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ABSTRACT
Bone marrow niches support multiple myeloma, providing signals and cell-cell interactions essential for
disease progression. A 3D bone marrow niche model was developed, in which supportive multipotent
mesenchymal stromal cells and their osteogenic derivatives were co-cultured with endothelial progenitor
cells. These co-cultured cells formed networks within the 3D culture, facilitating the survival and
proliferation of primary CD138C myeloma cells for up to 28 days. During this culture, no genetic drift was
observed within the genomic profile of the primary myeloma cells, indicating a stable outgrowth of the
cultured CD138C population.

The 3D bone marrow niche model enabled testing of a novel class of engineered immune cells, so
called TEGs (abT cells engineered to express a defined gdTCR) on primary myeloma cells. TEGs were
engineered and tested from both healthy donors and myeloma patients. The added TEGs were capable of
migrating through the 3D culture, exerting a killing response towards the primary myeloma cells in 6 out
of 8 donor samples after both 24 and 48 hours. Such a killing response was not observed when adding
mock transduced T cells. No differences were observed comparing allogeneic and autologous therapy.
The supporting stromal microenvironment was unaffected in all conditions after 48 hours. When adding
TEG therapy, the 3D model surpassed 2D models in many aspects by enabling analyses of specific
homing, and both on- and off-target effects, preparing the ground for the clinical testing of TEGs. The
model allows studying novel immunotherapies, therapy resistance mechanisms and possible side-effects
for this incurable disease.
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Introduction

The adult bone marrow (BM) contains niches that maintain
and regulate various stem and progenitor cells. Hematopoietic
stem cells (HSCs) home in these niches, which provide cell-cell
interactions and signals needed for proper HSC self-renewal
and differentiation.1 A BM niche is a complex structure, com-
posed of vasculature, bone, stromal cells, extracellular matrix
and hematopoietic cells.2,3

Plasma cells also reside within the BM and depend on signals
provided by the surrounding environment enabling quiescence,
and regulating proliferation or differentiation.4 Oncogenic trans-
formation of plasma cells results in multiple myeloma. Myeloma
cells utilize and alter the surrounding BM microenvironment,5 to
support tumor proliferation, resistance to therapy, cancer cell traf-
ficking and homing.6-8

Until recently, in vitro myeloma research mainly depended
on 2D models using cell lines derived from advanced stage
patients, which can be cultured independent of BM niche

signals unlike primary myeloma cells. These 2D models are fre-
quently not predictive for the clinical success of a treatment,
emphasizing the need for the development of a patient-specific
model supporting primary myeloma cells.9,10 Various mouse
models have been developed that support the growth of
primary myeloma cells within a 3D microenvironment.11,12

Although these are more complex and therefore regarded as
more relevant, major limitations arise from the extensive num-
bers of animals needed and not being representative for the
human microenvironment.

New models aim to culture primary myeloma cells in vitro,
in a 3D environment mimicking the human BM.13-18 Bone
fragments from patients reconstitute an autologous BM envi-
ronment, but lack reproducibility and availability.13 Tissue-
engineered bone can potentially overcome these problems,
using off-the-shelf scaffold materials.19 The combination of
hydrogels with embedded cells and ceramic particles is known
to result in fully functional bone and marrow ingrowth after
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implantation in vivo.20-22 Natural or synthetic hydrogels such
as collagen, fibrin, Puramatrix and Matrigel are biocompatible
and have proven to be widely applicable for 3D tissue con-
structs, including in vitro myeloma models.16-18,23 Also porous
silk scaffolds or polycarbonate membrane disks have been used
as a mineralized bone model for primary myeloma culture.14,15

However until now, it was seen that primary myeloma survival
and proliferation decreases in time resulting in short term
cultures.14-16,18

The development of a patient-specific model supporting pri-
mary myeloma cell growth could be of great value not only for
mechanistic studies addressing tumor progression and niche
changes, but also in the design and testing of new treatment
strategies for myeloma. Current treatment options depend on
pharmaceutical and radio therapeutic interventions that
already considerably improved patient outcome over the last
decades.24 However, novel targeted therapies hold the potential
to further improve this progress through effective, well-toler-
ated targeting.

Adoptive T cell therapy aims to engineer tumor-specific T
cells for a targeted approach.25 One of these novel T cell thera-
pies employs abT cells engineered to express tumor-specific
Vg9Vd2 TCRs (TEGs), eliminating cancer cells via an inside
out mechanism involving CD277, targeting a wide variety of
tumor cells including myeloma cells.26-29 abT cells are present
abundantly in the blood with extensive proliferation capacities,
making it possible to generate large numbers of TEGs in vitro
with defined tumor-specificity.30 TEGs targeted response has
been shown using myeloma cell lines, but not using primary
myeloma cells.31 It is also not known whether TEGs are effec-
tive in the physiological environment of human BM. At pres-
ent, there is no suitable myeloma model available for pre-
clinical in vitro testing of immunotherapies on primary patient
samples for their tumor specificity within a heterogeneous
tumor population, or to study the role of the tumor microenvi-
ronment in therapy resistance.

