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Osteosarcoma (OS) is the most common primary malignant bone cancer in children and
adolescents. While numerous other cancers now have promising therapeutic advances,
treatment options for OS have remained unchanged since the advent of standard chem-
otherapeutics and offer less than a 25% 5-y survival rate for those with metastatic
disease. This dearth of clinical progress underscores a lack of understanding of OS
progression and necessitates the study of this disease in an innovative system. Here,
we adapt a previously described engineered bone marrow (eBM) construct for use as
a three-dimensional platform to study how microenvironmental and immune factors
affect OS tumor progression. We form eBM by implanting acellular bone-forming
materials in mice and explanting the cellularized constructs after 8 wk for study. We
interrogate the influence of the anatomical implantation site on eBM tissue quality, test
ex vivo stability under normoxic (5% O,) and standard (21% O,) culture conditions,
culture OS cells within these constructs, and compare them to human OS samples. We
show that eBM stably recapitulates the composition of native bone marrow. OS cells
exhibit differential behavior dependent on metastatic potential when cultured in eBM,
thus mimicking in vivo conditions. Furthermore, we highlight the clinical applicability
of eBM as a drug-screening platform through doxorubicin treatment and show that
eBM confers a protective effect on OS cells that parallel clinical responses. Combined,
this work presents eBM as a cellular construct that mimics the complex bone marrow
environment that is useful for mechanistic bone cancer research and drug screening.

osteosarcoma | cancer | model | tumorigenesis | bone marrow

Osteosarcoma (OS) is the most common primary, malignant bone tumor in children and
adolescents (1). Treatment options have varied little since the introduction of standard
chemotherapies (e.g., doxorubicin, cisplatin, and methotrexate) in the 1970s (2—4). This
underscores a critical need to better understand primary OS tumor biology, the events
leading to pulmonary metastasis, and identify therapeutic targets to limit those events.

Current in vitro models fail to account for key components in OS biology, often over-
looking the three-dimensional (3D) nature of sarcomas and OS tumor heterogeneity and
microenvironment (5-10). Solid tumors possess an array of clinical and research chal-
lenges, from decreased drug penetration to alterations in cell-matrix cues and tumor cell
mechanotransduction to poorly understood immune interactions and signaling. To inter-
rogate some of these points, various groups have reported that OS 3D culture techniques,
such as formation into spheroids or culture within a biomaterial, elicit altered behavior
from monolayer culture (11-19). Other groups have investigated the interplay between
hypoxia and OS (15, 20), attempted to simulate the bone marrow extracellular matrix
(ECM) with hydroxyapatite (21-23), and demonstrated that 3D coculture with other
stromal and progenitor cells can alter OS paracrine signaling to surrounding cells (24-27).
While these studies provide insight into specific components that influence OS behavior,
they currently have not yielded significant progress toward effective therapeutic targets in
part due to the isolated nature of the interrogations. Because these studies fail to accurately
mimic numerous integral components of the complex bone marrow environment in which
OS originates, they exclude key cellular interactions involved in primary tumor formation
and development. The complexity of OS mandates a combinatorial approach to modeling
that accounts for multiple environmental variables.

Native bone marrow cannot be maintained in culture and is difficult to recapitulate
in vitro, necessitating a reliance on in vivo experiments to attempt to overcome these
limitations. Orthotopic intraosseous OS models are commonly used to study primary
tumor biology and the events leading to metastasis (28-30). However, the draining
tract between the bone marrow space and circulating vasculature renders the key events

PNAS 2023 Vol.120 No.39 e2302101120

https://doi.org/10.1073/pnas.2302101120

Significance

The treatment of osteosarcoma
(OS) and improvement of disease
outcome has seen limited clinical
progress due to a lack of
understanding regarding primary
and metastatic OS
pathophysiology. Such
improvements require improved
understanding of the events
leading from early OS
development in the bone marrow
to preferential pulmonary
metastasis, yet limited models
exist to investigate these events.
The engineered bone marrow in
this project accounts for the
diverse cell population, complex
cytokine assortment, and
three-dimensional components
of OS, thereby surpassing
previous in vitro models that do
not account for the combined
effects of these key parameters.
Here, we show its use in basic
science research to study
primary tumor formation, as well
as its translational applications as
a drug screening platform.

Author contributions: K.H.G., SW.T., G.G.L., and J.K.L.
designed research; K.H.G., AS., N.R.H., T.P.C., and I.S.S.
performed research; K.H.G., AS., and G.G.L. analyzed
data; J.K.L. supervision, administrative support; and
KH.G., SW.T,, G.G.L., R.L.R., and J.K.L. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. D.J.M. is a guest
editor invited by the Editorial Board.

Copyright © 2023 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
jkleach@ucdavis.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2302101120/-/DCSupplemental.

Published September 20, 2023.

10of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jkleach@ucdavis.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2302101120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2302101120/-/DCSupplemental
https://orcid.org/0000-0003-1207-4624
mailto:
https://orcid.org/0000-0002-1673-3335
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2302101120&domain=pdf&date_stamp=2023-9-17

Downloaded from https://www.pnas.org by Lawrence Livermore National Laboratory LLNL on April 2, 2024 from |P address 128.15.198.202.

2of 11

of interest—the biological transition from primary to metastatic
disease—irrelevant by bypassing the metastatic cascade and
instead supplying OS with a direct, physical path to systemic
circulation (31). These studies are also often performed using
immunocompromised mice, which alters the hematopoietic
niche and renders these models largely ineffective for the study
of OS-bone marrow interactions (32). There are currently no
models that combine crucial parameters of the bone marrow
niche in which OS arises, such as the physiological oxygen ten-
sion, microarchitectural structure, and unique mixture of pro-
genitor cells and cytokines (5, 33). Thus, there remains a critical
lack of physiologically relevant models that reproduce the com-
plex tumor biology in a biomimetic environment.

