS cells proliferated less than in mono-culture (Figures 3C, examples of OSL16, OSL18
and OSL35). This difference may be explained by elimination of OS cells through macrophage
phagocytosis, as suggested by the progressive appearance of yellow cells throughout the culture
(Figures 3B, bottom row). Indeed, numerous interactions observed between OS cells and

macrophages resulted in single yellow cells after few hours. Such events were estimated to concern

11



O J oy U b WD -

OO OO OO U U OO DD D DD DOUOWLWLWWLWWWWWWNDNDNDNDNDNDNDNNDNNNNRERPRPRPRRRRRRE
G WNRPOWOWOJOUd WNEPOWOWOJIONUUdd WNEPOWOWOIOHNUdWNEFP, OWOWOJU s WNE OWOWJoU b whE O

up to 2.5% cells. Interestingly, this phenomenon was mainly observed in PDCL derived from
diagnostic tumors. Altogether, fluorescent trackingl®’!l afford a close follow-up of both cell
populations and determine their respective proliferation and interactions. Therefore, it represents a
valuable tool to monitor co-culture models mimicking the patients’ osteosarcoma hypoxic and
immune microenvironment. For now, only few studies on osteosarcoma were able to approach this
2D immune modeling and track them easily without any induced-cell mortality.F**"1 Those 2D
models can mirror a realistic in vitro scenario combining tumor cells and TAMs to be used for the
study of M2 macrophage depolarization’s therapies and/or PDCL drug targeting.[**]

Nevertheless, these models are lacking the spatial bone environment of the tumor, which governs

cell-to-cell interactions,[”'] but also the osteoid matrix produced by malignant osteoblast.

2.3 3D osteosarcoma models’ bioengineering integrating spatial and cell-to-cell interactions
in a tumoral hypoxic microenvironment

As stated above, the spatial modelization of cancer models is needed to integrate entirely the extra-
cellular and cellular microenvironment.['*?] For this final purpose, the next step was to introduce
type I collagen for 3D spatialization of bone scaffold and create spheroids (described in Figure 3A
and 3D). The final step to develop further the concept of bone matrix was the use of a more complex
bone-like scaffold adding to collagen chitosan.[?2%]

2.3.1 Spheroid or tumoroid modelization in mono- and co-cultures

So, we developed a spheroid/tumoroid formation based on OS PDCLs, M2 macrophages and their
co-cultures within a type I collagen matrix, as described previously.[?>**I This 3D organization

allows to shape an oxygen gradient from the periphery to the core of the spheroid, similar to the

situation within a patient’s tumor. We used for this purpose the hanging drop method to be able to

12
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visualize the spheroids and to quantify volume, cell numbers, cellular interactions and the escape
and migration into adjacent collagen matrix. The choice of type I collagen, an essential component
of the osteoid matrix, was relevant to reflect the biological properties of human bone and
understand further the interaction between OS and M2 cells. Mono-cultures and co-cultures were
developed into spheric aggregates, as pictured in Figures 3D. M2 macrophage spheroids could be
observed after 72h with a large spheroid size (418.45um +/- 56.79um) (Figures 3D, left panel).
They were less compact, more fragile and showed a lower cell density mirroring a loose cell
aggregation. In the case of OS cells, we obtained compact and uniformly round spheres after 48h
(OSL16, OSL18 and OSL35, Figures 3D, middle panel). No variations between the eight PDCLs
could be distinguished microscopically or by sphere size measurement (example of OSLI16:
384.97um +/- 20.87um). In the case of spheroids formed from macrophages and PDCL, the
morphological aspects of those tumoroids reflected a high density of both cell populations due to
strong cell-to-cell interactions, but a smaller global size at 48h of 306.98um +/- 17.81um (Figures
3D, right panel). We expected this multicellular bioengineered tumoroid to be more physiologically
relevant, as it reflects the capacity of macrophages and OS cells to invade the bone
microenvironment made predominantly of collagen, given the mechanical properties of bone.[**]
Nevertheless, as type I collagen is not the only component of bone matrix, a more complex scaffold
was engineered to finalize the 3D system for OS modeling and be able to reproduce both elasticity
and toughening of the bone matrix.[?3-"]

2.3.2 Complex bone scaffold engineering provides a 3D microenvironment conducive for immune
and osteosarcoma cells interactions and proliferation

We constructed a fully human tissue-engineered bone-mimicking model enabling the investigation

of spatial macrophage/osteosarcoma cell interaction (Figure 4A). A rigid scaffold of collagen and