The aims of the current study were 1. to develop an in vitro
3D BM niche model for the prolonged maintenance and prolif-
eration of primary myeloma cells, 2. to determine genetic sta-
bility of the cultured myeloma cells within the model, and 3. to
assess effectivity of both allogeneic and autologous TEG medi-
ated immunotherapy on primary myeloma cells cultured within
the model. In order to do so, various hydrogels and combina-
tions of cell types present in the BM were analyzed for their
suitability to support primary CD138C myeloma cells. Genetic
changes of myeloma cells and supportive stromal cell in co-cul-
ture were investigated, and TEGs were analyzed for their ability
to home towards the cultured myeloma cells and exert a killing
response, and their potential harming of bystander cells.

Results

Establishment of a 3D BM niche model

After optimizing the 3D matrix (S-Fig. 1), the best ratio and
composition of cellular components were examined. The opti-
mal ratio was determined looking at the ability of embedded
endothelial progenitor cells (EPCs) and multipotent mesenchy-
mal stromal cells (MSCs) to form networks, as this indicates

the formation of a prevascular structure.32 The most extensive
network formation was obtained by culturing MSCs and EPCs
at a 4:1 ratio, with significantly more tubules, tubule length and
number of junctions when compared to the other ratios tested
(Fig. 1).

To investigate the optimal cellular composition, the support-
ive abilities of these networks towards myeloma cells were
examined, using both undifferentiated and differentiated
MSCs. Myeloma cell lines (OPM2, U266 and L363) were added
to different cellular environments, after which myeloma cell
survival and proliferation was analyzed. No significant increase
in myeloma cell proliferation was observed when co-cultured
with MSCs, adipogenic MSCs or osteogenic MSCs alone. A sig-
nificant increase in myeloma cell proliferation was observed
after 10 days of co-culture with a combination of MSCs-EPCs
or osteogenic MSCs-EPCs. Combining all three supportive cell
types in a single construct (MSCs, osteogenic MSCs and EPCs)
did not show the effect of either MSCs-EPCs or osteogenic
MSCs-EPCs separately (Fig. 2).

Developed model supports long term primary myeloma
cultures

The major criteria for relevance of the reconstituted BM niche
model is survival and proliferation of primary myeloma cells,
and in parallel experiments not reported here, maintenance of
hematopoietic stem and progenitor cells. CD138C myeloma
cells (S-Fig. 2) were co-cultured with different combinations of
supportive cells (Fig. 3A). The combinations of MSCs-EPCs
and osteogenic MSCs-EPCs were selected as most promising in
supporting myeloma cells expansion based on previous co-cul-
tures using cell lines (Fig. 2). MSCs and EPCs were also individ-
ually co-cultured with primary myeloma cells to look at their
separate effects.

The first 5 donors displayed no significant increase in mye-
loma survival when co-cultured for 14 days with solely MSCs
or EPCs. A significant increase was observed when myeloma
cells were co-cultured with MSCs-EPCs or osteogenic MSCs-
EPCs, similar to the myeloma cell line co-cultures. Increased
numbers of myeloma cells started to become visible after
14 days, with a lag time of more than a week (Fig. 3B). Isolated
CD138C myeloma cells from newly diagnosed donors showed
less myeloma cell survival at day 14, compared to relapsed or
relapsed/refractory donors (data not shown). The formation of
networks by the supporting cells was observed throughout all
cultures.

The experiment was repeated with myeloma cells from 4
more donors, and extended to a culture duration of 28 days.
The two most optimal culture conditions of the previous exper-
iment were compared to the maintenance of myeloma cells
without supportive cells. Sustained viability of CD138C mye-
loma cells was observed for up to 28 days of culture (Fig. 4A).
Aggregates of myeloma cells were visible starting from day 14
onwards. These aggregates enlarged and became large diffuse
tumor mass as the culture continued until day 28 (Fig. 4B).
Cycling CD138C myeloma cells were detected at day 28, as
seen by EdU incorporation (Fig. 4B III). However in general,
more cycling cells were present at day 14 compared to day 21
and 28, indicating a decline in total proliferation after 14 days.
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Also shrinkage of the Matrigel hybrid construct could be
observed over time. Therefore a culture duration longer than
28 days was not performed.

