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Abstract
Plasma cells (PCs) in bone marrow (BM) play an important role in both protective and pathogenic
humoral immune responses, e.g. in various malignant and non-malignant diseases such as
multiple myeloma, primary and secondary immunodeficiencies and autoimmune diseases.
Dedicated microenvironmental niches in the BM provide PCs with biomechanical and soluble
factors that support their long-term survival. There is a high need for appropriate and robust
model systems to better understand PCs biology, to develop new therapeutic strategies for
PCs-related diseases and perform targeted preclinical studies with high predictive value. Most
preclinical data have been derived from in vivo studies in mice, as in vitro studies of human PCs are
limited due to restricted survival and functionality in conventional 2D cultures that do not reflect
the unique niche architecture of the BM. We have developed a microphysiological, dynamic 3D BM
culture system (BM-MPS) based on human primary tissue (femoral biopsies), mechanically
supported by a hydrogel scaffold casing. While a bioinert agarose casing did not support PCs
survival, a photo-crosslinked collagen-hyaluronic acid (Col-HA) hydrogel preserved the native BM
niche architecture and allowed PCs survival in vitro for up to 2 weeks. Further, the Col-HA
hydrogel was permissive to lymphocyte migration into the microphysiological system´s circulation.
Long-term PCs survival was related to the stable presence in the culture of soluble factors, as
APRIL, BAFF, and IL-6. Increasing immunoglobulins concentrations in the medium confirm their
functionality over culture time. To the best of our knowledge, this study is the first report of
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successful long-term maintenance of primary-derived non-malignant PCs in vitro. Our
innovative model system is suitable for in-depth in vitro studies of human PCs regulation and
exploration of targeted therapeutic approaches such as CAR-T cell therapy or biologics.

1. Introduction

Bone marrow (BM) is a semisolid tissue within the
cancellous (trabecular) bone. It is a complexmicroen-
vironment, also called the BM niche(s), compris-
ing different cell types (hematopoietic and non-
hematopoietic), together with extracellular compon-
ents as the extracellular matrix (ECM), and chemical
and physical factors [1–3], traversed by a network of
arterial and sinusoidal vessels [4–6].

The BM is the central organ for hematopoiesis
and a safe harbour for mature long-lived immune
cells, such as antibody producing plasma cells (PCs)
[1, 2]. Primary producers of circulating antibodies
of different immunoglobulins (Ig) classes, PCs are a
central component of the body´s protection against
infection.

PCs arise from antigen-activated B cells, which
differentiate into plasmablasts and mature into either
short-lived or long-lived PCs, depending on their
microenvironment [7]. Short-lived PCs are mainly
formed in extrafollicular sites of secondary lymphoid
organs and express first low-affinity IgM antibodies.
Chronic/repetitive antigen exposition triggers ger-
minal centre reaction that induces, with T cells help,
an Ig class switch and affinity maturation of antibod-
ies. Short-lived PCs leave the germinal centres and
migrate to inflammatory sites and BM. Subsequently,
after homing in specialized niches, they can differen-
tiate into long-lived PCs. Short-lived PCs are respons-
ible for the initial burst of antibody production dur-
ing an acute immune response and rapidly die after
its resolution, while long-lived PCs provide long-
term immunity, e.g. against recurring infections [3, 7,
8]. Long-lived PCs continuously produce and secrete
high-affinity antibodies into the bloodstream, con-
versely to memory B cells, which are quiescent and
respond quickly to antigens upon recall [8].

Failure to induce sufficient antibodies after
infection or vaccination is related to compromised
immunity and morbidity. Further, after break of
immune tolerance, miss-targeted self-reactive anti-
body secreting PCs contribute to chronic autoim-
mune diseases. Recently, it was demonstrated that
patients with Common Variable Immunodeficiency,
the most frequent primary immunodeficiency, char-
acterized by insufficient antibody secretion, can be
divided into subtypes. Although in some patients
antibody synthesis could be recovered in vitro
by adequate stimuli, in other patients, reconsti-
tution was not successful due to failure of PCs

formation [9]. Lastly, PCs with genetic mutations are
responsible for multiple myeloma (MM), the second
highest incidence hematological malignancy, which
remains incurable, despite increasing treatment
options [10].

Consequently, PCs are of broad interest to vari-
ous disciplines ranging from basic immunology to
clinical immunopathology, from autoimmunity, over
immunodeficiencies to oncology [11].

Themechanisms underlying the differentiation of
short-lived PCs to long-lived PCs is poorly under-
stood, albeit of utmost importance for the develop-
ment of effective vaccines or other immunotherapies.

Major limitation in PCs investigation is due to
PCs not being intrinsically long-lived and of difficult
in vitro maintenance, as their survival relies on spe-
cific pro-survival stimuli provided by their natural
niches in the BM or mucosal tissues, or at sites of
inflammation [3, 7, 8]. PCs appear to reside in vivo
in close contact within BM stromal cells, in partic-
ular reticular BM stromal cells, expressing VCAM-
1 and CXCL12. These cellular stromal components
are found in highly perfused zone surrounding sinus-
oidal and arterial network (perivascular niche), which
provides a higher concentration of oxygen compared
to other BM compartments [12]. Along with sig-
nals from cell–cell contacts, stromal cells, in con-
cert with basophils, eosinophil and transient popula-
tions, are a necessary source of supporting cytokines.
Among those molecular signals, production of IL-6
(cytokine associated with antibody titre maintenance
due to its capacity to enhance PCs survival in vitro),
B-cell activating factor (BAFF) and A proliferation-
inducing ligand (APRIL) is crucial for the long-term
survival of PCs [3, 8, 13]. Both APRIL and BAFF are
ligands for BCMA on PCs, which signalling cascade
enhances Mcl-1 anti-apoptotic expression, determin-
ing their long-lasting survival [3, 8, 14]. At the same
time, BM´s mechanical properties are characterized
by an ample heterogeneity, as reflected by the lower
stiffness near perivascular areas that contrasts to the
higher stiffness in the endosteal space [15, 16]. The
interaction between these niches is both dynamic and
constant, enabling the physiological survival of each
cell element.