13
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chitosan was embedded first with monocytes that were differentiated directly within this matrix,
using M-CSF as in 2D models or in recent adult models.[*>**/1 OS PDCLs were seeded in a second
step on the opposite side of the matrix. All 3D cultures were done concomitantly in hypoxic and
normoxic conditions (examples in Figures 4B and 4E). As other natural scaffolds,*] the
biocompatibility of our material was maintained for macrophages and all PDCLs. We confirmed
by confocal microscopy the capacity of isolated OS cells (examples of OSL08, OSL16 and OSL20,
Figures 4B) to establish and spread throughout the entire thickness of the 3D bone scaffold. We
analyzed images of immunofluorescent staining revealing cytoplasmic actin (in red) and nuclei (in
blue, DAPI) of OS cells and macrophages (Figures 4B, 4C and supplementary Videos). The
scaffold preserved cell morphology depicted in 2D mono- and co-cultures and the ability of
monocytes to differentiate into CD163+ M2 phenotype (Figures 4D and 4E). We also preserved
osteoblastic characteristics of all OS PDCLs, as evidenced by SPARC (Figures 4E) and osteonectin
staining. When focusing on actin filaments fluorescence analysis, we also demonstrated an
excellent OS cell interaction (Figures 4B) with this bone extra-cellular microenvironment, but also
an OS cell-macrophage interplay (Figures 4E). Comparatively to single PDCL seeding in the bone
scaffold, PDCLs plus M2 macrophages appeared with cytoplasmic extensions interconnecting cell-
to-cell and cell-to-biomaterial. The multicellular scaffolds were embedded in paraffin 3 weeks after
seeding. Hematoxylin/eosin colorations were examined (Figure 4D, left panel), capturing cell
proliferation inside the entire matrix and a concomitant migration of immune and cancer cells. To
validate the presence of M2 macrophages and their cell-to-cell interactions with OS cells, CD163
immunohistochemical staining was performed on the FFPE multicellular scaffold and
discriminated CD 163+ macrophages from the OS cells (Figures 4D, right panel). Several unstained

cells (red arrows on Figure 4D) were spread in the scaffold and beside macrophages (black arrows
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on Figure 4D) or farther away, recreating cellular and extra-cellular microenvironmental
components of osteosarcoma more physiologically similar to native tumor tissue and rarely
reproduced in recent OS models.[?*23-2]

2.3.3 Estimation of cell-to-cell interaction and OS cell invasion in presence of M2 macrophages
Both 3D models (e.g., spheroids and bone scaffold systems) were used as tools to evaluate cells’
interactions in hypoxic and bone microenvironment and to estimate their propensity to invade this
specific ECM. To capture accurately the cell migration, we focused first on spheroid formation
where both cell populations were labeled with NPs. We took advantage of this labelling to follow
and estimate the spheroid size, evolution and how cells may evade the core in profound hypoxia at
1% O2. So, we performed the same hanging drop method co-culturing M2 macrophages and OS
cells (Figure 5A). The drop is coated on collagen I and cell migration was assessed using IncuCyte®
technology for 96h. By the end of this time period, we observed the decrease of spheroid size and
a multidirectional spread with a large number of evading cells (Figures SA and 5B, top panel). The
reduction of spheroid/tumoroid from HO to H96 is estimated to 53.88 um for the condition where
OSL16 is associated to M2 macrophages. It is concomitant with a progressive decrease of 3D
spheroid (Figure 5B, 5C and 5D) and an increased number of OS cells migrating at a mean distance
from the tumoroid of 541.29 pum. The same numbers were calculated for OSL18 plus macrophages
(supplementary Figure 2) where, globally, the reduction of OSL18 tumoroid is evaluate at 44.51
um and is associated to a reduced number of evading cells comparing to the condition without M2-
like cells. The mean distance reached by OSL18 cells from the tumoroid reached 399.04 um.
Yellow NPs were observed all around the OSL16/M2 tumoroid, suggesting that macrophages
capture OS cells upon migration. We speculate that the central intense hypoxia could also favor

cancer cell phagocytosis into the core, but yellow cells can also be interpreted as a central
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colocalization of OS cells and M2 macrophages. On Figures 5A, bottom panel, the tumoroid color
is modified progressively with a predominance of DiO/blue cells at the spheroid periphery.

When comparing to a simpler model using only PDCL-spheroid in hypoxic conditions (Figures 5B
and 5D, supplementary Figures 2), addition of M2 macrophages seems to influence the size of the
spheroid recreating the potential impact of immune microenvironment on tumor growth and OS
cell propension to migrate. A significant difference in spheroid diameters is present at HO and H96
between both conditions (e.g., spheroid of OSL16 combined to M2 macrophages and spheroid of
OSL16 monoculture), with p=0.005 and p=0.01, respectively. There is also a correlation between
the presence of M2 macrophages and a higher distance from the spheroid for evading cells (e.g.,
541.29 pum) comparatively to OSL16 3D monoculture (225.99um +/- 144.81pum). Similar
differences were evidenced in OSL18 models with smaller numbers of evading cells in presence
of macrophages, but a more extended migration of those OS cells (p=0.01 and p=0.04, respectively)
Altogether, the recreation of such tumoroid represents a physiological system and facilitates
tracking of proliferation and migration. A complementary estimation into the 3D scaffold of cell
migration using reconstructing stacks and orthogonal views on ImageJ might confirm as shown in
Figure 5E both cell movements. In fact, we measured after concomitant CD163 and SPARC
staining the whole thickness of the scaffold comparatively to the migration thickness of both cell
populations. This migration thickness was varying depending on the intrinsic OS cell
characteristics and/or based on the presence of macrophages (from 10.27 to 46.2um).