Cellular interactions within the BM niche model appeared
reminiscent of the patient native BM as seen by the change in
MSCs’ mineralization capacity (S-Fig. 3). Additionally, the
genomic profile of 3 myeloma donors was analyzed, with a
microarray technology that enables genome-wide analysis
based on single-nucleotide polymorphisms (SNPs).33 The
donors were analyzed before and after 28 days of co-culture
with supporting cells. At day 28, the DNA of the cultured mye-
loma represented 23.3% § 12.5% of the total DNA. At day 0,
this relative contribution was16.7% § 4.2%. Most importantly,
no genetic drift was observed within the population of cultured
cells, indicating the model’s capacity to reliably represent the
genomic profile of the patient derived cells at time of isolation
(Fig. 5).

3D BM niche model provides a platform for
immunotherapy testing

The developed BM niche model was investigated for its poten-
tial to test immunotherapies in a 3D BM environment, as a
pre-clinical model. For these experiments, MSCs and EPCs
were selected as the cellular environment in which the OPM2
cells and all primary CD138C myeloma cells were first grown
before therapy addition. This co-culture showed the capability
to sustain the viability of primary CD138C myeloma cells over
the course of weeks (Fig. 4), without the need to first differenti-
ate the MSCs towards the osteogenic lineage for at least
14 days, as in the osteogenic MSC-EPC combination.

The TEGs used were engineered to exert a killing response
towards various cancer cells, including myeloma cells.28 After
adding a layer of either TEGs or transduced T cells expressing
a nonfunctional TCR (mock T cells) to the 3D model, migra-
tion of TEGs occurred from the added Matrigel layer towards
the OPM2 (co)culture, as shown by live cell confocal micros-
copy (Fig. 6B). This demonstrates that the 3D model represent-
ing the BM microenvironment supported migration of TEGs
necessary for its killing response. A killing response was
observed in the presence of TEGs in both the single cultured
OPM2 cells and the OPM2 cells co-cultured with supportive
cells. No differences were observed between the control co-cul-
tures with the mock T cell co-cultures, both with or without
supportive cells, confirming a lacking alloreactivity from the
mock T cells (Fig. 6A).

A layer of TEGs or mock T cells were also added to primary
myeloma cells of 6 donors, cultured in the 3D BM niche model.
TEGs efficiently migrated into the construct whereas mock T
cells did not (S-Fig. 4). A killing response was observed in the
presence of TEGs (Fig. 7A) at varying degrees of efficacy. A sig-
nificant killing response was seen in 4 donors (1 newly diag-
nosed, 1 relapsed and 2 relapsed/refractory), 2 donors (both
relapsed/refractory) showed a non-significant killing response
after both 24 and 48 hours, with a trend of less primary
CD138C cells where TEGs were added. Importantly, 2D co-cul-
ture31 of the same myeloma cells and TEGs did not reveal sig-
nificant targeting of the primary myeloma samples by TEGs (S-

Table 1), indicating the high sensitivity of tumor reactivity seen
in the 3D BM niche model.

To allow future translation of TEG therapy to the clinic,
allogeneic TEG therapy was compared to autologous TEG ther-
apy in 2 additional donors (both newly diagnosed). TEGs were
generated successfully from the T cells of these myeloma
patients, which expanded well (S-Table 2). The yield of autolo-
gous myeloma TEGs was comparable to allogeneic healthy
donor derived TEGs (S-Fig. 5). Both the allogeneic and autolo-
gous TEGs were capable of migrating into the 3D bone marrow
niche model. A killing response was observed against the pri-
mary CD138C myeloma cells using autologous TEGs, compara-
ble to that of the allogeneic TEGs (Fig. 7C).

The added TEGs left the supporting cells untouched with
respect to viability and network morphology, tubule length and
number of junctions within their prevascular networks (Fig. 8).
Thus no off-target effects (alloreactivity) of the TEGs were
observed towards the supporting MSC/EPC networks. These
data demonstrate the model’s potential to assess not only hom-
ing and efficacy of TEGs but also monitor off-target toxicity in
the context of a physiological BM environment.

Discussion

The developed novel in vitro 3D BM niche model harbors the
characteristics of a representative tumor microenvironment
model.34 The model supports the survival and proliferation of
primary CD138C myeloma cells for up to 28 days, indicating
an in vitro environment sufficiently mimicking the in vivo envi-
ronment over time. The human form of the disease is modeled,
with no need of animals classically used to reproduce the dis-
ease in a 3D microenvironment.11,12 In addition, the model has
shown reproducible results from a heterogeneous panel of pri-
mary CD138C myeloma cells, a genetically stable outgrowth of
CD138C myeloma cells, and supports cell migration and T cell
mediated immunotherapy studies. The interactions between
the cultured CD138C myeloma cells and the surrounding sup-
porting cells of the model proved representative for the
patients’ BM, which is of great value for mechanistic studies as
well as for prognostic personalized medicine.