The BM´s microenvironment complexity exacer-
bates the limitations of conventional in vitro 2D cul-
ture for studying PCs, as it fails to mimic the essen-
tial signals from the surrounding cells and matrix
properties that support cell survival and function
[17]. Even MM cells are strictly dependent to their

2



Biofabrication 16 (2024) 045005 S Martini et al

microenvironment to survive. Primary derived MM
cells in fact die in classic 2D monoculture in a
short time (approximately 5 d) despite their malig-
nant nature [18]. Consequently, most researchers
resort to using immortalized cell lines, which have
their own drawbacks such as altered expression of
key PCs markers, signalling, and functionality [19].
2D-cultures cannot reproduce BM’s tissue structure
and the intercellular interactions that are required
for the maintenance of the primary cell phenotype
in vitro [18, 19]. A possible solution is PCs encap-
sulation in 3D biomaterials to create a more rep-
resentativemicroenvironment and tissue architecture
ex vivo. Common 3D culture matrices include hydro-
gels, either as homogenous gelswith cells resuspended
in the matrix or as microporous scaffolds with cells
seeded on top. These matrices can consist of bioin-
ert polymers, such as polyethylene glycol, alginate,
agarose, or aliphatic polyesters or intrinsically bio-
active polymers such as collagen I, elastin, gelatin, or
Matrigel® [20, 21].

Hydrogel 3D structures have been already used
to test whether primary MM cells can be main-
tained in vitro. Proposed 3D microenvironments for
MMs are commonly based on co-culture of malig-
nant primary BMmononuclear cells, with or without
supporting mesenchymal stromal cells (MSCs), in a
range of diverse hydrogel compositions (e.g. colla-
gen I, Matrigel®, fibronectin) [22]. Human immune
system intricacy creates a considerable challenge to
co-culture and integration in 3D models. In the BM,
several immune cells subpopulations find themselves
in different maturation phases, activation status and
amount, based on physiological state of the examined
subject. Standardized procedures for creating reliable
platforms for MM are therefore still missing [22].

BM-on-a-Chipmodels, so far described in literat-
ure, are focused on achieving a BM-mimetic environ-
ment by assembling individual cellular components
of the BM niche, such as MSCs and hematopoietic
stem cells (HSCs) on artificial scaffolds to study sur-
vival, differentiation and proliferation of HSCs and
their progenitors [4, 23, 24].

To the best of our knowledge, there exists no
culture strategy—2D nor 3D—that allows long-
termmaintenance of primary, non-malignant human
long-lived PCs in vitro.

In this study, we describe the development
of a dynamic microphysiological BM platform
(BM-MPS) that preserves the physiological sur-
vival niche of human PCs and enables in vitro long-
term maintenance. We propose to employ a photo-
crosslinkable type 1 collagen HA hydrogel (Col-HA)
[25]with tuneablemechanical stability to encapsulate
primary human BM tissue. Additionally, we estab-
lished first steps towards the transition from a static
to a dynamic microphysiological system (MPS),

implementing a microfluidic organ-on-a-chip BM
culture that includes constant fluid flow perfusion
to resemble in vivo physiological conditions more
closely. Thus, generating a 3D model that allows the
long-term in vitromonitoring of non-malignant PCs
phenotype and function. Our BM-MPS platform is
not only a valuable tool for investigating the efficacy
of new immune therapies, but also enables mech-
anistic studies of the recruitment and persistence of
malignant cells or other BM-related pathologies in
the human context.

2. Materials andmethods

2.1. Human samples
Human BM samples (trabecular bone) were collected
from 26 patients undergoing hip arthroplasty (sup-
plementary figure S1, supplementary table T1).

2.2. Tissue sampling
All steps were performed in sterile conditions. The
biological material received was assessed macroscop-
ically to eliminate clearly necrotic, fatty, or clotted
areas. Smaller pieces of BM were cut from the whole
biological material and measured in terms of volume
(length× width× depth) for later normalization for
100 cubic millimetres. These smaller samples were
subsequently cultured or tested for ex vivo tissue
characterization.

2.3. BM cell detachment
Ex vivo tissue (day 0) and cultured pieces (all
timepoints considered in each condition) were
treated to detach cells for flow cytometric analysis.
Leftover material and BM pieces were twice resus-
pended in 20 ml and 5 ml respectively of detach
buffer containing PBS (Gibco), 5 mM EDTA (VWR
Life Science), 1% bovine serum albumin (Miltenyi).
Gently inverted for approximately 20 times, the
supernatant was collected through 100 µm cell
strainer. Collected cell suspensions underwent cold
erylysis (Qiagen). Strained and resuspended in PBS
containing 0.5% heat-inactivated FCS (Biochrom)
detached cells were either seeded for human BM-
stromal cells recovery or cells subset distribution
assessment via flow cytometry on a Cytoflex LX
device (Beckman Coulter).

2.4. Human BM stromal cells culture and
conditionedmedia collection
Detached cells ex vivo not used for flow cyto-
metry characterization were seeded in culture
flasks (Corning Inc) with DMEM low-glucose basal
medium (Sigma-Aldrich), enriched with 10% FCS,
1% penicillin/streptomycin (p/s, Gibco), and 2 mM
L-alanyl-L-glutamine (Glutamax, Gibco). After 24 h
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of incubation, flasks were washed with PBS to elim-
inate cells that grow in suspension and select the
stromal compartment. Adherent cells were cultured
until they reached 70%–80% confluency, washed
with PBS and cultured with DMEM medium with
reduced FCS (1%). After 24 h conditioned medium
was collected and stored at −80 ◦C for subsequent
use in our optimized culture medium (OCM).

2.5. Agarose encasing
Sterile 4% low gelling temperature agarose (Sigma) in
PBS (melting point ⩽65 ◦C; congealing temperature
26 ◦C–30 ◦C) was melted at 80 ◦C and lowered to
40 ◦C before its use on the BM. 0.5–1 ml of melted
gel was poured on each sampled BM fragment that
needed inclusion and rested 5–10 minutes at 4 ◦C to
facilitate solidification of the construct.

2.6. Col-HA formulation and encasing
A previously described hydrogel consisting of type
1 collagen and hyaluronic acid (Col-HA) and suit-
able for 3D cell culture in vitro [25] was used to
encapsulate the BM tissue. Briefly, telopeptide-intact
methacrylated type 1 collagen (Advanced Biomatrix)
reconstituted to 6 mg ml−1 and thiolated hyalur-
onic acid (HA, Advanced Biomatrix) reconstituted
to 10 mg ml−1 in 0.1% Irgacure 2959 (Advanced
Biomatrix) solution weremixed in a 2:1 volume ratio,
then diluted in culture medium at a 1:1 volume ratio.
The hydrogel was cast in 96-well membrane plate
(Sigma-Aldrich) wells containing BM samples (static
culture) or directly in the HUMIMIC Chip2 cham-
bers (TissUse GmbH) (dynamic microphysiological
culture, MPS) together with the tissue. Instantaneous
photopolymerization was triggered by irradiating the
gels with UV-A light (1.4 W cm−2) for 3 s.

