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Abstract

Purpose Multiple myeloma (MM) remains an incurable hematologic malignancy which ultimately develops drug resistance
and evades treatment. Despite substantial therapeutic advances over the past years, the clinical failure rate of preclinically
promising anti-MM drugs remains substantial. More realistic in vitro models are thus required to better predict clinical
efficacy of a preclinically active compound.

Methods Here, we report on the establishment of a conical agarose 3D co-culture platform for the preclinical propagation
of primary MM cells ex vivo. Cell growth was compared to yet established 2D and liquid overlay systems. MM cell lines
(MMCL: RPMI-8226, U266, OPM-2) and primary patient specimens were tested. Drug sensitivity was examined by explor-
ing the cytotoxic effect of bortezomib and the deubiquitinase inhibitor auranofin under various conditions.

Results In contrast to 2D and liquid overlay, cell proliferation in the 3D array followed a sigmoidal curve characterized by
an initial growth delay but more durable proliferation of MMCL over 12 days of culture. Primary MM specimens did not
expand in ex vivo monoculture, but required co-culture support by a human stromal cell line (HS-5, MSP-1). HS-5 induced
a> fivefold increase in cluster volume and maintained long-term viability of primary MM cells for up to 21 days. Bortezomib
and auranofin induced less cytotoxicity under 3D vs. 2D condition and in co- vs. monoculture, respectively.

Conclusions This study introduces a novel model that is capable of long-term propagation and drug testing of primary MM
specimens ex vivo overcoming some of the pitfalls of currently available in vitro models.

Keywords Multiple myeloma - Drug discovery - In vitro modeling - Bone marrow microenvironment - Bortezomib -
Auranofin

Introduction

Multiple myeloma (MM) is a plasma cell disorder with an
expected number of 34,920 new cases in the United States
Parts of the results were presented at the ‘American Society of in 2021 (American Cancer Society 2021). It is character-

Hematology’ (ASH) 2017, and at the ‘German, Austrian and ized by end-organ damage, such as anemia, hypocalcemia,
Swiss Hematology & Oncology’ (DGHO) meetings in 2016-2018.
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renal insufficiency, and bone lesions (Kyle and Rajkumar
2009). Overall response rates to induction therapy have sub-
stantially improved over the past decades and are nowadays
consistently > 90%, with a pooled 5 year overall survival
(OS) of 54% across all age and risk groups (American Can-
cer Society 2019). Despite such substantial progress, MM
remains an incurable disease that ultimately develops resist-
ance and evades treatment. Novel therapeutic strategies are
thus needed, especially for patients with triple-refractory
MM, i.e., a disease state that is refractory to bortezomib,
lenalidomide, and anti-CD38 antibodies (Varga et al. 2020).
The failure rate of clinical trials, however, remains sizeable
as exemplified by the limited clinical activity of the anti-
IL-6 antibody siltuximab (Voorhees et al. 2013), the anti-
BAFF antibody tabalumab (Raje et al. 2016, 2017), and the
anti-CXCR4 antibody ulocuplumab (Ghobrial et al. 2020)
in patients with relapsed/ refractory MM (RRMM). More
realistic preclinical models are thus urgently required to bet-
ter predict later clinical success in patients.

In this study, we report on the establishment of a three-
dimensional (3D) co-culture platform for the preclinical
propagation of primary MM cells ex vivo. As a basis for
our model, we used a conical agarose 3D microwell array
(3D CoSeedis™) which so far has been developed for solid
tumors (Thomsen et al. 2017). MM cells are cultured in coni-
cal microwells formed of a non-adherent agarose matrix with
bone marrow (BM)-derived stromal cells plated on the base
of each plate. This distant co-culture model allows for the
diffusion of soluble cytokines between BM stromal and MM
cells. It stimulates aggregate formation of primary patient
cells and allows for co-culture with compounds of the BM
stroma for up to 21 days ex vivo. To examine the applicabil-
ity of our model, we exemplified drug testing in comparison
to yet established in vitro models by assessing the cytotoxic
efficacy of the proteasome inhibitor bortezomib under 3D vs.
2D conditions and in co- vs. monoculture. We recapitulated
our findings by testing auranofin, an inhibitor of proteasome-
associated deubiquitinases (DUB) with reported preclinical
activity in MM (Nakaya et al. 2011).