We advanced on currently available models by providing
solid reproducibility and availability,13,18 providing a more nat-
ural 3D instead of a 2D attachment surface to the seeded
cells.14,15 Also various cellular BM components were added,
this compared to models based on a single cell type (MSCs or
osteoblasts).23,35 The MSCs and EPCs were capable to form
bioactive networks within the 3D culture, which are regarded
as an indicator of functional prevascular structures, present in
native tissues.36 The vasculature within the myeloma BM is
known to have a paracrine stimulatory effect on myeloma
cells.37

Healthy allogeneic MSCs isolated from BM of the iliac crest
or the supra acetabular sulcus were used in the performed
co-culture experiments. Earlier studies have shown that MSCs
isolated from the BM of various locations have similar yields,
phenotype, proliferation capacities and differentiation potential
compared to MSCs isolated from the iliac crest.38,39 However in
myeloma BM, it is known that myeloma cells utilize and alter
the surrounding BM microenvironment, creating abnormal
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MSCs supporting tumor growth.5-8,40 A fully autologous BM
niche model is in theory possible, but requires more culture
time before use within the 3D model. Only low number of
MSCs and EPCs can be directly obtained from the BM, requir-
ing expansion for several weeks to obtain sufficient cell
numbers.18,23,41 When using a 3D model for therapy testing,
the use of already expanded allogeneic supportive cells saves
time and ensures reproducibility of the model. Additionally, it
has been shown that healthy MSCs can in vitro change their
phenotype within hours of co-culture with MM cells, and
become similar to patient-derived myeloma MSCs.42

With our allogeneic BM niche model, we show that healthy
MSCs do have the capability to support and maintain primary
myeloma cells for a prolonged period of time. We also showed
myeloma induced differences in osteogenic potential of the
allogeneic MSCs after myeloma co-culture. It is known that the
expansion of myeloma cells in the BM disrupts the process of
bone remodeling through the exchange of soluble factors and
direct cell-cell contact between myeloma cells and the sur-
rounding tissue.8,43,44 The cultured myeloma cells thus have the
ability to change the phenotype of the allogeneic healthy MSCs
to one more resembling its autologous MSCs. These results
indicate that the cellular interactions in the in vitro model
reflect the in vivo complexity.

Primary CD138C myeloma cells and supporting niche cells
were able to physically interact for at least 28 days, enabling the
investigation of both early and late interactions. Our data con-
firmed that low myeloma proliferation rates were observed
within the first 7 days of culture in the BM niche model, in
accordance with others.18 However, a clear increase in prolifer-
ation (as seen by increased numbers of EdU positive cells in
myeloma clusters) was observed from day 14 onwards. Overall,
proliferation in the first 7 days seems to be poorly predictive
for later culture time points. Importantly, absence of genetic
drift was observed within the population of cultured myeloma
cells during 28 days, indicating outgrowth of all tumor geno-
types present rather than a preferential outgrowth of a subset
of the tumor cells.

A patient-specific myeloma culture model is particularly
interesting for performing therapies, including pharmacological
testing and cellular immunotherapy, as myeloma is still an
incurable disease.45 Models that resemble the malignant BM
are needed, as the role of the BM microenvironment in tumor
progression and resistance to therapy is well established.7,46

The testing of cellular immunotherapy demands an environ-
ment in which the immune cells can infiltrate the construct. T
cells are known to infiltrate and migrate through Matrigel after
activation47,48 and our data using TEGs30,49-51 demonstrate the