2.7. Gel characterization
Mechanical characterization for compressive modu-
lus was performed using unconfined uniaxial com-
pression testing (TestBench LM1 system, BOSE) with
a compression rate of 0.016 mm s−1 until 15%
strain, similar to the method previously described
[26]. Compression testing data was analysed using
a custom-made MATLAB (MathWorks) script to
quantify elasticmodulus (E) based on a 5% interval of
strain that was located in the linear region of a meas-
ured stress-strain curve.

Rheological characterization was performed
using a HR-20 rheometer (TA Instrument) in plate-
plate configuration and TRIOS analysis software (TA
Instruments) to quantify storage modulus (G′), and
loss modulus (G′′).

Compression testing and rheological measure-
ments were performed at room temperature and after
equilibration of hydrogel samples in PBS.

For scanning electron microscopy (SEM) of
agarose and Col-HA structures, gel pellets of differ-
ent concentrations of both gels were frozen at−80 ◦C
overnight after PBS equilibration, lyophilized, sput-
ter coated with gold/palladium particles and imaged
using a GeminiSEM 300 (Zeiss) at an accelerating
voltage of 7.0 kV and a working distance of 7.0–
7.9 mm [25]. Pore size diameter (long axis) of 10–
20 pores for each acquired SEM image was measured
with Fiji.

Proteolytic degradation of Col-HA hydrogels was
determined in empty gels via incubation with a
Collagenase P solution (Sigma Aldrich, Clostridium
histolyticum 1.04 U ml−1 collagenase) at 37 ◦C on a
shaker plate. Progressive degradation was evaluated
through weight measurements every hour, until total
dissolution of the constructs in exam.

Swelling was defined as swelling rate (%)= ((M1-
M0)/M0) ∗100 and quantified by measuring a hydro-
gel’s mass using a calibrated balance (ABJ 220-4NM,
Kern) directly after fabrication (M0) and after incuba-
tion (M1) for different periods of time (1, 6, 18, 24 h).

2.8. BM static culture
Native, agarose- or Col-HA-enclosed tissue pieces
were cultured in 24-well tissue culture plates
(Corning) for static evaluation of BM in vitro cul-
ture. Native and agarose conditions were cultured up
to 7 d in RPMI (PAN Biotech) containing 10% heat-
inactivated FCS (Biochrom), while Col-HA-encased
pieces were cultured in RPMI (PAN Biotech) con-
taining 10% heat-inactivated fetal calf serum (FCS,
Biochrom) in 1:1 ratio with stromal cells conditioned
medium previously described and enriched with
recombinant human IL-6 (0.33 pg ml−1, Biolegend),
recombinant human APRIL (50 ng ml−1, R&D
System), sodium pyruvate (50 µl ml−1, Gibco), 2-
mercaptoethanol (1 µl ml−1, Gibco), D-(+)-Glucose
anhydrous (4.4 µg ml−1, Sigma-Aldrich), 1% p/s
(OCM) up to 14 d. Culture medium was half-
exchanged on alternate days without disturbing the
encased tissue. Collected culture supernatants were
stored at−80 ◦C for further investigations.

2.9. BM dynamic microphysiological culture
(BM-MPS)
Col-HA-enclosed tissue pieces were cultured in
HUMIMIC Chip2 dynamic MPS (TissUse GmbH)
up to 14 d with OCM. Culture medium was half-
exchanged on alternate days without disturbing the
encased tissue. Collected culture supernatants were
stored at −80 ◦C for further investigations. 400 µl of
dedicated medium was pumped through each circuit
at 33 BPM,with 500mbar of pressure and−500mbar
of vacuum.
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2.10. Histological preprocessing, slides acquisition
and analysis
Ex vivo (day 0) and cultured samples were fixed
with 4% PFA (Sigma-Aldrich) overnight and demin-
eralized with a solution of 20% EDTA (Sigma-
Aldrich), to be subsequently processed and embed-
ded in paraffin (Leica TP1020 Automatic Benchtop
Tissue Processor). Hematoxylin (Sigma-Aldrich) and
eosin (Sigma-Aldrich) stained slides (section thick-
ness 4 nm) were scanned using the Nanozoomer
SQ (Hamamatsu Photonics) 40x objective. To evalu-
ate automatically and reproducibly the tissue slides,
the open-source software QuPath [27] implemen-
ted with the MarrowQuant 2.0 script was used [28].
The algorithm provides the user the opportunity
to quantify digitally five BM compartments (hem-
atopoietic, adipocytic, interstitial-microvasculature
areas, and bone).

2.11. Culture supernatant analysis
Culture supernatants were processed to establish sol-
uble factors concentration and, Ig concentration and
isotyping. Respectively, customized LEGENDplex™
Custom Human 6-plex panel (Biolegend) and
pre-defined LEGENDplex™ HU Immunoglobulin
Isotyping Panel (8-plex, Biolegend) were run fol-
lowing manufacturer´s indication, data were collec-
ted on Cytoflex LX (Beckman Coulter). Concisely,
LEGENDplex™ is a bead-based multiplex assay, with
capture beads of different sizes and fluorescence, con-
jugated with analyte-of-choice specific antibodies.
Following the principles of a sandwich immunoassay
the beads are separated in sets based on their dimen-
sion and resolved by fluorescence intensities. Software
for data analysis is provided by the company together
with the kits.

2.12. Data analysis, statistics, and presentation
FlowJo Software (BD) was used to analyze flow cyto-
metry data. QuPath´s script MarrowQuant 2.0 was
used to automatically quantify histology-stained tis-
sue slides (code and tutorials available at https://
github.com/Naveiras-Lab/MarrowQuant2.0) [28].
Compression testing data was analyzed using a
custom-made MATLAB script. To measure SEM
images pore sizes Fiji was employed. LEGENDplex™
Data Analysis Software Suite was used to analyze
supernatant assays data. Graph creation and stat-
istics were performed with Prism 10 (GraphPad).
Assessment of statistical significance for normally
distributed data values was performed with unpaired
t-test withWelch´s correction, repeatedmeasurement
one-way ANOVA with Geisser-Greenhouse correc-
tion, unpaired Brown–Forsythe and Welch ANOVA
tests, and repeated measurements two-way ANOVA
with Geisser-Greenhouse correction. Corresponding
nonparametric tests were applied in case of non-
normally distributed data with Mann-Whitney´s test,

unpaired Kruskal–Wallis-Test, repeated measure-
ments Friedmann´s test, and paired Wilcoxon test.
Choice of statistic, post-hoc test and significant P-
values are described under each graphic result rep-
resentation. Images were created on BioRender.com
and Affinity Designer.