To address the gap between current models and clinical OS,
we engineered an ex vivo bone marrow that enables direct inves-
tigation of primary tumor formation and progression. Modifying
a technique described previously, we developed an engineered
bone marrow (eBM) that recapitulates the native bone marrow
niche in both microarchitecture and cellular composition (34).
Here, we validate our model, demonstrate its use as a 3D plat-
form to study bone cancer, and compare it to human clinical
samples. We hypothesized that OS would exhibit tumorigenic
and drug-resistant behavior that more accurately recapitulates
the complexity of clinical disease when cultured in our physio-
logically relevant eBM compared to conventional tissue engi-
neering techniques.

Results

Anatomical Implantation Site Influences eBM Quality. We
investigated the influence of anatomical implantation site on
eBM quality, comparing subcutaneous (as reported in ref. 34)
with subfascial implantation. We chose to interrogate subfascial
implantation as bone is naturally surrounded by muscle. Thus,
we hypothesized that eBM formed subfascially could alter the
morphology and cellular composition compared to subcutaneous
formation. Grossly, subfascial eBM appeared better vascularized
and generally more robust compared to the subcutaneous eBM
(Fig. 1B). H&E (hematoxylin and eosin) staining of the cortical
bone mirrored the findings of the gross images, revealing dense eosin
staining and greater tissue deposition around the demineralized
bone matrix (DBM) chips in the subfascial construct compared
to the subcutaneous implant (Fig. 1C). Cross-sectional H&E
staining revealed bone marrow niches surrounded by a cortical
bone shell in samples from both sites, yet the bone marrow
space in the subfascial eBM was considerably larger than in the
subcutaneous eBM (Fig. 1D). In both groups, we also observed
remaining DBM and surrounding fibrous tissue on one side of the
marrow niche. Compared to an H&E-stained native mouse femur
(S2), which features a thick cortical shell and dense bone marrow
niche, the microarchitecture of the subfascial construct was more
representative of the native environment. Cortical bone from
subfascial eBM (Fig. 1 E, Lef?) exhibited less CD31 and osteocalcin
(OCN) staining compared to subcutaneous (Fig. 1 E, Right). The
increased CD31 and OCN staining in subcutaneous constructs
indicates more bone formation consistent with active ectopic bone
formation. These findings establish that eBM implantation in the
subfascial site produces improved bone marrow tissue compared
to subcutaneous implantation.

To further probe whether the subfascial eBM was forming
ectopic bone or a robust hematopoietic niche, we increased the
concentration of BMP-2 and BMP-4 10-fold to 33.3 pg/mL.
Predictably, we observed rampant bone formation in these con-
structs compared to the normal eBM protocol. At the sites of
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implantation, eBM had fused with the underlying ribcage and
pelvis (§3A). Furthermore, bone formation extended beyond the
PDMS (polydimethylsiloxane) mold, often encasing it (S3B).
Progenitor cell populations were evaluated via flow cytometry,
which revealed that hematopoietic progenitor cells (Lin ™ CD34")
in eBM formed with the higher concentration of BMPs were
significantly decreased compared to murine bone marrow and
eBM formed with the lower concentration of BMPs (S3C).
Additionally, OCN staining of the ectopic bone matched the cor-
tical bone in a femur control, indicating significant osteogenesis
and ectopic bone formation (S3D). These results demonstrate that
increased BMP concentrations generate ectopic bone that has
decreased capacity to support the hematopoietic niche.

We next analyzed the cell populations in subfascial eBM com-
pared to native bone marrow with flow cytometry (Fig. 1 F~-H).
Native bone marrow was flushed from the femur of a healthy
mouse not used for eBM synthesis and immediately stained with
antibodies for flow cytometry as a control. Subfascial eBM was
digested immediately after collection to form a single-cell suspen-
sion, then stained. Representative flow plots of lineage-restricted
and nonrestricted cells in native bone marrow (Fig. 1) and sub-
fascial eBM (Fig. 1G) are closely mimicked, as evidenced by the
general cell populations present. Furthermore, the number of
lineage nonrestricted, or total progenitor cells, was statistically
similar between native bone marrow and eBM (Fig. 1H). Together,
these data establish that subfascial eBM synthesis improves tissue
quality compared to subcutaneous implantation, resulting in a
construct that closely mimics native bone marrow both microar-
chitecturally and cellularly.

The Anatomical Site of Implantation Does Not Influence Cellular
Composition of eBM. We characterized subfascial eBM formed
in cranial and caudal implantation sites to determine whether
differences in thoracic and pelvic muscle mass and construct
proximity to endogenous bone impacted eBM composition (S4A).
To broadly identify the tissue composition, we stained eBM cross-
sections with Masson’s trichrome (MT) (S4B). This revealed a
collagen-rich, cortical matrix surrounding a bone marrow niche
in both the cranial and caudal eBMs. As noted previously, there is
also remaining DBM and fibrous tissue on one side of the eBM.

With an eye toward ex vivo use, eBM was collected and main-
tained under dynamic culture in StemSpan serum-free expansion
medium (SFEM) overnight to allow progenitor cell populations to
stabilize. To further simulate the bone marrow niche, we also inves-
tigated the impact of ambient and physiological culture conditions
(21% O, and 5% O,, respectively) on eBM. To characterize cellular
composition, we analyzed eBM progenitor cell populations with
flow cytometry. Overall progenitor populations [lineage nonre-
stricted (Lin™ cells)] were statistically similar between cranial and
caudal eBM at both oxygen tensions (S4C). The close interaction
between hematopoietic stem cells (HSCs) and primary OS clearly
influences disease emergence and progression, but HSCs have yet
to be included in any in vitro models. Therefore, we also analyzed
HSC subpopulations, Lin”CD34" (§4D) and Lin™ cKit"Scal®
(S4E), which also revealed no differences between cranial and caudal
locations or as a function of oxygen tension.

