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About this Thesis

The bone marrow is a complex tissue 
within the bones, responsible for the 
production of blood cells. Within the 
bone marrow,  different types of blood 
cells arise from so-called stem cells. 
The bone marrow plays an important 
role in the support and regulation 
of these hematopoietic stem and 
progenitor cells. Several malignancies 
can also develop in the bone marrow, 
including multiple myeloma, a cancer 
of plasma cells. Both cell types cannot 
survive outside the bone marrow and 
are therefore dependent on their 
surrounding, supportive environment: 
the bone marrow niche. By mimicking 
the bone marrow niche in vitro (outside 
the body), both hematopoietic stem 
and progenitor cells and multiple 
myeloma cells can be cultured and thus 
be used for further research. 

The studies described in this thesis 
investigate the possibilities to develop 
an artificial bone marrow niche model 
in vitro that can be used as a platform 
to culture hematopoietic stem and 
progenitor cells as well as myeloma cells. 
For both cell types, the components of 
a supportive bone marrow niche model 
were optimized. Various combinations 
of primary stromal cell types, hydrogels 
and biofabricated architectures were 
investigated, in search of the most 
essential components of these complex 
environments.

The developed myeloma bone marrow 
niche model was further validated, 
analyzing the genetic stability of 
the cultured myeloma cells. Also the 
feasibility of using the model to assess 
therapeutic responses was analyzed. 
T cell therapy, liposomal drug therapy, 
as well as conventional chemotherapy 
were tested in the model, analyzing 
their effect on both myeloma cells and 
the supporting stromal cells.  Lastly, the 
capability of the developed myeloma 
bone marrow niche model to predict 
clinical treatment outcomes was 
evaluated. 
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Chapter 1

The bone

The bones forming the human skeleton serve many functions. Among others, they 

provide structural support, protect internal organs and structures, support movement 

and provide a supportive environment for hematopoiesis.1 Various types of cells, 

including stem- and progenitor cells, can be found within the bones generating bone 

matrix, cartilage, vessels, blood, nerves and fatty tissue. Multipotent mesenchymal 

stromal cells (MSCs) are progenitor cells giving rise to bone, cartilage, fat, or fibrous 

connective tissue, and are distinct from hematopoietic stem cells (HSCs) that can 

give rise to all blood cell lineages. Bone cells originate from different types of 

progenitor cells. Osteoclasts, capable of resorbing bone, originate from myeloid 

precursors cells, and thus from HSCs. Osteoblasts, capable of synthesizing new bone 

matrix, originate from MSCs and can further differentiate towards bone embedded 

osteocytes. Osteoblasts and osteoclasts are intricately connected in the process of 

bone remodeling, coupling bone deposition/resorption, a constantly ongoing process 

in all bones.2 

Figure 1.1 | Long bone overview showing both red and yellow bone marrow. Red marrow is 
located at the distal parts of long bones. Within the red marrow, hematopoiesis takes places, 
giving rise to red blood cells, white blood cells and platelets. Yellow marrow can be found in the 
central part (medullar cavity) of the long bones. 



11

1

General Introduction

The bone marrow 

Bone marrow is a soft tissue, located within the medullary or marrow cavities of 

various bones. There are two types of bone marrow; red and yellow. The red marrow 

consists predominantly of hematopoietic tissue and is the site where hematopoiesis 

takes place in adults; the yellow marrow consists predominantly of fatty tissue. The 

red marrow can be found in the vertebrae, sternum, ribs, pelvis, skull and the distal 

parts of the proximal long bones in adults. The yellow marrow can be found in all 

other medullary cavities of the adult human, including the central parts of the long 

bones (Figure 1.1). Because of its location, the bone marrow is intricately connected 

to the surrounding bone tissue. The bone and bone marrow should therefore not 

be regarded as separate functioning systems, but rather as one synergistic system.3-5 

Red marrow is a highly vascular fibrous tissue containing HSCs, which can differentiate 

via hematopoietic progenitor cells (HPCs) into all lineages of committed blood cells, 

such as red blood cells (erythrocytes), white blood cells (leukocytes) and platelets. 

The formed lineage committed blood cells are released into the blood stream 

through the sinusoids of the bone marrow that drain into the veins of the bones. 

HSCs maintain their ‘stemness’ within the red marrow, which is very important as 

this is the basis of the life-long replenishment of all blood cells. They do this under 

very specific circumstances only provided by so-called ‘niches’.6,7 These HSC niches play 

a key role in the dynamic balance of quiescence, self-renewal and differentiation 

by providing signals to the residing HSCs.8,9 The HSC niche is formed by non-cellular 

components, consisting of extracellular matrix (ECM) and soluble factors, and cellular 

components, consisting of both hematopoietic and non-hematopoietic cells such 

as vascular endothelial cells, bone cells and MSCs (Figure 1.2).10,11 The residing HSCs 

interact with both the non-cellular and cellular components of the niches through cell-

matrix and cell-cell interactions. The bone marrow is also a microenvironment with 

physiologically low levels of oxygen (hypoxia). It has been established that hypoxia 

induced signals play an important role in the maintenance of HSCs as well.12,13

 

HSCs maintain their undifferentiated status through self-renewal, whilst at the same 

time giving rise to HPCs that no longer possess the capacity to self-renew, only to 

differentiate into committed lineages. However whether HPCs stay intermingled 

with HSCs in the same niche, or migrate to a close but distinct subniche remains 

unknown.9 Two distinct but interacting subniches have been described, the endosteal 
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and the perivascular niche, which are distinguished by differences in cell populations 

and chemotactic gradients.14,15 The endosteal niche is defined as the interface 

between the trabecular bone and the bone marrow, primarily containing bone cells 

such as osteoblasts and osteoclasts. The perivascular niche is defined as the sinusoidal 

endothelium of the bone marrow, primarily containing endothelial cells.16 Quiescent 

HSCs have been identified near the sinusoidal endothelium, whilst lymphoid HPCs 

have been identified closer to the trabecular bone.17 However, the existence and exact 

location of separate subniches remains debated.

The bone marrow and malignant disease

The bone tissue including the bone marrow has an important supportive role towards 

residing hematopoietic cells, and also plays an important role in certain malignancies 

by hosting and stimulating tumor cells. Bone marrow residing hematological cancers, 

Figure 1.2 | The healthy hematopoietic stem cell niche and the diseased multiple myeloma 
(MM) niche. The hematopoietic stem cell (HSC) niche supports and regulates the survival and 
differentiation of HSCs to more differentiated progenitors. Myeloma cells invade the bone 
marrow, hijacking the HSC niche. The bone tissue is also affected by the myeloma cells present, 
suppressing osteoblast formation and increasing osteoclast formation that leads to bone loss.
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as well as metastatic solid tumors, frequently occur at sites containing red marrow.5 

Hematological cancers, such as acute myeloid leukemia (AML) and multiple myeloma 

(MM), are dependent on the surrounding bone marrow environment for their 

survival. The bone marrow, being rich in growth factors and cytokines that promote 

metastatic outgrowth, is also an attractive environment to certain circulating tumor 

cells, including breast, prostate, lung and colorectal cancer.18,19 Tumor induced signals 

can interfere with local osteogenic and osteolytic processes within the bone and bone 

marrow, which may lead to changes in the microenvironment that favor their own 

growth and survival.20,21 

 

Multiple myeloma

Terminally differentiated B-cells (plasma cells) are capable of producing antibodies 

when activated. They naturally reside within the bone marrow and depend on 

signals provided by the surrounding environment.22 Oncogenic transformation of 

these plasma cells can lead to MM, an incurable cancer that utilizes and alters the 

surrounding bone marrow microenvironment, supporting its own clonal proliferation, 

resistance to therapy, cancer cell trafficking and homing.23-26  Bone marrow factors 

essential within the HSC niche support the survival of myeloma cells, resulting in the 

eventual takeover of the HSC niche by invading myeloma cells (Figure 1.2).27,28 

MM is most commonly seen in patients over 65 years of age, affecting more males 

than females.29 In its early stages, the disease presents as a monoclonal gammopathy 

of undetermined significance (MGUS), which can further progress to smoldering 

MM (asymptomatic), and finally overt MM (symptomatic).30,31 In the symptomatic 

disease stage, a considerable number of patients suffer from osteolytic bone disease, 

caused by suppressed osteoblast formation, and increased differentiation of myeloid 

precursors into osteoclasts.23 This shift in the balance of bone deposition/resorption 

leads to an increase in bone loss, and can ultimately lead to the development of 

osteolytic lesions.31,32 Next to bone lesions, symptomatic patients can develop various 

other complications, including anemia, renal failure, and hypercalcemia.30

Studying the bone marrow and bone marrow diseases

The study of the bone marrow and its active participation in normal hematopoiesis as 

well as disease pathogenesis can be aided by a reliable model. Such a model needs to 

mimic all relevant components of the natural environment, allowing the examination 
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of individual cells and cell populations. This would provide a tool that can be used 

to study and interfere with the processes and interactions of healthy hematopoietic 

stem and progenitor cells (HSPCs), as well as malignant cells within their natural 

microenvironment. The possibility to model bone marrow diseases would provide 

a platform for the development and investigation of novel treatments, as well as 

mechanisms underlying therapy resistance.

Biological processes and diseases can be studied outside the human body, using living 

organisms (in vivo) or cells (in vitro, Figure 1.3). Studies outside a living organism, using 

isolated cells, are generally performed in an environment where most conditions can 

Figure 1.3 | In vitro and in vivo model options for research on human biology and disease 
processes. Human cells can be cultured outside of the human body (in vitro) using either 
immortalized cell lines, or primary human cells. Most cell types can be culture in 2D, however 
these conditions do not mimic the complexity of a natural 3D environment. HSPCs and primary 
MM cells cannot be cultured in 2D. Both cell lines and primary human cells can also be co-
cultured in a 3D environment, better mimicking the natural ECM and cellular complexity of 
the native environment. Also animal models can be used, conducting research in a complex in 
vivo, but xenogeneic environment (wild type animals). To mimic human diseases and processes, 
human cells can be transplanted and engrafted in immunocompromised animals (mainly murine 
models). 
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be controlled. However some primary cell types, such as HSPCs and myeloma cells, 

cannot be cultured in standard culture media, as they are dependent on factors and 

cell-associated signals provided by their natural surrounding environment for their 

survival. To resolve this issue, alternative strategies have been developed, using cell 

lines, animal models, or tissue engineered constructs. 

Cell lines are often generated by immortalization strategies that employ either viral 

transduction (using e.g. Epstein-Barr virus or human papilloma virus) or by high dose 

irradiation.33,34 This facilitates an unlimited supply of a relatively homogeneous cell 

population, whereas most primary cells can only be cultured in vitro for a limited 

number of cell divisions, and often form heterogeneous cell populations. Models 

based on living primary cells or organisms can be used to study biological processes 

and diseases in their natural surrounding three-dimensional (3D) environment, to 

better understand and predict similar processes within the human body.35 Creating 

a fully human 3D microenvironment in vitro using tissue-engineering techniques still 

remains a challenge, as various cell types must be combined with often non-human 

or synthetic scaffold materials (e.g. hydrogels or ceramics). Nevertheless, the resulting 

models offer the possibility to study more complex processes and interactions than 

single cell cultures, in a preferentially humanized environment. Such models present 

a potential alternative to animal models for applications such as drug screening and 

basic physiology.36

Models for bone

Bone is a tissue that has been under extensive investigation in tissue-engineering 

research. Despite the fact that bone is intrinsically capable of scarless regeneration 

after injury, there are also cases where bone is no longer capable to regenerate.37 

This can occur because of factors increasing the risk of non-union of fractures (e.g. 

severe fractures, smoking, anti-inflammatory/opioid/anticoagulant drug use or poor 

nutrition) or on sites where large quantities of bone have been lost (critical sized defects, 

e.g. due to infections, tumors or loosening of orthopedic implants). Autologous bone 

can be used to fill these defects, however the amount of autologous bone that can be 

taken from distant sites is limited. To overcome this problem, research has focused on 

the regeneration of bone tissue; combining cells, biomaterials, and cellular, chemical, 

and/or mechanical signals to replace or repair damaged bone tissue. Advanced 

strategies of experimental bone regeneration in vivo include the modulation of the 
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immune response, as inflammation is known to affect bone regeneration,38-40 or the 

delivery of osteogenic growth factors such as bone morphogenetic proteins or their 

genes.41,42 Next to such in vivo regeneration strategies, tissue engineering techniques 

have been used to create 3D bone tissue in vitro, either for potential clinical usage, or 

as a culture system that can be used as a model to understand bone biology.43

Established in vitro bone models use either immortalized cell lines (e.g. MG-63, 

SaOs-2, MC3T3-E1) or primary cells (isolated from either human material, or 

originating from lab-animals or live-stock).44 Primary human cells such as osteoblasts 

and MSCs are most relevant for clinical or translational bone studies, as they mimic 

healthy bone cells (in contrast to cancer based immortalized cell lines). They also do 

not have the problem of interspecies differences when studying human pathology. 

However their heterogeneous phenotype needs to be taken into account, as this can 

vary depending on their skeletal origin and age of the donor.45 

All primary bone cells can be maintained in two-dimensional (2D) cell cultures, and 

although easy to use, these conditions do not mimic 3D tissue properties, were 

bone cells reside in a complex 3D matrix subjected to mechanical stimulation. These 

properties can be mimicked using 3D bone models, allowing perfusion and mechanical 

loading.46 Other important variables in 3D bone models are the architecture and 

cellular composition. The shape, size, pore interconnectivity and composition can 

be controlled using additive manufacturing techniques. One of these techniques, 

3D plotting (also referred to as bioplotting or extrusion bioprinting), enables the 

building of 3D constructs in which the shape and the placement of components are 

predetermined.47,48 Using this technique, pasty/liquid materials are extruded using 

pressure, in a layer-by-layer fashion. 3D plotting allows the inclusion of various low 

viscosity biomaterials that are liquid/pasty at cell compatible temperatures, and can 

be used to structure a model with predefined regions of incorporated cells and/or 

growth factors.49

Commonly used biomaterials for bone mimicking scaffolds include metals, polymers 

with either natural or synthetic origins, and ceramics.50 Ceramics are amongst the most 

promising biomaterials for bone tissue engineering, either used alone or combined 

with polymers.51,52 Ceramics are both biocompatible and bioactive, because of their 

ability to form a hydroxy carbonate apatite layer that is chemically and structurally 

equivalent to the mineral phase in bone.53 
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Models for the hematopoietic system

Models of the hematopoietic system that aim to support stemness and/or differentiation 

of HSPCs are created either in vivo or in vitro, mimicking essential components of the 

human HSPC niche. Established in vitro HSPC niche models use immortalized stromal 

cell lines (feeder cells, e.g. MS-1, MS-5, HS-5) to provide essential niche signals to the 

HSCs, and/or by supplementing the used media with high concentrations of growth 

factors.34,54-57 Cytokine supplemented media have less supportive capacities towards 

primitive HSPCs over time when compared to feeder cells, illustrating an essential 

role of cell-cell contact next to supportive soluble factors.58 However even though the 

used feeder cells provide such cell-cell interactions, they do so in a 2D environment, 

not mimicking the natural 3D environment, or the primary cell types present in the 

native HSC niche. 

Animal models can be used to culture HSPCs in a heterogeneous bone marrow 

environment. Mouse models are the most advanced and used animal model for research 

on the hematopoietic system. The development of severe combined immunodeficiency 

(SCID) mice was essential for the further development of immunodeficient mice 

in which the human hematopoietic system can be reconstituted.59 As these 

immunodeficient mice no longer possess a murine immune system,60-62 they support 

the development of human cell lineages, and can express various human cytokines 

or HLA class I and II.63-66 However the surrounding bone marrow still is of mouse 

origin, insufficiently modelling cell-cell interactions necessary for the differentiation 

and maturation of certain human blood cells, such as erythrocytes and neutrophils.35

Various studies have also been conducted developing human 3D in vitro models 

capable of supporting HSPCs. As a 3D ECM, hydrogels have been used (e.g. Matrigel, 

collagen or alginate)67-71 as well as bone mimicking materials (e.g. βTCP, hydroxyapatite 

or bioderived bone).69,72-74 Also various cell sources have been utilized as feeder 

cells; stromal cell lines67,75,76 or human primary cells, mainly MSCs or osteogenic 

differentiated MSCs (O-MSCs or osteoblasts).69-74,77-82 In these primary cell models, the 

use of additional cytokine supplemented medium (containing e.g. TPO, SCF, FLT-3,

IL-3 and/or IL-6) is still common practice, to enhance the survival of the cultured HSPCs. 

This suggests suboptimal support of the used primary cells towards the cultured 

HSPCs, also seen by a declining stemness of HSPCs over time. Enhancing the cellular 

complexity of these by definition simplified models could further aid their supportive 
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potential towards HSPCs. 

When developing and validating models of the hematopoietic system, various in 

vitro methods can be used to identify and quantify HSPCs, such as flow cytometry 

(used for the identification and isolation of HSPCs), colony forming cell assays (CFU-C, 

a functional assay identifying hematopoietic progenitors) and long-term culture 

initiating cells (a functional assay identifying the most primitive hematopoietic cell 

population). However, despite the existence of these in vitro methods, the only 

method truly confirming unlimited self-renewal as well as multipotency of HSCs is 

analyzing their serial repopulation ability in vivo in myeloablated recipients.83

Models for multiple myeloma 

To study MM in vitro, human myeloma cell lines have been established from the 

peripheral blood of myeloma patients in the leukemic phase (e.g. U266, OPM2, 

MM1S), or patients with primary plasma cell leukemia (e.g. L363).84-86 All cell lines 

can be grown in vitro without the addition of either bone marrow or feeder cells. 

