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Bone marrow is a complex and dynamic microenvironment that provides essential cues to resident cells.
We developed a standardized three-dimensional (3D) model to decipher mechanisms that control human
cells during hematological and non-hematological processes. Our simple 3D-model is constituted of a
biphasic calcium phosphate-based scaffold and human cell lines to ensure a high reproducibility. We
obtained a minimal well-organized bone marrow-like structure in which various cell types and secreted
extracellular matrix can be observed and characterized by in situ imaging or following viable cell retrieval.
The complexity of the system can be increased and customized, with each cellular component being
independently modulated according to the issue investigated. Introduction of pathological elements in
this 3D-system accurately reproduced changes observed in patient bone marrow. Hence, we have devel-
oped a handy and flexible standardized microphysiological system that mimics human bone marrow,
allowing histological analysis and functional assays on collected cells.

Introduction

The importance of substituting in vivo experiments for deci-
phering human pathophysiological mechanisms is becoming
increasingly evident."” This became particularly important in
the field of human healthcare, such as drug testing. Indeed,
regulatory and governmental agencies, as well as academic
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and pharmaceutical industries, frequently report that animal
models poorly predict human responses. This likely reflects
the fact that, even if animal models can mimic disease features
following human-like engineered genetic alterations for
example, underlying mechanisms are often different. This
includes divergent molecular, cellular and physiological para-
meters, such as the immune response and major differences
that distinguish mouse and human pluripotent cells.” New
models mimicking human tissue could particularly be relevant
to design and assay innovative therapies. Conversely to in vivo
assays, in vitro studies fail to reproduce the complex and
dynamic 3-dimensional (3D) microenvironment structure of
human bone marrow, such as integrating vascular flow and
physico-chemical aspects. In this context, 3D modeling of
human tissues is necessary in order to reliably decipher cell-
cell and cell-matrix interactions, for example. For this
purpose, human microphysiological systems, like Organ-on-
Chips, have been developed by different laboratories and
were demonstrated to accurately mimic pathophysiological
responses observed in humans, which have so far never been
detected in preclinical animal studies.”

The bone marrow (BM) is found within the central cavities
of axial and long bone accounting for 4% of the human body
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weight and contains distinct non-cellular and cellular com-
ponents, including stem cells of hematopoietic (HSC) and
stromal lineages and a variety of more differentiated hemato-
poietic cells (like immune cells), as well as non-hematopoietic
cells (adventitial reticular cells, endothelial cells, nerve cells,
fibroblasts, adipocytes, bone lining cells-osteoblasts) and
elements of the extracellular matrix (such as collagens and
fibronectin).>® Cells are not randomly spatially distributed and
display a particular organization of hematopoietic tissue
islands (called hematons) and of adipose cells surrounded by
sinusoids interspersed within trabecular bone.””® Owing to its
complex, dynamic and heterogeneous cellular and non-cellular
composition, modeling of the human BM tissue has remained
challenging for many years.”'® Indeed, it is important to reca-
pitulate biological functions of that tissue including the regu-
lation of HSC (survival, adhesion, quiescence, homing, and
differentiation) in response to multiple physiological or non-
physiological stresses (like soluble factors, hypoxia), but also
to mimic other aspects such as structural parameters, cell-cell
or cell-matrix interactions, other non-hematopoietic cells or
pathogen homing and regulation.'"'> The modeling of human
BM is also of utmost importance as this tissue hosts a variety
of hematological and non-hematological pathologies, the
underlying mechanisms of which remain obscure.'"**™"” For
instance, several studies have focused on the BM as a host
tissue for migrating cancer cells detected in situ and identified
to persist in this new microenvironment without growing.*®'#°
Of main clinical relevance, BM-driven dormancy of cancer or
infected cells has become a broad concern as their detection is
associated with a poor prognosis related to relapse or resis-
tance to treatment, thus highlighting BM as an important
therapeutic target in many contexts.*'

Several technological developments have led to the gene-
ration of reliable 3D models that mimic the in vivo human
BM.?*7** Most common approaches use scaffold-based 3D bio-
materials (hydrogels, colloids or collagens)**** or decellular-
ized bone®” associated with primary human BM stromal cells
(BM-SCs) based on their ability to differentiate in situ into
osteoblasts. However, no consensual model has yet been
designed to simultaneously meet different requirements of
a user-friendly and standardized system. Indeed, current
systems mainly rely on primary cells and consequently suffer
from limited access, availability and considerable heterogen-
eity of human samples. Moreover, such models remain highly
technical and complex to set up for a large number of
laboratories.

Here, our objective was to develop an easy-to-access, reliable
and reproducible microphysiological human BM minimal
system from which cells could be studied and recovered, to
investigate diverse phenomena occurring in the BM. To do so,
we have chosen to use biphasic calcium phosphate (BCP) par-
ticles associated with human cell lines derived from endo-
thelial and bone marrow stromal cells which represent major
cell types of the bone marrow and produce structural non-cel-
lular components of the extracellular matrix and cytokines
involved in the regulation of homeostasis and differentiation.
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Furthermore, osteoblastic differentiation was triggered by the
addition of specific medium and reinforced by the presence of
BCP particles which also promote 3D growth, as previously
shown.?>?° In the current study, we present evidence that our
new BM model support normal hematopoiesis and present
dynamic evolution of matrix features upon challenges with
various cell types.