eBM Can be Maintained in Culture with Minimal Changes
over Time. Having demonstrated similarities to native bone
marrow and minimal variability between constructs, we sought
to determine the potential of eBM for use as a cellular construct.
We examined its stability and viability in culture over time by
assessing eBM after 1 and 7 d in dynamic culture under 21%
O, and 5% O, (Fig. 24). Tissue quality and microarchitecture
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Fig. 1. Subfascial implantation yields eBM of improved quality compared to subcutaneous implantation. (A) Schematic of eBM construct synthesis. (B) Gross
images of subfascial and subcutaneous eBM immediately after explantation. Representative H&E stains of eBM (C) cortical bone face and (D) cross-sections;
asterisks denote DBM, fibrous tissue is outlined in black, black arrows denote marrow niche, green arrows denote cortical shell around marrow niche; (scale
bars are 500 pm and 1 mm, respectively.) (E) CD31-lectin costaining (white arrows) and OCN staining of the cortical bone in subfascial (Left) and subcutaneous
(Right) eBM, (scale bar is 100 pm.) Flow plots of lineage-restricted and nonrestricted cells in (F) native bone marrow and (G) subfascial eBM. (H) Quantification of
lineage nonrestricted cells. Data are mean + SD (n = 3); ns denotes no significance among all groups.

were consistent between time points when evaluated via MT
staining (Fig. 2B). We used alamarBlue to determine metabolic
activity, which remained constant after 1 wk in culture (Fig. 20),
indicating similar eBM viability and cellular function over time.

We also evaluated cellular changes in the bone marrow niche of
the eBM. Although Lin™ cells remained constant between both
time points and culture conditions (Fig. 2D), analysis of HSC sub-
populations revealed small changes under certain conditions. Lin™
CD34" cells decreased after 1 wk in culture, only at 21% O,
(Fig. 2E, P =0.0051), while Lin™ cKit"Scal” cells increased signif-
icantly only at 5% O, (Fig. 2F, P < 0.0001). Although these

PNAS 2023 Vol.120 No.39 e2302101120

changes may add complexity to data interpretation, the change in
Lin~ CD34" frequency is within the range of both time points of
the 5% O, group, suggesting minimal functional impact on future
studies under the same conditions. Further, the increase in Lin
cKit"Scal” cells is expected with the use of SFEM media, as it is
specifically formulated to support progenitor cell growth and sur-
vival. The differential behavior observed between oxygen tensions
suggests that the physiologically relevant 5% O, is indeed facilitating
accurate simulation of the native bone marrow niche. These data
demonstrate that we successfully maintained eBM in culture such
that cellular and microarchitectural components remain intact.

https://doi.org/10.1073/pnas.2302101120 3 of 11
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Fig. 2. eBM can be maintained in culture over time. (A) Schematic overview of experimental design and methods. (B) MT staining of eBM cross-sections after 1
(Top) and 7 d (Bottom) in culture; green asterisks denote DBM, black arrows denote marrow niche, and green arrows denote cortical shell around marrow niche;
(scale bar is 1 mm.) (C) Quantification of alamarBlue activity, normalized to DNA, as an indicator of metabolic activity. Quantification of (D) Lin—, (E) Lin~CD34",
and (A Lin—cKit"Sca1” progenitor cells via flow cytometry. All data were analyzed after 1 and 7 d in dynamic culture in StemSpan SFEM media at 21% O, and 5%
O,. Data are mean * SD (n = 3 to 6). Groups with statistically significant differences do not share the same letters; ns denotes no significance among groups.

0S Cell Lines in eBM Exhibit Distinct Behavior Based on
Metastatic Potential. To assess eBM utility as a model for OS, we
loaded eBM via direct injection with a highly metastatic OS cell
line (K7M2), less metastatic OS cell line (K12), or nonmalignant
preosteoblast control cell line (MC3T3). Cells were stained with
CellTrace Yellow prior to loading for later identification. We
maintained loaded eBM for up to 7 d in dynamic culture in
StemSpan SFEM media at 21% O, and 5% O, (Fig. 34). Upon
collection, eBM was digested into a single-cell suspension, stained
for flow cytometry, and analyzed. Under 21% O,, MC3T3 and
K12 cell populations were maintained between 1 and 7 d in
culture, whereas K7M2 cells decreased over time (P = 0.0072).
The same statistical trends were noted at 5% O,, but the decrease
in K7M2 cells was more pronounced (P < 0.0001) (Fig. 3B). These
observations reflect cell line classifications and in vivo findings,
where K7M2 cells are highly metastatic and K12 cells are less
or nonmetastatic (35). K12s appear to remain in the eBM, but
K7M2 cells may egress or are unsupported in the bone marrow
environment.

The hematopoietic capacity of this eBM model also offers a
unique opportunity to evaluate complex endogenous immune
cell responses. Macrophages play a key role in shaping the OS
tumor microenvironment (36, 37). Clinical data suggest that
macrophage infiltration may correlate with OS outcome (38),

https://doi.org/10.1073/pnas.2302101120

yet the role of macrophage phenotype has only been rudimenta-
rily characterized with histology and immunohistochemistry.
Tumor-associated macrophages with an M2 phenotype are gen-
erally considered tumor-promoting (36), yet mechanistic in vitro
studies are hindered by the previously described limitations (18,
39-42). Here, we evaluated endogenous macrophage response
within eBM, specifically characterizing the total macrophage
population, as well as M1- and M2-polarized macrophages (S5).
We did not observe any significant changes in total macrophages
(F4/80") or M2 polarized macrophages (F4/80"CD206") between
time points, oxygen tensions, or loaded samples (S5A and 5C,
respectively). M1 macrophages (F/480"CD86") increased signif-
icantly in eBM loaded with K7M2s at 21% O, after 7 d (S5B).
At 5% O,, there was also an increasing trend though not statis-
tically significant. These data could, in part, account for the sig-
nificant decrease we observed in K7M2s after 1 wk in culture, as
M1 macrophages are considered tumor-inhibiting.