In addition to reducing cost and time for more realistic
preclinical drug screening, the here established 3D model
holds the potential to perform drug testing in primary patient
samples and to predict individual treatment responses
ex vivo in real-time.

Methods
Tumor cell lines
The MM cell lines (MMCL) RPMI-8226, U266, OPM-2,

and the human stromal cell line HS-5 were obtained from
commercial sources (DSMZ, Braunschweig, Germany).

@ Springer

MSP-1 was provided by Dr. K. Azab (Washington Univer-
sity, St. Louis, MO) (de la Puente et al. 2016). All cell lines
were cultured as previously reported (Udi et al. 2013; Wald-
schmidt et al. 2017). Authentication of cell lines was per-
formed using DNA fingerprinting with small tandem repeat
(STR) profiling. All cell lines were tested and found to be
negative for mycoplasma contamination.

Primary samples

BM samples from six patients with untreated or relapsed/
refractory MM were included in this study. The mean BM
infiltration rate at the time of sample acquisition was 83%
(range 80-90%). All patients provided written informed
consent in accordance with local ethical standards (UKF
protocol 212-16) and the Declaration of Helsinki. Mononu-
clear cells were isolated by density gradient centrifugation
(Ficoll), frozen, and stored in liquid nitrogen until further
use. Given the high percentage of histologically deter-
mined BM infiltration rates at the time of sample acquisi-
tion, thawed MM cells were further enriched using MACS
technology-based bead selection for CD117 (Miltenyi Bio-
tec). This approach helped to avoid interference with thera-
peutically relevant antigens (CD38, SLAMF7, and BCMA)
(Schmidt-Hieber et al. 2011) and was independent of the
well-described phenomenon of CD138 downregulation after
storage at— 80 °C (Frigyesi et al. 2014). To allow for com-
parability, a density of 5x 103 cells per mL was used in all
experiments for primary MM cells.

3D CoSeedis™ conical agarose microwell array

3D CoSeedis' " (abc biopply) is an agarose-based microwell
device manufactured by computer-aided design (Fig. 1A)
(Thomsen et al. 2017). The device is disk-shaped and con-
tains conical microwells at a periodicity of 1 or 2 mm for
6- and 24-well plates, respectively (Fig. 1B). To monitor
cell growth, plates were scanned on a high-resolution trans-
mitted-light scanner (CanoScan 9000F Mark II) at 1200 dpi
(Fig. 1C, D). From the central portion of each scan, an area
of 4 cm? comprising 100 or 400 microwells was cropped.
Each aggregate was measured using Imagel] processing
software (National Institute of Health). Quantification of
cytokines was performed using the LUNARIS™ Human
Multi-Plex Cytokine Kit (Ayoxxa Biosystems).

Liquid overlay model

Liquid overlay refers to a cell culture model that allows
for the reproducible formation of spheroidal cell clusters
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myeloma cells
+

bone marrow

stroma cells

Fig. 1 Details of the conical agarose microwell array platform. A Pho-
tography of the agarose microwell disk inserted into a 6-well plate.
B Lateral view showing conical microwells inside a membrane. C
Sketch depicting distance co-culture. MM cells are seeded into 3D

in vitro (Costa et al. 2014). In brief, all wells of a 96-well
plate were coated with 50 pl of hot 1.5% autoclaved aga-
rose (95 °C). Next, cells were seeded into the cavities and
the plate was moved to an incubator at 37 °C with CO2 for
at least 24 h to ensure the formation of consistent clusters
in all wells.