3. Results

3.1. Development of a 3D human BMmodel
on-a-Chip (BM-MPS)
Since the necessary cues that maintain PCs alive are
not yet completely defined [7, 8], we chose to pre-
serve the endogenous conformation of the in vivoBM.
To this end, primary human femoral BM tissue was
harvested from hip-replacement surgeries. To sustain
long-term functional BM tissue in vitro, different set-
ups were tested. Primary trabecular BM was cultured
either in native form, embedded in low melting tem-
perature agarose or enclosed in Col-HA hydrogel for
mechanical support. The BM pieces were cultured
under conventional stationary conditions (24-well
tissue culture plate) or in the culture compartment of
the HUMIMIC Chip2 (TissUse GmbH), providing a
dynamic perfusion of the culture medium (figure 1).
Preservation of the tissue integrity was tested by light
microscopy. The maintenance of PCs in the cultured
BM was analyzed at different timepoints (day 4, day
7, day 11, and day 14) by flow cytometry. In par-
allel, supernatant collection (SN) allowed us to fur-
ther characterize the soluble portion of the in vitro
culture micromilieu (Ig production—measured as a
parameter for PCs functionality; as well as paracrine
survival-inducing ligands) (figure 1).

Sampleswere obtained froma groupof 26 donors,
whose age varies between 51- and 85-years-old (mean
age 68, balanced male/female sex distribution) (sup-
plementary figure S1(a)). All donors underwent
femur surgery due to coxarthrosis (homogenous dis-
tribution between left and right side) and presented a
series of comorbidities not related to PCs impairment
(supplementary figure S1(b)) (demographics detailed
in supplementary table T1).

3.2. Characterization of ex vivo primary BM
showed high donor variability
We used multi-colour flow cytometry to detect
and quantify the immune cells subsets that
populate the BM (figure 2(a)). Beside PCs
(CD38+/CD138+/CD27+), we analyzed the
samples for B cells (CD45+/CD19+) and T cells
(CD45+/CD3+) (ex vivo and in culture), and for
granulocytes (SSC/FSC) and HSCs (CD38-/CD3-
/CD19-/CD34+) (only ex vivo) (supplementary
figure S2 and supplementary table T2). All immune
cell subsets were evaluated in their absolute numbers
per 100 cubic millimetres (Abs/100mm3) of each BM
sample.
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Figure 1. Step-by-step development of a microphysiological 3D BMmodel to support extended PCs survival. Outline of
femur-derived BM whole tissue fragments in vitro culture, using different conditions up to a dynamic microphysiological system
(MPS). Portioned trabecular bone human primary samples are either embedded in a Col-HA hydrogel, agarose gel or processed
in their native form to be cultured up to 14 d under static (native, agarose and Col-HA) and flow setting (only Col-HA). Derived
samples (whole tissue, cells in suspension, culture supernatant) are subsequently characterized at each timepoint via flow
cytometric, histologic, and multiplex supernatant profiling techniques.

BM cellular density varied between donors up to
10-fold, ranging from ∼0.13 × 106 to ∼3.2 × 106

(figure 2(b)). We further observed strong donor-
dependent differences in the composition of immune
cell subsets. PCs were generally a rare subset, ran-
ging from 0.08% to 1.41% of the analyzed cells
(figure 2(c)). In general granulocytes represented the
largest subset (47% mean, 10.45%–80.12% range)
in most donors, followed by T cells (8.14% mean,
3%–21.85% range) and B cells (3.61%mean, 1.04%–
15.34% range) (supplementary table T3).

3.3. Cultured tissue integrity can be achieved by
BM encapsulation
First, we analyzed the ability to retain tissue integrity
in culture conditions by comparing BM in its native
form to BM enclosed within a scaffold material. The
testingwas conducted in static culturewells filledwith
medium (24-well tissue culture plate).

Inspired by previous successful whole tissue cul-
tures of different tissues [29, 30], and the documented

use of agarose gels in a range of different tissue engin-
eering studies [31, 32], in an initial attempt to provide
mechanical support, we embedded the whole tissue
in a biologically inert low melting point 4% agarose
gel. The experiment was performed in parallel to the
static culture of the native tissue of the same donor
(figure 3(a)).

Macro and microscopic observation of PFA-fixed
scanned BM tissue H&E slides (ex vivo, day 7 native,
day 7 agarose—n = 3 each condition), automatically
analyzed via MarrowQuant 2.0 [28] (QuPath script)
(figures 3(b)–(d)) (supplementary table T4), enabled
us to follow the progressive deterioration of the native
tissue when put in culture without an external sup-
port (figure 3(b)).

It was not possible to examine the BM compos-
ition of native tissue at day 7 due to the complete
fragmentation of the remaining tissue. Conversely,
4% agarose encapsulation showed only slightly
diminished hematopoietic fraction compared to the
ex vivo fragment (figure 3(c)). Trabecular bone area
appeared to be well preserved and not altered during
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Figure 2. Ex vivo BM tissue characterization and its variability. (a) Experimental setup for immunophenotyping ex vivo BM tissue
fragments. (b) Total cellularity ex vivo of different donors (n= 18, P: identification of single donor), expressed as absolute
numbers of alive cells in 100 mm3 (Abs/100 mm3), and their mean value. (c) From left to right: population composition of freshly
isolated BM cells at day 0 of different donors, and their corresponding PCs percentage values (% pop/whole alive bone marrow
cells) (n= 18).

the culture process (figure 3(d)). Next, we tracked
cellular relative survival rate of the PCs and the other
immune subsets at day 4 and day 7 in tissue and
supernatant compartment of both native and agarose
tissue. Due to the variability of cell numbers within
the BM as previously described, we observed the
behaviour of PCs by normalizing the measured val-
ues towards day 0 ex vivo analysis (figure 3(e)). In
both native and agarose-enclosed cultured samples,
almost no PCs were alive after 7 d of culture. More