The use of cell lines provides the possibility to study the biology and behavior of 

homogeneous myeloma cells that have become independent of bone marrow derived 

signals. Cell line studies are suitable to screen novel compounds and therapies for 

their potential cytotoxic effect on myeloma cells. However, observed effects in these 

in vitro models are frequently not predictive for the effect of treatment in vivo.87,88 The 

two main drawbacks of using these cell lines are: 1. the use of aggressive end stage 

myeloma cells that are not representative for the earlier stages of disease, as a result 

of acquiring multiple mutations and the development of drug resistance, 2. the lack 

of a surrounding bone marrow microenvironment precludes insight in its role during 

myeloma expansion and resistance to therapy. Together, these drawbacks contribute 

to the fact that results obtained using cell lines are not necessarily representative for 

the first stages of MM, where the disease is still confined to and dependent on the 

bone marrow. The early stages of disease are of most interest when investigating 

the onset and development of the disease, necessary for developing effective 

treatments. To investigate these earlies stages of disease, humanized animal models 

or reconstituted in vitro models would be better options. 

Animal models offer the possibility to study processes and interactions involved in 

disease onset and progression, as well as the assessment of therapeutic responses 
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of novel drugs. To do so for MM, human primary myeloma cells can be grown in 

a xenogeneic or humanized 3D environment.89-91 Commonly used animal models 

are various types of immunodeficient mice.92 However, animal models are time-

consuming, expensive, do not mimic the human microenvironment and have limited 

capacity for drug sensitivity testing as they in general lack the predictive power to 

translate preclinical findings into clinical success.93

3D in vitro models offer the possibility to culture myeloma cells in a system that 

resembles the human bone marrow environment more closely. Different types of 

human bone marrow cells can be included, as well as patient derived, early stage 

myeloma cells (primary myeloma cells). The use of patient tumor material generates a 

model that phenotypically resembles the primary disease.This provides an opportunity 

to create patient specific models that can be used for personalized studies such as 

drug screening, validating targets and screening for candidate molecules.94 However 

one has to bear in mind that such models will always remain a simplified version of 

the bone marrow environment, capable of mimicking only a subset of 

natural interactions and processes.

Several research groups aim to culture primary myeloma cells in vitro, in a 3D 

environment mimicking the human BM.95-102 When an autologous bone marrow 

environment is envisioned, reproducibility of the results remains difficult to establish, 

as seen for instance when applying bone fragments from patients.96 Also natural or 

synthetic hydrogels have been used in in vitro myeloma models, capable of supporting 

autologous or allogeneic MSCs.95,99-102 Porous silk fibroin scaffolds or polycarbonate 

membrane disks have been used as a mineralized compartment for primary myeloma 

culture.97,98 Nevertheless, further optimization of these human 3D models is needed, 

as the prime criterion for success, namely primary myeloma survival and proliferation, 

still decreases over time, making only short term cultures possible. 

Treatment of multiple myeloma

MM remains an incurable disease, however treatment options inducing prolonged 

remissions have substantially improved both the quality of life and survival rates 

of patients in the last decade.31 The implementation of new anti-myeloma agents, 

together with high-dose therapy combined with autologous stem cell transplan-

tations, has contributed most to the improved survival rates.103,104 Following the Dutch 
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guidelines for MM treatment, the University Medical Center Utrecht gives first lines 

of treatment that are generally a combination of  3 drugs, combining a proteasome 

inhibitor, an immunomodulatory drug or alkylating agent, and a corticosteroid, 

followed by autologous stem cell transplantation in combination with a high dose 

melphalan. The actual treatment given depends on patient-related factors such as 

age, kidney and liver function, comorbidities, susceptibility to infections and the 

physical condition of the patient. 

Despite these improved first lines of therapy, the majority of myeloma patients 

will still experience multiple disease relapses that require additional therapy.105,106 

Various treatment options exist for relapsed myeloma, such as proteasome inhibitors 

bortezomib and carfilzomib, immunomodulatory imide drugs (IMiDs) pomalidomide, 

lenalidomide and thalidomide, or alkylating agents cyclophosphamide and 

melphalan.107,108 Besides these widely established treatment options, also recently 

developed therapies can be considered as treatments options. Newer therapies 

include monoclonal antibodies (e.g. daratumumab, elotuzumab), histone deacetylase 

inhibitors (e.g. vorinostat, panobinostat), proteasome inhibitors (e.g. ixazomib, 

marizomib), and advanced drug delivery systems such as liposomal chemotherapy (e.g. 

doxil ).109-114 The choice of therapy at relapse is influenced by multiple factors such as 

prior drug therapy, treatment-related toxicity, the depth and duration of the response 

to prior drugs, and again the patient-related factors.103 Novel therapies currently 

under investigation for their use in MM treatment include cellular immunotherapies 

(e.g. chimeric antigen receptor (CAR) T cells, T cell receptor (TCR)-transduced T cells) 

or bispecific T cell engagers.115,116

Drug sensitivity and resistance testing

At present, the therapeutic potential of novel drugs is mainly tested either in vitro 

using 2D cell line cultures or, at a later stage, in vivo animal models. These models 

are essential for determining the efficacy, pharmacodynamics, and mechanism 

of action of novel treatments.117 Cell lines can be used to determine growth rate 

and cytotoxicity after drug addition, however they are homogeneous and do not 

mimic the heterogeneity or complexity of tumors in patients. The culture of primary 

myeloma cells could solve these issues partially. Human myeloma cells can be injected 

or implanted into immunodeficient mice, however these animal models have limited 

added value over cell culture models, as they lack a functional immune system. The 
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innate and adaptive immune systems plays an important role in preventing tumor cell 

outgrowth as well as the selection of tumor cells that escape the immune response. 

In these animal models, the selection of tumor subpopulations by the immune system 

does not occur. Neither do these models recapitulate human disease, as the interactions 

taking place are between human myeloma cells and a mouse microenvironment.117 

3D in vitro models offer the possibility to culture myeloma cells in a human system 

that resembles the bone marrow environment closely. Such a bone marrow model 

demands the inclusion of different types of bone marrow cells, co-cultured with 

myeloma cells, in which drug sensitivity and resistance, as well as non-specific effects 

can be analyzed. When using primary patient cells, therapeutic responses can be 

studied for each patient individually, enabling screening for variability in patient 

response to potential treatments. However at this moment there are no models that 

include (part of) a functional immune system, and therefore do not mimic all cell 

types and interactions that could be relevant. 

Predicting clinical treatment outcomes

Pre-clinical models can be used for the early identification of compounds with anti-

cancer activity, estimation of clinical treatment responses, or the discovery of novel 

treatment targets.118 All models available have strengths and limitations, and also 

their general ability to translate obtained results toward the clinical practice is 

subjected to further research.  

To predict clinical outcomes, various methods have been investigated. Risk 

stratification is used to separate patients into high- or low-risk prognostic groups 

using molecular profiling techniques and cytogenetics.119-122 Patients have been 

stratified further into either responsive or resistant groups for various treatments, 

based on gene expression profiling or cytogenetic markers.123-126 Also the in vitro drug 

sensitivity and resistance of myeloma cells has been used for clinical outcome 

prediction.126-129 Varying drug responses can be identified using these methods, 

on both cell lines and primary myeloma cells. However in most studies, the actual 

capability of the used model to predict the clinical response of the patient is either 

not tested,127,128 or only on a few patients, with varying outcomes.126 Also the ability 

to predict the outcomes to various types of treatments, with complex mechanisms of 

action, has not yet been addressed. 
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Aims and thesis outline

The bone marrow is a complex environment, essential for the support and regulation 

of HSPCs, as well as several malignancies among which MM. The studies described 

in this thesis investigate the possibilities to develop an artificial bone marrow 

microenvironment in vitro that can be used as a platform to culture HSPCs as well as 

myeloma cells. The main aim of this thesis is: 

The main aim was divided into the following sub aims:

1. Identification of the (cellular) components essential in a bone marrow niche 

model to support the maintenance/expansion/differentiation of HSPCs.

2. Identification of the (cellular) components essential in a bone marrow niche 

model to support the maintenance/expansion of primary myeloma cells.

3. Validation of the outgrowth and interactions taking place in the myeloma 

bone marrow niche model, and whether these resemble the patient situation.

4. Validation of the myeloma bone marrow niche model as a platform to assess 

the therapeutic potential of novel and existing therapies.

The sub aims focus on the natural hematopoietic niche (chapter 2) and on the diseased 

myeloma niche (chapter 3, 4, 5, 6). For both cell types, the components of a supportive 

bone marrow niche model were first optimized. The developed myeloma bone 

marrow niche model was further validated, analyzing the genetic stability of the 

cultured myeloma cells. Also the feasibility of using the model to assess therapeutic 

responses was analyzed. T cell therapy, liposomal drug therapy as well as conventional 

chemotherapy were tested in the model, analyzing their effect on both myeloma cells 

and supporting stromal cells. Also the capability of the developed myeloma bone 

marrow niche model to predict clinical treatment outcomes was evaluated. 

To identify the minimal requirements of a 3D co-culture model, 

in order to function as a bone marrow niche.
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The objectives of the five studies described in this thesis are as follows:

Chapter 2: Development and characterization of a hematopoietic bone marrow niche 

model, capable of supporting HSPCs in vitro using primary bone marrow cells. 

The effect of using varying hydrogels and cell types on HSPC maintenance/expansion/ 

differentiation was determined. The developed model was further characterized 

looking at the effect of additional cytokines supplementation and the presence of 

hypoxia.

Chapter 3: Development and characterization of a myeloma bone marrow niche 

model, capable of supporting primary myeloma cells in vitro using primary bone 

marrow cells. 

The effect of using varying hydrogels and cell types on myeloma maintenance/ 

expansion was analyzed. To further validate the model, the genetic stability of the 

cultured primary myeloma cells was investigated, as well as the ability to use the 

developed model for the testing of a cellular immunotherapy.

Chapter 4: Adding complexity to the myeloma bone marrow niche model, determining 

the effect of separate subniches on the survival of primary myeloma cells in vitro. 

The possibility to create two separate but interacting subniches (an endosteal and 

perivascular environment) was analyzed, as well as the interactions between the 

created environments and their effects on the cultured primary myeloma cells. 

Chapter 5: Testing liposomal drug therapy in the myeloma bone marrow niche model, 

validating the usability of the model for the examination of nanotherapies in vitro. 

The ability to test liposomal nanotherapy in the developed myeloma model was 

evaluated, as well as the ability of (targeted) liposomes of varying sizes to diffuse 

and reach the cells cultured in 3D. The possibility to discriminate between on- and 

off-target effects of the given therapy was also analyzed.  
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Chapter 6: Evaluating the clinical relevance of the developed myeloma bone marrow 

niche model for the prediction of patient specific treatment outcomes. 

Correlation of in vitro treatment outcomes to clinical treatment outcomes, assessment 

of the clinical relevance of treatment outcomes obtained using the developed 

model, and its capabilities to correctly predict positive or negative clinical treatment 

outcomes.

The results presented in this thesis are summarized in chapter 7. In this chapter, also 

the implications and future perspectives of this thesis are discussed. 
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Abstract

Niches in the bone marrow (BM) regulate hematopoietic stem and progenitor cell 

(HSPC) fate and behavior through cell-cell interactions and the secretion of soluble 

factors. The niche-HSPC crosstalk is a very complex process not completely elucidated 

yet. To aid further investigation of this crosstalk, we developed a functional in vitro 

3D model that closely represents the main supportive compartments of the BM.  

Different combinations of human stromal cells and hydrogels were tested for their 

potential to maintain CD34+ HSPCs. Cell viability, clonogenic hematopoietic potential 

and surface marker expression were assessed over time. Our data demonstrates that 

the optimal HSPC support was obtained in presence of adipogenic and osteogenic 

stromal cells, together with progenitor derived endothelial cells. When cultured 

in a bioactive hydrogel, the supportive cells self-assembled into a hypoxic stromal 

networks, stimulating CD45+CD34- cell formation, whilst maintaining the pool of 

CD34+ HSPCs. HSPCs outgrowth co-localized with the stromal networks, in close 

proximity to sinusoidal clusters of CD31+ endothelial cells. Importantly, our primary in 

vitro niche model supported HSPCs with no cytokine addition. Overall, the engineered 

primary 3D bone marrow environment provides an easy and reliable model to further 

investigate interactions between HSPCs and their endosteal and perivascular niches, 

in the context of normal hematopoiesis or blood related diseases.
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Introduction

The bone marrow (BM) is a complex environment in which hematopoietic stem and 

progenitor cells (HSPC) are maintained in a dynamic balance of quiescence, self-

renewal and differentiation into myeloid, lymphoid and erythroid lineages.8,9 This 

dynamic balance is regulated by specialized microenvironments within the adult 

BM, so called niches, which provides signals to the residing HSPCs.6,7 The HSC niche is 

formed by two main components: a non-cellular component consisting of extracellular 

matrix (ECM) and soluble factors, and a cellular component constituted by both 

hematopoietic and non-hematopoietic cells such as endothelial cells, osteoblasts, 

mesenchymal progenitor cells and adipocytes.10 The HSC niche is also a physiological 

hypoxic microenvironment,13 where hypoxia induced signals are involved in the 

maintenance of HSC quiescence and survival.12

Essential cellular components of the HSC niches are mesenchymal progenitors and 

endothelial cells expressing the chemokine CXCL12; its receptor CXCR4 is essential 

for the differentiation of multipotent hematopoietic progenitors.130 Multipotent 

progenitors are believed to be either intermingled with HSCs in the same niche, 

or residing in a close but distinct niche.9 Their exact location and the existence of 

separate sub-niches remain under debate. The two most suggested subniches are 

the endosteal and the perivascular niche, which are distinguished by differences 

in cell populations and chemotactic gradients.14,15 The endosteal niche is located at 

the interface between trabecular bone and bone marrow, and primarily contains 

osteoblasts.16 The perivascular niche contains sinusoidal endothelium and thus 

primarily endothelial cells. Quiescent HSCs have been identified near the perivascular 

niche, whilst early lymphoid progenitors have been identified closer to the endosteal 

niche.17

Established in vitro HSPC niche models use stromal cell lines to provide essential 

niche signals to the HSCs, and/or by supplementing the used media with high 

concentrations of growth factors.34,54-57 HSPCs can be maintained and expanded in 

vitro for weeks using cytokines, or for longer using feeder cell lines.131 These two-

dimensional (2D) cultures lack the in vivo niche residing cells that are unmodified 

through irradiation or transduction, as well as the three-dimensional (3D) 

environment and ECM components of the natural HSC niche. The ECM has been 

shown to have an important role within the stem cell niche, as it can directly or 

indirectly modulate the maintenance, proliferation, self-renewal and differentiation 
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of stem cells.132 Also the natural residing cells are of high importance to study both 

normal and disordered development of HSCs. Altered signaling in osteocytes causes 

myeloid hyperproliferation, whereas alterations in mesenchymal osteoprogenitors 

in the bone marrow can result in myelodysplastic syndrome and the development 

of acute myeloid leukemia.133,134 Mimicking the various elements of the HSC niche 

would enable the study of the niche itself, and its active participation in normal 

hematopoiesis as well as in the context of disease pathogenesis. 

Various studies have been conducted aiming to develop in vitro models capable of 

supporting HSPCs in a 3D environment. When developing an in vitro HSPC model, 

it is of importance to optimize both the cellular compartment of the model, as 

well as the used hydrogel mimicking the ECM of the niche. To mimic the endosteal 

niche, hydrogels (e.g. Matrigel, collagen, Puramatrix, alginate or PEG)67-71 or bone 

mimicking materials (e.g. βTCP, hydroxyapatite or bioderived bone)69,72-74 have been 

used. Additional to these materials, models used either stromal cell lines67,75,76 or 

human primary cells as supportive cell sources. The used primary cell sources are 

either multipotent mesenchymal stromal cells (MSCs) or osteogenic differentiated 

MSCs (O-MSCs).69-74,77-82 In these primary cell models, the use of additional cytokine 

supplemented medium is still common practice to enhance the survival of the 

cultured HSPCs. This suggest suboptimal support of the used primary cells towards the 

cultured HSPCs. Endothelial cells and perivascular stromal cells are cell types known 

to be critical for the production of HSC niche factors.17,135 Also adipocytes were shown 

in vitro to suppress HSPC differentiation and support their survival.136 However none 

of the developed models included either endothelial cells or adipocytes. Through 

optimization of the supporting primary cells, supplementation of cytokines would 

ideally no longer be necessary, as these soluble factors would then be produced by 

the fabricated supportive tissue. A model with higher cellular complexity would also 

enable research on the role of various niche residing cell types in the regulation and 

support of HSPCs, as well as disease pathogenesis.

The aim of this study was to identify the potential of various primary cell types to 

support HSPCs in vitro, without the need of additional cytokines. Also, the efficacy 

of a bioactive (Matrigel) and bioinert hydrogel (alginate) was tested. The developed 

3D co-culture model was further characterized, investigating the added value of 

cytokine supplementation on HSPC support, and the presence of hypoxia within the 

engineered HSPC niche. 
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Materials and Methods

Primary cells and cell lines

All primary tissue samples were obtained after written informed consent, and 

protocols were approved by the local ethics committee of the University Medical 

Center Utrecht in accordance with the Declaration of Helsinki. 

Umbilical cord blood was obtained from full term pregnancies. The mononuclear cell 

(MNC) fraction was isolated by centrifugation using Ficoll-Paque PLUS (GE Healthcare). 

Human HSPCs were obtained from the MNCs using the human Lineage Cell Depletion 

Kit (MACS Miltenyl Biotec). The magnetic-activated cell sorting (MACS) selection was 

checked using flow cytometry, reaching an average purity of 76% ± 22%. The lineage 

negative population was directly used in co-culture experiments and plated in an in 

vitro colony forming unit-cell assay (CFU-C assay, day 0). 

Endothelial progenitor cells (EPCs) were isolated from cord blood and characterized as 

late outgrowth endothelial progenitor cells (also named endothelial colony-forming 

cells) as previously described.137,138 EPCs were expanded in EPC medium (EBM-2 Basal 

Medium (Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco), 100 U/

mL penicillin and 100 µg/mL streptomycin (Gibco) and EGM-2 SingleQuots™ (Lonza)). 