Retroviral transduction and selection of RPMI-8226
expressing histone H2B- mCherry

pMXs H2B-mCherry IRES blasticidin was established
as previously described (Schnerch et al. 2013). 293 T
cells were incubated for 10 h in the presence of calcium
phosphate-precipitated plasmid DNA and 10 mM chloro-
quine. Virus-containing supernatant was collected twice
(after 24 and 48 h). For transduction, RPMI-8226 cells
were incubated in 4 ml of virus-containing supernatant
supplemented with 2 ml of fresh growth medium and 5 pg/
ml hexadimethrine bromide. Transduced RPMI-8226 were
cultured in the presence of 20 pg/ml blasticidin to select
for cells expressing histone H2B-mCherry.

CoSeedis™, and then, the microwell array is placed on the monolayer
composed of BM stromal cells. Agarose permeability allows for diffu-
sion of gas and small biomolecules. Each cavity measures 1x2.1 mm.
D Sketch showing cell aggregates in four microwells

Confocal microscopy

3D microarrays containing mCherry-transduced RPMI-8226
were stained with equal amounts of CellTrace CFSE or Cell-
Trace Violet (1.5 pl) for 30 min and washed twice. Confocal
microscopy was performed on an LSM 880 Airyscan (Zeiss
Microsystems).

IHC staining

Microwell devices were incubated in 2% formalin solution
overnight and sealed until further processing. Embedding
was performed using 2.4% low melting point agarose. Fol-
lowing dehydration and paraffin embedding, 2 pm-thick sec-
tions were cut and mounted onto slides. Antibodies used for
staining are displayed in Table S1.

Cytotoxicity analysis

A total of 2 ml of HS-5 stroma cells were plated out with
a density of 1x 10° cells per mL on the bottom of a 6-well

@ Springer
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plate. To equilibrate the CoSeedis™ matrix, the scaffold was
set on top of the stroma layer for 2-3 h. After 24 h, media
was replaced by 9 mL of MMCL-containing cell suspension
(5% 10° cells per mL). Cells settled for another 24 h before
either DMSO-diluted bortezomib (Selleck Chemicals) or
auranofin (Santa Cruz) was added. After 48 h of drug expo-
sure, cell viability was estimated using the CellTiter-Glo
assay (Promega).

Flow cytometry

Adherent cells were detached using trypsin-EDTA and
transferred to filter tubes. In 3 ml fresh and cold PBS, cells
were washed and centrifuged at 1200 rpm over 8 min. Pellets
were dissolved and stained in 200 pL staining solution with
antibodies as indicated in Table S1. 1 x 10° cells were meas-
ured per condition on an FACS Calibur (Becton Dickinson).
Analysis was performed using CellQuest  Pro, FACS Diva
(version 8.0.1) and FlowJo (version 10.3).

Results

3D microwell design allows for aggregate formation
and recapitulates BM support

To compare and optimize ex vivo propagation of MM cells,
RPMI-8226 cells were cultured in three different in vitro
platforms. These platforms included a conventional 2D
monolayer model, a liquid overlay approach, as well as the
culture of cells in a novel 3D microwell device that allows
for self-assembly of cell clusters (Figs. 1A-D, 2A). Aggre-
gate formation in the latter model was additionally supported
by a centrifugation step which forced seeding of MMCL

2D

3D LOT

3D CoSeedis™

Fig.2 Proliferation in the conical agarose microwell array. A Sketch
depicting the experimental approach. Proliferation of RPMI-8226
was assessed in a flat two-dimensional (2D) monolayer as compared
to liquid overlay technique (LOT) versus the 3D conical agarose