Both 3D osteosarcoma models provided complementary and accurate migration data to understand
the mechanisms involved in OS and immune cells/biomatrix interactions. Such models can
contribute to overcome the use of simple conventional 2D culture systems and be able to integrate
all in vivo parameters influencing OS cell morphology, proliferation and migration to improve

personalized medicine.’*>°] These 3D systems seem to recapitulate bone ECM, as well as hypoxic
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niche, to be able to deeply analyzed the impact of those microenvironmental features on OS cell

resistance to past and future therapies.

3. Conclusion

In conclusion, it has been demonstrated that patient-derived 2D models widely adopted for high-
throughput drug screening, since they are easy to handle, are only recapitulating intrinsic
osteosarcoma cell characteristics. As expected, adding hypoxic features and M2 macrophages, the
major immune population present in pediatric osteosarcomas, are relevant to mirror
pathophysiologically cell-to-cell interactions impacting OS cell behavior and engineer extrinsic
heterogeneity able to modulate response to therapies. Those results are suggesting that proposing
such co-cultures is undoubtedly a clear alternative to improve the discovery of effective drugs in
pediatric osteosarcomas. To go further in developing personalized medicine and bioengineering,
3D scaffold-based culture models, as well as tumoroid forming cultures, in hypoxia can
complement and improve our biological studies, as they are covering all osteosarcoma parameters
leading to therapeutic resistance in patients. They are integrating the extrinsic mechanical
properties undoubtedly taking part to the initiation and progression of OS.[*22353] They constitute
excellent candidates for concomitant identification of novel molecular pathways and a valuable

evaluation of sensitivity to their targeted therapies.

4. Experimental section

4.1 Generation of patient-derived cell lines (PDCLs)

4.1.1. PDCL seeding, passages and culture
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All fresh-collected specimens were obtained after informed consent of parents and patients and
were anonymized for their analyses. This study was conducted in accordance to the local ethical
committee approval (declaration number: DC-2017-3090). All patients and their paired-lines and
xenografts are detailed in Table 1. As depicted in Figure 1, osteosarcoma biopsies are dissected
and directly shared into pieces for culture seeding and subcutaneous xenografts. The dissected
sample dedicated to culture is carried out on Hibernate® medium (A1247501, Gibco) until the
following procedure. First, the sample is washed in Dulbecco's Phosphate Buffered Saline (D-PBS,
Dutscher), cut, resuspended in Hibernate medium and 4mg/mL of type IV collagenase (17104-019,
Gibco) and dissociated using GentleMACS dissociator (Miltenyi Biotec). The tube containing the
cells is placed onto a rotator wheel in an incubator at 37°C for 20 minutes. The technique is repeated
until complete cell isolation and the cell suspensions were then filtered twice, centrifuged for 5 min
at 1[0 rpm and plated in DMEM/F12 medium (31331-028, Gibco) supplemented with 10%
decomplemented fetal bovine serum (FBS) (Dutscher), 1% MEM non-essential amino acids
(NEAA) (X0557-100, Dutscher), 1% penicillin-streptomycin (Lonza™ BioWhittaker™, Fischer
Scientific), 1% L-glutamine (L-GLN) (Lonza™ BioWhittaker'™, Fischer Scientific) and 1%
amphotericin B (Sigma). The medium is changed in the next day depending on the residual red
blood cells present in the flask. Finally, when cell confluence reached 90%, a culture passage is
done after D-PBS wash and adherent cell dissociation with accutase (Sigma) at 37°C. PDCLs were
then replated in DMEM/F-12 medium (Gibco) supplemented with 10% heat-inactivated FBS
(Dutscher) and with 1% NEAA (Dutscher). All experiments in PDCLs are performed at less than
15-line passages.

To prepare the 2D and 3D experiments, doubling time calculations were systematically done in an

incubator (HERAcell VIOS 250i, CO; incubator, Thermofischer), where oxygen concentrations
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were modulated from 1 to 21%. The cell growth was then followed for 7 days using IncuCyte®
Live Cell technology (Essen BioScience). Pictures were automatically acquired over time and
quantified with IncuCyte® software. Cell population doubling time was determined using the
following equation: doubling time (days)=In2(t-t0)/In(Nt/NO), where t-t0 is the time of exponential
growth, Nt and NO are cell numbers at time t and t0, respectively.

For all experiments in single culture or in co-culture (see section 4.6), real-time scanned contrast-
phase images were acquired and analyzed by IncuCyte® ZOOM™ Live Cell Analysis system (Essen
BioScience).

4.1.2 Patient-derived subcutaneous xenografts (PDSX)

Animal experiments were conducted in accordance with French guidelines for animal care, under
the supervision of authorized investigators, and have been approved by the animal research
committee (APAFIS #2017021410378167). The NSG (NOD Scid Gamma) mice, 4 to 6 weeks old,
were purchased from Charles River and maintained under pathogen-free conditions. The fresh
osteosarcoma samples obtained from biopsies were processed directly after surgery. After
osteosarcoma tissue wash in DMEM containing antibiotics, they were minced on ice into single-
cell suspension by gentle pipetting and injected subcutaneously in the right and left flanks of mice.
Animals were observed every two days for tumor appearance and tumor volume was measured
with manual caliper. They were systematically sacrified when flank tumors reached more than
2000 mm®. The maintenance of subcutaneous xenografts were performed using the same
procedure, but with the xenografted tumors excised just after animal death. In fact, the fresh
resected xenografts were dissociated, and passaged into 2-3 recipient mice. Models were
considered established after successfully engrafting through three passages. A part of those
subcutaneous xenograft tissues were also used for “secondary” culture seeding, as well as for their

cryopreservation at -80°C and routine histological analyses.
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PDCL cell culture suspensions, as depicted in 4.1 were also injected subcutaneously in mouse

flanks and the same procedure and follow-up were applied to them.