Experimental procedures

Cell culture

The HS27A cell line was immortalized from healthy BM cells®”
and displayed properties of immature bone marrow stromal
cells (BM-SC***"° such as long-term hematopoiesis
support.*>*' KG1A (ATCC; Refff CRL2496; Acute Myelogenous
Leukemia), MEG-01 (ATCC; Refff CRL2021; megakaryoblastic)
and MDA-MB-231 (ATCC; Refff HTB-26; epithelial Breast
Cancer) cells were cultured in RPMI1640 with 10% Fetal
Bovine Serum (FBS) and 1% penicillin-streptomycin. T47D
(ATCC; Ref#t HTB-133; Breast cancer) cells were grown in
DMEM supplemented with 10% FBS and 1% penicillin-strep-
tomycin. MS-5 (DSMZ; Ref ACC 441; murine stromal cells)
were maintained in 90% alpha-MEM with 10% Fetal Bovine
Serum (FBS) and 1% penicillin-streptomycin. HMEC-1 (Cell
Culture Development; ReffCDC-HMEC-1) human microvascu-
lar endothelial cell line®® was grown in MCDB 131 medium
(Gibco), supplemented with 10% FBS, 1% penicillin-strepto-
mycin, 1% glutamax 100x (Gibco), 1 mg L™ hydrocortisone
(Sigma) and 10 pg L' epidermal growth factor (Sigma).
Osteoblastic  differentiation medium was composed of
DMEM with 10% FBS, dexamethasone (0.1 pM; Gibco),
B-glycerophosphate (10 mM; Sigma) and ascorbic acid
(250 uM; Sigma).

Fluorescent cell lines were derived by introducing lentiviral
vectors to produce a turquoise fluorescent protein (visible at
458 nm) for HS27A, a Kusabira orange fluorescent protein
(visible at 554 nm) for HMEC-1, and a EGFP fluorescent
protein (visible at 488 nm) for KG1A. Lentivectors PGK-GFP,
CSII-mKO2 (kindly provided by Dr Atsushi Miyawaki®® and
CSII-mTurquoise2-Tubulin (Addgene plasmid #36202)** were
produced in 293T cells by co-transfection with helper plasmids
pPMD2.G and psPAX2 (Addgene plasmids #12259 and #12260).
Recipient cells were infected at a low multiplicity of infection
(moi < 1) and sorted on a BD FACSAria II SORP cell sorter.

Primary cells

BM samples were obtained either from healthy BM donors for
allogeneic transplants or from Acute Myeloid Leukemia (AML)
patients prior to treatment. All donors and patients provided
written informed consent in accordance with the Declaration
of Helsinki. Studies were approved by local ethics committee
bylaws. CD34 immunomagnetic separation (StemCell
Technologies) was performed as previously described*® and
reached an average purity of 90%.

This journal is © The Royal Society of Chemistry 2022
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Functional assays

For CFU-F assay, cells from fresh bone marrow were seeded at
a concentration of 0.1 million in a well of 6 well plate with
StemMACS MSC expansion media (130-104-182, Miltenyi). At
day 10, cells were fixed with pure Methanol during 10 minutes
and stained with Giemsa solution (15940, Electron Microscopy
Science) for 2 minutes. Giemsa was discarded and stained
cells were washed 3 times with water.

CFC (colony forming cells) and LTC-IC (long term culture-
initiating cells) assays performed as previously
described*® on hematological cells collected after suspension
culture, 2D co-culture with HS27A cells or in the 3D system
and cell sorting. For LTC-IC CD34'/CD38~ cells were co-cul-
tured with murine MS5 cells feeder in human long-term
culture medium (StemCell Technologies) supplemented with
freshly dissolved 107® M hydrocortisone sodium hemisucci-
nate (Sigma-Aldrich), with weekly half-medium change. After 5
weeks, both non-adherent and adherent cells were harvested,
pooled, and washed; and the number of CFCs produced was
expressed as W5-CFC/1000 initial CD34'CD38~ cells and corre-
lated with the number of primitive progenitors in the original
input suspension.

were

Development of the 3D culture system

The 3D culture model is based on the culture of cells in the
presence of ceramic biphasic calcium phosphate (BCP) par-
ticles and adapted from ref. 35. BCP particles composed of
hydroxyapatite [Ca;o(PO4)s(OH),](60%) and f-tricalcium phos-
phate [Ca;(PO4),](40%), calibrated between 40 and 80 pm
(obtained from Graftys SARL-France or CaP Biomaterials
LLC-USA) were sterilized by heating at 180 °C for 2 h. The 3D
culture was performed in 8 mm diameter cell culture inserts
with a polycarbonate membrane of 3 pm pores (Nunc,
Thermofisher, Refff 140627). BCP particles (35 mg) were
loaded into each insert which was placed in a culture well of a
6-well plate. BCP particles were washed several times with PBS
and then incubated 2 days with RPMI medium with 10% FBS.
After washing, cells (2 x 10°® HS27A with or without 1 x 10°
HMECT1 as indicated) were resuspended in 500 pL of medium
(control or osteoblastic differentiation medium as mentioned)
were added into the insert and 4.5 mL of medium was added
into the well around the insert. Cells and BCP particles were
mixed by gentle pipetting and incubated at 37 °C and 5%CO,.
After 24 h, the supernatant in the insert was replaced, before
BCP particles and cells were again gently mixed. The whole
medium was changed the day after and then twice a week. In
order to allow HS27A differentiation, cells were maintained in
osteoblastic differentiation medium. For co-culture of HS27A
and HMEC-1, cells were maintained in a (50/50) combination
of osteoblastic differentiation medium and HMEC-1 specific
medium. According to the experiments, a third cell type was
introduced after 3 weeks once a native bone marrow micro-
environment was formed due to advanced osteoblastic differ-
entiation, thus favoring cells/cells interaction with third cell
type. In this case, the initial medium is replaced by a mix of

This journal is © The Royal Society of Chemistry 2022
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HMEC-1 medium and the medium necessary for this third cell
type (DMEM, RPMI1640 or IMDM with 10% FBS). At indicated
time, rigid disks were retrieved by cutting the membrane at
the bottom of the insert (Fig. S2BT).

Histological analysis

The disk containing particles and cells, or half of it, was fixed
3 h in 4% paraformaldehyde (Sigma). Disks were then decalci-
fied through 4 incubations of 48 h in EDTA (0.5 M, pHS8) and
embedded in paraffin ((Sakura, Ref#f 4511). Sections (4 pm-
thick) of formalin-fixed, paraffin-embedded tissue were
prepared according to conventional procedures. Sections
were stained with Hematoxylin-Phloxine-Saffron (HPS)
(Hematoxylin (Diapath, Ref#. EP813)-Phloxine (RAL Diagnostic
Refff 361470-0025)-Saffron (VWR Reff#f 27481.105). Sections
from samples containing cells expressing fluorescent proteins
were maintained at 4 °C and obscurity all along the process
until imaging.