Figure 1. Network formation of MSC-EPC co-cultures. (A) Fluorescent images of networks formed by EPCs (I) and MSCs alone (II). Live cells in green (calcein); dead cells in
red (ethidium homodimer-1). The scale bar represents 200 mm. Fluorescent image of MSCs (DiO, green) and EPCs (DiI, red) co-cultures after 7 days in 50% Matrigel (III).
The scale bar represents 100 mm. Fluorescent images, MSCs (DiO, green) and EPCs (DiI, red) at a 6:1, 4:1 and 2:1 ratios after 14 days of culture (IV,V,VI). The scale bar repre-
sents 200 mm. (B) Day 14 analysis of three MSC donors combined with three EPC donors at different ratios, looking at number of tubules, total tubule length (mm) and
number of junctions.
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feasibility of this approach within the BM niche model. TEGs
migrated towards the myeloma cells, and thereafter demon-
strated a killing response. The presence of MSCs/EPCs did not
greatly influence the OPM2 killing efficiency by the TEGs, possi-
bly because OPM2 cells are no longer dependent on MSC
derived signals. Since primary myeloma cells are dependent on
MSCs for survival, their role in escape mechanisms for immuno-
therapy could not be investigated. This will require more detailed
analysis of T cell-MSC interactions. The addition of the TEG
therapy to 8 primary myeloma donors showed varying degrees
of efficacy, results that are in line with an expected donor vari-
ability. Previous experiments also showed varying TEG
responses to primary acute myeloid leukemia donors.31 TEGs
were also engineered from myeloma patients, and compared to
the healthy donor TEGs, used as the standard treatment in our
studies. No differences were observed in generation efficiency or
killing response. The developed model also has the power to
detect off-target toxicity within the 3D in vitro BM environment,
which is a major safety concern in the context of cancer immu-
notherapies based on metabolic cancer targeting. Preferably this
should be complemented with monitoring of off-target toxicity
in other models and with careful clinical measurements.

In conclusion, the developed 3D BM niche model allows
studying individual cells and cell populations, which can be

followed in time using non-invasive time-lapse imaging and
can be retrieved from the co-culture, making this system suit-
able for mechanistic evaluation, and also for automated screen-
ing of novel (chemo)therapeutic compounds. As such, this
provides a tool to study the biology and interactions of primary
myeloma cells within the engineered microenvironment, as
well as the novel TEG mediated myeloma therapy within the
context of the engineered BM niche. This model generates a
potential solution for rapidly exploring new assets in terms of
on- and off-targeting effects of novel therapies, as well as inves-
tigating mechanisms underlying therapy resistance.

Materials and methods

Primary tissue collection

BM was aspirated from the acetabulum of 3 otherwise
healthy patients undergoing hip replacement surgery, or
from the spina iliaca posterior superior of 13 myeloma
patients. The demographics of all patients included in the
study are detailed in Table 1. Umbilical cord blood was
collected from 3 full term pregnancies. Peripheral blood
mononuclear cells were obtained from Sanquin Blood bank
(Amsterdam, the Netherlands). All samples were obtained

Figure 2. Expansion of (co-)cultured cell lines in a 3D BM niche model. (A) Number of viable co-cultured myeloma cell lines (cultured with MSCs, adipogenic MSCs (A-
MSCs), osteogenic MSCs (O-MSCs) and/or EPCs) after 3, 7 or 10 days of culture, normalized to single cultured myeloma cell lines (n D 3). Dashed line represents single cul-
tured myeloma cell lines. Statistical analysis compared all groups to the single cultured control group. �� D P < 0.01. (B) Fluorescent images of OPM2 cells (DiI, red) with-
out supporting cells after 10 days of culture with added calcein-AM (green) and fluorescent images of OPM2 cells (DiI, red) with added calcein-AM (green) cultured with
supporting MSCs and EPCs at day 10. Overlay of green and red appears yellow, demonstrating living OPM2 cells. The scale bar represents 200 mm.
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after written informed consent, and protocols were
approved by the local ethics committee of the University
Medical Center Utrecht.

Cell lines and primary cells

Human myeloma cell lines OPM2, L363 and U266 were
obtained from the American Type Culture Collection. CD138C

cell were isolated from the mononuclear cells (MNCs) of the
myeloma BM by microbeads (Miltenyi Biotec, Germany),
reaching an average purity of 88% § 8% assessed by flow
cytometry. All myeloma cells were cultured in advanced RPMI
1640 medium, 10% (v/v) fetal bovine serum (FBS), 2 mM of L-
glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin
(all Gibco, ThermoFisher, USA). Multipotent mesenchymal
stromal cells (MSCs) were isolated from healthy BM by adher-
ence to tissue culture plastic and expanded in MSC-medium
(a-minimal essential media (aMEM, Gibco, USA),10% (v/v)
FBS, 0.2 mM L-ascorbic acid 2-phosphate, 100 U/ml penicillin
and 100 mg/ml streptomycin). Endothelial progenitor cells
(EPCs) were isolated from cord blood by density-gradient cen-
trifugation of MNCs using Ficoll-paque, seeded on collagen I
(BD Biosciences)-coated wells and expanded in EGM-2

medium (Lonza, Switzerland), SingleQuotsTM Kit (Lonza, Swit-
zerland), 10% (v/v) FBS, 100 U/ml penicillin and 100 mg/ml
streptomycin. abT cells from both healthy donors and mye-
loma patients were retrovirally transduced into TEGs with
engineered T cell receptors (TCRs) using the Vg9Vd2-TCR
clone G11552 as described earlier.28,53 The transduced T cells
were stimulated biweekly with 1 mg/ml PHA-L (Sigma-Aldrich,
USA), 50 U/ml IL-2 (Novartis Pharma, Switzerland), 5 ng/ml
IL-15 (R&D Systems, USA), and irradiated allogeneic PBMCs,
Daudi and LCL-TM cell lines. Mock abT cells were transduced
with a non-functional gdTCR (g9-G115LM1/d2-G115 wt).27

Transgenic TCR expression and purity of CD4C populations
were routinely assessed by flow cytometry.