4.2 Histological analyses in paraffin-embedded samples

4.2.1 Biopsic and PDSX sample preparations and microscopy

For the patient biopsies, the paraffin embedding was performed using the TES99 Madite tissue
embedding system. The blocks are stored in the Centre de Ressources Biologiques (CRB) of
University Hospital of Strasbourg. Written informed consent was obtained from patients and/or
legal guardians for use of tissue for research. This study complies with the Declaration of Helsinki
and obtained the approval of local ethic committee (RNI 2020 — HUS N°7715). They were cut for
immunohistochemical analyses with a microtome (Microm HM 3558, Thermo Scientific'™). Each
section was 4-um thick and the slides were stored at -20°C. For the PDSX samples, the fresh tumors
were first included in cassette containing Optimal Cutting Temperature (OCT) mounting media
(Sakura Tissue-Tek). Their cryosections (7 um) were cut using a Leica CM3050S microtome and
the subsequent SuperFrost®Plus slides were also stored at -20°C until immunohistochemistry.
Standard hematoxylin and eosin histopathologic preparations of all tissue sections from patient
tumors and derived PDSXs were reviewed by two board-certified pathologists specialized in
pediatric cancers.

4.2.2 Immunohistochemistry

The immunohistochemical staining was performed using an automated tissue staining system
(BenchMark Ultra Ventana XT, Ventana Medical system) on each tumor and PDSX sections with
OptiView DAB IHC Detection Kit (detecting mouse IgG, mouse IgM and rabbit primary
antibodies, Roche Diagnostics). Primary antibodies are anti-CD163 (ab87099 ; 1/200 dilution ;

Abcam), anti-CD68 (M0814, Clone KP1 ; 1:1000 dilution ; Dako), anti-HIF-1a (ab51608 ; 1:200
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dilution; Abcam) and pS6-RP (4858 ; 1:100 dilution ; Cell Signalling). The staining assessment
was performed by an expertized pathologist. The scoring system was considering a positive sample

if staining is detected in more than 5% of cells per core of Imm.

4.3 Immunofluorescence (IF) assay on 2D cultures

15000 cells per well were seeded onto a 24-well plate containing 12-mm coverslips for 48h or 96h
at 21% or 1% oxygen. They were fixed in 250 pL of 4% paraformaldehyde (Electron Microscopy
Sciences, Thermo Scientific) for 10 minutes at room temperature. After three rinses with 1X D-
PBS, permeabilization is performed for 2 minutes at room temperature using 250 uL D-PBS-Triton
0.1% and with 500 uL of D-PBS-BSA 3% saturation buffer for 1h. This saturation buffer is D-
PBS-BSA 3% for all antibodies except for the SPARC antibody, which required HEPES buffer (20
mM HEPES, 2 mM CaCL2 and 0.15 M NaCl) for all steps. The primary antibody is then incubated
overnight at 4°C and the secondary antibody is incubated for 45 min at room temperature. Labeling
with DAPI (Sc3598) (1:2000) and phalloidin actin (phalloidin-Atto 488 sc3598) (1:2000) is
performed at the same time during secondary-antibody incubation. The same primary antibodies
and dilutions, detailed in 4.2.2 section, are used for CD163, CD68, HIF-1 and pS6-RP fluorescent
staining. Other primary antibodies were anti-GD2 (ab68456; 1:150 dilution; Abcam), anti-SPARC
(BM2202 ; 1:800 dilution ; Origen), anti-c-MAF (E-7) (sc-518062 ; 1:200 dilution ; Santa Cruz
Biotechnology) and anti-osteocalcin (23418-1-AP; 1:100 dilution ; Proteintech). The secondary
antibodies were Alexa Fluor™ 568 goat@rabbit IgG (H&L) (A11011; 1:2000 dilution), Alexa
Fluor™ 568 goat@mouse IgG (H&L) (A11004; 1:2000 dilution), Alexa Fluor™ 647 goat@rabbit
IgG (H&L) (A21245; 1:2000 dilution) and Alexa Fluor™ 647 goat@mouse IgG (H&L) (A21236;
1:2000 dilution) (Thermo Scientific).

IF observation was performed using a confocal microscope (LEICA TCS SPE II) with a x63 oil
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immersion objective (NA: 1.40 - HCX PL APO CS) or a x20 air objective (NA: 0.7 - HCX PL

APO CS).

4.4 Osteosarcoma cell genomic characterization using allelotyping method

DNAs, extracted from patient’s blood and tumor, as well as paired PDCL and PDSX specimens,
were amplified by PCR using primers from the following microsatellites: TP53, D9S171, D752495,
D75486, D7S1683. The PCR products were analyzed by capillary electrophoresis on ABI
PRISM® Genetic Analyzer 3100 (Applied Biosystems), as already set up and described in previous
work.[?*28] The genomic data were analyzed with the Genemapper Software (Applied Biosystems)
and we focused on allelic imbalance (Al) rearrangements to compare the specimens. A cutoff of

20% was used to identify significant Al.