Immunohistochemistry (IHC) was performed on an auto-
mated immunostainer (Ventana Benchmark ultra, Roche)
using Ultra View DAB Kit. Sections were incubated with
specific antibodies targeting: CD31 (clone JC70A, M0823-01
Agilent), CD45 (clone 2B11+PD7/23, M0701-01 Agilent), cyto-
keratins (Pan CK; clone AE1/AE3, M3515 Agilent) to identify
endothelial, hematopoietic or epithelial cells. Antibodies tar-
geting Collagen 1 (ab90395 Abcam), Collagen III (ab7778
Abcam) and Fibronectin (Cell Signaling #26836S) were used to
identify extracellular matrix production. Antibodies targeting
CD45 (Agilent M0701), CD34 (Agilent M7165), and CD38 (Cell
Signaling #51000S) characterized hematopoietic cells while
E-Cadherin (ZYTOMED BRB047), Vimentin (Agilent M0725)
and CD44 (Thermo Fisher MA5-13890) characterize mammary
cells. K167 (clone Mib1, M7240 Agilent) and H3K27Me3 (Cell
Signaling #9733) identified proliferating and dormant cells
respectively.”” Staining was revealed by an anti-rabbit or
-mouse -HRP and visualized with 3,3’-diaminobenzidine as a
chromogenic substrate and counterstained with Gill’s-hema-
toxylin. Multiplexed immunofluorescence was performed on
Bond RX automated immunostainer (Leica biosystems) using
OPAL detection kits (AKOYA bioscience). Sequential immuno-
fluorescences were performed using OPAL 520 (CD34, green),
OPAL 570 (CD45, yellow), OPAL 690 (ki67, red) and cells were
counterstained with DAPI. Following IHC and specific color-
ation slides were mounted using Pertex (Histolab, Ref#
00801-EX). For fluorescent slides were mounted using
Prolong™ Gold Antifad Reagent (Invitrogen, Reft#f P36930).

Differentiation of stromal cells

Osteoblastic differention of stromal cells was assayed by
plating 20 000 cells per well of 12 well plates and cultured in
StemMacs OsteoDiff medium (Miltinyi, Ref#f 130-091-678).
After 12 days, Alizarin Red staining was performed to locate
calcium deposition. Therefore, wells containing cells were
washed with PBS 1x and cells fixed using paraformaldehyde
4% for 24 hours. Wells were then rinsed twice with water and
incubated 2 minutes in Alizarin red solution (2%j; Merck) and
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rinsed again 3 times with water. Adipocytic differentiation was
performed using StemMacs AdipoDiff media (Miltinyi Ref#
130-091-677). Stromal cells were plated (40 000 cells per well of
12 well plates) and incubated in differentiation medium for 8
days. After fixation using PFA4% for 30 min cells were incu-
bated with Oil Red O (3 mg mL™"; Polyscience; Refff 06317) for
15 min. Wells were then rinse twice with water.

Microscopy

Fluorescent slides were analyzed by microscopy (upright Nikon
microscope). To analyze standard coloration (HPS), specific
coloration and immunohistochemistry, the Primovert micro-
scope Zeiss was used, and images were collected using
Axiocam 105 color as Camera and ZEN Lite 2012 as software.
For global analyses, sections were scanned with panoramic
scan II (3D Histech, Hungary) at 40x for IHC and using the
Vectra POLARIS (Akoya) device. Captured images were pro-
cessed using HALO software (Indica Lab, V3.2.1851) and
adapted algorithms for quantification: area quantification
v2.1.3, cytonuclear v2.0.8 and cytonuclear FL v2.0.6. Images
from scanned slices, were generated using softwares:
Caseviewer (3Dhistotech 2.3.0.99276) for coloration and IHC,
and Phenochart (Akoya 1.0.12) for fluorescent images.

Viable cell retrieval and analysis

After recovery, disks formed at the bottom of the insert were
washed twice with PBS. Disks were first incubated for 11 min
at 37 °C in mL of collagenase (0.4 mg mL™", Sigma) then cen-
trifuged prior before 1 min incubation in 300 pL of trypsin (in
EDTA 0.05%, Gibco) at 37 °C. Remaining clots were finally dis-
located by flushing and the reaction was stopped with 400 uL
of FBS. After centrifugation recovered cells were resuspended
in PBS containing 10% FBS and viability counted using trypan
blue. Cell populations were then either plated or analyzed.

Cytometry

Phenotypic comparison of HS27A cells and BM-SC were per-
formed using LSRFortessa (Becton Dickinson (BD)) cytometer
and the following markers: CD73-APC (BD Reff: 560847)/
CD90-FITC (BD Reff#f: 555595)/CD105-PE (BD Refi: 560839)/
CD146-R718 (BD Ref#: 752158)/SSEA4-PE CF-594 (BD Refff:
562487). Phenotypic analysis of hematological cells was per-
formed on LSRFortessa cytometer using the following
markers: CD45-V500 (BD Reff: 560777/CD34-APC (BD Refff:
345804)/CD38-pe-Cy7 (BD Reff: 335825) and CD14-PE (BD
Refff: 562691)/DAPI (Chemotec Refff: 910-312). The software
Diva was used for acquisition and Flow Jo for analysis.

Following suspension, 2D co-culture or 3D culture steps,
hematological cells were sorted according to their maturity
using the FACS ARIA II (BD) with CD45'/CD34"/CD387/DAPI™
cells as very immature cells and CD45%/CD34"/CD38"/DAPI™
cells as progenitors.

For selection, harvested cell suspensions were filtered
through a 40 pm mesh and hematopoietic cells sorted by FACS
according to their CD45'CD34" phenotype or based on mean
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fluorescence intensity of Turquoise, Kusabira or Orange when
fluorescent cell lines were used.