MSCs were isolated from bone marrow as described previously,139 and expanded 

in MSC medium (α-minimal essential media (αMEM, Gibco),10% (v/v) FBS, 0.2 mM 

L-ascorbic acid 2-phosphate, 100 U/ml penicillin and 100 µg/ml streptomycin). MSC 

differentiation was performed in osteogenic medium (MSC medium supplemented 

with 10 mM β-glycerophosphate and 10nM dexamethasone (both Sigma)) or adipogenic 

medium (αMEM supplemented with 10% (v/v) FBS, 100 U/mL penicillin and 100 µg/

mL streptomycin, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 0.2 mM indomethacin, 

1.72 µM insulin and 1 µM dexamethasone (all Sigma)) for 14 days before use in co-

culture experiments. Pre-differentiated MSCs towards the adipogenic or osteogenic 

lineage are referred to as A-MSC or O-MSC, respectively. To assess differentiation, 

some cells were fixed with 4% formaldehyde for 15 min at room temperature. The 

O-MSCs were stained with 2% Alizarin red solution (Sigma) for 5 min. The A-MSCs 

were incubated for 5 min in 60% isopropanol (Avantor Performance Materials) and 

stained for 5 min in freshly filtered 0.22 µM Oil Red O solution (Sigma). Images were 
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taken with an Olympus BX60 microscope.

MS-5 cells were cultured in αMEM, 10% (v/v) FBS, 2 mM L-glutamine, 100 U/ml penicillin 

and 100 µg/ml streptomycin.

Hydrogels

High-viscosity alginate powder (International Specialty Products) was sterilized 

with 100% ethanol and UV light for 20 minutes. It was dissolved at 20 mg/ml in 

αMEM and polymerized by 100 mM CaCl2 (Sigma) in Tris-buffered saline (pH 7.6) for 

15 min. Gelatin methacrylate (gelMA) was synthesized by reacting porcine type A 

gelatin (Sigma) with methacrylic anhydride (Sigma) at 50°C for one hour, as previously 

described.140 Thawed gelMA was dissolved in αMEM at 40°C at a concentration of 50 

mg/ml, containing photoinitiator Irgacure 2959 (1 mg/mL Ciba, BASF) and cross-linked 

for 15 min using 365 nm light in a UVP CL-1000L cross-linker. Growth factor-reduced 

Matrigel (Corning) was diluted 1:1 adding αMEM. Matrigel was pipetted in droplets 

on the bottom of a 24-well suspension culture plate and incubated for 20 minutes at 

37°C before medium was added. Plugs of 50 µL were made unless stated otherwise. 

3D mono-cultures

HSPCs (n=3 independent experiments), MSCs (n=3) and EPCs (n=3) were encapsulated 

separately in alginate, gelMA and Matrigel 50% (v/v). Gels containing HSPCs were 

cultured on top of a confluent MS-5 feeder layer. Cell viability was analyzed at 

different time points (after 1, 4 and 7 days, using the Live/Dead Viability/Cytotoxicity 

Kit for mammalian cells according to the manufacturer’s protocol (ThermoFisher)). At 

least 50 cells were scored per condition; double stained cells were scored as dead cells 

from images taken with an Olympus BX60 microscope.

3D co-cultures

HSPCs (n=4) were co-cultured with different types of supporting cells in the 

following mixes and ratios: 6:1 (MSC:HSPC, EPC:HSPC, A-MSC:HSPC, O-MSC:HSPC), 

3:3:1 (MSC:EPC:HSPC, A-MSC:EPC:HSPCS or O-MSC:EPC:HSPC) or 2:2:2:1 (A-MSCs:O-

MSCs:EPCs:HSPC). As a positive control, MS-5 cells were used, cultured in a 6:1 ratio. As 

a negative control, HSPCs were cultured alone (no feeder) in the hydrogels, at equal 

numbers compared to the HSPCs of the co-culture conditions. HSPCs were co-cultured 
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in HSPC medium (Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) supplemented 

with 10% (v/v) FBS, 100 U/mL penicillin and 100 µg/mL streptomycin, and 2 mM 

L-glutamine (ThermoFisher)) that was added in an equal ratio to the medium of the 

co-cultured cells (MSC medium, EPC medium, adipogenic medium and/or osteogenic 

medium). All cell types were resuspended in the used hydrogel before crosslinking/

solidification. The co-cultures were stopped on day 1, day 3 or 4, day 7 and day 10 for 

further analysis. 

The standard mix medium containing 10% (v/v) FBS, but no additional added cytokines, 

was also compared to mix medium containing no FBS, or mix medium with or without 

FBS containing added cytokines: TPO (20 ng/mL), SCF (50 ng/mL), FLT-3 (50 ng/mL), IL-3 

(20 ng/mL) and IL-6 (10 ng/mL) (Immunotools). The outgrowth of HSPCs (n=3) in the 

4 different media was compared in 4 culture conditions: HSPCs, HSPCs/MSCs/EPCs, 

HSPCs/A-MSCs/O-MSCs/EPCs and HSPCs/MS-5. The co-cultures were stopped on day 1, 

day 3, day 7 and day 10 and assessed by flow cytometry and CFU-C assays.

CFU-C assay

Alginate plugs were decrosslinked with a 55 mM sodium citrate solution (Sigma). 

Matrigel plugs were dissolved using dispase (Corning) according to the manufacturer’s 

protocol. The recovered cells were suspended in methylcellulose-based medium 

(MethoCult™ H4435 Enriched, Stem Cell Technologies) and incubated for 14 days 

after which three different colony types were counted based on their morphology 

(BFU-E/CFU-E: burst-forming unit erythroid/colony-forming unit erythroid, CFU-GM: 

colony-forming unit granulocyte, macrophage, CFU-GEMM: colony-forming unit 

granulocyte, erythrocyte, macrophage, megakaryocyte).

Flow cytometric characterization

Alginate plugs were decrosslinked with a 55 mM sodium citrate solution (Sigma), 

Matrigel plugs were dissolved using Cell Recovery Solution (Corning). The obtained 

cells were stained with hematopoietic lineage marker antibodies (10:100, FITC anti-

human hematopoietic lineages, eBioscience), AF647 anti-CD34 (1:100, Biolegend), PE 

anti-CD38 (1:100, eBioscience) and PE-Cy7 anti-CD45 (1:100, BD Biosciences)). DAPI 

(100 ng/mL, Biolegend) was added to determine cell death.  Flow cytometry analysis 

was performed using a FACS Canto II (Becton Dickinson).
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Figure 2.1 | Cell viability in various hydrogel matrices, and subsequent retrieval from Matrigel. 
(A) Cell viability of MSCs, EPCs and HSPCs (cultured on supportive MS-5 layers) in different 3D 
hydrogel cultures over time. The live/dead ratio of each cell type (n=3) was analyzed after 1, 4 
and 7 days of culture. (B) Fluorescent images of live (green, calcein) and dead (red, ethidium 
homodimer-1) MSCs after 7 days encapsulation in different gels ((I) alginate 20 mg/ml, (II) gelMA 
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HSPC outgrowth

The outgrowth of HSPCs (n=3) was compared after culture in alginate and Matrigel 

in absence or presence of different cell type combinations (HSPCs/MSCs/EPCs, HSPCs/

A-MSCs/O-MSCs/EPCs or HSPCs/MS-5). Some cells were labeled with VybrantTM 

Multicolor Cell-Labeling Kit (InvitrogenTM). Cells were incubated for 20 minutes at 

37 °C with either DiD (HSPCs), DiI (MSCs, A-MSCs, O-MSCs or MS5) and DiO (EPCs), 

according to manufacturer’s protocol. The stained cultures were imaged over time 

using live cell imaging (days 1, 4, 7 and 10). The rest of the (unstained) cultured cells 

were used for CFU-C and FACS analysis at day 1, 4, 7 and 10, as described previously, 

or fixed with 4% formaldehyde at day 14. The cultures were permeabilized with 

0.2% Triton-X 100, stained with phalloidin-TRITC and DAPI (both FAK100 Kit; Merck 

Millipore) according to the manufacturer’s protocol. All images were taken using a 

Leica SP8X Laser Scanning Confocal Microscope.

Normoxic 3D co-cultures compared to hypoxic and hyperoxic co-
cultures

Cobalt (II) Chloride hexahydrate (CoCl2, Sigma) was used at the final concentration of 

100 µM in regular cell culture media to induce hypoxia.141 10% (w/v) Synthetic oxygen 

carrier perfluorotributylamine (PFTBA, Sigma) was added to the Matrigel before cell 

addition. All cultures were performed in in a conventional incubator (37°C; 5% CO2). 

Plugs of both 30 and 50 µL were made to visualize hypoxia. Hypoxic cells in the co-

cultures were detected using the Hypoxyprobe-1 HP6-100 Kit (NPI Inc.). Pimonidazole 

was added to half of the co-cultures for 3 hours at a final concentration of 200 µM 

before stopping the experiment (at day 1, 4, 7 and 14). Samples were fixed with 

4% formaldehyde, and cut in half. The cultures were permeabilized with 0.2% 

Triton-X 100, blocked with 5% PBS/BSA, and incubated with FITC anti-pimonidazole 

antibody (1:50) overnight at 4°C. Samples were then washed with PBS and stained 

with phalloidin-TRITC and DAPI (both FAK100 Kit; Merck Millipore) according to 

the manufacturer’s protocol. The other half of the cultures was live imaged at day 

50 mg/ml and (III) Matrigel 50% (v/v)). (C) CD38 (left, FACS) and corresponding CD45, CD38 and 
CD34 expression percentages (right) of HSPCs recovered from Matrigel at day 7, using either 
dispase or cell recovery solution. Data is presented as mean ± SD. *=p<0.05, **=p<0.01. The scale 
bars represent 200 µm.  



36

Chapter 2

1, 4, 7 and 14 after staining the cells with the Live/Dead Viability/Cytotoxicity Kit 

for mammalian cells according to the manufacturer’s protocol (ThermoFisher). All 

cultures were analyzed using a Leica SP8X Laser Scanning Confocal Microscope.

Immunocytochemistry

Co-cultures containing HSPCs(DiD)/MSCs/EPCs or HSPCs(DiD)/A-MSCs/O-MSCs/EPCs 

were used for immunodetection of CD31. At day 14, fixed cultures were incubated 

with purified anti-human CD31 antibody overnight at 4°C (10 µg/mL, Clone WM59, 

Biolegend) in TBS containing 1 mg/ml BSA, followed by biotinylated sheep anti-mouse 

(1:200 in TBS/BSA, RPN1001v1; GE Healthcare) overnight at 4°C, and Alexa Fluor 488 

anti-Streptavidin (4 µg/mL, S11226; Life Technologies) overnight at 4°C. Samples were 

then stained for TRITC anti-phalloidin (1:200) and DAPI (100 ng/mL, both FAK100 Kit; 
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Merck Millipore). Controls were performed with mouse IgG1 monoclonal antibodies 

(X0931; Dako) used at similar concentrations. Images were taken with a Leica SP8X 

Laser Scanning Confocal Microscope.

Confocal imaging 

Confocal images were taken with a Leica SP8X Laser Scanning Confocal Microscope 

using a white light laser (470-670 nm) and Leica LASX acquisition software. Hybrid 

detectors collected the fluorescent signal from fluorochromes at the following 

wavelengths: calcein (494/500-525) or ethidium homodimer-1 (528/600-640), which 

were given the pseudocolors green and red, DiO (484/500-540), DiI (549/565-605) and 

DiD (644/665-705), which were given the pseudocolors green, yellow and red, DAPI 

(405/430-480), FITC (488/490-525), phalloidin-TRITC (532/540-575) and DiD (644/665-

Figure 2.2 | Colony forming potential of HSPCs retrieved from various primary co-culture 
conditions. The number of colonies (n=4) was counted before (day 0) and after 3, 7 and 10 
days of (co-)culture. (A) Colony forming potential of HSPCs cultured without feeder, with MS-5, 
undifferentiated MSCs, EPCs or MSCs/EPCs after 3, 7 and 10 days. (B) Colony forming potential 
of HSPCs cultured without feeder, with MS-5, differentiated A-MSCs, O-MSCs or co-cultured 
A-MSCs/EPCs, O-MSCs/EPCs or A-MSCs/O-MSCs/EPCs after 3, 7 and 10 days. (C) Type of colonies 
(CFU-GEMM, CFU-GM and BFU-E/CFU-E) generated after the culture with no feeder, MS-5 and 
A-MSCs/O-MSCs/EPCs. (D) Bright field images of MSCs cultured for 14 days in MSC medium, 
osteogenic medium or adipogenic medium. MSCs were stained with Oil Red O or Alizarin Red 
to identify lipid formation or mineralized matrix, respectively. Data is presented as mean ± SD. 
*=p<0.05, ***=p<0.001. The scale bars represent 200 µm.  
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Figure 2.3 | Cellular outgrowth characteristics of the various co-culture conditions in both 
alginate and Matrigel. HSPC cultures (n=3) were analyzed after 1, 4, 7 and 10 days of (co-)culture. 
Quantification of the number of HSPCs cultured in alginate (A) and Matrigel (B). Corresponding 
confocal images after 7 days of co-culture in alginate (C) or Matrigel (D) with MSCs, A-MSCs/O-
MSCs, or MS-5 cells (DiI, yellow). HSPCs (DiD, red) and EPCs (DiO, green). The scale bars represent 
200 µm. (E) Quantification of colony forming cells (BFU-E, CFU-GM or CFU-GEMM), CD45+CD34-, 
CD34+CD38+ and CD34+CD38- populations after A-MSCs/O-MSCs/EPCs and MS-5 co-culture for 
7days in alginate and Matrigel. (F) Confocal images of cultured stromal cells (MSCs/EPCs are 
shown as representative morphology for the other stromal co-culture conditions) in both 
alginate and Matrigel. F-actin (phalloidin, yellow), DAPI (blue). The scale bars represent 150 µm. 
Data is presented as mean ± SD. 
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705) receptively, which were given the pseudocolors blue, green, yellow and red. All 

z-stack images were processed using ImageJ 1.51h software to create single maximum 

projections. Images of large scaffolds were merged using the mosaic function of the 

Leica LASX software, stitching the images together using smooth and linear blending. 

Statistical analysis 

All experimental groups were performed in technical triplicates. 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 post hoc test. Data analysis was performed using Prism GraphPad Software 

and IBM SPSS Statistics version 22. In all tests, p values <0.05 were considered 

statistically significant. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.

Results

3D culture in alginate and Matrigel allows the survival of MSCs, EPCs 
and HSPCs 

Selected hydrogels were tested for cell biocompatibility. GelMA, alginate and 

Matrigel were tested as they are all known to homogeneously incorporate cells, 

whilst still enabling diffusion of nutrients and metabolites. MSCs were highly viable 

up to 7 days of culture in all tested hydrogels (Figure 2.1A). EPCs remained highly 

viable after 7 days of culture in Matrigel. Alginate and gelMA cultures resulted in 

lower EPC viability. HSCP viability was decreased following gelMA encapsulation at 

day 7, which was not seen with alginate or Matrigel. The bioactive or bioinert nature 

of the hydrogel was observed after 7 days of culture by looking at cell morphology 

(Figure 2.1B). Alginate and Matrigel were both selected for further experiments since 

they did not affect HSPC viability, and offered the possibility to compare a bioactive 

and bioinert material. Alginate can be decrosslinked after culture, making cell 

collection for further analysis possible. While Matrigel can be digested using dispase, 

it also partly digests extracellular cell surface receptors and therefore surface marker 

expression. To circumvent this issue, a cell recovery solution was used to depolymerize 

the Matrigel without affection cell surface receptors (Figure 2.1C).
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The combination of A-MSCs, O-MSCs and EPCs in 3D co-cultures 
maintains CFU-GEMM progenitors in vitro 

To create an optimal in vitro bone marrow niche model for HSPC maintenance, 

varying primary cell sources were combined and tested (Figure 2.2; see materials and 

methods for details on the culture conditions). MSCs and EPCs, or a mix of both cell 

types, enhanced the survival of HSPCs when compared to the culture with no feeder. 

However the support was not better when compared to MS-5 cells co-cultured with 

HSPCs. Combined MSCs and EPCs showed a higher supportive trend over time than 

MSCs or EPCs alone (Figure 2.2A). MSCs differentiated towards adipocytes (A-MSC) or 

osteoblasts (O-MSC) showed comparable supportive potential to MS-5, both in the 

presence or absence of EPCs (Figure 2.2B). The combination of A-MSCs, O-MSCs and 

EPCs enhanced the total number of colonies (mainly BFU-Es) produced at day 3 and 7 

compared to MS-5 (Figure 2.2C). Importantly, the number of CFU-GEMM progenitors 

was maintained after 10 days of co-culture. The adipogenic or osteogenic lineage 

commitment of A-MSCs and O-MSCs was confirmed before use in the 3D co-cultures 

(Figure 2.2D). 

Matrigel promotes the growth of HSPCs in presence of A-MSCs, 
O-MSCs and EPCs 

The outgrowth of HSPCs was tested after co-cultured in absence or presence of 

feeders (i.e. MSCs/EPCs, A-MSCs/O-MSCs/EPCs, MS-5) in either alginate or Matrigel. No 

differences were observed between the two hydrogels in the absence of feeder cells, 

or in the presence of MSCs/EPCs. Higher numbers of HSPCs were observed in Matrigel 

cultures at day 10 in the presence of either MS-5 or A-MSCs/O-MSCs/EPCs (Figure 2.3A-

D). Equal numbers of colony forming cells were found in these conditions at day 

7, however more CD45+CD34- and CD34+CD38+ cells were retrieved in the Matrigel 

Figure 2.4 | Complete overviews of the HSPC niche models after 14 days of culture in Matrigel. 
Confocal overview images showing the undifferentiated primary HSPC niche model (A) and 
differentiated primary HSPC niche model (B). Stromal networks have been formed, containing 
luminal structures (zoomed images, white dashed squares, white arrows) with co-localizing 
HSPCs. (C) Confocal overview images of MS-5 co-culture. MS-5 appears as structured networks 
throughout the culture. No luminal structures were observed (zoomed images, white dashed 
squares). HSPCs co-localize with MS-5 networks. DAPI (blue), F-actin (phalloidin, yellow), HSPCs 
(DiD, red). The scale bars represent 500 µm (overviews) or 100 µm (zoomed images).  
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cultures. The number of CD34+CD38- cells was similar in both the Matrigel and 

alginate cultures (Figure 2.3E). The supporting cells cultured in Matrigel were capable 

of forming networks through cell-cell contact. When cultured in alginate, cells had 

a rounded phenotype with no visible cell-cell contact during all time points (Figure 

2.3F). Matrigel facilitated cell-cell interactions, supporting the development of a 

differentiated hematopoietic population as well as the maintenance of immature 

multipotent hematopoietic progenitors.