K12-Loaded eBM Exhibits the Greatest Inflammatory Cytokine
Profile. The rich cytokine milieu is a key characteristic of the bone
marrow niche. To further understand the soluble signaling within
eBM, as well as the dynamic changes it undergoes with OS cell
loading, we performed a multiplex protein analysis of the eBM
media after 1 and 7 d in culture (Fig. 4). eBM alone featured a
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Fig. 3. OS cell lines in eBM exhibit differential behavior dependent on metastatic potential. (A) Schematic overview of experimental design and methods.
(B) Quantification of loaded cells (MC3T3, K12, and K7M2 cells) via flow cytometry after 1 and 7 d under dynamic culture in StemSpan SFEM media at 21% O, and
5% O,. Cells were identified as the CellTrace Yellow" population. Data are mean + SD (n = 5 to 6). Groups with statistically significant differences do not share
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complex assortment of cytokines that exhibited a relative decrease Under both oxygen tensions, K12s induced the greatest cytokine
over time, possibly indicating a stabilization in secreted factors ~ upregulation when injected into eBM, featuring increased secretion
after 7 d in culture. of multiple inflammatory cytokines and chemokines. For example,
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Fig.4. eBM loaded with K12 cells exhibit the greatest upregulation in inflammatory cytokines. Multiplex proteomic analyses of eBM or eBM loaded with MC3T3,
K12, or K7M2 cells after 1 and 7 d in culture under 21% (A) and 5% (B) O,. n = 3 to 5, data are presented as mean and are normalized per analyte to a percentile
scale where the lowest value is zero and the highest is 100.
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IL-6 secretion increased slightly between 1 and 7 d in culture under
21% O, (21.3 + 3.3 ng/mL to 21.7 + 3.8 ng/mL, respectively) and
5% O, (25.6 + 1.8 ng/mL t0 26.5 + 0.2 ng/mL, respectively). CCL2
exhibited a similar trend. Other inflammatory factors, such as IL-1at
and CTLA-8, exhibited sustained secretion only at 21% O,, whereas
constructs in 5% O, had elevated levels at Day 1 but decreased by
day 7. Other factors such as TNFa and IL-1f also had decreasing
trends over time, but these trends were similar between oxygen
tensions. Surprisingly, we did not detect the same level of inflam-
matory factor secretion for K7M2 cells, despite their categorization
as a more aggressive cell line.

Cytokine profiling for eBM loaded with MC3T3 and K7M2 cells
also revealed interesting trends. Generally, MC3T3-loaded ¢eBM
cultured under both oxygen tensions exhibited a downregulation in
secreted factors over time but a relative upregulation in those loaded
with K7M2 cells. These results are consistent with the macrophage
polarization results (S4), and possibly indicate that noncancerous
MC3T3 cells may reach an equilibrium within the constructs, con-
sistent with the flow cytometry data (Fig. 4). However, K7M2s
exhibit increased inflammatory signals between 1 and 7 d compared
to the other groups, thus providing another possible mechanism for
their decrease in the eBM constructs over time.

0s Cell Lines in eBM are Resistant to Doxorubicin. We investigated

the potential of eBM for use as an improved anticancer drug
screening platform. We compared OS in eBM with monolayer

A Doxorubicin

(0-10 uM in media)

I

and 3D Matrigel culture, the two leading industry methods for
therapeutic response experiments (Fig. 54). All groups were
cultured with constant doxorubicin exposure for 1 wk in 21%
O, and 5% O,.

Monolayer groups were seeded at confluency, then treated with
0 to 10 pM doxorubicin. After 7 d, DNA content was quantified
as an indicator for cell number (Fig. 5 B-D). Doxorubicin dose
and cell number were inversely related across all cell types and
culture conditions. However, cell number was decreased across all
cell types in 5% O, compared to culture at 21% O,. While K7M2
and K12 cells exhibited similar cell numbers, MC3T3 cells were
considerably lower, as expected. Doxorubicin treatment at 0.1 pM
and 1 pM resulted in consistent, statistically significant decreases
compared to untreated cells, motivating our study of those doses
alone.

Matrigel constructs were loaded with 1 x 10° cells/mL of each
cell type and then treated with doxorubicin at 0.1 pM and 1 pM.
After 7 d, DNA content was again quantified as an indicator for
cell number (Fig. 5 E~G). MC3T3 cells at 21% O, behaved sim-
ilarly to monolayer culture, with significant decreases in DNA
with doxorubicin treatment compared to untreated cells. However
we did not detect significant differences in cell number between
treated and untreated cells at 5% O, (Fig. 5E). K12 cells demon-
strated consistent decreases in DNA in treated vs. untreated groups
across oxygen tensions, but unlike in monolayer culture, 3D cul-
ture in Matrigel rendered K12s less responsive to increased
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Fig.5. OScelllines cultured in eBM are resistant to doxorubicin treatment compared to typical drug screening models. (A) Schematic overview of experimental
design and methods. Quantification of DNA content of MC3T3, K12, and K7M2 cells cultured in (B-D) monolayer or in (E-G) 3D Matrigel at 21% O, and 5% O,
after 7 d with consistent exposure to 0 to 10 pM doxorubicin. (H-/) Quantification of loaded cells (MC3T3, K12, and K7M2 cells) in eBM via flow cytometry after 1
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statistically significant differences do not share the same letters; ns denotes no significance among groups.
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doxorubicin doses (Fig. 5F). Last, K7M2 cells in Matrigel had the
same trends as monolayer culture across all conditions (Fig. 5G).
Of note, similar trends in DNA content between oxygen tensions
and cell types were generally still maintained in Matrigel culture.
Therefore, while 3D culture in Matrigel elucidates some behavioral
changes that are potentially useful for specific mechanistic inves-
tigations, it is still an oversimplified model that does not accurately
mimic clinical disease or response to therapeutics.

eBM was loaded with MC3T3, K12, and K7M2 cells and
treated with doxorubicin at 0.1 uM and 1 pM. After 1 and 7 d
in dynamic culture, eBM was digested into a single-cell suspen-
sion, stained for flow cytometry, and analyzed (Fig. 5 H-/). Cells
were considerably less susceptible to doxorubicin treatment when
cultured in eBM compared to monolayer and Matrigel. MC3T3
cells in eBM did not significantly decrease over time when treated
with 0.1 pM doxorubicin but decreased when treated with 1 pM
(Fig. 5H). K12 cells cultured in eBM did not decrease over time
regardless of dose. However, the number of K12 cells was generally
decreased after 1 d when treated with 1 pM doxorubicin compared
t0 0.1 pM (P =0.069 for 21% O,, P = 0.044 for 5% O,) (Fig. 51).
K7M2 cells cultured in eBM also did not significantly decrease
over time when treated with either dose. However, culture in 5%
O, resulted in stronger dose—response trends compared to 21%
O,. Specifically, 0.1 pM doxorubicin treatment at 5% O, reduced
K7M2 number more over time (P = 0.157) compared to cells in
21% O, (P = 0.762). Overall, these data show that the complex
microenvironment of the eBM confers a protective effect on OS
cell lines.