™

microwell array (3D CoSeedis ) platform. B ATP content indicates

@ Springer

into the cavities at an angle of 20°. Cell harvesting was
performed by spinning the flipped matrices at a speed of
500 rpm. Cell proliferation in the monolayer and liquid over-
lay (measured as ATP content) followed bell-shaped kinetics
with a maximal growth at ~day 6, followed by a decay and
full apoptosis at~day 10 (Fig. 2B). Cell proliferation in the
microwell model corresponded to a sigmoidal curve, i.e.,
the initial growth was delayed but developed more durably
and was ongoing after 12 days of observation. Since RPMI-
8226 cells grow mostly in suspension, but may occasionally
adhere and form clusters, microscopical inspection was per-
formed throughout the experiment. Neither the monolayer
nor the liquid overlay model produced cluster formation,
whereas the cells in the microwells started to assemble and
form instant cell aggregates within the conical microwells.
As a second readout of cell proliferation, quantification of
cell aggregate volumes over time was performed by a trans-
mitted-light scanner approach (Thomsen et al. 2017). The
proliferation rates determined by this approach faithfully
recapitulated the data gained by the ATP-based quantifica-
tion method (Fig. 3A, B). Both ATP quantification and trans-
mitted-light scanner method revealed a slower proliferation
rate for RPMI-8226 in the presence of the human BM stro-
mal cell line compared to monoculture, which may point to
a delayed but more durable establishment of cell-cell com-
munication by continuous cytokine secretion (Fig. 3A, B).
To determine the permeability of our approach for
cytokines and therapeutics, RPMI-8226 cells were trans-
duced with the gene coding for the fluorescent protein
mCherry followed by subsequent incubation with CellTrace
CFSE and CellTrace Violet. Fluorescence was examined by
confocal microscopy. Both dyes permeated the cell mem-
brane of viable cells and penetrated to the core of each cell
aggregate (Fig. 4A). The agarose hydrogel itself did not

Proliferation
CellTiter-Glo® (RPMI-8226, n=4)

— .. -® 2D
s 27 { 3D LOT
g .." -# 3D CoSeedis™
© 2 S
o :
c . .
g Ak
o kS
< l"'.! {-I

0 T T

0 5 10
day

a bell-shaped growth pattern for RPMI-8226 cells in the 2D and LOT
model. Cell growth in the 3D microwell model was delayed but fol-
lowed a sigmoidal pattern and was ongoing after 12 days of observa-
tion
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Fig.3 Impact of HS-5 stromal
co-culture on proliferation and
cluster size. A ATP content in
RPMI-8226 cells culture in the
3D conical agarose microwell 2.0+
array as mono- vs. HS-5 co-
culture. B Cluster volume of
RPMI-8226 cells culture in the
3D conical agarose microwell
array as mono- vs. HS-5 co-cul-
ture measured by transmitted-
light scanner method. C Sketch
showing cell aggregates in three
microwells. This model uses

-® wHS-5
1.5+

0.5+

ATP concentration (UM)

A  Proliferation (RPMI-8226, n=4)

3D microwell model, CellTiter-Glo ®

-® monoculture

1.0+ E

c Transmitted light scanner method
Measuring cup principle

D Transmitted light scanner method

the measuring cup principle for 0.0
determination of cell prolifera-

tion. D Microscopy and scan of

agarose matrix disk containing

cell aggregates (100%, 25 x

and 1X) B

Cell cluster growth (RPMI-8226, n=6)

3D microwell model, transmitted light scanner

10 Measurement of cluster volume

100X

25X

8=
-® monoculture
g -® wHSS5
S 6
S i
E 4:
» 4= .
3 r
§ [ 4 - e’ ----E
g 2- Ry i
o 1.
o .
0 5
day

absorb any fluorescent dye, thereby permitting a transpar-
ent background for imaging analysis.

Stromal co-culture and cluster formation foster
resistance to bortezomib and auranofin

Based on previous reports describing the critical role of stro-
mal support for drug resistance in MM (Azab et al. 2009a,
b, 2012; Waldschmidt et al. 2017), we hypothesized that the
addition of a distant co-culture support would provide fur-
ther benefit for MM cells within the microwell cavities and
therefore tested the sensitivity of MM cells toward chemo-
therapy in this system.