HSPCs co-localize with supporting cells in 3D Matrigel

To look at cell-cell interactions during co-culture, the Matrigel based cultures were 

analyzed further. After 1 or 4 days of culture, cells remained rounded and were evenly 

distributed throughout the gel. From day 7 onwards, the stromal cells self-assembled, 

forming networks throughout the Matrigel (data not shown). Clusters of HSPCs always 

co-localized with the supporting networks. In the primary cell conditions (MSCs/EPCs 

or A-MSCs/O-MSCs/EPCs), the HSPC outgrowths occurred in luminal structures at day 

14 (Figure 2.4A, B). MS-5 did not form similar luminal structures (Figure 2.4C). 

The preferential outgrowth of HSPCs with either CD31+ endothelial cells, or CD31- 

mesenchymal cells was also analyzed. Direct co-localization of HSPCs with MSCs 

(differentiated or non-differentiated) as well as co-localization with CD31+ cells was 

observed (Figure 2.5). Larger outgrowths of HSPCs were found co-localizing with 

MSCs. The morphology of the cultured CD31+ EPCs changed under the influence of 

co-cultured HSPCs. When cultured only with MSCs, long combined networks of MSCs 

and EPCs developed. When co-cultured with HSPCs, the CD31+ EPCs displayed round, 

sinusoidal like cell clusters (Figure 2.5). 

The addition of hematopoietic cytokines does not improve HSPC 
maintenance in primary cell co-cultures

The primary cell co-cultures (in absence or presence of feeder cells (i.e. MSCs/EPCs, 

A-MSCs/O-MSCs/EPCs, MS-5)) were performed with or without FBS, and with or 

without additional cytokines (TPO (20 ng/mL), SCF (50 ng/mL), FLT-3 (50 ng/mL), IL-3 (20 

ng/mL) and IL-6 (10 ng/mL)). At day 10, cytokine supplementation (in medium with or 

without FBS) increased the CD34+ cell population in absence of feeder cells. In absence 

or presence of FBS, this number could be significantly increased further with the 
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addition of either MSCs/EPCs, A-MSCs/O-MSCs/EPCs or MS-5. No significant differences 

in the CD34+ population were observed in presence or absence of additional cytokines, 

using feeder cells (Figure 2.6A). Also, the colony forming potential of HSPCs was 

similar after culture with or without cytokines (Figure 2.6B). 

In absence of FBS, a decreased total number of CD34+ cells was observed in the 

presence of primary feeder cells (MSCs/EPCs, A-MSCs/O-MSCs/EPCs or MS-5), however 

there were still significantly more CD34+ cells than when cultured without feeder cells. 

No significant differences were observed in the presence or absence of additional 

cytokines (Figure 2.6A). No effect of the added FBS was seen on the support of HSPCs 

in vitro, as the HSPCs cultured without feeder cells (in the presence of FBS) did not 

Figure 2.5 | HSPC localization with and morphology of CD31+ structures. Confocal images of 
CD31+ EPCs (green and yellow) and MSCs (yellow only) cultured without HSPCs (red) (A), with 
HSPCs (B) or CD31+ EPCs and A-MSC/O-MSCs (yellow only) with HSPCs (C) Combined networks 
of MSCs or A-MSCs/O-MSCs and EPCs can be observed. The CD31+ EPCs appeared in round cell 
clusters or elongated within the stromal networks, when grown together with HPSCs. Without 
HPSCs, mainly elongated structures were observed. HPSC outgrowth can be found co-localizing 
with either MSCs or A-MSCs/O-MSCs (white arrows) or with CD31+ EPCs (grey arrows). DAPI (blue), 
F-actin (phalloidin, yellow), CD31 (green), HSPCs (DiD, red). The scale bars represent 75 (A, B) or 
100 µm (C).  
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Figure 2.6 | Varying medium composition effects on HSPC survival within the HSPC niche 
models. Each cellular condition (n=3) was cultured either with or without FBS, and with or 
without cytokines (TPO (20 ng/mL), SCF (50 ng/mL), FLT-3 (50 ng/mL), IL-3 (20 ng/mL) and IL-6 
(10 ng/mL)). Results are shown after day 10 of culture. (A) Quantification of CD34+CD38+ and 
CD34+CD38- cells in absence of feeder, or with MSCs/EPCs, A-MSCs/O-MSCs/EPCs or MS-5 for each 
culture condition. (B) Quantification of colony forming cells (BFU-E, CFU-GM or CFU-GEMM) 
in the 2 primary cell conditions (MSCs/EPCs or A-MSCs/O-MSC/EPCs) containing FBS, with or 
without cytokines. (C) Confocal images showing A-MSCs/O-MSCs/EPCs (phalloidin (yellow), 
DAPI (blue)) cultured with and without FBS on day 10, representative for the other stromal 
co-culture conditions. Data are presented as mean ± SD. *=p<0.05, **=p<0.01, ***=p<0.001, 
****=p<0.0001. The scale bars represent 150 µm.  
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show a sustained CD34+ population at day 10. This in contrast to the HSPCs cultured 

without feeder cells, but with additional cytokines (Figure 2.6A). Looking at the 

morphological outgrowth of the supporting primary cells with or without FBS, clear 

differences were observed (Figure 2.6C). No supportive networks developed in the 

cultures without FBS, suggesting an affected supporting cell population, needed to 

support the CD34+ population in vitro. 

These results show that the primary co-culture model optimally performs when 

cultured in FBS supplemented medium, which does not support CD34+ HSPCs by 

itself, without the need of additional supportive cytokines for HSPC survival and 

maintenance. 

Hypoxic environment present within 3D culture without 
compromising cellular outgrowth

The primary cell-based co-culture model was further characterized in regard to hypoxia 

development taking into account different volumes of the model (30 or 50 µL). The 

HSPC co-cultures, cultured under standard conditions (normoxic condition), cultured 

with a chemical inducer of hypoxia (hypoxic condition) or cultured with a synthetic 

oxygen carrier (hyperoxic condition), were analyzed for cell survival, proliferation and 

the presence of cellular hypoxia, using hypoxia marker pimonidazole. 

Viable supporting cells (MSCs/EPCs) were observed in all 3 conditions, during 14 days 

of culture. However, morphological differences were observed in the hypoxia induced 

condition (Figure 2.7A), with decreasing numbers over time. The normoxic co-cultures 

showed higher cell proliferation compared to the hypoxic co-cultures, but less than 

the hyperoxic co-cultures (Fig. 7A,B). A clear difference in the presence of hypoxia was 

seen through the staining of pimonidazole. Hypoxia was present in both the hypoxic 

and normoxic cultured hydrogel co-cultures, with very low levels of expression in 

the hyperoxic co-cultures (Figure 2.7C,D). Similar results were obtained for A-MSCs/

O-MSCs/EPCs (data not shown). The level of hypoxia can be reduced or increased 

in the 3D model, by changing the volume of the culture, or through addition of a 

synthetic oxygen carrier. The results show the development of a hypoxic environment 

within the HSPC-BM model when cultured in a conventional incubator. The hypoxic 

environment does not compromise the viability, proliferation or morphology of the 

supporting cells. 
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Figure 2.7 | Characterization of hypoxia within the HSPC niche model. 3D cultured MSCs/
EPCs, in a conventional incubator (37°C; 5% CO2) either without (normoxia) or with 100µM 
Cobalt (II) Chloride hexahydrate (CoCl2, hypoxia) or 10% (w/v) synthetic oxygen carrier 
perfluorotributylamine (PFTBA, hyperoxia). (A) Confocal images showing alive (green) and dead 
(red) cells at day 14 in 50 µL plugs. (B) Amount of supporting MSCs/EPCs over time in 50 µL plugs. 
(C) Mean fluorescent intensity of pimonidazole (hypoxia marker) at day 14 in both 30 and 50 µL 
plugs, with (D) the corresponding confocal images at day 14 in both 50 µL plugs. DAPI is shown 
in blue, hypoxia in green (pimonidazole) and F-actin in yellow (phalloidin). Data is presented as 
mean ± SD. The scale bars represent 30 µm.  
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Discussion

The developed HSC niche model enables the culture of HSPCs in vitro, using primary 

human cells that form the main cellular components of the HSC niche.142 The model 

allows further study of interactions between various supportive cell types and HSPCs.  

Current 3D models are based on MSCs and/or O-MSCs, mimicking only the endosteal 

niche.69-74,77-82 MSCs as well as adipogenic and osteogenic progenitors are known to be 

an essential component of the HSC niche, required for the quiescence, proliferation 

and differentiation of HSPCs.143,144 Also endothelial cells have also been shown to 

play a key role in the regulation of HSPCs, expressing high levels of major niche 

factors.142,145 Even though quiescent HSCs have been identified preferentially near 

the perivascular niche,17 this environment is not mimicked in previously developed in 

vitro HSC niche models. Our model contains a heterogeneous mix of primary cells 

that do not require the addition of cytokines to the 3D culture to support HSPCs. 

The ECM of the stem cell niche has been shown to have an important instructive 

role, as it can directly or indirectly modulate the residing stem cells.132 This has been 

confirmed by using different ECM mimicking hydrogels, where various supportive 

effects of the materials were observed towards the cultured HSPCs.67,78 This ECM 

effect was taken into account by testing different hydrogels as a supportive material, 

comparing both alginate, lacking cell-adhesive components, and Matrigel, containing 

abundant cell-adhesive components, for their performance in an in vitro HSPC 

model. Both hydrogels facilitated a continuous presence of immature colony forming 

hematopoietic progenitors, suggesting sufficient trophic factors excreted by the 

supporting cell population for their in vitro support. This was further demonstrated, 

as these immature hematopoietic progenitors could not be maintained without 

feeder cells in either alginate or Matrigel. The presence of cell-adhesive components 

in Matrigel facilitated the differentiation towards CD45+CD34- and CD34+CD38+ 

hematopoietic cells as well. The presence of differentiated hematopoietic cells 

can further aid the retention of HSPCs in the model, as macrophages as well as 

megakaryocytes have been shown to be involved in regulation of HSC quiescence.146-149 

Wheter these, or other hematopoietic cell types develop in the model still needs to 

be further elucidated. 

 

The use of Matrigel enabled the stromal cells to reassemble, forming dense networks. 

This high cellularity, together with cell-cell and cell-matrix inter-actions, limited 
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the ability to decrosslink the culture over time for subsequent analysis. Enzymatic 

digestion using dispase was used previously to recover cells from Matrigel,69 however 

the dispase disturbed the cell surface receptors. Cell recovery solution was capable to 

depolymerize the Matrigel up to day 10 of culture, which allowed FACS analysis. The 

analysis of co-cultures at later time points was only possible using confocal imaging.

The cellular compartment of the model was optimized using relevant cell types 

of both the perivascular and endosteal niche.15,16 MSCs, A-MSCs, O-MSCs and EPCs 

were cultured alone, or in various ratios of cells combined for the co-cultures. The 

model was compared to a stromal feeder cell line (MS-5) traditionally used to support 

HSPCs in vitro.34,54,55 Recently developed models have shown functionality of their 3D 

endosteal environment comparing them to controls with no traditional feeder cells. 

Instead, these models applied cell types that are suboptimal for in vitro HSPC culture, 

such as 2D cultured MSCs and/or O-MSC.70,73 Also cytokine supplemented media was 

used,72,77,78 with less supportive capacities towards primitive HSPCs over time when 

compared to feeder cell lines.58 Other studies focused on optimizing hydrogels or 

culture conditions did not include controls containing supportive cells or cytokines 

other than the ones tested in their endosteal models.67,69,81 A direct comparison 

of culture conditions and components required for the maintenance of HSPC is 

preferred, in order to evaluate the supportive potential of experimental conditions 

in newly developed in vitro HSC niche models. 

The presence of MSCs or O-MSCs in our model offered less support towards colony 

forming HSPCs than MS-5 cells, yet MSCs or O-MSCs were used in recent primary cell 

models.69-74,77-82 Also, A-MSC or EPCs alone showed less supportive capacities. The 

ability of these primary human cells to support HSPCs increased when combining 

them. The optimal condition contained A-MSCs, O-MSCs and EPCs. Since MSCs, a 

heterogeneous cell population, are known to not differentiate uniformly during 14 

days, undifferentiated MSCs as well as lineage committed MSCs are expected to be 

present within this co-culture condition.150 The combined primary cells supported the 

growth of HSPCs, similarly to MS-5 cells. However the usage of primary human cell 

types offers the possibility to culture HSPCs in an environment closely mimicking the 

in vivo HSC niche. The supportive function of the HSC niche model does still decline 

over time, comparable to the decline seen when using MS-5 cells. The main challenge 

will remain to ensure prolonged maintenance of HSPCs in an in vitro model, and may 

lay in allowing interaction with various other cell types including immune cells.
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The HSC niche model that we developed showed a highly HSPC supportive potential 

compared to cytokine supplemented HSPCs without feeder cells. The developed model 

contains various cellular components that do not need further supplementation with 

common HSPC cytokines. These results indicate that the cellular interactions in the in 

vitro model mimic at least part of the in vivo complexity, suggesting the formation of 

a functional in vitro HSC niche. Additionally, the cells residing in the model created 

a hypoxic niche, an important characteristic of the in vivo HSC niche.13,151 Our model 

thus mimics important features and characteristics of the natural in vivo HSC niche. 

Conclusion

The developed in vitro HSC niche model provides the possibility to culture HSPCs 

using primary human cells, without further cytokine supplementation to the culture 

medium. The combination of differentiated adipogenic, osteogenic and endothelial 

cells in Matrigel optimally supports HSPC maintenance, as well as hematopoiesis. 

Using this model, the interactions of HSPCs with varying human microenvironments 

can be studied, such as interactions between HSPCs and the different cell types of 

both the endosteal and perivascular niche. The mimicking of these niche elements, 

and the ability to exclude/include cellular components or interfere with cell-cell 

interactions, enables the study of the niche itself, and its active participation in 

normal hematopoiesis as well as disease pathogenesis.
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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 CD138+ 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 CD138+ population. 

The 3D bone marrow niche model enabled testing of a novel class of engineered 

immune cells, so called TEGs (αβT cells engineered to express a defined γδTCR) 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.8 A BM niche is a complex structure, composed of vasculature, bone, 

stromal cells, extracellular matrix and hematopoietic cells.28,152 

Plasma cells also reside within the BM and depend on signals provided by the 

surrounding environment enabling quiescence, and regulating proliferation or 

differentiation.22 Oncogenic transformation of plasma cells results in multiple 

myeloma. Myeloma cells utilize and alter the surrounding BM microenvironment,23 

to support tumor proliferation, resistance to therapy, cancer cell trafficking and 

homing.24-26 

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 frequently not predictive 

for the clinical success of a treatment, emphasizing the need for the development of 

a patient-specific model supporting primary myeloma cells.87,88 Various mouse models 

have been developed that support the growth of primary myeloma cells within a 3D 

microenvironment.89,91 Although these are more complex and therefore regarded as  

more relevant, major limitations arise from the extensive numbers 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.95-100 Bone fragments from patients reconstitute an 

autologous BM environment, but lack reproducibility and availability.96 Tissue-

engineered bone can potentially overcome these problems, using off-the-shelf scaffold 

materials.153 The combination of hydrogels with embedded cells and ceramic particles 

is known to result in fully functional bone and marrow ingrowth after implantation 

in vivo.41,154,155 Natural or synthetic hydrogels such as collagen, fibrin, Puramatrix and 

Matrigel are biocompatible and have proven to be widely applicable for 3D tissue 

constructs, including in vitro myeloma models.95,99-101 Also porous silk scaffolds or 

polycarbonate membrane disks have been used as a mineralized bone model for 



54

Chapter 3

primary myeloma culture.97,98 However until now, it was seen that primary myeloma 

survival and proliferation decreases in time resulting in short term cultures.97-100 

The development of a patient-specific model supporting primary 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.156 However, novel targeted therapies hold the potential to 

further improve this progress through effective, well-tolerated targeting. 

Adoptive T cell therapy aims to engineer tumor-specific T cells for a targeted 

approach.157 One of these novel T cell therapies employs αβT cells engineered to 

express tumor-specific Vγ9Vδ2 TCRs (TEGs), eliminating cancer cells via an inside out 

mechanism involving CD277, targeting a wide variety of tumor cells including myeloma 

cells.109,158-160 αβT 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.161 TEGs targeted response has been shown using myeloma cell 

lines, but not using primary myeloma cells.162 It is also not known whether TEGs are 

effective in the physiological environment of human BM. At present, 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 microenvironment 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 proliferation of primary myeloma cells, 2. to 

determine genetic stability of the cultured myeloma cells within the model, and 3. to 

assess effectivity of both allogeneic and autologous TEG mediated immunotherapy on 

primary myeloma cells cultured within the model. In order to do so, various hydrogels 

and combinations of cell types present in the BM were analyzed for their suitability 

to support primary CD138+ myeloma cells. Genetic changes of myeloma cells and 

supportive stromal cell in co-culture 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.
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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 

3.1. 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 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. CD138+ 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 µg/ml streptomycin (all Gibco, ThermoFisher, USA). 

Multipotent mesenchymal stromal cells (MSCs) were isolated from healthy BM by 

adherence to tissue culture plastic and expanded in MSC-medium (α-minimal essential 

media (αMEM, Gibco, USA),10% (v/v) FBS, 0.2 mM L-ascorbic acid 2-phosphate, 100 U/

ml penicillin and 100 µg/ml streptomycin). 

Endothelial progenitor cells (EPCs) were isolated from cord blood by density-gradient 

centrifugation of MNCs using Ficoll-paque, seeded on collagen I (BD Biosciences)

coated wells and expanded in EGM-2 medium (Lonza, Switzerland), SingleQuots™ Kit 

(Lonza, Switzerland), 10% (v/v) FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. 