Osteogenic and adipogenic differentiation

Osteogenic MSCs were grown in osteogenic medium (MSC-
medium plus 10 nM dexamethasone and 10 mM b-glycerophos-
phate (both Sigma, USA)). Adipogenic MSCs were also grown in
adipogenic medium (MSC-medium plus 0.2 mM indomethacin
(Sigma), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma,
USA), 1 mM dexamethasone and 1.72 mM human insulin (Sigma,
USA)). All cells were differentiated for 14 days.

Figure 3. (Co-)culture of primary CD138C myeloma cells in a 3D BM niche model for 14 days. (A) CD138C myeloma (MM) cells expanded for 14 days in a 3D Matrigel envi-
ronment, with or without supporting cells (MSCs, osteogenic MSCs (O-MSCs) and/or EPCs) n D 5. Statistical analysis compared all groups to the single cultured control
group. � D P < 0.05, �� D P < 0.01. (B) Confocal images showing an overview of one representative donor (DiO, red) cultured in 3D with MSCs and EPCs for either 7 (I)
or 14 days (II). DAPI (blue), MSC-EPC networks are visualized using phalloidin (yellow). Aggregates of CD138C myeloma cells are indicated with white dashed circles. The
scale bar represents 500 mm.
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3D co-cultures

All 3D co-cultures were performed in growth factor-reduced
Matrigel 50% (Corning, USA) diluted by an equal volume of
MSC-medium. The various cell types were labelled using the
Vybrant Multicolor Cell-Labeling Kit (DiO, DiI, DiD, Thermo-
Fisher, USA). MSCs, EPCs and myeloma cells were mixed in a
4:1:1 ratio unless stated otherwise. After combining all cells,
Matrigel 50% (v/v) was added to the cell pellet, resuspended
and plugs of 50 mL were made. Medium was changed twice a
week. TEGs embedded in Matrigel were added in equal num-
bers to the myeloma cells cultured.

Ratio optimization supporting cells: MSCs (DiO) of 3 donors
were co-cultured with EPCs (DiI) of 3 donors at different ratios
(6:1, 4:1, 2:1, 1:1) for 14 days. Images were taken with an Olym-
pus BX60 fluorescence microscope. Images were analyzed using
the Angiogenesis Analyzer, ImageJ 1.51 g.

Supporting cell type optimization: OPM2, L363 and U266
(DiI) were co-cultured as detailed in Fig. 2. Before read-out,
calcein-AM (ThermoFisher, USA) was added. Images were
taken with an Olympus BX60 fluorescence microscope. Three
randomly chosen fields were analyzed using Adobe Photoshop
CS6. The amount of fluorescence in each channel (number of
pixels) was quantified and calculated to living cell numbers
using reference samples.

Co-culture primary myeloma cells: CD138C myeloma cells from
5 donors were cultured as detailed in Fig. 3. CD138C myeloma cells
were prelabeled with DiO and before read-out, ethidium-homo-
dimer-1 (ThermoFisher, USA) was added. CD138C myeloma cells
from 4 other donors were cultured as detailed in Fig. 4. CD138C

myeloma cells were pre-labeled with DiI, EdU (Click-iT Plus EdU
Alexa Fluor 488 Imaging Kit (ThermoFisher, USA)) was added in
the medium. Before read-out, calcein-AM was added. Living cell
numbers were determined as detailed above on day 1, 3, 7 and 14