We characterized endogenous macrophage populations in eBM
treated with 0.1 pM and 1 pM doxorubicin (S6). Total mac-
rophages (F4/80") decreased significantly between day 1 and day
7, but only under 0.1 pM treatment (S6A). Further M1 mac-
rophages (F/480'CD86") largely did not change, except for a
decrease under 0.1 pM treatment at 21% O, (S6B). M2 mac-
rophages (F/480"CD206") consistently decreased across both
doses and oxygen tensions (S6C). These data may indicate that
doxorubicin eliminates shorter-lived immune cells, creating a
niche for OS to persist, but there are clearly complex immune—
OS—chemotherapeutic interactions that warrant further investi-
gation beyond the scope of these studies.

To decouple the direct effect of doxorubicin on loaded OS vs.
its effect on the hematopoietic niche and resultant influences on
OS, we evaluated the HSC population in eBM treated with
doxorubicin (S7). We did not detect differences in the frequency
of HSCs (Lin™ cKit'Scal™) in eBM treated with 0 to 1 uM dox-
orubicin in either oxygen tension after 7 d. Furthermore, HSCs
remained constant at these doses when loaded with K7M2s,
suggesting that immune cell changes due to OS behavior and
response to chemotherapeutics do not tax the early stages of
hematopoiesis to an extent that causes significant HSC prolif-
eration. However, there was a decrease in HSCs when treated
with 10 pM doxorubicin.

K7M2 Cells in eBM Exhibit Gene Expression Consistent with
Human 0S. We performed bulk RNA sequencing (RNA-seq) to
interrogate the ability of eBM to recapitulate the complex signaling
pathways of both bone and the OS tumor microenvironment.
Because we only sought to understand whether eBM was capable
of mimicking these complex niches, we studied eBM only, eBM
loaded with K7M2 cells, and eBM + K7M2 cells treated with
0.1 pM doxorubicin. Following culture for 7 d at 21% O,,
we collected the constructs for RNA isolation and subsequent
sequencing (Fig. 6A). Initial principal component analysis revealed
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distinct clustering of eBM only from eBM loaded with K7M2
cells (Fig. 6B).

To further explore differences in eBM only and OS-loaded
eBM, we next identified differentially expressed genes, organized
them according to biological process or signaling pathway, and
presented them as heatmaps (Fig. 6 C-F). Unsurprisingly, we saw
increases in pathways associated with proliferation (e.g., P/£1 and
Cendl) and metabolic function (Fig. 6 D and E and SI Appendix,
Fig. S84) in eBM loaded with K7M2 cells compared to eBM only.
Congruent with the literature (43—45), we also found significant
upregulation of genes associated with bone mineralization (e.g.,
Bmp4, Wnt4, Wntl0b, and Osr2) and interferon signaling (Fig. 6
Cand Fand SI Appendix, Fig. S8 B-D).

We also compared ¢eBM to previously published human OS
RNA-seq data (GEO number: GSE99671) that compares normal
bone samples to OS (46). Differentially expressed homologous
genes were similar between loaded eBM and human OS in numer-
ous genes. Of those, many correlated with hallmarks of OS, such
as the downregulation of neutrophil-associated genes (47) and
reactive oxygen species regulation (48, 49), as well as the upreg-
ulation of myeloid lineage cells and signaling (50, 51), prolifera-
tion and ECM deposition (52), and hypoxia-induced factors
(49, 53) (Fig. 6 G-/ and SI Appendix, Fig. S9). These similarities
between human samples and our eBM underscore the validity of
eBM as a highly rigorous model of OS.

We sought to conclusively demonstrate the clinical relevance
of this model by interrogating changes in gene expression in loaded
eBM treated with doxorubicin (Fig. 6K). Compared to untreated
eBM loaded with K7M2 cells, we did not observe stark differences
in most genes with the exception of significantly down-regulated
cell cycle-associated genes. Given the mechanism of action of dox-
orubicin, this is not surprising and further validates the utility of
the model as a drug screening platform.

Discussion

Current in vitro models do not recapitulate the cellular and
microarchitectural complexity of the native bone marrow envi-
ronment in which OS arises. This lack of relevant biomimetic
models is a key limitation in the identification and development
of improved therapeutics that have been absent for decades. To
address this challenge, we developed an eBM that closely mimics
the hematopoietic niche, can be maintained in culture, and can
support OS culture. This study introduces a fully cellular construct
with physiologically accurate matrix cues, cellular organization,
and cytokine signaling applied for the study of bone cancer tum-
origenesis and drug screening. Our results reveal that OS tumor-
igenic behavior more accurately represents clinical disease when
cultured in eBM compared to common methods in cancer
research, namely culture in monolayer or Matrigel. Specifically,
our data demonstrate that eBM hosts a complex cytokine milieu,
faithfully mimics the gene expression profile of the human OS
tumor microenvironment, and promotes OS resistance to doxo-
rubicin treatment. These findings collectively demonstrate that
the intercellular and environmental cues of bone marrow are inte-
gral to understanding clinical OS biology, tumorigenesis, and the
events leading to metastasis.