After 48 h, bortezomib-induced cytotoxicity in RPMI-
8226 cells was ~ twofold lower in the 3D model as compared
to the normal 2D flat culture (Fig. 4B), thereby demonstrat-
ing the impact of cluster formation on drug resistance of
MM cells. Notably, sensitivity to bortezomib was even lower
in the 3D model with HS-5 stromal support (P <0.01). To
determine that reduced sensitivity to anti-MM drugs was
not restricted to proteasome inhibitors, we recapitulated the
impact of cluster formation and HS-5 stromal support by
investigating the cytotoxic potency of the DUB inhibitor

auranofin (AUR). AUR exemplifies a cytotoxic drug with
potent in vitro activity in multiple cancers but so far limited
efficacy in the clinic (Bonolo de Campos et al. 2020). As an
inhibitor of the deubiquitinase system, AUR has reportedly
high efficacy in diseases with a dysregulated ubiquitin—pro-
teasome system (UPS), including MM (Nakaya et al. 2011;
Raninga et al. 2015; Wang et al. 2019; Sze et al. 2020). The
sensitivity to AUR in each model was exemplified by expos-
ing MM cells to 3 uM AUR. Cytotoxicity after 48 h of AUR
treatment was reduced by ~ 1.5-fold in RPMI-8226 cells
treated within the 3D model as compared to cells treated
within the normal 2D flat culture (Fig. 4D). Sensitivity to
AUR was even lower in the 3D model with HS-5 stromal
support (P <0.001). To determine that reduced sensitivity
to AUR was not restricted to RPMI-8226, we recapitulated
the impact of cluster formation and HS-5 stromal support
by investigating the sensitivity to auranofin (AUR) in U266
as a second MMCL (Figure S1A) (Bonolo de Campos
et al. 2020). CD138 positivity correlated with the cytotoxic
potency of both drugs (Fig. 4C, E, S1B), with untreated cells
showing significantly higher CD138 expression in the 3D
vs. 2D setting. This observation may be critical for future
phenotypic analyses as a more realistic approximation of

@ Springer
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A Microwell drug penetration
RPMI-8226, confocal microscopy 100X

mCherry

in culture

B Pl staining
RPMI-8226, n=5, 6nM BTZ (48h)

o]
o
]

(o))
o
1

Dead cells (% PI positive)
N N
i i

o
T

2D 3D 2D 3D 3D
CTRL CTRL BTZ BTz BTZ

+HS-5
D Pl staining
RPMI-8226, n=5, 3uM AUR (48h)
100- *kk Kk

Dead cells (% PI positive)
[9)]
o

20 3 20 3 3D
CTRL CTRL AUR AUR AUR
+Hs-5

Fig.4 Drug resistance in the conical agarose microwell array.
A Microscopy (left panel) and confocal microscopy of one
microwell show equal distribution of CFSE (green) and CellTrace
Violet within an aggregate of mCherry-transduced RPMI-8226. B
Comparison of PI positivity in untreated RPMI-8226 cells and RPMI-
8226 cells treated with bortezomib (6 nM) over 48 h. C Comparison
of CD138 positivity in untreated RPMI-8226 cells and RPMI-8226

@ Springer

CFSE

CellTrace Violet

C CD138 positivity
RPMI-8226, n=8, 6nM BTZ (48h)

80+

604

404

CD138 positivity (%)

204

2D 3D 2D 3D 3D
CTRL CTRL BTz BTz BTZ
+ HS-5

E CD138 positivity
RPMI-8226, n=5, 3uM AUR (48h)

CD138 positivity (%)

2D 3D 2D 3D 3D
CTRL CTRL AUR AUR AUR
+HS-5

cells treated with bortezomib (6 nM) over 48 h. D Comparison of PI
positivity in untreated RPMI-8226 cells and RPMI-8226 cells treated
with auranofin (3 uM) over 48 h. E Comparison of CD138 positiv-
ity in untreated RPMI-8226 cells and RPMI-8226 cells treated with
auranofin (3 uM) over 48 h. Conditions in B-E varied by model (2D
vs. 3D microwell) and co-culture (monoculture vs. HS-5 co-culture).
P values are as indicated *P <0.05, **P <0.01, ***P <0.001



Journal of Cancer Research and Clinical Oncology (2022) 148:1045-1055

1051

antigen expression ex vivo may impact the evaluation of
therapeutically relevant antigen expression.