Molecular biology

For RT-PCR analysis, the half-disk was resuspended in 1 mL of
Trizol Reagent (Life technologies™) and performed using stan-
dard protocols. Total RNA was purified using mini-RNA extrac-
tion kit (Qiagen). For RT-qPCR, cDNA was produced using
Superscript II (Invitrogen) and quantified using Sybr-green
(Quantifast, Qiagen) and Real-Time PCR system (Roche,
LC480). TATA-binding protein (TBP) and hypoxanthine-
guanine phosphoribosyl transferase (HPRT) genes were used
for normalization. Arbitrary Unit (AU) corresponds to the ratio
of expression between samples and a single normal sample
used as a reference in each PCR. The primer sequences were
the following ones: HPRT (F: TGACCTTGATTTATTTTGCATACC;
R: CGAGCAAGACGTTCAGTCCT), TBP (F: CAGCGAACCACGGC-
ACTGATT; R: TTTTCTTGCTGCCAGTCTGGAC), COL1A
(COLLAGEN, TYPE 1, ALPHA-1), (F: CTGGACCTAAAGGTGCTGCT;
R: GCTCCAGCCTCTCCATCTTT), BSP (BONE SIALOPROTEIN) (F:
CGAATACACGGGCGTCAATG; R: GTAGCTGTACTCATCTTCATA-
GGC), GATA2 (F: GGCTCGTTCCTGTTCAGAAG; R: CTTGGGC-
TTGATGAGTGGTC, OSC (OSTEOCALCIN) F: GGCGCTACCTGT-
ATCAATGG; R: TCAGCCAACTCGTCACAGTC.

Statistical analysis

Unless otherwise specified, statistical analysis was performed
using the parametric Student-T test. Mann-Whitney non-para-
metric test was used for comparison between two groups when
data was not normally distributed. The statistical analyses and
graphs were performed with Graphpad prism (version 6).
Significant P values are given in the text or symbolized by
asterisks (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Results

The human stromal cell line HS27A is a standardized
substitute to generate a MSC-derived minimal bone-like
structure

Developing a bone marrow 3D model first required the gene-
ration of a scaffold mimicking the rigid bone architecture con-
sisting of a meshwork of trabecular bone. We thus associated
BM-SCs and BCP particles (Fig. 1A), reported to facilitate rigid
bone formation using primary osteoblast cells and allow the
constitution of calcified 3D structures.*® In order to avoid
issues associated with the use of primary stromal cells and
obtain a reproducible 3D model, we used a human cell line of
BM-SCs, HS27A cells.®” These cells display classical BM-SC
markers, such as CD90, CD73 and CD105 and others more
recently reported (like SSEA4 and CD146 *®) (Fig. S1A7), differ-
entiate into osteoblasts and adipocytes (ref. 37 and Fig. S1Bf)
and generate CFU-F activity similarly to normal BM-SCs
(Fig. S1Cf¥). Sterilized BCP particles were placed on the micro-
porous polycarbonate membrane of an insert then placed in a
culture plate (Fig. 1A and S2At).*> Two million HS27A cells

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Establishment of a rigid bone structure by in situ osteoblastic differentiation of HS27A cells. (A) Schematic diagram of the initial setup of the
system (see also Fig. S2A and Bf). Unless specified, all structures were recovered at day 21 and then proceed for the indicated analysis. (B) Staining by
hematoxylin—phloxine—saffron (HPS) of systems generated with HS27A cells in culture with BCP particles and osteoblastic differentiation medium
(see also Fig. S2Bt) (n = 12). Scale bar, (left panel, 500 pm; right panel, 100 pm). (C) Sirius Red staining from human bone sections (scale bar,
100 pm). (D) Sirius Red staining from 3D-structures derived in osteoblastic differentiation medium (n = 12) (scale bar, 100 pm) (see also Fig. S2C¥) (E)
Ki67 immunostaining from structures derived in osteoblastic differentiation medium (n = 6). Scale bar, 100 um. (F) Expression of differentiation
markers measured by RT-qPCR for COLLAGEN Type 1 Alpha-1 (COL1A1), BONE SIALOPROTEIN (BSP) and OSTEOCALCIN (OSC) after 28 days in
control medium (CT) or osteoblastic differentiation medium (Ost Dif) in 2D or 3D culture conditions (n = 4 to 9). Mann—Whitney non-parametric
test, *P < 0.05. (G) Representative plots of CD105/CD73 staining of HS27A following 2D or 3D culture. Data displayed CD105 frequency (% of positive
cells) (n = 3) (left panel). Individual data from independent experiments are presented with the mean value as a dark line (right panel). P-Values were
determined by unpaired Student’s t-test, ***P < 0.001. (H and 1) Upper panels: systems were collected after 3 weeks of 3D co-culture with HS27A
and HMEC-1 and the addition of KG1A cells after 1week (n = 28) (see also Fig. S31). Lower panels: normal human bone section. Staining by IHC for
CD45 (H) or CD31 (1). Arrows indicate either CD45 or CD31 positive cells according to the staining. Unspecified scale bars: 100 pm.
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were added to the BCP particles in the presence of osteoblastic
differentiation medium. After 3 weeks, a solid disk lying on
the polycarbonate membrane could be retrieved from the
system and processed for analyses similar to those typically
conducted on bone samples (Fig. S2A and S2Bf).

Macroscopic observations and manipulations of the disk
indicated that only cells cultured for a minimum of 3 weeks in
osteoblastic differentiation medium gave rise to easy-to-handle
discoid structures (Fig. S2BT). Histological sagittal sections of
the solid disk followed by HPS (hematoxylin-phloxine-saffron)
staining allowed visualization of areas presenting different
aspects within the formed structure. A layer of cells was
observed in the upper part of the disk where we can see BCP
particles and cells distributed heterogeneously according to
the area observed (Fig. 1B). In addition, Sirius red staining of
collagen fibers, representative of the matrix network found in
human normal bone sections (Fig. 1C), highlighted in situ pro-
duction within the 3D-derived discoid structures (Fig. 1D and
S2C¥). Finally, Alizarin staining of non-decalcified sections of
HS27A cells cultured for 21 days in our 3D system show the
deposit of Calcium beside stromal cells and BCP particles
(Fig. S2C,} right panel). This indicates that HS27A-derived
cells secrete extracellular matrix within the 3D culture system
in the established culture conditions.