Figure 4. Extended (co-)culture of primary CD138C myeloma cells in a 3D BM niche model up to 28 days. (A) CD138C myeloma (MM) cells expanded in a 3D Matrigel
environment for 28 days, with or without supporting cells (EPCs with MSCs or osteogenic MSCs (O-MSCs)) n D 4. Statistical analysis compared all groups to the single cul-
tured control group. � D P < 0.05, �� D P < 0.01, ��� D P < 0.001. (B) Confocal images of CD138C myeloma cells of one representative donor co-cultured for either 14 (I)
or 28 days (II) with MSCs and EPCs (DAPI (blue), EdU (green)). Aggregates of CD138C myeloma cells are indicated with white dashed circles. The scale bar represents
500 mm. A zoomed in picture of a CD138C myeloma cell aggregate at day 28 (III) shows proliferation during culture (EdU, green). The scale bar represents 25 mm.
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Figure 5. Whole genome analysis using single-nucleotide polymorphisms (SNP) mapping revealing gains and losses, as well as regions of loss of heterozygosity.
(A) Genome overview showing the log2 R ratio (top) and B allele frequency (bottom) of the CD138C cells of one representative donor at day 0 before co-cul-
ture. In the whole genome, 19 sites of gains and losses could be identified within this donor. (B) Genome analysis showing the log2 R ratio (top) and B allele
frequency (bottom) of the CD138C cells and supporting cells of the same donor at day 28. In the whole genome, 17 sites of gains and losses could still be
identified, all corresponding with gains and losses present at day 0. All 17 gains and losses identified at day 28 were mosaic, with a presence of 80–85% at
day 0. The 2 gains and losses no longer identifiably at day 28 were also mosaic at day 0, with a presence of 10–15%. Similar results were obtained for 2 other
donors.

e1434465-8 M. V. J. BRAHAM ET AL.



or on day 1, 3, 7, 14, 21 and 28. For each time point, half of the cul-
tures (n D 2) were used for live cell imaging, the other half (nD 2)
were fixed and used for immunocytochemistry.

Co-culture myeloma cells and T cells: OPM2 cells (DiI) or
CD138C myeloma cells (DiI), MSCs and EPCs (DiO) were co-cul-
tured in the ratio as detailed in Fig. 4. After 7 (OPM2) or 14

(CD138C myeloma cells) days of culture, TEGs (DiD) or mock T
cells (DiD) were layered on top of the cultured cells, embedded in
50% (v/v) Matrigel. Pamidronate (10 mM, Calbiochem, USA) was
added to the medium. NucView 405 Caspase-3 Substrate (Biotium,
USA) was added to identify apoptotic cells in the OPM2 co-cultures.
To primary myeloma cells of 6 donors, an allogeneic TEG therapy

Figure 6. TEGs migrate and target OPM2 in a 3D BM niche model. (A) Left panel: quantification of viable OPM2 cells present in culture during 48 hours, untreated or after
addition of either mock T cells or TEGs. Right panel: quantification of viable OPM2 cells co-cultured with MSCs and EPCs during 48 hours, untreated or after addition of
either mock T cells or TEGs. Statistical analysis compared all groups to the non-treated control group. ��� D P < 0.001. (B) Confocal 3D images of OPM2 cultures after
24 hours of culture, showing OPM2 (DiI, yellow), mock T-cells or TEGs (DiD, cyan) and apoptotic cells (Caspase-3, red). The scale bars represent 1 mm. A zoomed in confo-
cal 3D image shows the migration of TEGs (DiD, cyan, indicated by white arrow) into the OPM2 culture (DiI, yellow) after 24 hours. TEGs can be found throughout the
entire height of the Matrigel 50% (v/v) plug. (C) Confocal 3D images of OPM2 co-cultures after 24 hours of culture, showing OPM2 (DiI, yellow), mock T cells or TEGs (DiD,
cyan), MSCs and EPCs (DiO, green) and apoptotic cells (Caspase-3, red).
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and a mock T cell therapy was given. Primary myeloma cells of 2
donors were treated with an autologous TEG therapy, an allogeneic
TEG therapy and a mock T cell therapy. The viability of the mye-
loma cells was analyzed at 0, 24 and 48 hours after T cell addition.
Calcein-AM was added after 48 hours in the primary myeloma co-
cultures. Images were taken with a Leica SP8X confocal microscope.

Immunocytochemistry

Co-cultured MSCs, EPCs and myeloma cells plugs were fixed
overnight in 4% formaldehyde. The first 5 donors were stained
for F-actin and DAPI (both FAK100 kit, Merck Millipore,
USA) according to the manufactures protocol. The prolifera-
tion marker EdU was visualized in the samples of the next 4
donors, followed by DAPI (Click-iT Plus EdU Alexa Fluor
488 Imaging Kit, ThermoFisher, USA) for 30 min at RT.
Images were taken with a Leica SP8X confocal microscope.