αβT cells from both healthy donors and myeloma patients were retrovirally transduced 

into TEGs with engineered T cell receptors (TCRs) using the Vγ9Vδ2-TCR clone G115163 

as described earlier.109,164 The transduced T cells were stimulated biweekly with 1 µg/

ml PHA-L (Sigma-Aldrich, USA), 50 U/ml IL-2 (Novartis Pharma, Switzerland), 5 ng/ml 
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IL-15 (R&D Systems, USA), and irradiated allogeneic PBMCs, Daudi and LCL-TM cell 

lines. Mock αβT cells were transduced with a non-functional γδTCR (γ9-G115LM1/δ2- 

G115wt).159 Transgenic TCR expression and purity of CD4+ 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 β-glycerophosphate (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 µM dexamethasone 

and 1.72 µM human insulin (Sigma, USA)). All cells were differentiated for 14 days.

Quantification of mineralization

Healthy MSCs (co-cultured with myeloma cell of 5 donors) were retrieved from 3D 

Matrigel co-cultures after 7 and 14 days using Dispase (Corning). The co-cultured 

healthy MSCs and MSCs from the myeloma BM of all 5 donors were osteogenically 

differentiated. To assess differentiation, the cells were fixed in 4% (v/v) formaldehyde 

solution for 15 min and stained with 2% Alizarin red solution (Sigma) for 5 min. 

Images were taken with an Olympus BX60 microscope.

The mineralization was quantified by extracting the Alizarin-red staining: after 

washing 3x with PBS, 10% (w/v) cetylpyridinium chloride monohydrate (Sigma) in 10 

mM disodium phosphate (Sigma) was added for 1 hour. Absorbance was measured at 

595 nm and corrected at 655 nm.

Hydrogels

High-viscosity alginate powder (International Specialty Products) was dissolved at 20-

30 mg/ml in MSC-medium and polymerized by 100 mM CaCl2 (Sigma) in Tris-buffered 

saline for 15 min. Gelatin methacrylate (gelMA) was synthesized by reacting porcine 

type A gelatin with methacrylic anhydride (Sigma) at 50°C for one hour. Thawed 

gelMA was dissolved in MSC-medium at 40°C at a concentration of 50 mg/ml or 100 

mg/ml, containing photoinitiator Irgacure 2959 (1 mg/ml Ciba, BASF) and cross-linked 

for 15 min using 365 nm light in a UVP CL-1000L cross-linker. Growth factor-reduced 

Matrigel (Corning) was used as provided or diluted 1:1 adding MSC-medium.
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Flow cytometric characterization

The non-depleted BM-MNCs, CD138+ and CD138- cell fractions of each myeloma 

BM donor were labeled with anti-hCD38-AF488 (Biolegend) and anti-hCD138-PE 

(Biolegend). T cells were labeled with pan-γδTCR-PE and pan-αβTCR-APC (Beckman 

Coulter) according to the manufacturer’s protocol. Antibody labeling was performed 

for 30 min at 4°C in the presence of FcR-blocking reagent (Miltenyi), followed by 

two PBS washing steps. DAPI (Biolegend) was added to determine cell death. Flow 

cytometry analysis was performed using a Becton Dickinson FACS Calibur. Up to 104 

cells were acquired and analyzed for each sample.

Characteristics No. of patients

Sex n=13

Male 7

Female 6

Age

Median 60

Range 44-73

Disease stage n=13

Newly diagnosed 5

Relapsed 3

Relapsed/refractory 5

Experiment characteristics No. of patients

Model development n=9

Newly diagnosed 3

Relapsed 3

Relapsed/refractory 3

Testing of TEG therapy n=8

Newly diagnosed 3

Relapsed 1

Relapsed/refractory 4

Generation of autologous TEGs n=2

Newly diagnosed 2

Table 3.1 | Patient demographics and characteristics 
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3D mono-cultures 

Myeloma cell lines (OPM2, L363 and U266), MSCs (n=3) and EPCs (n=3) were encapsulated 

separately in alginate ranging from 20 to 30 mg/ml, gelMA ranging from 50-100 mg/

ml, Matrigel 50% (v/v) or pure, mixed alginate-Matrigel and mixed Matrigel-gelMA. 

Cell viability was analyzed at days 1, 4 and 7 using the Live/Dead Viability/Cytotoxicity 

Figure 3.1 | 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 µm. Fluorescent image of MSCs (DiO, green) and 
EPCs (DiI, red) co-cultures after 7 days in 50% Matrigel (III). The scale bar represents 100 µm. 
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 represents 200 µm. (B) Day 14 analysis of three MSC donors 
combined with three EPC donors at different ratios, looking at number of tubules, total tubule 
length (µm) and number of junctions. *=p<0.05.
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Kit for mammalian cells according to the manufacturer’s protocol (ThermoFisher). At 

least 50 cells were scored per condition; double stained cells were scored as dead cells 

from images taken with an Olympus BX60 microscope.

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, ThermoFisher, 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 µL were made. Medium was changed twice a week. TEGs embedded 

in Matrigel were added in equal numbers 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 Olympus BX60 fluorescence 

microscope. Images were analyzed using the Angiogenesis Analyzer, ImageJ 1.51g.

Supporting cell type optimization

OPM2, L363 and U266 (DiI) were co-cultured as detailed in Figure 3.2. 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

CD138+ myeloma cells from 5 donors were cultured as detailed in Figure 3.3. CD138+ 

myeloma cells were prelabeled with DiO and before read-out, ethidium-homodimer-1 

(ThermoFisher, USA) was added. CD138+ myeloma cells from four other donors were 

cultured as detailed in Figure 3.4. CD138+ 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 or on day 1, 3, 7, 14, 21 and 28. For 

each time point, half of the cultures (n=2) were used for live cell imaging, the other 
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Figure 3.2 | 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=3). Dashed line represents single cultured myeloma cell lines. Statistical analysis 
compared all groups to the single cultured control group.  **=p<0.01. (B) Fluorescent images 
of OPM2 cells (DiI, red) without 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 µm.

half (n=2) were fixed and used for immunocytochemistry.

Co-culture myeloma cells and T cells

OPM2 cells (DiI) or CD138+ myeloma cells (DiI), MSCs and EPCs (DiO) were co-cultured 

in the ratio as detailed in Figure 3.4. After 7 (OPM2) or 14 (CD138+ 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 µM, Calbiochem, USA) was 
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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 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 myeloma 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 proliferation 

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 Scanning 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 homodimer-1 (528/600-640) receptively, which were given pseudo colors. 

During all live imaging, hybrid detectors collected fluorescence 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 1.51h 

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.

SNP array analysis

Genomic DNA was isolated from CD138+ myeloma cells of 3 donors on day 0 and 

CD138+ myeloma cells plus supporting MSCs and EPCs on day 28 using the PureLink 
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Genomic DNA Mini Kit (Invitrogen). Single-nucleotide polymorphism (SNP) array copy 

number profiling and analysis of regions of homozygosity were performed according 

to standard procedures using the Infinium CytoSNP-850 K BeadChip (Illumina, USA). 

The visualization of SNP array results and data analysis were performed using Nexus 

7.5 software (BioDiscovery, USA), using Human genome build February 2009 GRCh37/

hg19 and Cartagenia BENCH software (Cartagenia, Belgium).

Statistics

All experimental groups were performed in technical triplicates. 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 Software and IBM SPSS Statistics version 22. In all tests, p values <0.05 

were considered statistically significant.; *=p<0.05, **=p<0.01, ***=p<0.001.

Results 

Establishment of a 3D BM niche model

After optimizing the 3D matrix (Supplementary Figure 3.1), the best ratio and 

composition of cellular components were examined. The optimal ratio was 

determined looking at the ability of embedded EPCs and MSCs to form networks, as 

this indicates the formation of a prevascular structure.165 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 (Figure 3.1). 

To investigate the optimal cellular composition, the supportive 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 significant  
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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 (Figure 3.2).

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 

Figure 3.3 | (Co-)culture of primary CD138+ myeloma cells in a 3D BM niche  model for 14 days. 
(A) CD138+ myeloma (MM) cells expanded for 14 days in a 3D Matrigel environment, with or 
without supporting cells (MSCs, osteogenic MSCs (O-MSCs) and/or EPCs) n=5. Statistical analysis 
compared all groups to the single cultured control group. *=p<0.05, **=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 CD138+ myeloma cells are indicated with white dashed circles. 
The scale bar represents 500 µm.
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Figure 3.4 | Extended (co-)culture of primary CD138+ myeloma cells in a 3D BM niche  model 
up to 28 days. (A) CD138+ 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=4. Statistical analysis compared all groups to the single cultured control group. *=p<0.05, 
**=p<0.01, ***=p<0.001. (B) Confocal images of CD138+ 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 CD138+ myeloma cells are indicated with white dashed circles. The scale bar 
represents 500 µm. A zoomed in picture of a CD138+ myeloma cell aggregate at day 28 (III) 
shows proliferation during culture (EdU, green). The scale bar represents 25 µm. 
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here, maintenance of hematopoietic stem and progenitor cells. CD138+ myeloma 

cells (Supplementary Figure 3.2) were co-cultured with different combinations of 

supportive cells (Figure 3.3A). The combinations of MSCs-EPCs and osteogenic MSCs-

EPCs were selected as most promising in supporting myeloma cells expansion based on 

previous co-cultures using cell lines (Figure 3.2). MSCs and EPCs were also individually 

co-cultured with primary myeloma cells to look at their separate effects. 

The first 5 donors displayed no significant increase in myeloma 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 (Figure 

3.3B). Isolated CD138+ 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 experiment were compared to the maintenance of myeloma cells without 

supportive cells. Sustained viability of CD138+ myeloma cells was observed for up to 

28 days of culture (Figure 3.4A). 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 (Figure 3.4B). Cycling CD138+ myeloma 

cells were detected at day 28, as seen by EdU incorporation (Figure 3.4B 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. 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 (Supplementary 

Figure 3.3). Additionally, the genomic profile of three myeloma donors was analyzed, 

with a microarray technology that enables genome-wide analysis based on SNPs.166 

The donors were analyzed before and after 28 days of co-culture with supporting 

cells. At day 28, the DNA of the cultured myeloma represented 23.3% ± 12.5% of the 
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Figure 3.5 | 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 CD138+ cells of one 
representative donor at day 0 before co-culture. 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 CD138+ 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.
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total DNA. At day 0, this relative contribution was 16.7% ± 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 (Figure 3.5). 

3D BM niche model provides a platform for immunotherapy testing

The developed BM niche model was investigated for its potential 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 CD138+ myeloma cells were first grown before therapy 

addition. This co-culture showed the capability to sustain the viability of primary 

CD138+ myeloma cells over the course of weeks (Figure 3.4), without the need to first 

differentiate 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.109 After adding a layer of either TEGs or transduced 

T cells expressing a nonfunctional TCR (mock T cells) to the 3D model, migration of 

TEGs occurred from the added Matrigel layer towards the OPM2 (co)culture, as shown 

by live cell confocal microscopy (Figure 3.6B). This demonstrates that the 3D model 

representing 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-cultures with the mock T cell 

co-cultures, both with or without supportive cells, confirming a lacking alloreactivity 

from the mock T cells (Figure 3.6A).

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 (Supplementary Figure 3.4). A killing response was 

observed in the presence of TEGs (Figure 3.7A) at varying degrees of efficacy. A 

significant killing response was seen in 4 donors (1 newly diagnosed, 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 CD138+ cells 

where TEGs were added. Importantly, 2D co-culture162 of the same myeloma cells and 

TEGs did not reveal significant targeting of the primary myeloma samples by TEGs 
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Figure 3.6 | 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. ***=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 confocal 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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(Supplementary Table 3.1), 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 therapy in 2 additional donors (both newly diagnosed). 

TEGs were generated successfully from the T cells of these myeloma patients, which 

expanded well (Supplementary Table 3.2). The yield of autologous myeloma TEGs 

was comparable to allogeneic healthy donor derived TEGs (Supplementary Figure 

3.5). Both the allogeneic and autologous TEGs were capable of migrating into the 

3D bone marrow niche model. A killing response was observed against the primary 

CD138+ myeloma cells using autologous TEGs, comparable to that of the allogeneic 

TEGs (Figure 3.7C).

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 (Figure 3.8). 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 homing 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.167 The model supports the survival 

and proliferation of primary CD138+ myeloma cells for up to 28 days, indicating an 

in vitro environment sufficiently mimicking the in vivo environment over time. The 

human form of the disease is modeled, with no need of animals classically used to 

reproduce the disease in a 3D microenvironment.89,91 In addition, the model has shown 

reproducible results from a heterogeneous panel of primary CD138+ myeloma cells, 

a genetically stable outgrowth of CD138+ myeloma cells, and supports cell migration 

and T cell mediated immunotherapy studies. The interactions between the cultured 

CD138+ myeloma cells and the surrounding supporting 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,96,100 providing a more natural 3D instead of a 2D attachment surface to 
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Figure 3.7 | TEGs migrate and target primary myeloma in a 3D BM niche model. (A) Quantification 
of primary CD138+ myeloma (MM) cells present in the 3D BM niche model after 16 days (n=6). 
Average presence of CD138+ myeloma cells in the controls, or 48 hours after mock T cell or 
TEG addition. *=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). CD138+ 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 CD138+ 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-culture (white dashed 
squares). CD138+ myeloma cells (DiI, yellow) co-cultured with both MSCs and EPCs (DiO, green), 
48 hours after TEG addition (DiD, cyan). Less CD138+ 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 CD138+ 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=2).  No differences were observed when comparing MM viability after allogeneic 
or autologous TEG treatment, nor between control and Mock T cells. *=p<0.05, **=p<0.01. 
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the seeded cells.97,98 Also various cellular BM components were added, this compared 

to models based on a single cell type (MSCs or osteoblasts).101,168 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.169 The 

vasculature within the myeloma BM is known to have a paracrine stimulatory effect 

on myeloma cells.170 

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.171,172 However in myeloma BM, it is known that myeloma cells 

utilize and alter the surrounding BM microenvironment, creating abnormal MSCs 

supporting tumor growth.23-26 32  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, requiring expansion 

for several weeks to obtain sufficient cell numbers.100,101,173  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 

myeloma cells, and become similar to patient-derived myeloma MSCs.174 

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 surrounding tissue.26,175,176 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 CD138+ 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 confirmed that low myeloma proliferation rates were observed within the 
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Figure 3.8 | 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-cultured 
with myeloma cells, in the control, mock T cell and TEG condition (n=6). Live cells in green 
(calcein); The scale bar represents 100 µm. (B)  Analysis of the number of junctions, number 
of tubules or the total tubule length (µm) 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.

first 7 days of culture in the BM niche model, in accordance with others.100 However, 

a clear increase in proliferation (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 genotypes 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.177 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.25,178 
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The testing of cellular immunotherapy demands an environment in which the 

immune cells can infiltrate the construct. T cells are known to infiltrate and migrate 

through Matrigel after activation179,180 and our data using TEGs161,181-183 demonstrate 

the feasibility of this approach within the BM niche model. TEGs migrated towards 

the myeloma cells, and thereafter demonstrated a killing response. The presence of 

MSCs/EPCs did not greatly influence the OPM2 killing efficiency by the TEGs, possibly 

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 immunotherapy could not be investigated. This will require more detailed analysis 

of T cell-MSC interactions. The addition of the TEG therapy to multiple primary 

myeloma donors showed varying degrees of efficacy, results that are in line with an 

expected donor variability. Previous experiments also showed varying TEG responses 

to primary acute myeloid leukemia donors.162 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 immunotherapies 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 suitable for 

mechanistic evaluation, and also for automated screening 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 investigating mechanisms 

underlying therapy resistance.
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S-Figure 3.1 | Cell culture performance in a variety of hydrogel matrices. (A) Cell viability of 
MSCs (striped line), EPCs (dotted line) and myeloma cell lines (sold line). The live/dead ratio of 
each cell type was analyzed for 50 cells (n=3) after 1, 4 and 7 days of culture. Three different 
biocompatible hydrogels were analyzed using different concentrations and mixtures; alginate 
20 mg/ml or 30 mg/ml, gelMA 50 mg/ml or 100 mg/ml, Matrigel 50% (v/v) or 100% (v/v), Matrigel 
50% (v/v)/ alginate 10 mg/ml, and Matrigel 50% (v/v)/ gelMA 50 mg/ml. (B) Fluorescent images of 
live (green, calcein) and dead (red, ethidium homodimer-1) OPM2 cells after 4 days encapsulation 
in different gels (alginate 20 mg/ml, gelMA 50 mg/ml and Matrigel 50% (v/v)). (C) Fluorescent 
images of live (green, calcein) and dead (red, ethidium homodimer-1)) MSCs after 1, 4 and 7 days 
encapsulation in Matrigel 50% (v/v). 

Supplementary Figures and Tables
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S-Figure 3.2 | Primary myeloma cells used for the co-culture experiment. (A) Fluorescent 
image of primary CD138+ myeloma (MM) cell population obtained after CD138+ MACS (DAPI 
(blue), and CD138 (red)). (B) Representative histograms from flow cytometric analyses of  one 
representative donor before and after CD138+ MACS selection. The full bone marrow contained 
59.6% CD138+ cells, after depletion the remaining cells contained 5.7% CD138+ cells. The CD138+ 
selected cells were 97.2% positive for CD138+ and used for further co-culture experiments. On 
average all used CD138+ myeloma cells reached a purity of 88% ± 8% after MACS selection, 
assessed by flow cytometry.
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S-Figure 3.3 | Mineralization capacity of healthy MSCs after direct contact with primary CD138+ 
myeloma (MM) cells. (A) Fold change in mineralization capacity of MSCs from myeloma patients 
(donors 1-5), compared to healthy MSCs (donor A, striped line), and the change in mineralization 
capacity of healthy MSCs, after co-culture with CD138+ myeloma cells (donors 1-5) after 14 days 
(open dots). (B) Bright field images of MSCs after osteogenic differentiation. Mineralized 
matrixes were visualized after 21 days by Alizarin Red. The mineralization capacity of healthy 
MSCs changes after being co-cultured with CD138+ myeloma cells. Both an increase and a 
decrease in mineralization capacity was observed, dependent on the varying myeloma donors 
following their native mineralization potential. The scale bars represent 200 µm.
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S-Figure 3.4 | T cell migration in a 3D BM niche model. 3D confocal images showing myeloma 
cells of one representative donor (CD138+ MM cells, DiI, yellow) co-cultured with both MSCs 
and EPCs (DiO, green) 48 hours after either TEG or mock T cell addition (DiD, cyan). Top: control 
condition without added T cells. Middle: added mock T cells, the mock T cells did not migrate 
into the co-culture after 48 hours. Bottom: added TEGs, TEGs migrated from the border (left) 
into the BM model after 48 hours, migration was also seen after 24 hours. Migration occurred 
throughout the 3D Matrigel model, showing a declined CD138+ myeloma cell presence where 
TEGs were present. 
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Day 0 Day 16

T cells (*10e6) TEGs (*10e6) Fold expansion

HD 14.5 36.8 2.5

MM1 1.4 34.2 25

MM2 1.2 15.3 13.1

S-Table 3.2 | Expansion of transduced T cells of healthy donor and myeloma patient T cells. 
Primary T cells from a healthy donor (HD) and two myeloma patients were transduced as 
described previously. Day 0 shows the number of T cells isolated and transduced. Day 16 refers 
to T cells that underwent depletion of untransduced cells and rapid T cells expansion. Fold 
expansion is calculated by comparing the number of T cells at day 0 to the absolute number of 
transduced cells (TEGs) at day 16.