We observed calcification with clusters of cells either within
or at the contact of the matrix (Fig. 1D). Within the calcified
part, most HS27A stained cells (collagen producing) were
very elongated, forming lines on BCP-beads, while other
less stained cells remained rounder and more clustered
(Fig. S2Cf¥). A similar morphology of collagen-producing cells
and cellular clusters were observed in sections of human bone
(Fig. 1C). Performing KI67 staining on 3D structures revealed
the heterogeneity of HS27A in terms of cell cycle as a portion
of cells remained proliferating in situ, indicating that this
system is dynamic (Fig. 1E). As expected, molecular analysis of
harvested HS27A cells confirmed that the relative expression
levels of osteoblastic differentiation genes (COL1A1, BSP and
0SC) were higher when cultures were performed in osteoblas-
tic differentiation medium than in control medium and in 3D
as compared to 2D culture (Fig. 1F). Accordingly, flow cyto-
metric analysis revealed a marked reduction of CD105 fre-
quency and a slight decrease in CD73 intensity after 3D
culture (Fig. 1G), illustrating in situ differentiation of HS27A
like reported for primary BM-SCs.*’

To obtain a more comprehensive model of the bone medul-
lar microenvironment, we then successively introduced human
endothelial and hematopoietic cells. The human microvascu-
lar endothelial immortalized cell line (HMEC-1) was used
since this cell line retains primary endothelial cell features
and was more stable than other cell lines tested such as
BMEC-1 cells (data not shown).*” We introduced immature
hematopoietic cells using the KG1A cell line. This leukemic
cell line model represents immature hematopoietic cells
identified by their CD34'CD38~ status, ability to generate
colony-forming cells (CFC) and high levels of embryonic
markers.”® Optimization of media (Fig. S3A) and timing of

490 | Biomater. Sci., 2022, 10, 485-498

View Article Online

Biomaterials Science

cell introduction led us to the conclusion that both HS27A and
HMEC-1 cells could be introduced at day 0 and KG1A cells at
day 21 (Fig. S3BT). Indeed, at day 21 the calcified BM-like
structure was obtained suggesting advanced osteoblastic differ-
entiation that could promote hematopoietic cells interactions
with their niche. At day 28, we observed the presence of hema-
topoietic and endothelial cells at the surface and inside the
rigid structure, as assessed by CD45 and CD31 IHC staining,
respectively (Fig. 1H and I). Interestingly, similar analyses per-
formed on native adult BM samples showed that CD45" cells
are also located in contact of the BM surface and that blood
vessels are formed within BM structure but also near the BM
surface (Fig. 1H and I). Fluorescent cell lines (HS27A (blue),
HMEC-1 (red) and KG1A (green)) were used to identify in situ
interactions of the three cell types without further processing
and highlight the proximity of KG1A cells with either endo-
thelial or stromal cells (Fig. S3Cf). Similar results could be
obtained using non-fluorescent cell lines via immunofluores-
cent staining, which revealed that most KG1A cells in contact
with the surface of the rigid structure are CD45'CD34"
(Fig. S3Dt). Remarkably, aside from its use to analyze cells
in situ, our 3D system also enabled us to recover single cell sus-
pensions through enzymatic dissociation, using Collagenase
and Trypsin. Cells could then be analyzed by flow cytometry
(Fig. S3ET) or further cultured (Fig. S3Ff), demonstrating that
each cell type had been viably recovered. These results illus-
trate those different techniques can be used to successfully
analyze both hematopoietic and non-hematopoietic compart-
ments after 3D culture in this system.

Altogether, our results indicate that, using BCP particles
and a specific osteoblastic differentiation medium, the BM-SC
model based on HS27A cells provided an organized and rigid
entity with neo-synthetized collagen-enriched matrix, BM-SC
and differentiated cells that suitably represents a minimal
human BM structure.