specifically, the mean normalized PCs survival rate
after 1 week of culture was in native condition 0.81%
(±3.72 SD; 0.08%–9.2% range) and in agarose-
enclosed condition 1.09% (±1.37 SD; 0.09%–3.95%
range). Analysis of tissue and medium supernatant
samples of agarose-enclosed condition demonstrated
heavily decreased survival of B cells and T cells within
the first 4 d of culture; however, survival of the lymph-
ocytes persisted at a low level between day 4 and day 7
(supplementary figure S3(a)). Notably, we found only
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Figure 3. Native tissue and agarose embedding tissue culture evaluation under static condition. (a) Experimental setup for
immunophenotyping of cultured BM tissue fragments (tissue and SN cells) and histology. (b) Pan cellular hematoxylin and eosin
(H&E) stained scanned slides (magnification 40×) show progressive macroscopic deterioration of the tissue in culture without
encasing (=native upper row), from left to right: ex vivo, day 4, day 7. Sharp contrast with agarose encased tissue (=gel lower
row), from left to right: ex vivo, day 4, day 7. (c) Scanned H&E slides were automatically analyzed via MarrowQuant 2.0 (QuPath
script). Summary of tissue composition in terms of hematopoietic area, adiposity, interstitial/microvasculature area ratio at
different timepoints and conditions (n= 3). (d) More in detail data of trabecular bone area, compared to ex vivo (n= 3), on day
7 agarose embedded BM tissue (n= 3). Statistical analysis was performed by unpaired t-test with Welch´s correction (ns: not
significant), column height represents the mean value of each group. (e) Absolute numbers of alive PCs for 100 mm3 of cultured
BM (CD138+/CD38/CD27+) normalized to day 0. Survival trend up to 7 d (n= 4). Statistical analysis was performed by
unpaired t-test with Welch´s correction (ns: not significant). PCs non-normal distribution in agarose samples was statistically
analyzed with nonparametric Mann–Whitney test (ns: not significant). (f) PCs, B cells and T cells distribution between in tissue
residency versus supernatant circulation (% of mean values each culture condition), observed at day 7 (top row native, bottom
row agarose-included) (day 7, % of mean values each culture condition). Statistical analysis was performed by unpaired t-test
with Welch´s correction (ns: not significant; ∗∗∗: p< 0.0002; ∗: p< 0.0332). PCs non-normal distribution in native samples was
statistically analyzed with nonparametric Mann–Whitney test (ns: not significant).
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minimal counts of PCs, B or T cells in the supernatant
of the agarose-encapsulated BM samples, indicating
that BMcells were unable to freely exit thematrix (day
4 in figure 3(f); day in 7 supplementary figure S3(b)).
Consequently, both these setups were abandoned.

3.4. Col-HA hydrogel as biologically relevant
scaffold for BM culture
Embedding BM tissue allowed to preserve its mor-
phological integrity (figure 3(b)).

The ECM of the physiological BM niche is com-
posed of various type of collagens, HA, and pro-
teoglycans such as fibronectin and laminin, in varying
compositions between different BM compartments
[19]. The bioactive environment within the BM
niches provides cells with mechanical and biochem-
ical cues that enable proliferation, differentiation, and
survival [2, 4, 19].

Due to the poor survival of PCs in the 4%
agarose gel (figure 3(e)), we hypothesized that a bio-
logically relevant matrix, which more closely mim-
ics characteristics of the in-situ microenvironment
within the BM and mechanically supports the integ-
rity of the native tissue, could improve PCs survival
ex vivo (figure 4(a)). Further, we aimed to replace the
temperature-dependent gelation of the agarose with
light-triggered polymerisation to enable a more pre-
cise and robust encapsulation of the fragile BM tis-
sue and therefore chose a UV-crosslinkable gel mater-
ial. To better approximate the characteristics of the
ECM composition in BM, the hydrogel mainly con-
sisted of type 1 collagen and hyaluronic acid (Col-
HA) [25]. Importantly, the Col-HA hydrogel was pre-
viously identified as favourable to maintain human
BM stromal cells and promote their viability and
function [25, 33]. The hydrogels are produced by a
step-growth network of the methacrylated collagen
(Col) and thiolated hyaluronic acid (HA) that forms
through radical-mediated thiol-ene reaction and does
not require any bioinert components for crosslink-
ing. The resulting transparent hydrogel enclosed and
maintained the integrity of the delicate BM tissue,
allowing handling by forceps, despite being highly
porous and permeable (figure 4(b)).

The mechanical properties vary greatly in the BM
niche, ranging from the stiffer endosteal space to the
softer BM [15]. For softer BM, different studies have
previously reported an elasticmodulus (E) of 0.25 kPa
[15] and a storage modulus (G′) of 220 Pa [16]. We
aimed to use Col-HA gels with mechanical proper-
ties comparable to BM. Thus, we quantified elastic
and rheological properties of different configuration
of the Col-HA gels next. For 6, 2, and 0.5 mg ml−1

configurations of Col-HA gels, E was measured at
mean values of 4.3, 1.5 and 1.2 kPa, respectively
(figure 4(c)), G′ was measured at mean values of
547, 161 and 15 Pa, respectively (figure 4(d)), and
G′′ was measured at mean values of 14, 3 and 1 kPa
(figure 4(d)). Consequently, we chose theCol-HAgels

in 2 mg ml−1 configuration for further cell culture
experiments as it showed E andG′ comparable to val-
ues reported for BM in the literature. Notably, Col-
HA 6 mg ml−1, 0.5 mg ml−1 presented here were
deemed unfavourable for the cell culture setup (BM
static and BM-MPS culture) due to their difficult
handling in the production of enclosed BM samples,
which lead to an increased variability in the culture
settings. To provide amore complete characterization
of the Col-HA material system, we next quantified
porosity using SEM, degradation by enzymatic diges-
tion, and swelling properties by mass change during
incubation. SEM showed similar porosity for all three
Col-HA configurations in the range of 60–131 µm
(figure 4(e)), which was in line with previously repor-
ted measurements [25]. Degradation measurements
showed how Col-HA is subject by degradation when
incubated with collagenase P. Higher concentration
required longer incubation time, yielding to com-
plete degradation after 12 h for 6 mg ml−1 of col-
lagen, 9 h for 2 mg ml−1 and 6 h for the lowest
collagen concentration of 0.5 mg ml−1 (figure 4(f)).
Swelling quantification showed that Col-HA gels in
6 and 2 mg ml−1 configurations were stable and
did not relevantly change in weight, contrasting the
0.5 mg ml−1 configuration which showed substan-
tial shrinking (figure 4(f)). The shrinking in the latter
configuration likely was due to the lower concentra-
tion of collagen in the Col-HAmix, leading to incom-
plete crosslinking of the HA content, which may have
result in de-swelling due to unlinked HA molecules
diffusing out from the gel. For the 2 mg ml−1 con-
figuration, no macroscopic shrinkage was observed
during 14 d of incubation, and no change in E was
quantified between 1 and 14 d of incubation in PBS
following hydrogel production (supplementary figure
S4(f)), showing stable mechanical properties and no
intrinsic degradability of the Col-HA gels.

3.5. BM-Col-HA platform supports the survival of
PCs up to 14 d in culture
Col-HA hydrogel was already successfully tested for
culture of human BM MSCs derived from the same
category of samples used in the present study [25,
33]. We then tested whether this hydrogel would
enable more physiological encapsulation of our tra-
becular BM, facilitating PCs survival and cell traffick-
ing outside of the tissue (figure 5(a)). We achieved
to encase the trabecular bone in Col-HA and pro-
ceeded to compare its integrity and relative cells sur-
vival rate after culture in both static and dynamic con-
ditions (MPS: pump rate 33 BPM, imposed pressure
500mbar). The Col-HA hydrogel maintained the BM
fragments integer for up to 14 d, even when cultured
under flow conditions (figure 5(b)).