In summary, our data propose a need to incorporate stro-
mal co-culture into ex vivo modeling and demonstrate the
superiority of our 3D versus 2D approaches.

Propagation of primary MM cells is reproducible
exvivo

To evaluate the applicability of our 3D microwell model
for ex vivo propagation of even more relevant primary MM
cells, we measured cytokine concentrations in the respec-
tive supernatants after 6 days of culture using RPMI-8226,
OPM-2, and primary MM cells. We observed increased
secretion of IL1-beta, IL-2, IL-6, IL-8, and TNF-alpha, but
reduced VEGF production in the presence of HS-5 stromal
cells (Fig. 5A, Table S2).

A Cytokine secretion (day 6) C

mono- vs. HS-5 co-culture (% normalized)

+HS5
IL-6 I ! g
IL-1b g =
IL-8 3
TNFa 50% 8
VEGF
2 [ [ P g
Q o s g Q o s
§ £ 3 2 § z =
£ O E = £ O g
z E ¢ 3 £
x a o o
~
o
%)
=
- . s
B Proliferation (pt specimens, n=6)
3D microwell model, transmitted light scanner
6= =®= mono
[0}
g
3 0
z 4 %]
Q
& T
2 2
o 2
=
3
S
C T L) L] L)
0 5 10 15 20
day

Fig.5 Long-term propagation of primary MM cells ex vivo. A
Cytokine secretion measured by multiplex array from supernatants
of RPMI-8226, OPM-2, and primary MM cells after 6 days with and
without HS-5 co-culture. B Cluster volume measured by transmitted-
light scanner methods shows the critical impact of co-culture for the
propagation of primary patient specimens ex vivo (n=6). Growth
support is improved with HS-5 as compared to MSP-1. Cells con-
tinue to proliferate at day 21 ex vivo. C Longitudinal monitoring of
primary MM cells derived from the bone marrow of a 51-year-old
patient with high-risk IgG kappa MM. Assessment is shown for day

Cell growth for MM cells from primary BM aspirates
was next assessed in the presence or absence of stromal cell
support. Primary MM cells were derived from the BM of six
RRMM patients with reported BM infiltration of CD138 +/
CD38 + plasma cells > 80% (Table 1). Growth monitoring
over time revealed that primary MM cells in monoculture
did not expand and showed a moderate linear decline in cell
volume over the first 21 days of culture (Fig. 5B). Co-cul-
ture with MSP-1, an MM-derived human stromal cell line,
induced a sigmoidal expansion, characterized by a> twofold
increase in cell volume at day 21 of culture. HS-5 co-cul-
ture induced an even more beneficial increase in cell vol-
ume by > 5.5-fold after 3 weeks. Viability was continuously
assessed and confirmed by microscopy, panchromatic Pap-
penheim staining, and immunohistochemical (IHC) staining
for CD38 (Fig. 5C).

Multimodal viability assessment (d14)

in culture

B
20 pm

Pappenheim CD38 IHC

stain

14 ex vivo using microscopy (left column), Pappenheim stain (mid-
dle panel) and IHC for CD38 (right panel). Serial monitoring dem-
onstrated less cluster cell expansion of MM cells in monoculture
(a). Plasma cell (PC) morphology via microscopy/Pappenheim stain
remained apparent (b), but with few CD38 positive PCs in THC (c).
Co-culture with MSP-1 stimulated cluster expansion of primary PCs
(d). PCs were densely accumulating (e) and led to much larger PC
clusters with CD38 positive cells (f) in the presence of MSP-1 stro-
mal support. Cluster size and CD38 positivity were further enhanced
in g-i with HS-5 stromal support in 3D culture

@ Springer
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Table 1 Individual patient characteristics and summary