A minimal functional BM-like unit to host and sustain normal
hematopoiesis

We next investigated the capacity of our microphysiological
system to perform functional, molecular and/or analytical
assays on live sorted cells following their exposure to physio-
logical-like conditions. We evaluated whether this system
could maintain the properties of HSC arising from BM
samples. To do so, we substituted the KG1A hematopoietic cell
line with primary BM mononuclear hematopoietic unsorted
cells (MNC) or sorted immature CD34" cells isolated from
adult human BM from healthy donors. In situ staining after 7
days confirmed that most of the hematopoietic cells in contact
with the bone-like structure were CD34", indicating the main-
tenance in the system of immature primary hematopoietic
cells (Fig. 2A and S4Aft). Moreover, even using primary cells we
observed a high reproducibility in terms of CD34" and CD34~
maintenance using 3 different bone marrow samples
(Fig. S4Aft), attesting of the adequate standardization of this
system. In addition, since some HSC have been described to
become quiescent in their BM niche,> we validated that most
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Fig. 2 Recovery of viable and functional cells after culture in the BM-like 3D model. (A) Immunostaining of systems after one week of incubation
with primary bone marrow mononuclear cells (BM MNC) for CD45, CD34 and CD38 as hematopoietic markers (n = 12). Scale bars, 100 pm (see also
Fig. S4A and Bf). (B) Experimental procedure to assay progenitor ability for progenitors (CD34*CD38") and HSC (CD34*CD38") after culture in the
3D-system using cell sorting and CFC assay or LTC-IC assay, respectively. On the right upper part: bright field pictures representative of recovered
CFCs. (C) Flow cytometry plots illustrating CD34/CD38 expression at seeding (day 0, left panel) or recovery (day 7) from suspension, co-culture with
HS27A in 2D or in the 3D system. (D) CD34*CD38" frequency among CD45" subsets as determined by flow cytometry from cells taken after 7 days
of suspension culture, co-culture or 3D culture. (E, F and G) Cells collected after 7 days of suspension culture, co-culture with HS27A in 2D or within
the 3D system were sorted according to CD34/CD38 expression and characterized by functional assays (n = 3). Frequency (E) of CFC was deter-
mined among CD34*CD38" sorted cells from each culture method. (F) Pie charts showing proportions of means of identified colonies subtypes of
progenitors counted in the CFC assay (Orange for Early CFU-E; red for Late BFU-E, blue for mixed colonies; light grey for Early CFU-GM and dark
grey for Late CFU-GM). (G) Proportion of LTC-IC obtained from CD34*CD38~ cells recovered after 7 days of suspension culture, co-culture or 3D
culture and quantified by their W5-CFC output (n = 3). P-Values were determined by Student’s t-test, *P < 0.05.
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CD45" cells were Ki67~ or H3K27me3" (ref. 47) (Fig. S4B and
S4Ct). The survival and enrichment of immature cells was
further confirmed with initial seeding in the 3D system of
either MNC or selected CD34". Following cell retrieval from
the system and sorting, we identified HSC and their derived
progenitors by CD34 and CD38 expression and functional
assays (Fig. 2B). The detection of the CD34'CD38~ fraction
indicated the higher maintenance of HSC in the 3D system as
compared to other culture conditions (Fig. 2C and D) and was
further validated owing to an enrichment in cells expressing
GATA2 in this sorted subpopulation (Fig. S4Dt). The pro-
duction following culture in the 3D-system of more mature
cells was also observed by flow cytometry analysis of indicators
such as CD14 (monocytes) (Fig. S4E and Ff). At the functional
level, we evaluated the capacity of 3D-seeded cells to support
maintenance and production of progenitors and HSC in situ
using respectively the colony-forming cell assay (CFC) and
long-term initiating cell (LTC-IC) assay that quantify their
derived progenitors by colony-forming cell assay (W5-CFC).
Data obtained highlighted a trend towards an increase in the
total number of CFC colonies formed when cultured in the
presence of stroma (Fig. 2E). More importantly, identification
of the different hematopoietic subtypes*® revealed the ability
of the 3D model to maintain and favor the generation of all
early and late hematopoietic progenitor subsets (Fig. 2F).
Results from the LTC-IC assay showed a better maintenance of
HSC derived colonies (W5-CFC) when cultured in the 3D
system, whereas they were lost when co-cultured with HS27A
cells or in suspension (Fig. 2G).

Altogether these data demonstrate that the 3D-system devel-
oped is suitable to preserved HSC and progenitor properties,
and to observe their differentiation towards more mature
hematopoietic cells, both in situ or after cell harvesting.
Importantly, this system showed a reliable capacity to reflect
the diversity of hematopoietic progenitors, as observed in the
human bone marrow.

A BM-like system to host metastatic cancer cells to study
dormancy and microenvironment remodeling

Bones constitute frequent sites for metastasis of several solid
cancers. Hence, we investigated whether our standardized
human BM-like 3D model was relevant to study processes
taking place in this microenvironment like dormancy, expan-
sion or invasion. We compared the behavior of two breast
cancer (BC) cell lines with different properties (unlike T47D
cells, MDA-MB-231 cells generates bone metastasis in mouse
models®?). The BC cells were seeded onto 3-week-old 3D-struc-
tures, and disks were collected 1 week later. We confirmed by
IHC analysis that T47D cells displayed luminal properties
(E-cadherin®), whereas MDA-MB-231 displayed basal-like fea-
tures (CD44'Vimentin') (Fig. S5Af). We characterized the
impact of BC cell lines on the surrounding microenvironment.
At a structural level, no significant difference was observed by
IHC staining of different extracellular matrix molecules
(Fig. 3A, B and S5B, Cf). We quantified the number of cytoker-
atin-positive cells that were localized within the bone-like
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structure and more frequently observed for metastatic
MBA-MB-231 cells as compared to non-metastatic T47D cells
(Fig. 3C and D), which mostly remained at the surface of the
solid structure like hematopoietic cells (Fig. 1H). This is in
accordance with the known production and secretion of matrix
metalloproteinases by MDA-MB231 and related to their higher
invasive potential.>® Indeed, pan-cytokeratin staining identi-
fied localized regions where MDA-MB231 cells have infiltrated
the lower part of the structure (Fig. 3E) and which show a
lower level of collagen 1 (Fig. 3F) reflecting the ability of these
cells to penetrate the bone structure and degrade it. In
addition, Ki67 staining indicated that MDA-MB-231 cells pro-
liferate more than T47D cells in situ (Fig. 3G). This is further
supported by an increased H3K27me3 staining in T47D cells
(Fig. 3H) that will promote gene-silencing.”* Hence, these non-
metastatic breast cancer cells could become dormant through
their interaction with the bone marrow microenvironment as
previously reported.”*

These observations show that this microphysiological
system constitutes a suitable model to address issues related
to the impact of pathogenic elements on BM microenvi-
ronment remodeling and intra-heterogeneity of cancer
models.

A BM-like system that mimics a pathological
microenvironment with matrix remodeling

BM fibrosis that is associated with a number of hematological
and non-hematological disorders® characterized by the
increased deposition of collagen III (reticulin) and collagen 1A
fibers. Since Acute Myeloid Leukemia (AML) is often associ-
ated with BM fibrosis and collagen alterations,>® we evaluated
whether leukemic AML cells implantation in this 3D system
could impact in situ collagen production. The introduction of
non-AML (MEG-01) or AML (KG1A), hematopoietic cell lines
identified by CD45 staining, led to modifications in extracellu-
lar matrix production and distribution. The overall 3D-archi-
tecture revealed by collagen 1, and to a lesser extent by fibro-
nectin staining, appeared denser and more organized after the
addition of KG1A than in systems generated with MEG-01
alone (Fig. 4A, B and S6A, BY). This likely reflects the fact that
the addition of leukemic cells (KG1A) to the co-culture of
BM-SC (HS27A cells) may increase collagen 1 production
during the last 7 days of culture. We introduced primary hema-
topoietic cells (MNC or CD34" cells) isolated from either
healthy or AML BM samples and observed that CD45-positive
cells from both normal BM (NBM) or AML samples adhered to
the surface of the BM-like structure (Fig. 4C). Analysis of matrix
components on sections of structures obtained after 7 days
revealed a significant increase in collagen III components (but
not fibronectin), specifically in the presence of AML CD34"
cells, but not with NBM CD34" cells (Fig. 4D and S6C, Df).