The scanned BM tissue H&E slides (ex vivo, day
14 Col-HA static, day 14 Col-HA MPS—n = 3
each condition) were automatically analyzed as stated
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Figure 4. Col-HA hydrogel as biologically relevant casing for BM primary tissue. (a) Supporting qualities of agarose and Col-HA
encasing solutions. (b) Col-HA is a self-supporting hydrogel (I) well suited to encapsulate the delicate BM (II). SEM of
lyophilized Col-HA reveals a highly porous inner structure (III scale bar= 300 µm; IV scale bar= 100 µm). (c) Compression
testing was used to quantify E of Col-HA gels with different concentration (n= 3). (d) Rheometry was used to quantify G´ and
G´´ for the Col-HA gel configurations (n= 3). (e) SEM pore measurement of fractured lyophilized gels (median pore size shown,
n= 2). (f) Enzymatic degradability of Col-HA gel configurations tested by exposure to collagenase and quantified by mass loss
percentage at different timepoints (n= 3). Statistical analysis of E and pore size were performed by unpaired Kruskal–Wallis-Test
with Dunn´s post-hoc test. G´ and G´´ statistical analysis was performed by unpaired Brown–Forsythe and Welch ANOVA tests
with Dunnett´s post-hoc test. Degradation test was analyzed with a repeated measurements Friedmann test (Dunn´s post-hoc
test). Swelling statistical analysis performed with repeated measurements ANOVA with Geisser-Greenhouse correction (Tukey´s
post-hoc test). For all statistical analysis: ns: not significant; ∗∗∗: p< 0.0002; ∗∗: p< 0.0021, ∗: p< 0.0332.

before (supplementary table T4). The hematopoi-
etic fraction was slightly reduced compared to the
ex vivo fragment, but without significant differ-
ence between static or dynamic culture conditions
(figure 5(c)). Trabecular bone area was not altered
in static and MPS culture compared to the ex vivo
condition, corroborating the ability of the selected

encasing hydrogel to preserve general tissue architec-
ture (figure 5(d)).

Next, we tracked cellular survival rate of PCs and
other immune subsets at day 4, 7, 11 and 14 in
both tissue and supernatant compartment of ourCol-
HA culture settings (figure 5(a)). Due to the vari-
ability of the PCs numbers in the starting material,
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Figure 5. Col-HA embedding tissue culture analysis. (a) Experimental setup for immunophenotyping of cultured BM tissue
fragments (tissue and SN cells) and histology. (b) Pan cellular hematoxylin and eosin (H&E) stained slides (magnification 40×)
show macroscopic maintenance of the tissue in culture with Col-HA encasing, from left to right: ex vivo, static culture day 14,
MPS culture day 14 (P23 shown). (c) Scanned H&E slides (magnification 40x) were automatically analyzed via MarrowQuant 2.0
(QuPath script). Summary of tissue composition in terms of hematopoietic area, adiposity, interstitial/microvasculature area ratio
at different timepoints and conditions (n= 3). (d) Trabecular bone evaluation after 14 d of in vitro culture (n= 3). Repeated
measurements one-way ANOVA with Geisser-Greenhouse correction (post-hoc Tukey´s test) statistical analysis was performed on
the different sample groups (ns: not significant); column height represents the mean value of each group. (e) Absolute numbers of
alive PCs (CD138+/CD38/CD27+) for 100 mm3 of cultured BM. Survival trend up to 14 d. Normalized to day 0 (left) data
presented with mean value trendline (±SD error bars) and reference (orange symbol) to native BM values from figure 3(b) (top
static, bottomMPS). Normalized data towards day 4 (right) represent the in vitro stability of the system (static culture n= 6, MPS
culture n= 14). Statistical analysis was performed by unpaired t-test with Welch´s correction (ns: not significant). Day 14 PCs
non-normal distribution in native samples was statistically analyzed with nonparametric Mann–Whitney test (ns: not
significant). (f) PCs, B cells and T cells distribution between in tissue residency versus supernatant circulation (day 14, % of mean
values each culture condition). Statistical analysis was performed by unpaired t-test with Welch´s correction (ns: not significant,
∗∗∗: p< 0.0001; ∗: p< 0.0332) (•: significance in MPS samples;□: significance in static samples).

we normalized the PCs counts of different donors
towards day 0 ex vivo absolute numbers (figure 5(e)).
There was a significant decline of surviving cells
in the passage from the ex vivo tissue excision to

the in vitro culture for all samples in the first days
of culture (figure 5(e), left graphs—normalized to
day 0). Once in culture, the PCs survival decreased
at a slower rate, therefore we additionally normalized
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the data towards day 4 to better evaluate the sta-
bility of the culture (figure 5(e), within culture
observation—normalized to day 4). However, we
could observe PCs maintenance up to 14 d after isol-
ation. Over the two weeks, PCs frequency in the tis-
sue continuously declined, with amean of 32% (±8.9
SD; 22%–44% range) of PCs remaining under static
conditions and a mean of 10% PCs (±17 SD; 4%–
50% range) remaining in the MPS at day 14 (nor-
malized to day 0). Regarding in culture maintenance
(normalized to day 4), detected PCs survival appear
more stable, with a mean of 73% under static con-
ditions (±20 SD; 59%–103% range) and of 17. 5%
in MPS (±7.5 SD; 8%–29% range). Similar decline
in alive cell numbers was observed for B cells and T
cells extracted from the tissue sample of the Col-HA
(supplementary figure S5(a)). In addition to the tis-
sue analysis, we evaluated how many cells could be
detected in the supernatants of the Col-HA enclosed
BM and compared it to the numbers found in the tis-
sue. We observed a preferential PCs survival in the
tissue regardless of static/dynamic culture and only
a minimal number of alive PCs in the supernatants
at both early (day 4) and late (day 14) timepoints
(figure 5(f), supplementary figure S5(b)). In contrast
to PCs, B cells and T cells could be detected at com-
parable numbers in the tissue and the supernatant
(figure 5(f), supplementary figure S5(b)).

3.6. PCs survival correlates to accumulation of
immunoglobulin in supernatant of cultured 3D
tissues
PCs secrete about 103 antibodies per second
(=2 ng/day) [7]. Therefore, we evaluated ongo-
ing production of antibodies in our 3D BM model
through a dedicated multiplex human Ig isotyping
panel from day 4 to day 14 (n = 4). We detected a
mean increase of total immunoglobulin (TIg) in both
static (2-fold) and in theMPS (1.4-fold) (figure 6(b)).
Given TIg long half-life (ca. 3 weeks) [34] and the
decrease of total PCs counts (figure 5(e)), the con-
centration increase indicated active production of
TIg in our culture system, thereby validating PCs
maintenance from a functional perspective across
all different Ig isotypes (figure 6(c)). No significant
differences were observed between static and MPS
culture conditions for the different Ig subclasses.