MM1 MM2 MM3 MM4 MM5 MM6

3D co-culture - + + + + -

2D co-culture - - - - * -

S-Table 3.1 | The 3D BM niche model but not 2D co-culture enables in vitro targeting of 
primary myeloma cells by TEGs. Overview to compare 2D and 3D myeloma co-cultures for 
in vitro screening of patient-derived myeloma samples for TEG-reactivity. 3D co-culture: 
Primary myeloma cells were co-cultured at least 16 days with supporting stromal cells, and 
TEGs or mock T cells were added for 48 hours. Tumor targeting is determined and indicated 
as + when significantly (p<0.05) less living myeloma cells are detected in TEG targeted 
samples when compared to mock T cell conditions, otherwise -. 2D co-culture: Primary 
myeloma cells from the same donors as in 3D co-cultured were directly targeted by TEGs or 
mock T cells in a 2D stimulation assay without the presence of supporting stromal cells. 
Tumor targeting is determined when significantly (p<0.05) more IFNγ is produced by TEGs 
than by mock T cells upon co-culture with target cells and indicated as + otherwise as -. 
* = no data.
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S-Figure 3.5 | T cell transduction of healthy donor and multiple myeloma patient T cells. T 
cells from healthy donor and multiple myeloma patients show similar susceptibility for TEG-
transduction. Primary T cells from healthy donor (HD) and multiple myeloma patient (MM) were 
transduced as described previously. Flow cytometry dot plots show endogenous αβTCR and 
introduced γδTCR expression immediately after transduction (day 5) (left panels), after depletion 
for untransduced T cells (middle panels) and after rapid expansion at day 16 (right panels).
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Abstract

The bone marrow microenvironment is the preferred location of multiple myeloma, 

supporting tumor growth and development. It is composed of a collection of 

interacting subniches, including the endosteal and perivascular niche. Current in 

vitro models mimic either of these subniches. By developing a model combining both 

niches, this study aims to further enhance the ability to culture primary myeloma cells 

in vitro. Also the dependency of myeloma cells on each niche was studied. 

A 3D bone marrow model containing two subniches was created using 3D bioprinting 

technology. We used a bioprintable pasty calcium phosphate cement (CPC) scaffold 

with seeded osteogenic multipotent mesenchymal stromal cells (O-MSCs) to model 

the endosteal niche, and Matrigel containing both endothelial progenitor cells (EPCs) 

and MSCs to model the perivascular niche. Within the model containing one or both 

of the niches, primary CD138+ myeloma cells were cultured and analyzed for both 

survival and proliferation.

The 3D bone marrow model with combined subniches significantly increasing the 

proliferation of CD138+ myeloma cells compared to both environments separately. 

The developed model showed an essential role of the perivascular niche over the 

endosteal niche in supporting myeloma cells. The developed model can be used to 

study the expansion of primary myeloma cells and their interactions with varying 

bone marrow subniches. 
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Introduction

Bone marrow has a complex microenvironment supporting hematopoietic stem cells 

(HSCs) in specialized areas called niches. These bone marrow niches contain multiple 

cell populations influencing HSC number, location, proliferation, self-renewal, and 

differentiation.8,184 The precise anatomy and physiology of bone marrow niches are 

still being elucidated, but it has become clear that they are not composed of one 

environment, but rather of a collection of interacting subniches.14 These different 

subniches can be distinguished by different cell populations and chemotactic 

gradients. The two most studied subniches are the endosteal and the perivascular.15 

The endosteal niche is located at the interface between trabecular bone and bone 

marrow, and primarily contains osteoblasts, osteoclasts and osteocytes.152 The 

perivascular niche is highly vascular and characterized by a high density of endothelial 

cells, multipotent mesenchymal stromal cells (MSCs), and smooth muscle cells.185 It is 

likely that these subniches serve different roles, as quiescent HSCs can be found near 

the perivascular niche and dividing HSCs are located closer to the endosteal niche.17 

Multiple myeloma is a B cell malignancy characterized by the clonal proliferation of 

malignant plasma cells within the bone marrow.186 Bone marrow niches are utilized by 

invading myeloma cells, that depend on this environment.187 The prolonged presence 

of myeloma cells in the bone marrow leads to permanent changes in the residing 

MSCs that are associated with bone lesions and defect bone repair.31,32 

For myeloma, it is not yet clear if there is a preferential outgrowth in either of the 

bone marrow subniches, and which microenvironment or interactions are most 

decisive for the survival of myeloma and the accompanying bone destruction. Also, 

to enable prolonged in vitro culture of primary myeloma cells, it should be analyzed 

whether the combined presence of both environments would be beneficiary. To 

study this, a reliable culture model mimicking these separate but interacting niches 

is needed. The establishment of such a model aids the understanding of complex 

physiological and pathophysiological processes.188,189 Even though in vitro 3D models 

remain experimental tools that do not reproduce the entire in vivo environment, 

they do span the gap between the 2D culture of cells and in vivo animal models.190 

For primary myeloma cell culture, existing models of the endosteal niche use 

autologous bone fragments,96 mineralized silk scaffolds97 or ossified polycarbonate 



86

Chapter 4

membrane disks.98 Models reconstituting the perivascular niche have mimicked 

this microenvironment using bone marrow mononuclear cells (MNCs), MSCs, or 

combinations of MSCs and endothelial cells in soft extracellular matrix (ECM) like 

materials.99-101,137 Thus far, no models have been described that combine both niches 

to investigate their joint effect on the in vitro survival of primary myeloma cells. 

Therefore we set out to further progress these models by combining a perivascular 

environment with a mineralized matrix representing the endosteal niche, in order 

to study interactions between primary myeloma cells and either of these subniche 

microenvironments.

 

To create a complex porous 3D in vitro model with defined regions, additive 

manufacturing techniques can be used. These techniques offer the possibility to 

precisely control the shape and composition of a manufactured construct.47 One of 

these techniques, 3D bioprinting, enables the building of 3D constructs in which the 

design of the structure and the placement of components are predetermined. Such 

a construct is created by extruding a desired material in a layer-by-layer fashion, 

thus resulting in porous micro-tissues. This technique allows inclusion of different 

biomaterials at ambient temperatures, providing the possibility to incorporate cells 

or growth factors.49

Commonly used biomaterials for bone mimicking scaffolds include metals, polymers 

with either natural or synthetic origins, and ceramics.50 Ceramics are amongst the 

most promising biomaterials for bone tissue engineering, either used alone or as a 

composite combined with polymeric materials.51,52 Ceramics are both biocompatible 

and bioactive, because of their ability to form a hydroxycarbonate apatite layer 

that is chemically and structurally equivalent to the mineral phase in bone.53 Most 

ceramics are processed into scaffolds at high temperatures, reducing the possibility to 

incorporate biological components such as growth factors. This is why recent studies 

have focused on ceramic materials such as calcium phosphate cement (CPC), which 

can be processed at ambient temperatures using 3D bioprinting.191,192

The aims of the current study were (1) to test the feasibility of fabricating a model 

containing two separate but interacting niches, (2) to develop an in vitro 3D bone 

marrow myeloma culture model containing both perivascular and endosteal niches, 

and (3) to investigate the added value of separate osteogenic and vascular niches to 

the in vitro culture of primary myeloma cells. Design parameters included cytotoxicity 
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of the CPC scaffolds for endothelial progenitor cells (EPCs) or myeloma cells, and the 

most optimal external shape and size of the CPC scaffolds for imaging and handling, 

biofunctionalization and the ability to integrate the perivascular co-culture. The 

stability of the combined endosteal and perivascular co-culture was analyzed by 

tracking migration of cells from one compartment to the other. Most importantly, 

the 3D model containing two niches was validated by examining its potential to 

propagate primary CD138+ myeloma cells cultured within the model over 28 days. 

Materials and Methods

Cell lines and primary cells

Human myeloma cell lines OPM2 and L363 were cultured in myeloma medium: 

advanced RPMI 1640 media supplemented with 10% (v/v) fetal bovine serum (FBS), 

2 mM of L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (all Gibco).

Human bone marrow was aspirated from the acetabulum of three patients undergoing 

hip replacement surgery. MSCs were isolated from the bone marrow by adherence 

to tissue culture plastic and expanded in MSC expansion-medium: α-minimal essential 

media (αMEM, Gibco) supplemented with 10% (v/v) FBS, 0.2 mM L-ascorbic acid 

2-phosphate, 100 U/ml penicillin and 100 µg/ml streptomycin (all Gibco). MSCs were 

used at passage 2-4.

Human bone marrow was obtained from the spina iliaca posterior superior of four 

myeloma patients. The CD138+ cell population was isolated from the mononuclear 

cell fraction of the myeloma bone marrow by microbeads (Miltenyi Biotec) and 

used immediately in the co-culture system. The CD138+ cell fraction was cultured in 

advanced RPMI 1640 media (Gibco) supplemented as detailed above.

Human umbilical cord blood was collected from two full term pregnancies. MNCs were 

isolated from this cord blood by density-gradient centrifugation using Ficoll-paque, 

and seeded on collagen I (BD Biosciences)-coated wells. Colonies were expanded in 

EPC expansion medium: EGM-2 media (Lonza), SingleQuots™ Kit (Lonza), 10% (v/v) 

FBS (Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco). The isolated cells 

were previously characterized as late outgrowth EPCs.138 EPCs were used at passage 

2-5.
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Figure 4.1 | Methods overview of the constructed compartments and final two compartment 
model. MM = multiple myeloma, MSCs = multipotent mesenchymal stromal cells, EPCs = 
endothelial progenitor cells.
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All primary samples were obtained after written informed consent, protocols were 

approved by the local ethics committee of the University Medical Center Utrecht (NL).

CPC scaffold fabrication

Using the BioScaffolder 3.1 system (GeSiM), constructs of pasty calcium phosphate 

cement (CPC, Velox, InnoTERE) were produced by 3D fiber deposition. The constructs 

were printed using a needle having an inner diameter of 230 µm (Globaco). Printer 

settings can be summarized in short as follows: (1) a porous disk was printed with 

a diameter of 8 mm and a height of 0.48 mm; (2) a porous cylindrical construct was 

printed with a diameter of 5 mm and a height of 4 mm; (3) a porous hexagonal 

construct was printed with sides of 3 mm, a diameter of 6 mm and a height of 4 mm; 

(4) a porous hexagonal construct was printed with sides of 3 mm, a diameter of 6 mm 

and a height of 0.72 mm. A pressure of 2-2.5 bars was used with a strand distance of 

0.6 mm. 

The cement-setting reaction of the CPC was started in a humidified chamber and lasted 

3 days. Next, the scaffolds were incubated for 1 hour in acetone to remove excess oil, 

washed in distilled water, dried in air at 37°C and stored at room temperature until 

use. The final pore size of the endosteal scaffold after setting was 330 µm ± 25 µm, 

lying within the pore size distribution measured in decellularized cancellous bone 

chips (440 µm ± 150 µm, Bislife). Scaffold pictures were taken with an Olympus SZ61 

Stereo Zoom Microscope. Scaffolds used for cell culture experiments were sterilized 

by gamma-irradiation (25 kGy).

Biochemical analysis of cell proliferation

Both EPC donors and two myeloma cell lines were cultured on top of the CPC disks 

for 14 days (Figure 4.1). On each scaffold, 1.0x105 cells were seeded. The number of 

cells grown on the scaffolds (EPCs) or present in the well (myeloma cells or control 

EPCs) was determined after 1, 7 and 14 days of cultivation by measurement of the 

intracellular lactate dehydrogenase (LDH) activity as described earlier.193 In short, the 

frozen samples were thawed and lysed by 1% Triton X-100 in PBS on ice, supported by 

sonication. Lysates were used for measurement of LDH activity with the CytoTox 96® 

Non-Radioactive Cytotoxicity Assay (Promega) and correlated with the cell number 

using a calibration line.
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Cell culture on CPC scaffolds

MSCs of three donors were added on top of the cylindrical CPC scaffolds (Figure 4.1) 

and incubated statically or dynamically on a plate shaker for 6 hours. MSCs were 

dynamically seeded on top of the high and low hexagonal scaffolds for 6 hours. 

On each scaffold, 1.0x105 MSCs were seeded. The seeded scaffolds were cultured in 

osteogenic medium (MSC-medium plus 10 nM dexamethasone (Sigma) and 10 mM 

β-glycerophosphate (Sigma)). Cell viability and distribution were analyzed at days 1, 7, 

10 and 14 using the Live/Dead Viability/Cytotoxicity Kit for mammalian cells according 

to the manufacturer’s protocol (ThermoFisher).

Two compartment 3D culture model

MSCs labelled with lipophilic Cell-Tracker dye DiI (Invitrogen) were added on top of 

the cylindrical CPC scaffolds and incubated dynamically on a plate shaker for 6 hours. 

The seeded scaffolds were cultured in either MSC expansion medium or osteogenic 

medium for 14 days before co-culture. MSCs and EPCs, in a 4:1 ratio (2.0x106 MSCs/mL, 

0.5x106 EPCs/mL), were mixed into 50% (v/v) growth factor-reduced Matrigel (Corning, 

diluted by an equal volume of MSC-medium). The MSCs were labeled with lipophilic 

Cell-Tracker dyes DiO and the EPCs with DiD (Invitrogen). Each MSC or osteogenic MSC 

(O-MSCs) seeded cylindrical CPC scaffold received 30 µL of Matrigel cell suspension 

(Figure 4.1). The constructs were statically cultured in mix medium: MSC expansion 

Table 4.1 | Primary CD138+ myeloma cells culture conditions. Condition one contains the 
perivascular co-culture in Matrigel. Condition two combines the perivascular co-culture in 
Matrigel with the CPC scaffold seeded with undifferentiated MSCs. Condition three combines 
CD138+ cells only in Matrigel with the CPC scaffold seeded with osteogenic differentiation MSCs 
(O-MSCs). Condition four combines the perivascular co-culture in Matrigel with the CPC scaffold 
seeded with O-MSCs.

Endosteal niche Perivascular niche

CPC MSCs 
(DiI)

O-MSCs 
(DiI)

Matrigel CD138+ 

myeloma 
cells (DiD)

MSCs 
(DiO)

EPCs 
(DiO)

1. - - - + + + +

2. + + - + + + +

3. + - + + + - -

4. + - + + + + +
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Figure 4.2 | Plotted CPC scaffolds and their cytotoxicity. (A) EPCs or myeloma (MM) cell lines 
were cultured alone or together with CPC for 1, 7 or 14 days. The number of viable cells was 
quantified by LDH activity (n=2 donors, measured in technical triplicates). (B) Top: side view 
of the cylindrical construct, high hexagonal construct, and porous disk. Bottom: top view of 
the cylindrical construct, high hexagonal construct, and porous disk. (C) Top view of the final 
designed scaffold, used for co-culture experiments. 

medium and EPC expansion medium in a 1:1 ratio. Medium was refreshed twice a 

week. The stability and integration of the two compartments were imaged on day 2, 

7, 10 and 14. Before imaging, the samples were fixed for 30 minutes in formalin; the 

nucleus of the cells was stained with Hoechst 33342 (Invitrogen). The scaffolds were 

cut in half before imaging for a cross-sectional view.

Culture of primary myeloma cells in the two compartment 3D model 

MACS selected CD138+ myeloma cells of four donors were labelled with DiD 

(Invitrogen) and mixed with MSCs and EPCs (both DiO labelled, Invitrogen) in a 4:1:1 

ratio. 50% (v/v) Matrigel was added to the cells and the cell suspension was either 

cultured alone, or added to the hexagonal scaffolds. The scaffolds were seeded with 

either MSCs or O-MSCs, both cell types labelled with DiI (Invitrogen) (Figure 4.1). 

The four different culture conditions are detailed in Table 4.1. The constructs were 
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Figure 4.3 | Seeding efficiency and O-MSC viability on 4 mm height CPC scaffolds after dynamic 
cell seeding. (A) Quantification of the number of adherent O-MSCs inside the scaffold, based 
on confocal images at day 14, showing living O-MSCs (calcein, green) and dead MSCs (ethidium 
homodimer-1, red). (B) Top view of the porous bottom of the scaffold, showing a confluent 
living cell layer also covering the pores of the scaffold (shown in the added bright field channel 
(C)) Scale bars represent 150 µm. (D) Side view of the bottom of the scaffold, O-MSCs cover the 
strands of the scaffold, as well as the pores in between strands. Scale bar represents 150 µm. (E) 
Side view of the inside of the scaffold. Mosaic merged picture (6x6). More O-MSCs are present 
in the bottom region of the scaffold, compared to the middle and top region after dynamic cell 
seeding and 14 days of culture, as quantified in (A). Scale bar represents 1000 µm.
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statically cultured in myeloma mix medium: MSC expansion medium, EPC expansion 

medium and myeloma medium in a 1:1:1 ratio. Medium was refreshed twice a week. 

The cells co-cultured in the two compartment model were live imaged on day 1, 7, 

14, 21 and 28. Cells were tracked for compartment interactions, cell migration and 

myeloma outgrowth. 