Confocal imaging

All confocal images were taken with a Leica SP8X Laser Scan-
ning Confocal Microscope using a 405 nm or white light laser
(470–670 nm) and Leica LASX acquisition software. Hybrid
detectors collected fluorescence signal from DAPI (405/430–
480), EdU-Alexa Fluor 488 (488/490–525), calcein (494/500–
525), phalloidin-TRITC (532/540–575) or ethidium homo-
dimer-1 (528/600–640) receptively, which were given pseudo
colors. During all live imaging, hybrid detectors collected fluo-
rescence signal from DiO (484/500–540), DiI (549/565–605)
and DiD (644/665–705) which were given the pseudo colors
green, yellow and cyan. All z-stack images were processed using
ImageJ 1.51 h software to create single maximum projections.
Images of the 3D cultures were taken using the mosaic function
of the Leica LASX software, stitching the images together using
smooth and linear blending.

Figure 7. TEGs migrate and target primary myeloma in a 3D BM niche model. (A) Quantification of primary CD138C myeloma (MM) cells present in the 3D BM niche
model after 16 days (n D 6). Average presence of CD138C myeloma cells in the controls, or 48 hours after mock T cell or TEG addition. � D P < 0.05. (B) Confocal images
(merged z-stack, maximum intensity) showing one representative donor after 16 days of culture (14 days pre-culture, 48 hours of culture with added T cells). CD138C

myeloma cells (DiI, yellow) co-cultured with both MSCs and EPCs (DiO, green) 48 hours after mock T cell addition (DiD, cyan). No differences are observed in number of
CD138C myeloma cells comparing the periphery (left dashed region) and center (right dashed region) of the construct, the mock T-cells did not migrate into the co-cul-
ture (white dashed squares). CD138C myeloma cells (DiI, yellow) co-cultured with both MSCs and EPCs (DiO, green), 48 hours after TEG addition (DiD, cyan). Less CD138C

myeloma cells are present in the periphery, compared to the center of the culture. TEGs migrated from the left border into the BM niche model (white dashed squares).
(C) Quantification of primary CD138C myeloma (MM) cells present in the 3D BM niche model after 16 days (14 days pre-culture, 48 hours of culture with added T cells),
comparing the previously used allogeneic T cell treatment with an autologous T cell treatment (n D 2). No differences were observed when comparing MM viability after
allogeneic or autologous TEG treatment, nor between control and Mock T cells. � D P < 0.05, �� D P < 0.01.

e1434465-10 M. V. J. BRAHAM ET AL.



SNP array analysis

Genomic DNA was isolated from CD138C myeloma cells of 3
donors on day 0 and CD138C myeloma cells plus supporting
MSCs and EPCs on day 28 using the PureLink Genomic DNA
Mini Kit (Invitrogen). SNP-array copy number profiling and
analysis of regions of homozygosity were performed according

to standard procedures using the Infinium CytoSNP-850K v1.1
BeadChip (Illumina, USA). Subsequently, visualizations of
SNP-array results and data analysis were performed using
Nexux Copy Number v8.0 software (BioDiscovery, USA).
Human genome build Feb. 2009 GRCh37/hg19 was used.

Statistics

All experimental groups were performed in technical tripli-
cates. Results are presented as mean § standard deviation for
the indicated number of donors. P values are based on a
repeated measurements analysis of variance (2-way ANOVA)
for multiple hypothesis using Dunnett’s multi comparison post
hoc test, or analysis of variance (1-way ANOVA) for multiple
hypothesis testing using Tukey’s honestly significant difference
(HSD) post hoc test. Normality of the data was determined
using a Normal Quantile Plot to test for non-normality (Q–Q
plot). Data analysis was performed using Prism GraphPad Soft-
ware and IBM SPSS Statistics version 22. In all tests, p values <
0.05 were considered statistically significant.; � D P < 0.05, ��

D P < 0.01, ��� D P < 0.001.
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Figure 8. Intact viable MSC/EPC networks in the 3D BM niche model, 48 hours after T-cell addition. (A) Fluorescent images of networks formed by MSCs and EPCs co-cul-
tured with myeloma cells, in the control, mock T-cell and TEG condition (n D 6). Live cells in green (calcein); The scale bar represents 100 mm. (B) Analysis of the number
of junctions, number of tubules or the total tubule length (mm) within the living MSC/EPC networks 48 hours after T-cell addition. There were no significant differences
between the groups when analyzing different parameters of network formation.

Table 1. Patient demographics and characteristics

Characteristics No. of patients

Sex N D 13
Male 7
Female 6

Age
Median 60
Range 44–73

Disease stage N D 13
Newly diagnosed 5
Relapsed 3
Relapsed/refractory 5

Experiment characteristics No. of patients

Model development N D 9
Newly diagnosed 3
Relapsed 3
Relapsed/refractory 3

Testing of TEG therapy N D 8
Newly diagnosed 3
Relapsed 1
Relapsed/refractory 4

Generation of autologous TEGs N D 2
Newly diagnosed 2
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