3.7. OCM conditionedmedium impact on survival
factor expression
To support and potentially enhance PCs survival in
our model, we have developed an optimized culture
medium. Beside the use of human BM stromal cell
conditioned medium (hBM-stromal CM) produced
in batch from our same BMdonors, factors as APRIL,
IL-6 and glucose are added to enrich basal RPMI
medium (see Materials and Methods). We investig-
ated collected culture supernatants (SNs) of Col-HA-
encapsulated BM samples from static andMPS OCM

cultures (day 4 to day 14), with a customized mul-
tiplex growth factor and cytokine panel. Given their
importance for PCs survival we decided to focus our
analysis on testing APRIL, BAFF, CXCL12, VCAM-1,
VEGF, and IL-6 (figure 6(d)). We saw a general sta-
bility of the concentration of all the molecules, beside
VEGF, up to day 11, regardless of static or MPS cul-
ture condition. APRIL and BAFF both promote pro-
liferation and survival of PCs through the upregulated
receptor BCMA [7, 8]. The enrichment of our OCM
withAPRIL seem tomaintain stable levels throughout
the BM in vitro culture, while BAFF, even if not added,
is still present and apparently produced by the cells in
the model with a higher concentration in the flow-
stimulated construct. A key factor for PCs homing
and maintenance in the niche, CXCL12, is expressed
by a rare population of CXCL12-abundant reticular
cells at constant low levels (∼10 pg ml−1). VCAM-
1 is constitutionally expressed in perivascular stromal
cells which are found in close proximity to BM vessels
and, an important regulator of cell homing. In our
system we saw a steady decrease of VCAM-1 which
may or may not be related to loss of endothelial cells,
stromal cells or both compartments. VEGF, well-
known proangiogenic factor, shows an inverse trend
in relation toVCAM-1. IL-6was added at low concen-
trations (0.33 pg ml−1) to stimulate PCs Ig produc-
tion and remains present at an average concentration
range of 10–20 ngml−1, which was observed in a pre-
vious study to increase the in vitro survival of PCs, in
combination with BAFF and APRIL [23].

4. Discussion

In this paper, we introduce a novel approach to
facilitate PCs survival ex vivo by enclosing primary
trabecular human BM in a hydrogel. The selected
pore sizes, stiffness, remodelling capabilities of the
designed hydrogel allowed PC-supporting medium
supplements to diffuse and leukocytes tomigrate out-
side the BM tissue samples. Alive PCs and immuno-
globulin production was detected at least up to 14 d
in both static and MPS cultures, which exceeds pre-
viously published lengths by 4–7 times [7, 8, 35–37].
We then could establish an in vitro/ex vivo model
for (patho)physiological studies and testing of novel
therapeutics targeting PCs.

The extended survival of some functional,
Ig-producing PCs and the maintenance of PC-
supporting factors, such as APRIL, BAFF, and IL6,
found in the BM tissue supernatants suggest that our
approach retained certain necessary physiological
cues of the BM. The downward trend observable at
day 14 might indicate suffering of the whole model
with consequent decline of total cell numbers.

It would be of importance to have standard-
ized, reliable PCs and MM models that can mimic
the in vivo microenvironment [22]. More in general,
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Figure 6. PCs survival correlates to accumulation of immunoglobulin in supernatant of cultured 3D tissues. (a) Flow
cytometry-based multiplex immunoassays optimized to quantitate and isotype human Igs in culture SNs. (b) Total
immunoglobulins (TIg) trendline from day 4 to day 14 (mean, static condition—n= 4, MPS condition—n= 4). (c) Ig isotypes
(from top left to bottom right: IgA, IgD, IgE, IgG, IgM). Concentration (pg ml−1) of static (n= 4) and MPS (n= 4) cultured BM
tissue fragments over time (day 4–day 14). Graph scale varies due to wide differences in dosage. (d) OCM conditioned medium
impact on survival factor expression in different 3D culture settings. Flow cytometry-based multiplex immunoassays optimized to
quantitate a custom panel of 6 PCs survival factors (APRIL, BAFF, CXCL12, VCAM-1, VEGF, IL-6). Different timepoint (day
4–day 14) and conditions (Col-HA static culture—n= 8, Col-HA MPS culture—n= 9) concentration (pg ml−1), compared to
OCM control. Graph scale varies due to wide differences in dosage. All statistical analysis were executed with repeated
measurements two-way ANOVA with Geisser-Greenhouse correction (Tukey´s post-hoc test) (ns: not significant).

the capacity to approximate the physiology of a tis-
sue microsystem, will determine the correct estab-
lishment of the 3D culture as well as the ability of
the system to respond correctly to in vitro imposed
stimuli. In contrast to previous endeavours which
deconstructed the BM tissue and selected specific
cell subpopulations to coculture with PCs in conven-
tional 2D-systems [8, 35, 37], our approach exploits

the complete 3D-architecture including all its cellu-
lar and extracellular components. The ideal model
should provide the ability to identify key factors reg-
ulating PCs survival, such as cell–cell interactions,
cell–matrix interactions and cell receptors. To reach
this last mentioned aspect, a 3D model should con-
sider and comprise many aspects, like proper nutri-
ent and molecular diffusion, oxygen gradients, cell
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adhesion points, mechanical properties, vasculariza-
tion. All this while allowing cells to normally behave
in terms of proliferation, differentiation, and traffick-
ing. At the present time, such complex endeavour still
needs to find resolution in the BM 3D tissue field.

The advantage we can propose with our model
choice relies in trying to preserve all the cues already
present in vivo, and all the necessary cells in culture
(physiologically represented in terms of different sub-
set and numbers), giving us a higher chance of getting
closer to an in vivo-like situation.