4.5 M2 macrophage differentiation

Human blood monocytes were isolated at the Laboratory of Immunology, Immunopathology and
Therapeutic chemistry (I2CT — CNRS UPR 3572) from human blood. Briefly, peripheral blood
mononuclear cells (PBMCs) were enriched by Ficoll density gradient centrifugation from buffy
coats obtained from the Etablissement Frangais du Sang (Strasbourg). Then PBMCs were subjected
to Percoll gradient centrifugation, yielding ~70% pure monocytes. Thereafter, monocytes (250000
cells/cm?) were seeded in SmL RPMI medium (R2405, Sigma) supplemented with 10% FBS, 50
ng/mL of macrophage colony-stimulating factor (M-CSF) (11343115, ImmunoTools), 1% L-
glutamine, 1% amphotericin B and 1% penicillin and streptomycin. ImL of fresh medium was

added every two days. After 5-6 days of differentiation, the resulting macrophages were harvested
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by scraping, then the remaining cells were detached with 1X D-PBS + 2 mM EDTA (Gibco) for
15-30 min at 37°C. Finally, macrophages were centrifuged for 5 min at 1300 rpm and counted.
A similar process was performed directly into the osteoid scaffolds, described below, where the

final steps after 5-6 days of differentiation needed another M2 cell validation.

4.6 PDCL and macrophage co-cultures and follow-up

4.6.1 2D co-culture

As already described above in 4././ and 4.5, patient-derived osteosarcoma cells (PDCs) and
macrophages were prepared separately for a culture passage. 3000 PDCs and 1500 M2
macrophages were seeded per well in a 96-well plate with PDCL medium. Cells were followed
with the IncuCyte® technology in an incubator where the oxygen concentration would vary from 1
to 21% of oxygen at 37°C.

4.6.2 3D spheroid assay

To generate the 3D spheroids, the hanging drop method was employed. 20 puL of 20,000 PDCs
and/or 10,000 M2 macrophages in corresponding medium were mixed to a 3% methylcellulose
solution and placed under the lid of the culture plate. Then, lids were inverted and incubated in
normoxic conditions at 37°C during 48h. Thereafter, the drop is coated on collagen I for the next
experiments (microscopic aspects and migration assay, see above in 2.3.3 section).

4.6.3 Nanoparticles (NPs) for cell identification in 2D cultures and spheroid assays

Multicolor labelling of cell populations was achieved with dye-loaded polymeric NPs based on a
procedure described previously.*”! Here, poly(lactide-co-glycolide) (PLGA) NPs loaded with salts
of either DiO or the hydrophobic Cy5 derivative DiD with the bulky hydrophobic counterion F12-
TPB were used. NPs were prepared through nanoprecipitation of acetonitrile solutions containing

2 g/L of polymer and 20 mM of dye salt (with respect to the polymer) in 20 mM phosphate buffer
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at pH 7.4 yielding a final particle concentration of 0.04 g/L in PLGA. The DiO NPs had a size of
35+/-2 mm (based on dynamic light scattering), an absorbance maximum of 488nm, and a
maximum emission at 508 nm. Their fluorescence quantum yield (QY) was 14%. The sizes of
corresponding Cy5 NPs have been determined previously by TEM to be 35+/-2 mm (based on
TEM, error gives width at half maximum). Their absorbance and emission maxima lay at 651 nm
and 690 nm, respectively, with a QY of 13%. All experiments with NPs were performed in a light-
sheltered environment. PDCs and macrophages were seeded separately at a cell density of
approximately 30-50% 24h before addition of NPs. Two washes of the targeted cells were
performed with opti-MEM™ (11058-021, phenol red and serum free, Gibco) medium.
Concomitantly, opti-MEM™ medium was removed from the cultured cells and the NPs were
diluted at 1/10 in the same medium, to yield a final concentration of 0.004 g/L in PLGA. Once NPs
were diluted, 1 mL of this dilution was added rapidly to the cell wells. DiO NPs were used for
PDCL fluorescent labelling and Cy5 NPs were used for M2 macrophages. Systematically, a control
well was filled with opti-MEM™ medium without NPs in each experiment. Next, the NPs and cells
were incubated at 37°C and 5% CO:z in light-sheltered conditions. After 3h incubation, the medium
containing the NPs was removed and two washes were performed with opti-MEM™., Then, 2mL
of cell-specific culture medium without phenol red was added. For PDCL, this medium was
composed of DMEM (1X) (11880-028, Gibco), supplemented with 2.5 mM L-glutamine, 17.5 mM
D-glucose, 1% NEAA (X0557-100, Dutscher) and 10% FBS. For macrophages, it was comprising
RPMI (R7509, Sigma) supplemented with 10% FBS, 50 ng/mL M-CSF, 1% L-glutamine, 1%
penicillin/streptomycin and 1% amphotericin. Cells were incubated overnight at 37°C, 21% Oa,
5% COaz. Next day, cells were detached and seeded alone or together in co-culture, either in a 96-

well glass-bottom plate (P96-1.5H-N, Cellvis) or in spheroid conditions (see 4.6.2). Microscopic
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image acquisition was performed using IncuCyte® technology and its Zoom Live Cell Analysis
system, where the red acquisition time is at 400 ms and the green acquisition time is at 800 ms.
4.6.4 Matrix development and cell seeding