As a platform for cancer research, the consensus between our
flow cytometry, cytokine profiling, and gene expression analyses
is a powerful indicator of the rigor of our model. For example,
we observed significant decreases in K7M2 cells over time under
both oxygen tensions, which is congruent with the relative
increases in inflammatory cytokine signaling and up-regulated
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Fig. 6. RNA-seq of eBM loaded with K7M2 cells reveals gene expression behavior consistent with human OS. (A) Schematic overview of experimental design
and methods. (B) Principal component analysis of eBM only, eBM loaded with K7M2 cells, and eBM+K7M2 cells treated with 0.1 uM doxorubicin (DOX). (C-F)
Heatmaps representing RNA-seq data of differentially expressed genes associated with bone mineralization (C), PI3/AKT signaling (D), cell cycle (E), and interferon
signaling (F) in eBM only compared to eBM loaded with K7M2 cells. (G-/) Heatmaps of differentially expressed genes in normal bone compared to OS samples
in humans (G and H, GEO number: GSE99671) and homologous genes in eBM only and K7M2-loaded samples (/ and J). (K) Heatmap of cell cycle genes that are
down-regulated in eBM loaded with K7M2 cells treated with DOX. n = 17 for human samples and n = 7 to 8 for eBM.

interferon gene expression. This demonstrates a clear progression
from the gene to protein to functional cellular response, which,
given the increased cellular complexity of the model, highlights
its utility and accuracy. Although we used RNA-seq as a valida-
tion assay, future studies could afford in-depth analyses of OS
tumor development and progression on a level currently
unachievable in the clinic. Even with our limited groups, we
noted intricacies in overlapping gene expression that would be

https://doi.org/10.1073/pnas.2302101120

exceedingly challenging to decipher in primary tumors. For
example, we detected divergent War expression in K7M2-loaded
eBM (S8B and D). Genes associated with predominantly canon-
ical Wnt were up-regulated, which correlates with up-regulated
proliferation from the PI3/AKT and cell cycle heatmaps, whereas
noncanonical Wz genes were down-regulated, which is consist-
ent with the significant downregulation of calcium signaling

(88C) (54, 55).
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The combination of collagen and BMPs for bone formation is
well characterized and has been used for translational tissue engi-
neering studies for decades (34, 56, 57). However, employing
these traditionally in vivo strategies with the intent for explanta-
tion and ex vivo use is uncommon (34). As a cellularized model,
eBM provides remarkable potential as a bridge between in vivo
complexity and in vitro control and tunability. We and others have
characterized the diverse cell populations and environmental
niches within eBM (34). Though unexplored here, we speculate
that these populations can be altered via depletion or inhibition
during eBM formation, enabling further investigation of the roles
of each cell type in hematopoiesis, tumor formation, or other
biological processes. Compared to previous work (34), the size of
eBM is adjustable depending on the needs of the study. The tun-
ability of in vitro culture conditions provides further flexibility
and manipulation of this system, as demonstrated by culture in
different oxygen tensions. Together, these points highlight how
our platform could overcome the shortcomings of other in vitro
models and the challenges associated with recapitulating the bone
marrow environment.

Developments in cancer therapeutics, particularly immuno-
therapies, have substantially improved treatment options for cer-
tain highly prevalent cancers, such as melanoma, leukemia, and
breast cancer (58, 59). However, patients with sarcomas are
broadly unaffected by these advancements due to tumor hetero-
geneity, lack of immune microenvironment characterization, and
a highly dense fibrous network that frequently inhibits therapeutic
cell infiltration (2, 3, 58). OS remains an especially challenging
tumor, often refractory to both experimental and traditional ther-
apeutics (2, 3). Moreover, these patterns are seldom observed
in vitro with the standard techniques of cancer research, such as
culture in monolayer or 3D culture in a biomaterial (9, 60). This
study offers a compelling demonstration of eBM as a clinically
relevant platform for drug screening and the stark difference in
OS cell susceptibility within eBM. Drug screening and pharma-
codynamic studies undertaken in advanced model systems could
accelerate downstream preclinical and clinical drug testing, further
amplifying the advantages of eBM. Due to the intact hematopoi-
etic niche and our characterization of the endogenous immune
landscape, we also show that eBM has the potential to help iden-
tify targets for immunotherapies that may be more relevant to
sarcomas. Our investigation of endogenous macrophage popula-
tions uncovered an intricate interplay between OS cells, mac-
rophages, and doxorubicin within the eBM system that warrants
further investigation beyond the scope of this paper. However,
our data underscore that eBM supports endogenous macrophage
culture over time, with no significant changes in total or polarized
populations (S5), and that eBM can facilitate the study of
tumor-immune cell interactions in a controlled system. These
findings enable an increased understanding of OS tumorigenesis
and the identification of therapeutic targets. In combination, this
work confirms that eBM reveals more complex cancer biology
than conventional culture techniques, which will provide valuable
opportunities for pharmacodynamic analysis, high-throughput
drug screening, and therapeutic target research.

Although the complexity and innovation of eBM yields a platform
that offers significant advantages over current approaches used to
study bone cancers, there are limitations to the use and translational
applicability of the work. Of primary relevance to the clinic, species
restrictions are an obvious challenge. The studies shown here are
within a system in which complex interactions between OS cells and
endogenous progenitor and immune cells are preserved. However,
studying the intricacies of those interactions for primary tumors in
human patients within the context of this platform is currently not
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possible. With an intact endogenous immune system in the eBM,
xenogeneic investigations would deteriorate quickly. Humanized
mice present a tempting solution but remain suboptimal due to
incongruities between murine stromal cells and human hematopoie-
sis. For example, human monocytes and macrophages do not differ-
entiate with murine macrophage colony-stimulating factor (M-CSF),
thus missing a critical cue in macrophage lineages and development
(61). A possible alternative is utilization of a canine model, which
would represent an allogeneic application. Canine OS is largely con-
sidered to be a naturally occurring, highly prevalent model of the
human disease (62), so this may provide the opportunity for further
application of eBM with primary patient samples. Another limitation
is the 8-wk-long in vivo development required for these constructs.
Torisawa etal. showed that 4 wk was insufficient to generate
high-quality bone marrow (34), so this remains a fixed restraint for
eBM use. Lastly, the cortical shell of the eBM is necessary to form
the interior hematopoietic niche; however, it creates substantial lim-
itations to imaging these constructs. MicroCT can be used to char-
acterize the mineralized components, and positron emission
tomography can roughly identify areas of high metabolic activity,
but direct, high-resolution, live cell imaging of the interior niche
remains elusive. Though formidable, these limitations do not negate
the benefits of an accurate, in vitro hematopoietic niche.