The first necessary element to achieve BM tis-
sue in vitro maintenance is the use of a biorelevant
encasing solution. When considering agarose gels for
our initial efforts we knew about their widespread
use in research as well as medical science [31, 32].
As bioinert, low cost, stiff material it has also being
used in other 3D tissue engineering applications
[31, 32], but the characteristic that most have been
exploited are the lack of attachment sites for cells.
This aspect, together with high stiffness is known to
serve as impediment to cell migration [38], incap-
ability of swelling, and non-degradability by human
enzymes (lack of by cells in culture) separates broadly
the agarose gels from Col-HA ones. To confirm our
choice of Col-HA over agarose, we also included in
our investigation different compositions of agarose
gels (4%, 1%, 0.25%) (supplementary figure S4). For
agarose 4%, we quantified E at 156 kPa and G´ at
39 kPa (mean values, supplementary figures S4(c) and
(d)), which are substantially different frompreviously
reported mechanical properties of the physiological
BM niche (E = 0.25 kPa, G´ = 220 Pa) [15, 16].
A lower concentration of agarose (0.25%) showed
mechanical properties E and G´ similar to Col-HA
2 mg ml−1 (E = 1.4 kPa, G´ = 718 Pa; mean val-
ues, supplementary figures S4(c) and (d)). However,
agarose 0.25% is difficult to manage as encasing solu-
tion as it easily gets disrupted during handling and is
difficult to use in long-term cultures. Another disad-
vantage of the agarose gels used in this study was their
lack of cell adhesion motifs and interaction anchor-
ing points, which likely prevented to present a rel-
evant physiological environment to the encapsulated
tissue with cells [31, 38]. Together, these observa-
tions help explain the inadequacy of the used agarose
gels for the described culture system and corrobor-
ate the need to use biorelevant hydrogels like Col-HA
for high-complexity 3D culture systems. Col-HA gels
with components and mechanical properties resem-
bling characteristics of physiological BM tissue, but
not agarose gels, enabled PCs survival and traffick-
ing of immune cells (figure 5 and supplementary
figure S5).

Despite our best effort to retain the tissue in its
ex vivo form, we observed a drop in PCs survival in
the first 4 d, with the residual PCs decreasing at a
lower rate between day 4 and day 14 in most donors
(figure 5(e)). Similar declines in cell survival were

also observed for most other cell types monitored,
including B and T cells (supplementary figure S5(a)).
The strong initial decline in PCs survival may be
related with the traumatic manipulation to create BM
samples for subsequent enclosure and sub-culture,
which may lead to sheer stress and the secretion of
pro-apoptotic signals [39, 40]. However, consecutive
PCs decline observed in our system may be related to
other differences to the BM in vivo, that can directly
or indirectly hamper PCs survival, such as the failure
to maintain cell types necessary to support PCs.

The vasculature supports BM organization in situ
by creating niches with gradients of oxygen and nutri-
ents around the capillaries [6], but it also promotes
in-/efflux of immune cells, cytokines, and antibodies.
In contrast, nutrient supply and gas exchange in our
system is primarily regulated by the culture-medium
and diffusion from the surface of the culture chamber.
While providing a platform in which immune cells
can circulate freely following the emulated pulsating
flow, use of microfluidic device HUMIMIC Chip led
to lower PCs absolute survival and, while maintain
functionality, minor Ig production when compared
to its static counterpart. However, we recognized an
improvement in PCs’ survival also in the BM-MPS,
when compared to classical culture (native condition)
(figures 3(e) and 5(e)).

In both native and agarose cultured samples
almost no PCs were alive after 7 d of culture; there-
fore, both these setups were subsequently abandoned
and, more specifically, after 1 week of culture, the
mean of PCs survival rate for normalized to day 0
native sample was of 0.81% (0.08%–9.2% range).
Agarose cultured samples PCs were detected as 1.09%
(mean value, day 0 normalization, range 0.09%–
3.95%). If we confront these values with the ones
regarding MPS, we could notice that on day 7 PCs
alive in MPS amounted to 30-fold times more than
native (day 7 MPS, mean: 75%). If we want to com-
pare the lowest timepoint of PCs survival in the
MPS we would see almost 13-fold increase com-
pared to classical survival of non-malignant PCs
in vitro (day 14 MPS, mean 10%). These results show
a defined improvement and a potential first step
towards implementing a fully functioning MPS BM
system. Future studies may alternatively explore vas-
cularization induction in our model, which may sup-
plement the hydrogel’s capacity for cellular migration
with the ability to modulate oxygen levels and nutri-
ents through the intricate in vivo vasculature of the
BM.

Many different cell types have been associated
with long-term PCs survival, such as BM stromal
cells, including osteoclasts [7, 8, 41], but also activ-
ated immune cells, including short-lived granulocytes
[8, 42, 43]. In this study, while systematically include
ex vivo all these different cell subsets in culture, we
used specific multi-color flow cytometry panel to
focus on elucidation of the relative survival of PCs,
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B and T cells at different timepoints. Future stud-
ies may be supplemented by more in-depth ana-
lysis of the cellular composition of our BM model
with advanced single cell analysis technologies, such
as CITE-seq/scRNA-seq [44, 45] which may provide
insights into whether the loss of specific (rarer) cell
subsets precede PCs decay in our system. Such results
would be instrumental to propose hypothesis-driven
changes to optimize medium compositions to extend
PCs survival or change the composition of the hydro-
gel, to modulate stiffness and pore sizes. Additionally,
such specific analysis would provide us with an over-
view onwhich phenotypes of PCs, out of their hetero-
geneous pool, thrive in our MPS and if their expres-
sion profile is modified in any way when observed
against their ex vivo counterpart.

The 3DBM construct will serve as non-malignant
tissue control, tissue destination of tumourmetastasis
as well as location of primary tumours such MM.
The present model could be already used to investig-
ate cell-based immunotherapies against PCs, such as
CAR-T cells, or bispecific CD3-engaging antibodies
[46, 47].

5. Conclusions

In summary, our study results show the positive influ-
ence of primary whole BMnichemaintenance in vitro
on PCs survival. Architecture and function of BM
was preserved by encasing primary human tissue har-
vested during femur surgery in a biologically rel-
evant biopolymer matrix. As the necessary cues for
maintenance of PCs survival are not yet completely
defined, an advantage of our chosen approach lies in
the preservation of the integrity of the in vivo BM
microanatomy and niche composition. Despite the
high variability in donor immune cell composition in
the biopsies, the combination of Col-HA encapsula-
tion and BM-supporting culture medium allowed to
maintain the complex organization of the native BM
niche and led to prolonged PCs maintenance in vitro.
In contrast, survival was not achieved in a bioinert
agarose gel. This study thus exemplifies how bioma-
terials can play a role in preserving functional tissue
ex vivo beyond simple mechanical support.

On one hand, this in vitro BM model could be
used to study the biology of non-malignant, human
PCs and the necessary cellular components, soluble
factors or physical cues necessary to support their
long-term function and survival. On the other hand,
this work represents a new tool for translational
work on PCs-targeted therapies. The implementation
of adaptive immunity with homing/migration and
effector function of T andB cells in dynamic 3Dorgan
systems would be of great scientific value, as it would
raise exploratory preclinical studies on the pathogen-
esis of immune diseases as well as on mechanisms of
action of new innovative therapeutic approaches to a

new level—saving animal experiments and simultan-
eously improving informative value.
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