Collectively, these data demonstrate the ability to alter non-
cellular components of the hematopoietic microenvironment
using either cell lines or primary hematopoietic cells and to
reliably reproduce normal or pathophysiological changes of
the BM microenvironment.
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Fig. 3 Use of the microphysiological BM system to evaluate microenvironmental remodeling by disseminated cancer cells. (A) Representative
images of Collagen 1 stained sections of 3D structures after one week in the presence of either T47D (left panel) or MDA-MB-231 (right panel) cells
(see also Fig. S57). (B) Proportion of Collagen 1-positive area in the structure after one week in the presence of T47D (left or MDA-MB-231 cells (n =
4). (C) Representative images of Pan-cytokeratin stained sections of 3D structures after one week in the presence of either T47D (left panel) or
MDA-MB-231 (right panel) cells. Arrows indicate BC cells that migrate within the calcified area of the system. (D) Percentage of Pan-cytokeratin cells
observed at least 50 um below the upper surface of the structure (n = 4) (right panel). P-Values were determined by Student’s t-test, **P < 0.01. (E)
Representative image of Pan-cytokeratin stained sections of 3D structures after one week in the presence of MDA-MB-231, corresponding to areas
where epithelial cells have entered the upper part of the structure. (F) Representative image of Collagen 1 stained sections of 3D structures after one
week in the presence of MDA-MB-231, corresponding to areas where epithelial cells have entered the upper part of the structure. (left panel).
Quantification of Collagen 1-positive area inside portions of the structure invaded by MDA-MB-231 cells (n = 3) (right panel). (G) Slides of 3D
systems supplemented with T47D or MDA-MB-231 and stained by immunofluorescence for Pan-cytokeratin and Ki67 markers. Proportion of Ki67-
positive cells among Pan-cytokeratin-positive cells (right panel). P-Values were determined by Student's t-test, *P < 0.5. (H) IHC of T47D or
MDA-MB-231 for H3K27me3. All Scale bars represent 100 pm except when specified.

This journal is © The Royal Society of Chemistry 2022 Biomater. Sci., 2022, 10, 485-498 | 493


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1bm01098k

Open Access Article. Published on 14 December 2021. Downloaded on 10/17/2025 8:12:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

MEG-01 KG1A

CD45

Collagen 1

Collagen 1 Collagen Il

NBM

AML

RSPy SOy YT TSR S s 2, SR

View Article Online

Biomaterials Science

KG1A + MEGO1

150
= *
., [
D R g 4 L
. PSS ™
c < 1004
o o
_—
b 1 i . A
\ v o o)
s o 504 |
= 2
o ¥
o w
o
=
 +Y—r—-r—
N v~ N
(< N ©
& & @ x\‘@
\ \s
- N
‘ v )
X +
Fibronectin
150+ *
o
>0
- Ly
2 A -
g 3 100 "
| =
=L =3
- | ]
= U
g s - o
& 2 507
o B
8%
[e]
(=
0-
N N\
N

Fig. 4 Leukemic cells alter the matrix of the bone marrow niche model. (A) Representative images of CD45 and Collagen 1-stained sections of 3D
systems produced with MEG-01 (left panel), KG1A (middle panel) or both (right panel) cells (n = 3). Scale bar, 100 pm (see also Fig. S67). (B) Dot plot
indicating the proportion of Collagen 1-positive area per CD45" cells after one week in the presence of hematopoietic cells. (C) Representative
images of Collagen 1, Collagen Ill and fibronectin-stained sections of 3D systems produced with CD34* from NBM (top panel, n = 3) or AML
(bottom panel, n = 7) cells. Scale bar, 100 um. (D) Dot plot showing measured levels of Collagen Il (staining intensity) with MNC (open circles/
squares) or CD34" (closed circles/squares). P-Values were determined by Student's t-test, *P < 0.05.

Discussion

The BM microenvironment hosts several key physiological pro-
cesses such as hematopoiesis but also bone regeneration, in
particular through in situ differentiation of stem cells. In
addition, the human BM has emerged as a major site for the
development of a variety of hematological and non-hemato-
logical pathologies that directly involve dysregulations of resi-
dent cells that display specific features.""'” Therefore, the BM
constitutes a remarkable and complex system to extensively
study the regulation of various cells. In this context, a large
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community of researchers in many different fields would
largely benefit from a simple, reproducible and cost-effective
minimal microphysiological system of the human BM. We
have developed a 3D-model that ensures a remarkable level of
reproducibility, along with a maximum flexibility for a broad
range of applications. Bone Marrow stromal cells (BM-SCs)
constitute a key element in the constitution of the BM and its
environment because they can differentiate into different cellu-
lar components such as osteoblasts and adipocytes and are the
source of numerous molecules of the extracellular matrix.”*>’
In order to gain reproducibility, we substituted primary BM-SC
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with a human BM-SC cell line (HS27A) that displays similar
properties to primary BM-SC,***”° including long term
support of hematopoiesis in 2D culture,’®*! which we con-
firmed here in 3D conditions. Indeed, we show that the
HS27A-based 3D-like BM system allows us to maintain, recover
and expand CD34'CD38~ HSC, and to generate more differen-
tiated progenitors and mature cells. In our model, we induced
osteoblastic rather than adipocytic differentiation since preos-
teoblasts and osteoblasts have been described as part of the
endosteal niche.”® The use of BCP particles also participates in
osteoblastic differentiation, which leads to the formation of a
rigid architecture allowing to localize each of the cellular and
matrix components. In addition, rigidity plays a role in bone
marrow functions such as supporting hematopoietic differen-
tiation, as shown by several studies.’>®® Histological analysis
of these rigid 3D constructs confirmed the generation of a
neo-synthesized dense network of matrix with physical features
of bone formation.® Therefore, we established that HS27A cells
could efficiently be used as substitutes to primary BM-SC. This
provides unlimited access to a highly reproducible basic bone-
like structure.