# MM subtype BM infiltration ~ CG Age (yrs) Gender Status ISS Comment

1 IgA kappa 80% HR 69 Female RRMM 1 MM

2 IgG kappa 80% HR 70 Male RRMM 2 MM

3 kappa-LC 80% HR 52 Male RRMM 1 PCL

4 IgG kappa 80% HR 83 Male ID 3 MM

5 IgA kappa 90% HR 66 Male RRMM 3 MM

6 IgG kappa 90% HR 51 Male ID 3 MM

Y median IgG (n=3) 80% (80-90%) HR (n=6) 68 (51-83) Female (n=1) RRMM (n=6) 1®=2) MM n=5)
(range)  gA (n=2) Male (n=5) ID (n=2) 2(n=1) PCL(n=1)

kappa-LC (n=1) 3(n=3)

MM multiple myeloma, RRMM relapsed/refractory MM, ID initial diagnosis, PCL plasma cell leukemia, EM-MM extramedullary MM, CG
cytogenetics, HR unfavorable cytogenetics defined as deletion 17p, t(4;14), t(14;16), t(14;20) or gain 1q

This demonstrated that our 3D microwell array is a suit-
able model to enable the survival and long-term culture of
primary MM specimens ex vivo.

Discussion

Treatment of MM has undergone substantial advances with
the establishment of several FDA-approved agents with high
clinical efficacy over the past decades. However, preclinical
models for MM remain inefficient in predicting later clini-
cal efficacy. Between 1961 and 2013, single agent activ-
ity has been reported for more than 400 preclinically tested
compounds, but only ten of these agents could be validated
in phase III trials and are nowadays approved treatment
options for the clinical management of patients (Kortuem
et al. 2014). Understanding preclinical modeling for MM
may help to optimize the translation of in vitro findings into
clinical use, but is unfortunately still limited by the inability
to reproducibly propagate primary MM patient specimens
ex Vivo.

MM cells strongly depend on the interaction with their
BM microenvironment (Azab et al. 2009b; Waldschmidt
et al. 2017). Current in vitro models tend to overempha-
size anti-MM effects as they typically do not simulate
such interaction of MM cells with their protective niche.
As our knowledge on MM and its microenvironment has
dramatically increased over the last years, more complex
in vitro models have been introduced, thereby providing a
wider range of test systems from low- to high-throughput
approaches (Schiiler et al. 2013). These platforms include
two-dimensional (2D) monolayers, bioreactors, scaffold-
based models, and liquid overlay cultures (Abe et al. 2004;
Kirshner et al. 2008; Zdzisiriska et al. 2009; Breslin and
O’Driscoll 2013; Reagan et al. 2014; de la Puente et al. 2015;
Jakubikova et al. 2016; Santo et al. 2017). 2D models allow
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for high-throughput drug screening, but do not adequately
assess the interaction of MM cells with their environment.
More sophisticated 3D co-culture systems have integrated
additional components which permit evaluation of a broader
range of therapeutic strategies, but increase the complexity
and thereby limit the applicability of 3D models to smaller
throughput series (Table S3) (Breslin and O’Driscoll 2013;
Schiiler et al. 2013; Santo et al. 2017).

While prior models have reported that most primary
MM cells do not proliferate ex vivo (Drewinko et al. 1981;
Robillard et al. 2005), we here report on a novel coni-
cal agarose 3D microwell platform for the reproducible
culture of primary MM cells. Our agarose-based micro-
well design facilitates aggregate formation which in turn
has a significant impact on the long-term viability of
BM-derived primary MM cells ex vivo. We recapitulate
that stromal co-culture is essential for in vitro modeling
of drug resistance phenomena and adequate preclinical
prediction of drug sensitivity. To examine the applicabil-
ity of our model for ex vivo drug testing, we investigated
the cytotoxic effect of bortezomib and the DUB inhibitor
auranofin with reportedly high in vitro efficacy in primary
MM samples (Bonolo de Campos et al. 2020). We show
that while both bortezomib and auranofin were highly
potent in the absence of stromal cell support, they induced
less cytotoxicity if MM cells (i) form cell-cell aggre-
gates, and (ii) receive cytokine support via HS-5 stromal
co-culture. This finding in the 3D co-culture setting is in
line with prior work from our group and others describ-
ing stroma-induced drug resistance under 2D co-culture
conditions (Azab et al. 2009b; Waldschmidt et al. 2017).
At the same time, our platform allows for substantially
longer cultivation periods of primary patient material and
for robust separation of target cell populations, this being
highly relevant for drug screening and testing over more
extended cultivation periods (> 2-3 days) as currently
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feasible with 2D culture systems (Zlei et al. 2007; Udi
et al. 2013; Lorenz et al. 2016).