The drug dose—response data described here faces a major lim-
itation in that it fails to account for replicative cell differences
across culture platforms and cell types. However, current regres-
sion analysis metrics, such as GRy calculations, cannot accurately
model drug dose-response when the cell type of interest is not
within the growth phase, as in our eBM (63). Therefore, new
pharmacodynamic analysis techniques must be developed for
application toward models with increased complexity where cel-
lular response may be confounded by intact immune systems,
infection, comorbidities, etc., to accurately normalize cell repli-
cation and behavior. This is outside the scope of this paper and
requires further investigation before this model can be faithfully
used as a drug screening platform.

Recognizing that in vivo models also have significant limita-
tions, these studies have established eBM as an exciting platform
that provides a significant advancement to in vitro primary bone
tumor research, as well as biomaterial tissue engineering at large.
Within the context of cancer, eBM has the potential to be used
to study experimental cancer therapeutics, complex immune
cell-cancer interactions, and metastagenesis biology, both as it
relates to primary sarcoma metastasis away from bone and meta-
static carcinoma to the bone. Data from this work clearly show
that eBM provides significant cellular and microarchitectural
advantages over traditional cancer research techniques, offering
opportunities for impactful advances in our understanding of
cancer biology and a potential platform for therapeutic testing.

Materials and Methods

eBM Synthesis and Culture. All animal studies were conducted in accord-
ance with UC Davis animal care guidelines and all NIH animal handling proce-
dures. eBM was produced in mice over 8 wk using an established protocol (34).
Acellular constructs consisting of 10% (w/v) DBM (Arthrex), 3.3 to 33.3 pg/mL
human recombinant bone morphogenetic proteins 2 and 4 (BMP-2 and BMP-4,
Peprotech, Cranbury, NJ),and 3 mg/mLtype | collagen gel (Advanced BioMatrix,
Carlsbad, CA) were combined in 10 mm x 1 mm PDMS molds, which were ster-
ilized in 70% ethanol for at least 24 h prior to use (S/ Appendix, Fig. ST and
Fig. 14). Gels were cross-linked for 1 h at 37 °Cand then immediately implanted.

Male C57BL/6 mice (Jackson Laboratories, West Sacramento, CA)aged 10to 12 wk
were anesthetized and maintained with isoflurane through a nose cone. Each
animal received four subcutaneous or subfascial implants (Fig. 14). Following a
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dorsal midline incision, constructs in PDMS molds were placed subcutaneously
with the open face of the construct down and sutured in place. For subfascial
groups, fascia was incised, and blunt dissection was performed between the fascia
and muscle belly. Constructs were again placed face-down on the muscle, sutured
in place with 4-0 Monocryl sutures (Ethicon, Cornelia, GA), and the fascia and skin
closed. After 8 wk, mice were killed, and eBM was collected and removed from
PDMS. eBM was either characterized immediately or bisected and maintained on
an orbital shaker under ambientand physiologic culture conditions (21% and 5%
0,, respectively) in StemSpan SFEM media (StemCell Technologies, Vancouver,
BC Canada) to support the complex hematopoietic cell populations.

Cell Culture. Highly metastatic OS (K7M2, ATCC, Manassas, VA), less metastatic
0S (K12, courtesy of Dr. Kurt Weiss, University of Pittshurgh Medical Center), and
noncancerous preosteoblast controls (MC3T3-E1 subclone 4, ATCC) were cultured
under standard and physiologic culture conditions. K7M2 and K12 cells were
cultured in DMEM while MC3T3s were cultured in «MEM (both from Invitrogen,
Carlshad, CA). All media were supplemented with 10% fetal bovine serum (FBS)
(Bio-Techne, Minneapolis, MN) and 1% penicillin-streptomycin (Gemini Bio
Products, West Sacramento, CA). K7M2 cells were used when cells reached 60
to 70% confluency between passage 20 to 27; K12 cells were used when cells
reached 60 to 70% confluency between passage 27 to 33; and MC3T3 cells were
used when cells reached 80-90% confluency between passage 22 to 29.

Matrigel Loading. K7M2, K12, and MC3T3 cells were trypsinized and loaded
into Growth Factor Reduced Matrigel (#354230, Coming, Bedford, MA)at 1 x 10°
cells/mLas described (64, 65). Briefly, cells were pelleted via centrifugation at 250
g for 8 min at 4 °C and then resuspended on ice in Matrigel. Fifty microliters of
cell suspension was then pipetted into cold v-bottom 96-well plates and allowed
to cross-link at 37 °C for 1 h, after which 200 pL of the appropriate media was
gently added to each well.

eBM Loading. Following explantation, eBM was kept in dynamic culture over-
nightto allow cell populations to stabilize in SFEM.K7M2, K12, and MC3T3 cells
were trypsinized, stained with 5 uM CellTrace Yellow (Invitrogen) in phosphate
buffered saline (PBS), and loaded at 250,000 cells per eéBM via injection with a
22-G needle directly into the bone marrow portion of the eBM. eBM was returned
to static culture for 1.5 h to allow cells to adhere. After seeding, media were
refreshed, and eBM was returned to dynamic culture on an orbital shaker (Belly
Dancer, Stovall, Life Science Incorporated, Greenshoro, NC). Due to the cellular
density of tissue and the use of recombinant growth factors in SFEM, media were
changed every day for the duration of the study.

Characterizing Cell Response to Doxorubicin. K7M2, K12, and MC3T3 cells
in monolayer, loaded in Matrigel or loaded in eBM, were cultured for 7 d with
media changes every 1to 2 d. Monolayer groups were seeded in 24-well plates at
confluency and treated with 0 to 10 pM doxorubicin (Neta Scientific, Hainesport,
NJ). Matrigel and eBM groups were treated with 0 to 1 uM doxorubicin. On day 7
for monolayer and Matrigel groups, media were collected, and metabolic activity
was assessed with alamarBlue (Invitrogen). alamarBlue results were normalized to
DNA content determined with the Quant-iT PicoGreen DNA Assay Kit (Invitrogen).
For eBM groups, on days 1 and 7, eBM was prepared for flow cytometry and
stained as described in Flow Cytometry. K7M2,K12,and MC3T3 cells were identi-
fied and quantified via flow cytometry as the CellTrace Yellow positive population.