The overall cell viability of the two compartment model was analyzed during 28 days 

using the Live/Dead Viability/Cytotoxicity Kit for mammalian cells according to the 

manufacturer’s protocol (ThermoFisher). This staining was performed on scaffolds 

seeded with non DiO, DiI or DiD labelled cells.

Osteocalcin immunocytochemistry

MSCs were cultured on top of the hexagonal scaffolds in osteogenic or expansion 

medium for 28 days. At 7, 14, 21 or 28 days, scaffolds were fixated for 30 minutes 

in formalin. The scaffolds were incubated for 10 min in 0.2% (v/v) Triton X-100 in 

PBS, and thereafter blocked for 30 min with 5% (v/v) bovine serum albumin/PBS. The 

samples were incubated overnight at 4°C with 10 µg/mL mouse monoclonal antibody 

recognizing human osteocalcin (clone OCG4, Enzo Life Sciences). This was followed by 

incubation with 10 µg/mL goat-anti-mouse polycloncal antibody conjugated to Alexa 

Fluor 488 (Invitrogen). All samples were also stained for F-actin (TRITC) and DAPI (both 

FAK100 kit, Merck Millipore) according to the manufactures protocol. 

Confocal imaging 

The stability and migration of the combined perivascular and endosteal model 

were imaged using a Leica TCS SP5 confocal microscope. PMT detectors collected 

fluorescence signal from Hoechst  (405/460-480), DiO (484/500-540), DiI (549/565-605) 

and DiD (644/665-705) respectively represented in the images by pseudocolors blue, 

green, yellow and cyan. All other fluorescence images were taken with a Leica SP8X 

Laser Scanning Confocal Microscope using a white light laser (470-670 nm) and Leica 

LASX acquisition software. The cell distribution of MSCs seeded on CPC scaffolds were 

live imaged: hybrid detectors collected fluorescence signal from calcein (494/500-525) 

or ethidium homodimer-1 (528/600-640), which were given the pseudocolors green 

and red. The primary myeloma cells cultured in the two compartment model were 

live imaged: hybrid detectors collected fluorescence signal from DiO (484/500-540), 

DiI (549/565-605) and DiD (644/665-705) which were given the pseudocolors green, 
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Figure 4.4 | Seeding efficiency and MSC viability on 0.7 mm height CPC scaffolds. (A) 
Quantification of the number of alive and dead MSCs covering the CPC scaffold (n=3), 
cultured in osteogenic medium, over time. O-MSCs reach confluence at day 7, this 
layer was stable at later time points. (B-G) Confocal live (calcein, green)/ dead (ethidium 
homodimer-1, red) images. (B) Top view of the hexagonal scaffold, day 4. Mosaic merged picture 
(5x5). (C) Top view of the hexagonal scaffold, day 7. Mosaic merged picture (5x5). Scale bars 
represent 1000 µm. (D) Zoomed in picture of the hexagonal scaffold, day 4. (E) Cells do not 
cover the pores of the scaffold, pores are visualized in the corresponding bright field channel. 
(F) Zoomed in picture of the hexagonal scaffold, day 7. (G) Cells start to cover the pores of the 
scaffold, pores are visualized in the corresponding bright field channel. Scale bars represent 150 
µm.
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yellow and red.The osteocalcin staining was imaged using hybrid detectors collecting 

fluorescence signal from DAPI (405/430-480), Alexa Fluor 488 (488/490-525) and TRITC 

(532/540-575), which were given the pseudocolors blue, green and red. All z-stack 

images were processed using ImageJ 1.51h software to create single maximum 

projections. Images of large scaffolds employed the mosaic function of the Leica 

LASX software, stitching the images together using smooth and linear blending. 

Statistical analysis 

All experimental groups were handled in technical triplicates. Results are presented 

as mean ± standard deviation for the indicated number of donors. P values are 

based on Student’s t tests (2-tailed) for two-way comparisons, or a two-way repeated 

measurements ANOVA for multiple hypothesis testing using post hoc Bonferroni 

correction. Statistical analyses were performed using IBM SPSS 20 (IBM SPSS, Inc.), 

differences being statistically significant when p<0.05.

 

Results

Viability of EPCs and myeloma cells maintained when cultured with 
a CPC scaffold

For MSCs it is known that their viability is not affected when cultured on top of a CPC 

scaffold.192,193 In these previous studies, CPC scaffolds were not used to culture primary 

endothelial cells or myeloma cells. Here porous CPC disks (Figure 4.2B) were cultured 

together with EPCs or myeloma cell lines, and cell expansion was analyzed over 

time. With or without CPC disks, the number of viable EPCs showed no significant 

differences on day 1, 7 or 14. Also, whether cultured with or without CPC disks, the 

number of viable myeloma cells was unaffected on day 1, 7 or 14 (Figure 4.2A).

MSC distribution and outgrowth dependent on seeding, culture and 
scaffold design

The perivascular compartment was modelled using 50% (v/v) Matrigel, MSCs and EPCs, 

based on previous research.137 To create a two compartment bone marrow model, the 

endosteal compartment needed to be designed and optimized. A cylindrical, cup-

like scaffold was designed for the endosteal CPC scaffold, to which the perivascular 

component was added (Figure 4.2B). By incorporating the perivascular model within 
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Figure 4.5 | Combining the perivascular and endosteal compartments. Confocal images, 
day 10, showing (A) I, top view of the Matrigel added to the CPC scaffold, containing both 
MSCs and EPCs (DiO, green). II, Top view of the CPC scaffold underneath, seeded with 
O-MSCs (DiI, yellow), III, merged overview. Scale bars represent 1000 µm. (B) Zoomed 
single channel and merged detail showing the endosteal region (yellow) in close proximity to 
the perivascular networks of MSCs and EPCs (green). Scale bars represent 150 µm.

the endosteal model, the confined space ensured enough gelling time to give it the 

desired shape.

In order to biofunctionalize the cylindrical CPC scaffold, MSCs were seeded on top/

inside the CPC scaffold. The bottom of each scaffold could be imaged, but the curved 

sides of the cylindrical scaffolds hindered imaging by confocal microscopy, due to 

depth limitations in the z-direction (maximum of 1 mm). This technical problem was 

addressed by switching to a hexagonal design (Figure 4.2B), with 6 straight sides 

suitable for confocal imaging. 

A confluent layer of O-MSCs was found in the bottom of both the static and dynamically 

seeded constructs after 7 days when cultured in osteogenic medium (Figure 4.3B). This 

layer also covered the pores of the construct (Figure 4.3C,D). To maximize contact 
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between the endosteal and perivascular compartments, MSC adherence to the sides 

of the scaffold was also optimized. Static seeding of MSCs in the hexagonal scaffolds 

did not result in MSC attachment to the sides. Some adherence of MSCs to the sides of 

the scaffolds resulted from dynamic seeding of MSCs. However, varying cell densities 

were observed in the upper and lower part of the scaffold during 14 days of culture 

(Figure 4.3A,E). No reproducible results could be obtained using the 4 mm high 

scaffolds. 

A third design decreased the height of the scaffold from 4 mm to 0.72 mm (Figure 

4.2C). The lower outside border still enabled the addition of the Matrigel in its liquid 

phase, confining it until gelation. As previous scaffold designs only facilitated contact 

between the endosteal and perivascular compartments at the bottom and outside 

border of the construct, three CPC strands were added in the middle of the construct 

to increase the contact area between the endosteal and perivascular compartments. 

This construct could be imaged entirely using confocal imaging, in both the x, y and 

z-direction. A reproducible, confluent layer of O-MSCs was obtained 7 days after 

dynamic seeding and remained present at later time points (Figure 4.4A-G). 

Combining perivascular and endosteal compartments

The bone marrow model containing two separate but interacting compartments 

was evaluated for (1) stability over time, (2) reproducibility and (3) effective confocal 

imaging. Its perivascular component could be incorporated after fabrication of the 

endosteal CPC/O-MSC scaffold. A homogeneous incorporation of the perivascular 

culture into the endosteal scaffold was obtained in all constructs (Figure 4.5A), and 

prevascular MSC/EPC structures formed in between the CPC/O-MSC strands (Figure 

4.5B). The Matrigel co-culture remained located within the CPC/O-MSC scaffold during 

28 days, but decreased in height over time. The integration of the two compartments 

at microscopic level could be tracked over time using confocal imaging. 

Interactions and migration in the two compartment bone marrow 
model

After integrating both environments into one model, the cultures were fixed and 

analyzed at different time points, imaging cell interactions and migration. At day 7, 

a stable layer of O-MSCs could be found covering the CPC strands (Figure  4.6A-I, B-I). 
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Figure 4.6 | Formation of interactions between the perivascular and endosteal compartments. 
Confocal images showing the side view of the CPC scaffolds (in blue, nonspecific Hoechst 
staining), with an added Matrigel co-culture. The CPC scaffolds were seeded with O-MSCs 
(DiI, yellow) before adding the Matrigel containing both MSCs (DiO, green) and EPCs 
(DiD, cyan). Nuclei in blue (Hoechst). (A) Single cells were still visible at day 7 (I), networks 
started forming at day 10 (II) with networks throughout the culture at day 14 (III). 
Scale bars represent 250 µm.  (B) I,II, Singular cells migrate from the Matrigel towards 
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Some cells from the perivascular culture (both MSCs and EPCs) migrated towards this 

confluent O-MSC layer, indicating interactions between the two compartments. No 

O-MSCs were found in the perivascular compartment. At day 10, prevascular networks 

of MSCs and EPCs were formed in the vicinity of the O-MSC layer covering the CPC 

(Figure 4.6A-II, B-II). At day 14, networks of combined MSCs, EPCs and O-MSCs could 

be found in the region adjacent to the CPC strand and O-MSC layer (Figure 4.6A-III, 

B-III). The region most distant from the O-MSC layer consisted only of MSCs and EPCs 

networks (Figure 4.6A-III), capable of forming luminal structures.194 

Over time, the model maintained varying environments, starting with an O-MSC layer 

bound to the CPC, flowing into a mixed region with O-MSCs, MSCs and EPCs, then 

flowing into a region with only MSC and EPC networks. Interactions and migration 

of the different cell types were observed and quantified assessing the presence of 

the each cell type in either the perivascular or endosteal compartment (Figure 4.6C). 

The two compartment bone marrow model enhances primary 
myeloma cell propagation

To investigate the additive effect of the two combined environments on the in vitro 

expansion of myeloma cells, primary CD138+ myeloma cells (n=4) were cultured within 

the developed two compartment bone marrow model. This model was, in different 

forms (Table 4.1), compared to a single perivascular co-culture or single endosteal 

co-culture. The perivascular co-culture was added to either the CPC/O-MSC scaffold 

mimicking the endosteal compartment, or to a non-differentiated CPC/MSC scaffold. 

The two compartment model had a sustained viability during the 28 day culture. The 

endosteal scaffold had a sustained osteogenic differentiation during the 28 day culture 

(Figure 4.7). The CPC/O-MSC scaffold significantly increased the number of CD138+ 

myeloma cells within the culture at day 14, 21 and 28 compared to the perivascular 

the endosteal layer at day 7 and 10 of culture. III, At day 14, interactions between the endosteal 
cells and perivascular cells were observed in both the top and bottom half of the culture, 
forming combined networks (yellow, green and cyan). Vascular niche: top dotted rectangle. 
Endosteal niche: bottom dotted rectangle. Scale bars represent 100 µm. (C) Quantification of 
the cell types present in both the vascular and endosteal niche after 7, 10 and 14 days of culture 
(based on fluorescence intensity per channel). Cellular migration is visible over time. 
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Figure 4.7 | Osteogenic differentiation and viability of the model follow over time. (A) 
Immunocytochemistry showing the osteogenic differentiation of O-MSCs after 14 or 28 days, or 
control MSCs after 28 days of culture. Nuclei are shown in blue (DAPI), osteocalcin expression is 
shown in green and F-actin is shown in red (phalloidin). (B) Mosaic merged overviews of the two-
compartment model after 7, 14, 21 and 28 days of culture. The overall viability of the construct 
was assessed adding calcein (green). No reduced viability of the culture was observed over time. 

environment alone (Figure 4.8A). Outgrowths of myeloma cells were observed both 

in the perivascular co-culture, as on top of the CPC/O-MSC scaffold (Figure 4.8D-IV). 

The myeloma cells were seeded in the perivascular co-culture at day 0. Over time, 

the average relative contribution of myeloma cells in the endosteal compartment 

increased from 6.8% at day 7, to 40.8% on day 28 (Figure 4.8B). The combined 
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perivascular and CPC/MSC scaffold showed similar growth of the CD138+ myeloma 

cells compared to the perivascular co-culture alone. No outgrowth of myeloma cells 

were observed on top of the CPC/MSC scaffold (Figure 4.8D-III). Thus, osteogenically 

differentiated MSCs seem to provide signals that complement the vascular niche in 

stimulating myeloma cell expansion. Interestingly, the endosteal compartment alone 

(CPC/O-MSC scaffold, Figure 4.8D-II) was not capable of supporting the survival of the 

CD138+ myeloma cells, in contrast to the single perivascular co-culture (Figure 4.8D-

I). Thus the MSCs and EPCs in the perivascular environment seem to be an essential 

element for primary CD138+ myeloma cell survival, further enhanced by adding an 

osteogenic compartment. 

Discussion

Using 3D bioprinting, we developed a reproducible bone marrow model that mimics 

both the endosteal and perivascular niche. This two compartment bone marrow 

model provides a novel tool to study the biology and interactions of primary 

myeloma cells within varying microenvironments. Primary myeloma cells are known 

to depend on bone marrow niches for their survival and progression,22,178 with the 

precise processes and interactions involved still being investigated. By analyzing the 

outgrowth of primary myeloma cells within these separate or combined environments, 

their dependency on each other can be studied. The developed model has shown 

an essential role of the perivascular niche over the endosteal niche in supporting 

myeloma cells, with the best support of primary myeloma cells when combining both 

environments. 

To fabricate the perivascular niche, Matrigel was used as a bioactive 3D environment, 

encapsulating MSCs and EPCs.137 Matrigel, but also collagen, PuraMatrix and fibrin, 

have been used before to support 3D bone marrow models, for the in vitro culture 

of myeloma cells.95,99-101 To fabricate the endosteal environment, a ready to use, 

printable CPC paste was used.192 Calcium phosphates have a composition similar 

to bone mineral, with chemical properties suitable for bone-remodeling.195,196 CPCs 

have also been used for their low-temperature setting reaction and porosity that 

allows for the incorporation of drugs or growth factors.193,197,198 In addition to a 

growth factor or drug delivery system, CPCs can also be used as a base for an in vitro 

bone or endosteal model. Previous in vitro bone models have used different calcium 

phosphate ceramics, allowing cell attachment, perfusion and mechanical loading of 
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Figure 4.8 | Culture of primary CD138+ myeloma cells in the two compartment model. (A) 
CD138+ myeloma (MM) cells (n=4) expanded for 28 days in a 3D bone marrow model of varying 
compositions. *= p<0.05 compared to the control (black solid line). (B) Average relative myeloma 
cell presence in the perivascular and endosteal compartment over time. (C) 2D confocal images 
at day 28. Scale bars represent 500 µm. I, CD138+ myeloma cells cultured in Matrigel containing 
MSCs and EPCs (MSCs and EPCs in green, DiO; CD138+ myeloma cells in red,DiD). II, CD138+ 
myeloma cells cultured in Matrigel added to a CPC scaffold with seeded O-MSCs on top. III, 
CD138+ myeloma cells cultured in Matrigel containing MSCs and EPCs, added to a CPC scaffold 
with seeded MSCs (MSCs and EPCs in green, DiO; CD138+ myeloma cells in red, DiD; MSCs in 
yellow, DiI), and IV, CD138+ myeloma cells cultured in Matrigel containing MSCs and EPCs, added 
to a CPC scaffold with seeded O-MSCs (MSCs and EPCs in green, DiO; CD138+ myeloma cells in 
red, DiD; O-MSCs in yellow, DiI). (D) 3D confocal images at day 28, white arrows indicate CD138+ 
myeloma cell outgrowths (red, DiD). Scale bars represent 200 µm. I, outgrowths of CD138+ 
myeloma cells in the vascular co-culture. II, minimal outgrowth of CD138+ myeloma cells in the 
endosteal only co-culture. III, in the combined vascular / MSC co-culture, outgrowth of CD138+ 
myeloma cells can be found in the vascular region. IV, in the combined vascular/endosteal co-
culture, outgrowths of CD138+ myeloma cells can be found in both regions.  
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the cultures.46,199 However these ceramics do not allow growth factor addition, nor 

can be printed into every shape desired, in contrast to the CPC paste used for our 

study.

In previous studies, MSCs cultured on CPC scaffolds showed good biocompatibility.192 

Here, the viability of the EPCs and myeloma cells cultured together with the CPC 

scaffolds was also shown to be unaffected, which was expected since CPCs are known 

to be highly biocompatible.32 However, in addition to biocompatibility, the model 

requires that cells have the ability to attach and proliferate on the scaffold material.200 

In our study, the formation of a confluent MSC layer on top of the CPC scaffolds was 

affected by the architecture of the scaffold, the seeding and the culture method. We 

were able to obtain a stable distribution and outgrowth of MSCs on 0.72 mm high 

hexagonal CPC scaffolds, dynamically seeded and cultured in osteogenic medium. 

This osteogenically differentiated MSC layer also forms the biological component of 

the endosteal niche in the developed model. Apart from a limitation in the height of 

the scaffolds, different shapes and sizes are feasible for the model. This provides the 

possibility to up or down scale the model for future applications. 