The collagen-chitosan scaffolds were produced as previously described.*’] They were seeded with
monocytes before M2 differentiation and/or PDCs. For the PDCs, 10° cells are seeded on sterilized
and rehydrated scaffolds and incubated for 2h at 37°C and 5% CO; to allow matrix colonization.
After this incubation time, SmL of culture medium is added. In case of single PDCL culture, the
medium is changed twice a week for 3 weeks. For the monocytes, they are seeded in the matrix
with macrophage differentiation medium for the next 5-6 days (see 4.5 section).

In case of co-culture, the monocytes are seeded, first, as described above. After the 5-6 days of M2
phenotype differentiation, the medium is removed, and the matrix is gently turned over. The
PDCLs are, then, seeded and incubated for 2h at 37°C in the center of the dried matrix and the
PDCL medium is subsequently added as described above for the 3-week incubation at 37°C in
normoxic or hypoxic conditions.

4.6.5 Immunostaining in 3D seeded matrix, image acquisition and 3D confocal reconstruction
For immunostaining, as well as for paraffin embedding, the seeded matrix is fixed either after
macrophage differentiation in case of single culture or after 3 weeks of 3D culture in case of mono-
or co-cultured PDCLs. The fixation process started with 20 min at room temperature in 4%
paraformaldehyde, which is followed by three washes with 1X D-PBS. The 3D model is thereafter
dehydrated in 30% sucrose overnight at 4°C and stored in the same conditions until
immunofluorescent staining or other procedure.

A 0.5 cm wide piece of the seeded matrix is placed in one well of a 96-well plate to be

permeabilized and saturated for 1h at room temperature in 200uL of 3% D-PBS-BSA. Next, it is
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incubated overnight at 4°C in 100puL of diluted primary antibody in 3% D-PBS-BSA. This step is
followed by three washes in 1X D-PBS and secondary antibodies, diluted in saturation buffer as
described in 4.3, are matched carefully on the matrix for 1h at room temperature in the dark. Finally,
last washes are performed and the stained matrix is placed in a glue drop (Fluoromount G™,
Invitrogen) between two coverslips. The image acquisition used a confocal microscope with x20
lens to make planes on the Z axis (voxel: 0.79um) and the reconstructed 3D images are based on
different acquired planes and pooled with the Imaris software.

4.6.7 Paraffin and OCT embedded 3D matrix

The matrix, after removing of its white anchor, can be also embedded in paraffin as depicted in
4.2.1 section. The inclusion in OCT mounting media is done in object holder, soaked previously in
liquid nitrogen. In this holder, the 3D matrix is entirely covered by OCT and quickly dipped in
liquid nitrogen for rapid freezing and placed subsequently in a storage at -80°C. The frozen blocks
are cut using a cryostat to obtain 10 to 30 um-thick slides. Hematoxylin eosin and IHC can be

performed as described in 4.2.2 paragraph.

4.7 Migration assays

4.7.1 3D spheroid migration assay

For this purpose, a coating with 50 pg/mL of bovine type I collagen (5005, Advanced BioMatrix)
into a 24-well plate is done before spheroid seeding. First, 500 puL of culture medium is added per
well and then one spheroid is seeded in the center of each well. Migration tests are performed at
5% COz and 1% or 21% oxygen for 96h. After 96h of migration and adding 500 uL of 1%
glutaraldehyde, fixation is performed for 30 min at room temperature. Three successive washes are
thereafter performed with 1X D-PBS and a labelling of cell nucleus with DAPI (1:2000 dilution)

in 3% BSA D-PBS is done for 45 min at room temperature. Spheroids and the migrating cells are
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then imaged at 5x (Ph1 Plan-NEOFLUAR 5x/0.15) on an epifluorescence microscope (Axio Zeiss
NA 0.3 WD 73) equipped with a camera (Camera Moticam Pro 285D 60N-C 2/30.63x 426113).
The number of evading cells, the distance between evading cells and spheroid and the diameter of
the spheroids were quantified using ImageJ software with a home-made macro called “2D spheres
dispersion 1.7”.

4.7.2 Scaffold migration evaluation

The thickness of the matrix is measured by multiplying the voxels with the number of slices taken
by the confocal microscope. Knowing that the average distance between two planes is 0.78 pum.
This value is verified by performing a 3D reconstruction and an orthogonal view on image J and

by manually measuring the thickness.

4.8 Statistical analyses
GraphPad Prism 6 software was used for comparisons between PDCLs, macrophages and co-
cultures experiments and non-parametric Kruskall-Wallis test following by Dunn’s multiple

comparison test were performed. The P-value<0.05 was described as statistically.
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Legends:
Table 1: Summary of clinical data, microscopic aspects, histopathology, molecular and cellular
characteristics in the 8 patient tumors and their paired PDCL (patient-derived cell line) and PDSX

(patient-derived subcutaneous xenograft).