Histology. eBM constructs were fixed in 4% paraformaldehyde, decalcified for 14 d
in Calci-Clear (National Diagnostics, Atlanta, GA), and then paraffin-embedded and
sectioned at 5 um thickness. Sections were stained with H&E and MT. H&E slides
were imaged with 10x and 20x objectives using a Nikon Eclipse TE2000U micro-
scope and a Leica DMi8 microscope. For immunohistochemistry, OCN slides were
rehydrated and exposed to enzyme-mediated antigen retrieval with Proteinase K
at 37 °Cfor 30 min. Samples were then incubated in blocking buffer composed of
10% goat serumand 10 mg/mLBovine Serum Albumin for 1 h atroom temperature,
after which they were incubated with recombinant anti-OCN antibody (ab93876,
Abcam) ata concentration of 1:100 overnight at 4 °C. Slides were then treated with
a secondary goat anti-rabbit antibody conjugated with AF488 (150081, Abcam) at
aconcentration of 1:100 for 1 hatroom temperature. CD31 slides were rehydrated
and exposed to heat-mediated antigen retrieval with sodium citrate buffer for 20
min.They were then incubated with recombinant anti-CD31 antibody (ab182981,
Abcam) at a concentration of 1:250 for 1 h at room temperature. Slides were then
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treated with a secondary goat anti-rabbit antibody conjugated to AF488 (ab150081,
Abcam) ata concentration of 1:300 for 1 h at room temperature. CD31 slides were
counterstained with 5 pg/mL Lycopersicon esculentum (Tomato) lectin DyLight 649
(Vector Laboratories, Newark, CA) for 30 min at room temperature, and all slides
were counterstained with DAPI (Thermo Fisher, Chicago, IL).

Flow Cytometry. eBM was dissociated via digestion at 37 °Cwith 1.5 mg/mL
collagenase D and 1.5 U/mL Dispase Il in 3% FBS in PBS for 3 h with gentle
agitation. Resulting suspensions were filtered through a 100-pm filter to create
asingle-cell suspension, and progenitor cell and macrophage populations were
characterized using flow cytometry (Attune NxT, Life Tech). Following Fcy recep-
tor blocking (1:40, TruStain FcX, BioLegend), cells were stained with antibodies.
Progenitor cells were stained against hematopoietic lineage cocktail (1:5, eBi-
oscience, #88-7772-72),5ca1(1:333, eBioscience, #17-5981-82), cKIT(1:160,
eBioscience, #47-1172-82), CD34 (1:50, eBioscience, #11-0341-82), and
CD135(1:20, eBioscience, #12-1351-82), as described (34). Macrophages were
stained against F/480 (1:50, eBioscience #MF48021), CD86 (1:160, eBiosci-
ence #47-0862-82)and CD206 (1:40, eBioscience #48-2061-82). Cellular via-
bility for both panels was evaluated with fixable Zombie Aqua (1:250, Life Tech).
Macrophages with an M1 phenotype were characterized by F4/80+CD86+
populations and M2 phenotypes by F4/80+CD206+ populations.

Multiplex Proteomic Analysis. eBM-conditioned media were collected after 24
h of incubation with the constructs at day 1and day 7. Media were frozen at —80 °C
until measurement with a 36-plex ProcartaPlex Luminex panel (cat# EPXR360-
26092-901, Thermo Fisher). Samples and kit were prepared and used as directed
with samples incubated overnight in the refrigerator. The panel was detected on
a Luminex 200 (Luminex, Austin, TX) and analyzed with Thermo Fisher software.

Bulk RNA-seq and Data Analysis. €BM was minced into cubes <0.5mm
cubes and collected in 500 pL of TRIzol Reagent (Invitrogen). Samples were
then homogenized with a Tissue-tearor (BioSpec, Bartlesville, OK) at the
highest speed for 10 s intervals totaling 30 s, followed by sonication for
another 10 s. Following RNA isolation, sequencing libraries were prepared
using the Illumina Stranded mRNA Prep kit using the manufacturer's rec-
ommendations and then sequenced on an Illumina NextSeq 500 sequencer.
RNA-seq data quality was checked using fastQC [https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/]. Subsequently, reads were mapped to the
mouse genome (mm10) using STAR (66), and gene-level read counts were
determined using “featureCounts” from Rsubread package (67). Differentially
expressed genes were then identified using limma after voom normaliza-
tion (68). Gene ontology/pathway enrichment analysis was performed using
ToppGene (69). PCA plot and heatmaps were generated using R packages
ggfortify and ggplot2, respectively. These data are publicly available on
Dryad (DOI: 10.25338/B8693K)(70). We also reanalyzed a publicly available
human OS dataset (GEO accession number: GSE99671) as described above
and identified genes differentially expressed between OS and normal bone.
Subsequently, we compared genes differentially expressed between eBM only
and K7M2 to human OS RNA-seq to identify shared molecular mechanisms.

Statistical Analysis. Data are presented as mean = SD. Statistical analysis was
conducted with Prism 9.4.0 (GraphPad, San Diego, CA) software utilizing either
unpaired t test assuming Gaussian distribution and one-way or two-way ANOVA
with post hocTukey's test depending on the number of groups and comparisons.
Groups with different letters indicate statistically significant differences (P < 0.05),
while groups with the same letters are not significant. Each n represents eBM
formed in different mice, with cranial and caudal locations equally represented,
except where cranial and caudal comparisons are made directly.

Data, Materials, and Software Availability. RNA-seq data have been depos-
ited in DRYAD (DOI: 10.25338/B8693K) (70). All study data are included in the
article and/or S/ Appendix.
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