As sinusoid vessels and associated niches play a major role
in BM homeostasis and resident (stem) cell regulation, we
introduced into the system a microvascular cell line HMEC-1
that reliably represents the endothelial compartment.** Even
though we could not formally identify vessels, cellular align-
ment of HMEC-1 cells was present and, when added, leukemic
cells (KG1A) were frequently observed in close interaction with
endothelial cells (HMEC-1), corroborating reports in AML
patient bone marrow or in AML mouse models.®"°
Furthermore, beyond their role as structuring vessels, endo-
thelial cells also have a major role in regulating homeostasis
and differentiation (for example through the supply of soluble
factors or cell-cell interactions). The fact that HMEC-1 cells are
maintained viable in our system all along the culture indicates
that they can fulfill some of their key functions within our
model. Different solutions to obtain functional vessels have
been developed by different groups.>®*”:°* Nevertheless, it is to
consider that building such vascularized model will likely
generate a much more complex system and therefore not be
accessible to all laboratories. This will fulfill different objec-
tives and request more technical aspects than the currently
described 3D system.

To further evaluate the potential of this 3D-BM like system
by increasing the level of complexity, we introduced a mature
hematopoietic cell line representing the megakaryocytic
lineage (MEG-01). We were able to identify functional changes
by in situ analysis of the different types of fibers. This indicates
the suitability of this system to address pathophysiological
questions related to the impact not only on HSC but also on
the other major components of the microenvironment includ-
ing the extracellular matrix. Indeed, it should be possible to
use this standardized 3D-BM system to evaluate, for example,
the causal importance of the number of platelet-producing
cells to initiate fibrosis, as reported in essential thrombocythe-
mia, myelofibrosis or during leukemogenesis. In order to test
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the flexibility of the system, we substituted the hematopoietic
cell line with primary hematopoietic mononuclear cells or
sorted stem/progenitor cells isolated from healthy donors or
AML patients. This step is of particular importance for stem
cell-based therapies as it is well documented that major differ-
ences distinguish mouse and human pluripotent cells preclud-
ing in some cases the use of animal models to obtained
reliable preclinical data.>* One remarkable illustration of the
latter is the ongoing controversy and complexity in deciphering
the function of the hematopoietic-related stem cell marker,
the sialomucin CD34, in both healthy and leukemic contexts.
While the CD34 expression pattern in HSC displays similarities
between human and mice, its spatio-temporal regulation in
the BM strongly differs and is somehow related to distinct
functional stem cell subsets.®® For example, interactions
between HSC and their regulating stromal BM niche, partly
mediated by CD34 binding to selectin, could impact different
mechanisms between the two species. Therefore, deciphering
the importance of this adhesion molecule in controlling HSC
or their leukemic counterparts could be facilitated by the new
3D-model that we propose herein. Indeed, using either CD34-
expressing cell lines or primary sorted CD34" cells, this system
offers multiparametric analyses such as in situ cell identifi-
cation, localization and functional properties (cell cycle, epige-
netic modification), and also viable cell harvest. This latter
outcome provides the opportunity to analyze the consequences
of several days of exposure to a human BM-like microenvi-
ronment using multiple readouts (such as flow cytometry,
molecular analysis or functional assays), and to broaden our
perspectives when studying hematological and non-hemato-
logical cells in the BM context. We then achieved the develop-
ment of 3D culture systems with human cells that secrete most
of non-cellular components of the matrix provides the advan-
tage of being able to be implemented with different cell types,
which models involving hydrogels do not allow.

Indeed, this system has the advantage of remaining par-
tially open and potentially scalable. For instance, sequential
addition of adipocytic or chondrocytic cells derived from the
same MSC cell line or a diversity of different cell types can be
added depending on the issues that will be addressed.
However, this aspect is constrained by the ability of each cell
type to be cultivated in a comon cell culture medium.

Clinical applications of this model are wide ranging and it
could address issues in normal hematopoiesis or pathological
contexts such as infection by pathogens, immune response,
pre-neoplastic stages, leukemia, multiple myelomas, osteosar-
coma or bone metastasis.®>*® Importantly, we were also able
to reproduce the specific impact of leukemic cells on in situ
collagen production as reported in the bone marrow of AML
patients, conversely to normal hematopoietic cells.>>°
Replacing each cell type by primary cells, normal or pathologi-
cal, or adding other cell types (like immune cells, adipocytes
or fibroblasts) will increase biomimetic properties and com-
plexity of the system in order to achieve a better representative-
ness of the human BM. This will in turn facilitate investi-
gations into a broad range of issues on either non-stromal or
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stromal cellular components and matrix-related aspects, such
as physical properties, and could be performed in the context
of a local BM inflammation or to explore resistance mecha-
nisms or events to test innovative therapeutic strategies includ-
ing immunotherapy. Lastly, this standardized BM 3D system
also appears to be suitable to address current issues on the
specific relationships between cancer cells disseminated from
solid tumors toward the BM microenvironment. In fact, the
“seed and soil” concept, known for decades and now formally
demonstrated, strongly relies on the microenvironment at all
steps of cancer progression.”””" This includes initiation of cell
transformation”” such as in donor-induced leukemia” or
breast cancer,”® and likely involves different mechanisms*"”>
even cell reprogramming.’® For instance, we illustrate herein
that this 3D-BM model reliably reproduces metastatic breast
cancer cell bone remodeling, since the highly metastatic
MDA-MB231 cells were able to degrade the matrix in situ as
shown by collagen type 1 and III quantification and unlike
T47D model, a less aggressive breast cancer cell line.

Conclusions

Our study delivers to the community, an easy-to-implement
standardized microphysiological system of the human BM,
approaching the complexity of the in vivo structure. This
model is unique, flexible and innovative. As it is based on
histological analyses and/or cell recovery, this human 3D bone
marrow model is pertinent to finely study a broad range of
normal and pathological events taking place in the BM. This
also includes the assessment of the importance of the BM
microenvironment like matrix parameters as it integrates a
minimal level of complexity and heterogeneity of BM cell types
and reproduces a matrix very similar to that found in human
long bones.
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