Figure 1: Osteosarcoma patient-derived cell lines (PDCLs) and patient-derived subcutaneous
xenografts (PDSX) preserved the histological and biological characteristics of this pediatric
malignant bone cancer. (A) Schematic presentation summarizing the seeding and culture of
PDCLs and PDSX generation. After biopsy, the tumor is either directly xenografted
subcutaneously in mice or derived in cell lines. (B) Results obtained in the 20 OS samples where
the OS cells of the biopsic specimens were seeded and/or subcutaneously xenografted. Finally, 12
PDCLs and 9 PDSXs were stably generated. (C) Microscopic views of OSL (OSteosarcoma
Line) 16 (e.g., from right to left side, a focus with a magnification 100x, OSL16 line derived
directly from the biopsic sample and from PDSX sample with a magnification 20x). (D) Positive
immunodetection of osteoblastic biomarkers in green (e.g., from right to left side: SPARC,
osteocalcin and GD2) with confocal microscope (Scalebar=50um) in an example of OSL16 line.

A larger view of GD2 immunofluorescent cells is showed at the left end (Scalebar=30um). Cell
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nuclei (in blue) and actin (in red) were stained using DAPI and phalloidin, respectively. (E)
Hematoxylin/eosin coloration of diagnostic patient tumors, PDSXs and post-PDCL
xenografts for OSL0O5 and OSL16 lines (Scalebar=50um). Patient-derived tumor models are
characterized by a high cellularity, mitotic malignant osteoblasts (black arrows) associated with an

osteoid matrix (red arrows).

Figure 2: Molecular assessment comparing normal blood DNA and the paired diagnostic
tumor, cell line (OSL) and patient-derived subcutaneous xenograft (PDSX). (A) Example of
allele 1 and 2 presence in OSL05 patient sample and the paired models. (B) Diagrams
depicting the DNA levels of several alleles (in percent) in patient's blood (in blue color, as
expected 100% of both alleles), in tumors (in red color, complete loss of heterozygosity), in PDCLs
(in green color, variability depending on line and its heterogeneity) and PDSX DNA (in purple
color, variability depending on PDSX tumor heterogeneity). From the top to the bottom of the
figure, the molecular results of OSL04, OSLO05, OSL08, OSL15, OSL16 and OSI18 derivations are
presented and expressed in percent. (C) Table summarizing the results in each biopsy and its

paired PDCL and PDSX for each microsatellite.

Figure 3: 2D and 3D osteosarcoma models recreating intra-tumoral M2 macrophage and
hypoxic microenvironment. (A) Schematic representation of osteosarcoma-PDCL and M2
macrophage co-cultures in 2D and 3D conditions. (B) Contrast-phase view and fluorescent
follow up of macrophage/PDCL interactions showing images of adherent OSL16 cells and
macrophages labelled with fluorescent nanoparticles. Macrophages are dyed in red color and
osteosarcoma cells in green (first row). The picture at the end of second row is showing DiO (blue

color) and Cy5 (yellow color) IncuCyte® masks used to differentiate osteosarcoma patient-derived
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cells and M2 macrophages, respectively, in the 2D culture. The images of last row are focusing on
yellow dots’ generation, which are representing M2 macrophages after their phagocytosis of
osteosarcoma cells. In the central and right pictures, time-lapse visualization of this phagocytic
mechanism with first M2 macrophage and OSL16 interaction and, 5 hours later, a complete
phagocytosis of the tumor cell. (C) Graphs representing PDCL in mono- and co-culture and
M2-like cells to illustrate the stable numbers of M2 macrophages (in red) and the decrease numbers
of OSL16, OSL18 and OSL35 cells (in green) per well over time. On the 3 graphs, the comparison
with mono-culture of OSL lines is confirming the progressive phagocytosis of OS cells in presence
of M2 macrophages, which is reproducing minimally the immune macrophagic cytotoxicity. (D)
Microscopic views of spheroids/tumoroids generated from M2 macrophages (left panel) at 3
days, from PDCLs (examples of OSL16, OSL18 and OSL35 in the middle) and from

macrophage/PDCL co-culture recreating small tumors at 48h (right panel).

Figure 4: Bioengineering of extracellular microenvironment (bone scaffold and hypoxia)
associating immune and osteosarcoma cells. (A) Schematic representation showing the 5-step
procedure to generate the 3D co-culture model into the bone scaffold. (B) Immunodetection of
OSL08, OSL16 and OSL20 cells seeded in the 3D bone scaffold focusing on cytoplasmic actin
staining in red inside the entire bone scaffold (nuclei are in blue). Representations of experiments
in normoxic and hypoxic conditions. (C) Confocal images of M2 macrophage differentiation
and culture in the 3D matrix. Immunofluorescence is detecting the M2 phenotype biomarker
CD163 (in cyan color). The cell nuclei are in blue and cytoplasmic actin is stained in green. (D)
Hematoxylin/eosin staining on a cross section of the 3D scaffold seeded with M2 macrophages
and osteosarcoma cells on the left side and the immunohistochemical CDI163 staining

differentiating macrophages (black arrows) from osteosarcoma cells (red arrows) on the right side
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(magnification 40x). (E) Concomitant immunodetection of M2 macrophage (CD163
biomarker in red color) and osteosarcoma cells (OSL16 and OSL18) (SPARC biomarker in

red color) during their co-culture in the scaffold.