Primary MM cells benefitted from higher cytokine levels
in the supernatant and could be maintained in culture up
to a culture period of 21 days. We have previously shown
that combined supplementation of cytokines (IL-6, IGF-1,
CXCL12, Galectin-1, and IL-1a) has substantial impact on
the growth of MM cells (Zlei et al. 2007). Here, we provide
more detailed cytokine characterization in the 3D setting,
and show that IL-6, IL-1b, IL-8, and TNF« secretion seem
to be stimulated by the interaction of MMCL and primary
MM cells with their respective stromal co-culture partner.
This observation is in line with Zdzisinska and colleagues
who reported increased IL-11 and HGF secretion by MM-
derived mesenchymal stem cells (MSCs) in the 3D versus
2D co-culture setting (Zdzisiiska et al. 2009). Other than
expected, addition of HS-5 led to a decrease of VEGF in
the co-culture supernatants. This appeared different to our
current understanding on the role of neo-angiogenesis and
VEGF signaling for MM cell propagation (Le Gouill et al.
2004; Neri et al. 2011) and most likely reflected the more
delayed growth kinetics in our model. Studies with serial
cytokine measurements over time are currently ongoing and
will investigate if incorporation of other cell types, most crit-
ically endothelial cells, may provide an even better cytokine
environment for the long-term propagation of primary MM
cells (Podar and Anderson 2007).

Aside from our platform, other in vitro models have been
developed with the intent to better recapitulate the MM-BM
niche: osteoclasts, murine stromal cell lines, immature den-
dritic cells, and mesenchymal stem cells have all proven
advantageous to stimulate proliferation of MM cells in vitro
(Chauhan et al. 1996; Abe et al. 2004; Li et al. 2008; Kirsh-
ner et al. 2008; Azab et al. 2012). Major challenges of these
currently available co-culture platforms, however, remain
to (i) guarantee reproducible growth characteristics and (ii)
avoid long-term phenotypic modulation attributable to the
models themselves (Zlei et al. 2007; Yaccoby 2010; Udi
et al. 2013).

By providing a 3D scaffold with preformed cavities, our
model allows for the reproducible ex vivo propagation of
MMCL and especially primary MM cells. This platform
incorporates co-culture partners from the BM niche which
seems critical to realistically determine the efficacy of
future therapeutic compounds. Although it remains to be
seen whether 3D models can substitute conventional test-
ing systems, they may open up an entirely new frame for
the in vitro assessment of anti-MM targets (Schiiler et al.
2013). From our current understanding, we propose that
2D and 3D co-culture models should ideally complement
each other with 2D being used for short-term (< 2-3 days)
assessment of MMCL in vitro and 3D approaches to be

preferred for ex vivo cultivation of primary material over
longer periods.

In summary, we here report on a novel 3D in vitro plat-
form for the preclinical propagation of primary MM cells.
While the readout of our system focuses primarily on mor-
phological changes, cell viability, and cell growth kinetics,
it also allows for the evaluation of surface marker expres-
sion, migration, and target expression of various anti-MM
agents. From a clinical viewpoint, this model may improve
our ability to better predict later clinical success of pre-
clinically active compounds to reduce time and financial
expenses of drug discovery for MM at the earliest stage
possible.
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