Figure 5: Migration assessment in 3D spheroid models and bone scaffold co-culturing M2
macrophages and osteosarcoma cells. (A) In the first row, phase-contrast pictures of spheroids
combining OSL16 cells and M2 macrophages at H0 and H96. In second row, using IncuCyte®
technology, generation of images showing the progressive migration of PDCLs (labeled with green
particles) from the spheroid, where M2 macrophages (labeled with red particles) are tightly
interconnected with osteosarcoma cells in the core of the tumoroid. The last row is representing in
blue and yellow the IncuCyte® mask measuring cell confluence of PDCLs and macrophages,
respectively. (Scalebars=600um). (B) Precise measures of evading/migrating M2 and PDCL
cells using confocal images of the spheroid at H96 with a DAPI labeling comparing OSL16
spheroid to M2/OSL16 spheroid. The size of spheroids is decreasing over time with the spread
of osteosarcoma cells and the OS cell phagocytosis. (C) Bar graph representation underlining
the significant differences between spheroids containing M2 macrophages plus OSL16 and
spheroids with mono-cultured OSL16 (*p=0.005, **p=0.01) M2 macrophages are stable,
whereas OSL16 cells are progressively decreasing as depicted in 2D culture. (D) Table
summarizing the numbers of evading cells, spheroid diameters and distance mean between
the periphery of the spheroid and the evading cells. (E) Reconstructed confocal images of the
bone scaffold thickness looking to the macrophage (in red color) and the osteosarcoma cell
(in green color) migration into the bone scaffold. The total thickness of the infiltrated scaffold

is at 26.36pum (10.27um to 46.2um).
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Supplemental Figure 1: Extracellular and immune microenvironment engineering in 2D
cultures of osteosarcoma PDCLs. (A) Microscopic views of OSL16 line at 0, 48 and 96 hours
exposed to normoxic (21% oxygen) and hypoxic (1% oxygen) conditions (Scalebars=300um).
(B) Graphical representations of normalized cell confluence of OSL16, OSL18 and OSL35 in both
oxygen concentrations showing no significant proliferative rate differences. (C) Hypoxic
biomarker induction. HIF-1 and pS6 immunohistochemical expressions in biopsic and PDSX
samples of OSL16 (20x) and their immunodetection by confocal microscopy in the example of
OSLI16 cells cultured in hypoxia. HIF-1 and pS6 are stained in green, nuclei in blue and actin in
red (Scalebars=50pm). (D) Macrophage differentiation into M2 phenotype. Here, all images are
captured in hypoxic conditions. On the left side, contrast-phase images of macrophages at day 0
(D0) and day 5 (DS5) of their M2 differentiation (Scalebars=100um). On the right side, images
(magnification 63x) of M2 polarity macrophages expressing at the cell membrane CD163 (in cyan)

and c-MAF (in orange) markers. The cell nuclei are in blue. (Scalebar=50um).

Supplemental Figure 2: Complementary data on migration assays in OSL18 line pooling in
(A) measures of evading/migrating PDCL cells using confocal images of the spheroid at H96
with a DAPI labeling comparing OSL18 spheroid to M2/OSL18 tumoroid. (B) Table
summarizing measures of evading cells, spheroid diameters and distance mean between the

periphery of the spheroid and the evading cells.

Supplemental Videos obtained after reconstruction of the 3D-based scaffold culture’s stacks
with Imaris software. Immunofluorescent staining is as follows: nuclei are in blue (DAPI),
SPARC and actin localized in osteosarcoma cells are in green and CD163+ macrophages are

labeled in red. One example of OSI16 plus macrophages and another with OSL20 culture.
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F61g5ure 1 : Osteosarcoma patient-derived cell lines (PDCLs) and patient-derived subcutaneous xenografts (PDSX)
preserved the microscopic and histological characteristics of this pediatric malignant bone cancer.
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®igure 2: Molecular assessment comparing normal blood DNA and the paired diagnostic tumor, cell line (OSL)
@hnd patient-derived subcutaneous xenograft (PDSX).
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Figure 3 : 2D and 3D osteosarcoma models recreating intra-tumoral M2 macrophage and hypoxic microenvironment.
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Figure 4: Bioengineering of extracellular
microenvironment (bone scaffold and hypoxia)
associating to immune and osteosarcoma cells
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ure 5: Migration assessment in 3D spheroid models and bone scaffold co-culturing M2 macrophages and
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@Ql:gplemental Figure 1 : Extracellular and immune microenvironment engineering in 2D cultures of osteosarcoma
CLs.
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2Supplemental Figure 2 : Complementary data on migration assays in OSL18 line.
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Stipplemental Figure 2: Videos obtained after reconstruction of the 3D-based scaffold culture’s stacks with Imaris
®bftware. Immunofluorescent staining is as follows: nuclei are in blue (DAPI), SPARC and actin localized in
osteosarcoma cells are in green and CD163+ macrophages are labeled in red.