After the fabrication of an endosteal scaffold, a previously developed perivascular 

co-culture was added, known to support primary myeloma cells in vitro.137 After 

combining both environments, a stable layer of O-MSCs remained covering the CPC 

scaffold at all time points. Cell migration from one compartment to the other was 

observed, through the surrounding Matrigel matrix, known to facilitate migration.201 

Over time a gradient developed in the model, creating a heterogeneous in vitro 

model which are in general difficult to produce.202 However this gradient developed 

spontaneously and could potentially differ from one culture to the other. By using 

multichannel bioprinting, different cell types could be deposited in varying but 

controlled ratios per layer, creating a controlled gradient. Such a model would 

further enable the study of the varying bone marrow environments, as it is not yet 

clear whether endosteal and perivascular microenvironments function separately or 

are one interacting entity.203 

Once the two compartment model was developed, the added biological value of such 

a model became apparent. The two compartment bone marrow model enhances 

primary myeloma cell propagation, compared to the perivascular environment alone 

as well as the perivascular environment combined with a non-osteogenic MSC/CPC 

scaffold. Interestingly, when using the endosteal O-MSC/CPC scaffold, no myeloma 
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cell survival was observed. Previous models using only an osteogenic compartment 

did see primary myeloma survival.97,98,168 In these, primary myeloma cells were shown 

to be viable after 11 days97 or 21 days168, and decreased viability was shown after 28 

days98. The endosteal system maintaining primary myeloma viability over the course 

of 21 or 28 days used a perfused environment, as opposed to our static system. It 

has also been shown that in vivo, the endosteal region has a higher oxygen tension 

compared to the perivascular region.13 In this light, it remains to be seen whether 

different results can be obtained using our endosteal environment in a perfused 

system. Secondly, it has been suggested that quiescent myeloma cells reside in the 

endosteal niche, where they are protected from apoptotic stimuli.152 The quiescent 

nature of the supported myeloma cells within the endosteal niche could also explain 

the lack of outgrowth observed in our system. 

In general, engineered 3D in vitro models provide a controllable environment for 

the incorporation of specific cell types, ECM molecules, growth factors and other 

biochemical cues that can potentially better simulate a native microenvironment.204 

However, challenges and limitations will remain associated with in vitro models. Also 

the developed, more complex, two compartment model does not fully represent 

the native myeloma microenvironment, for instance lacking natural occurring 

hematopoiesis and immune system interactions.

Conclusion

The developed 3D two compartment bone marrow model provides a novel tool 

to study the biology and interactions of primary myeloma cells within varying 

microenvironments. By using 3D bioprinting, a reproducible model was created, 

which recapitulates important characteristics of the native tumor microenvironment. 

The mere outgrowth of primary myeloma cells, which does not occur in a 2D setting 

or by providing feeder cells, indicates that the most essential bone marrow derived 

signals are present. This in vitro BM model, mimicking both the endosteal and 

perivascular niche, is particularly interesting to study myeloma-bone or myeloma-

MSC interactions that lead to increased bone resorption and the development of 

osteolytic lesions. By studying and better understanding these interactions, new 

treatments can be developed aiming to reverse myeloma inflicted changes in the 

surrounding bone marrow microenvironment. The BM model offers the possibility to 

analyze chemotherapeutic drug response and other tumor characteristics, and could 

be further developed towards a drug screening tool.
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Abstract

Liposomal drug delivery can improve the therapeutic index of treatments for multiple 

myeloma. However an appropriate 3D model for their in vitro evaluation is lacking. In 

this study, we applied a previously developed 3D bone marrow (BM) myeloma model 

to examine liposomal drug therapy.

Liposomes of different sizes (~75-200 nm) were tested in a 3D BM myeloma model, 

based on multipotent mesenchymal stromal cells, endothelial progenitor cells and 

myeloma cells co-cultured in hydrogel. The behavior and efficacy of liposomal drug 

therapy was investigated, evaluating the feasibility of testing liposomal drug delivery 

in 3D in vitro. Intracellular uptake of untargeted and integrin α4β1 (VLA-4) targeted 

liposomes was compared in myeloma and supporting cells, as well as the effectivity of 

free and liposome-encapsulated chemotherapy (bortezomib, doxorubicin). Either co-

cultured myeloma cell lines or primary CD138+ myeloma cells received the treatments.

Liposomes (~75-110 nm) passively diffused throughout the heterogeneously porous 

(~80-850 nm) 3D hydrogel model after insertion. Cellular uptake of liposomes 

was observed, and was increased by targeting VLA-4. Liposomal bortezomib and 

doxorubicin showed increased cytotoxic effects towards myeloma cells compared to 

the free drugs, using either a cell line or primary myeloma cells. Cytotoxicity towards 

supporting BM cells was reduced using liposomes. 

The 3D model allows the study of liposome-encapsulated molecules on multiple 

myeloma and supporting BM cells, looking at cellular targeting, and general efficacy 

of the given therapy. The advantages of liposomal drug delivery were demonstrated 

in a primary myeloma model, enabling the study of patient-to-patient responses to 

potential drugs and treatment regimes.
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Introduction

Multiple myeloma is a malignancy of the plasma cells that preferentially resides in the 

bone marrow (BM). The BM microenvironment contains various cell types including 

hematopoietic cells, bone cells, stromal cells, and endothelial cells. Myeloma cells 

interact with the BM cells present, and adhere to extracellular matrix proteins. These 

myeloma-BM interactions, as well as soluble cytokines and growth factors, stimulate 

the survival, growth and migration of myeloma cells and may induce resistance to 

(chemo)therapy.24,104 Several new therapies aim at targeting these interactions, to 

potentially overcome the resistance of myeloma cells to therapy. 

Systemic therapies, targeting myeloma in its tumor microenvironment, have improved 

patient outcomes over the last decades.31,156 Nevertheless, these treatments still have 

disadvantages, most important being off-target toxicity leading to side effects.205 

Drug delivery systems have been developed to overcome these disadvantages, 

aiming at higher concentrations of drugs at the tumor/target sites while reducing off-

target effects in healthy tissue.206 One of the best studied drug delivery systems are 

liposomes, nanoparticles composed of a bilayer of lipids, which surrounds an aqueous 

core.206 This dual nature of liposomes allows encapsulation of both hydrophilic and 

lipophilic drug molecules in the aqueous core and in the bilayer, respectively.207  

Moreover, the feasibility to manipulate liposomes by introducing polyethylene glycol 

(PEG) moieties on their surface (PEGylated, stealth or long circulating liposomes), 

and by coupling functional targeting ligands (targeted liposomes), make them an 

attractive tool for drug delivery.208 The latter can be achieved by coupling a peptide 

or antibody that specifically binds to surface receptors extensively expressed on the 

tumor cells of interest.209 In hematological malignancies including myeloma, adhesion 

molecules like integrin α4β1 (very late antigen-4, VLA-4) mediate interactions with BM 

stromal cells, leading to secretion of factors (eg IL-6) known to be involved in therapy 

resistance.156 Targeting cell-matrix and cell-cell interactions is therefore an attractive 

strategy both in terms of selective targeting of myeloma cells, and for inhibition of 

cell adhesion-mediated drug resistance (CAM-DR).210,211

At present, the therapeutic potential of novel drugs is mainly tested either in vitro 

using 2D cell cultures or, at a later stage, in vivo using animal models for myeloma. 

Cell lines used for 2D culture have been developed from myeloma cells isolated from 

the blood of advanced stage patients, which are no longer dependent on the BM for 
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their survival and growth. Inherently, these 2D cell cultures do not fully reflect the 

myeloma cells found in earlier stage patients, that still rely on the surrounding BM 

for their survival.87 Also, the surrounding BM environment (i.e. other cell types and 

extracellular matrix) is not taken into account in these in vitro models. Animal models 

do offer the possibility to assess therapeutic responses of novel drugs on human 

primary myeloma cells grown in a xenogeneic or humanized 3D environment.89,90 

However, animal models are time-consuming, expensive and have limited capacity 

for drug sensitivity testing. 3D in vitro models offer the possibility to culture myeloma 

cells in a system that resembles the human BM environment closely, in which both 

therapeutic impact and non-specific effects can be analyzed. When using primary 

patient cells, therapeutic responses can be studied for each patient individually, 

enabling screening for variability in patient response to potential treatments. 

Previously developed 3D myeloma models have investigated the effects of 

conventional chemotherapeutic agents within their models, but not liposomal drug 

delivery systems.96,97,99-101 Liposomal drugs have been studied in other cancers using 

tumor spheroids, where it was observed that nanoparticle delivery was hindered by 

poor penetration into the artificial cancer mass.212-214 Nevertheless, not all 3D models 

share the same characteristics in terms of porosity and penetration ability. Our 

previously developed 3D myeloma-BM model allows the penetration and migration 

of a cellular immunotherapy using modified T cells.137 This hydrogel-based model 

contains pre-vascular networks supporting myeloma survival and in contrast to dense 

spheroid cultures of carcinomas, does not develop into one solid cancer mass, but 

multiple dispersed small tumor masses. 

In this study, the behavior and efficacy of liposomal drug therapy was investigated 

using a 3D BM model for multiple myeloma. We evaluated the feasibility of testing 

liposomal drug delivery of various sizes within the 3D model. Intracellular uptake 

of untargeted and VLA-4 targeted liposomes was compared in both myeloma cells 

and supporting cells (multipotent mesenchymal stromal cells (MSCs) and endothelial 

progenitor cells (EPCs)) within the 3D model, and effectivity of free and liposome-

encapsulated chemotherapy was determined, as well as off-target effects. A myeloma 

specific (bortezomib) and non-myeloma specific anticancer drug (doxorubicin) was 

included in this study. Within the 3D BM model, either a myeloma cell line or primary 

myeloma cells co-cultured with supporting BM cells received the treatments. The 

used model mimics relevant aspects of the BM microenvironment, with the primary 

myeloma model also reflecting the heterogeneity of the myeloma patient population.
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Materials and Methods

Chemicals and reagents

Doxorubicin (MedKoo Biosciences Inc., Morrisville, USA), bortezomib (LC Laboratories, 

Woburn, USA), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N[methoxy(polyethylene glycol)2000]  (mPEG2000-

DSPE) were both purchased from Lipoid GmbH (Ludwigshafen, Germany), 18:1 Liss 

Rhod PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine 

B sulfonyl) (ammonium salt) (Avanti Polar Lipids Inc, Alabaster, USA), Cholesterol 

(Sigma Aldrich, Darmstadt, Germany), SATA-VLA-4 targeting peptide was synthesized 

by DGpeptidesCo. (Hangzhou, China). Internal standard bortezomib D8 major was 

purchased from Toronto Research Chemicals (North York, Canada).

 

Liposome preparation

Liposomes were prepared as described previously.215 In brief, appropriate amounts 

of DPPC, mPEG2000-DSPE, and cholesterol were dissolved in chloroform at a molar 

ratio of 1.85:0.15:1 respectively. Liss Rhod PE or DiD was added to the lipid solutions 

at a final concentration of 0.2% (v/v) or 0.1% (v/v) of total lipids, respectively. A lipid 

film was prepared under reduced pressure on a rotary evaporator and dried under 

a stream of nitrogen until complete dryness. The resulting lipid film was hydrated 

with HEPES buffered saline at pH 7.4. The liposome dispersion was then extruded 

(Lipex high pressure extruder, Northern Lipids) 10 times using Whatman® Anodisc 

Inorganic Membranes (Sigma Aldrich, Darmstadt, Germany) of pore size 100 nm to 

get intermediate sized liposomes (~100 nm), and subsequently extruded with two 

staked Whatman® NeucleoporeTM polycarbonate membrane filters (Sigma Aldrich, 

Darmstadt, Germany) with 50 nm pores to get small sized liposomes (~75 nm). For 

larger liposomes, extrusion was performed 5 times with Whatman® Anodisc Inorganic 

Membranes pore size 200 nm. Liposomes were stored at 4°C until use, either on 

the same day or the day following preparation. Size distribution of liposomes 

was determined by using NanoSight NS500 (Malvern Panalytical, Royston, United 

Kingdom). Characterization of all batches of liposomes can be found in Table 5.1.

Doxorubicin loaded liposomes 

Liposomes were prepared as described above. Ammonium sulfate 240 mM and EDTA 
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Sr No Liposome Batch Label Diameter 
(nm) 
Mean ± SD

Diameter 
(nm) 
Mode ± SD

VLA-4 
peptide 
coupling 
efficiency 
(%) 
Mean ± SD

Loaded 
drug con-
centration 
(µM) 
Mean ± SD

1. Untargeted 
(small)

DiD 102.1 ± 7.1 73.1 ± 7.2 - -

2. Untargeted 
(intermediate)

DiD 116.2 ± 1.6 97.0 ± 5.8 - -

3. Untargeted 
(large)

DiD 179.1 ± 
30.1

68 ± 10* 
105 ± 5 
143 ± 9 
220 ± 12 
359 ± 45

- -

4. VLA-4 targeted 
(intermediate)

Rhod 134.2 ± 2.4 110.5 ± 3.8 79.0 ± 3.3 -

5. Untargeted 
(intermediate)

Rhod 135.0 ± 0.7 107.9 ± 7.3 - -

6. Untargeted/
VLA-4 targeted 
(small) Empty/
Bort loaded

DiD 84.6 ± 1.1 74.5 ± 1.2 31.0 (n=1) 15.9 ± 14.2 
/ 21.9 ± 3.6

7. Untargeted/
VLA-4 targeted 
(small) 
Dox loaded

DiD 103.0 ± 3.2 78.4 ± 3.2 77.4 (n=1) 376 (n=1) / 
247 ± 190

Table 5.1 | Liposome characteristics describing the fluorescent label and mean/mode 
diameter (nm) of each prepared liposome batch, and if applicable, the VLA-4 coupling 
efficiency and loaded drug concentration Notes: *Multiple peaks were observed in the large 
liposomes resulting in a heterogeneous size distribution. Abbreviations: Bort, bortezomib;  Dox, 
doxorubicin;  Rhod, rhodamine; SD, standard deviation; Sr No, serial number; VLA-4, very late 
antigen-4.

1 mM solution was used to hydrate the lipid film. After preparation of liposomes, 

the extra-liposomal buffer was replaced with HBS pH 7.5 by dialysis using a 10,000 

MWCO dialysis membrane. For remote loading, doxorubicin solution in HBS pH 7.5 

was added to the liposomes to get a final doxorubicin concentration 0.2 mg/mL 

followed by incubation at 60°C for 1 hour. Free (unloaded) doxorubicin was removed 

by dialysis against HBS pH 7.4 for 24 hours at 4°C.
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Encapsulated doxorubicin was determined by Ultra High Pressure Liquid 

Chromatography (UPLC) (Waters Corporation, Milford, USA) using a C18 column 

(ACQUITYUPLC®BEHC18 1.7 µm, 2.1 x 50 mm). Liposomes were diluted and dissolved in 

25% acetonitrile in HBS. Water/acetonitrile/perchoric acid 75/25/1 was used as mobile 

phase. Flow rate was set at 0.500 mL/min. Injection volume was 7.5 µL. Excitation and 

emission wavelengths were 480 nm and 565 nm respectively. Run time was 3 minutes.

Bortezomib loaded liposomes 

Bortezomib liposomes were prepared as described previously216,217 with some 

modifications. The lipid film was hydrated with a solution of mannitol, meglumine, 

acetic acid, and HEPES at 200 mM, 50 mM, 30 mM, and 20 mM respectively at pH 8.5. 

After extrusion, extra liposomal buffer was replaced with 140 mM NaCl and 20 mM 

HEPES buffer pH 6.5 by dialysis using a 10,000 MWCO dialysis membrane. Appropriate 

amounts of bortezomib solution in DMSO was added to liposomes to get a final 

bortezomib concentration 22 µg/mL and incubated overnight at room temperature 

to remote loading. Unencapsulated bortezomib was removed by dialysis against HBS 

pH 7.4 for 24 hours at 4°C.

To determine encapsulated bortezomib concentration, liposomes were dissolved in 

35% acetonitrile in HBS and measured by UPLC using a C18 column. Mobile phase 

water/acetonitrile/perchloric 65/35/0.1 was used. Absorbance was detected at 270 nm 

at a flow rate of 0.600 mL/min and an injection volume of 7.5 µL. Run time was set 

to 1 minute.

VLA-4 targeted liposomes

For preparation of VLA-4 targeting liposomes (Figure 5.1), the previously described 

lipid composition was used, to which equal amounts of mPEG2000-DSPE and mal-

PEG2000-DSPE were added (each at 0.075 mM of total lipids). Freshly prepared 

liposomes were mixed with 1 mg/mL SATA-VLA-4 targeting peptide (activated by 0.05 

M HEPES/0.05 M hydroxylamine-HCl/ 0.03 mM EDTA for approximately 60 minutes 

at room temperature) and incubated at 4°C overnight. Unconjugated peptide was 

removed by gel permeation chromatography using PD-10 desalting columns (GE 

Healthcare, Chicago, USA). Doxorubicin or bortezomib was remotely loaded into 

untargeted and VLA-4 targeted liposomes as described above.
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Figure 5.1 | Schematic representation of the preparation of very late antigen-4 (VLA-4) targeted 
stealth liposomes

The amount of conjugated VLA-4 peptide was estimated indirectly by UPLC by 

measuring unconjugated peptide trapped in the PD-10 column during gel permeation. 

To recover unconjugated peptide from the column, 25 mL of HBS was passed through 

the column and collected in 5 mL fractions. VLA-4 peptide was determined in all 5 

fractions. The peptide was detected at 220 nm with a BEH300 C18 1.7 µm, 2.1 x 50 mm 

column and a mobile phase of water/acetonitrile/trifluoroacetic acid 5:95:0.1 (eluent 

A), and acetonitrile/trifluoroacetic acid 100/0.1 (eluent B). The eluent gradient was set 

from 100% eluent A to 85% eluent A/15% eluent B after 0.1 minute and subsequently 

to 60% A/ 40% B in the 3rd minute and finally to 100% A after 3.1 minutes.
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Cell lines and primary cells

Human myeloma cell lines L363 and MM1S were purchased from the American Type 

Culture Collection and were retrovirally transduced (L363-GFP and MM1S-mCherry) 

as described previously.218,219 Human multipotent mesenchymal stromal cells (MSCs) 

were obtained from the acetabular BM of patients undergoing hip replacement 

surgery as described previously.137 Primary endothelial progenitor cells (EPCs) were 

obtained from umbilical cord blood collected from full term pregnancies as described 

previously.138 Human BM was obtained from the spina iliaca posterior superior of 

myeloma patients. The CD138+ cell population was isolated from the mononuclear 

cells of the myeloma BM by microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) 

according to manufacturer’s protocol, and used immediately in the co-culture system. 

Used protocols were approved by the local ethics committee of the University 

Medical Center Utrecht in accordance with the Declaration of Helsinki, all samples 

were obtained after written informed consent. 

All myeloma cell lines were cultured in MM medium (advanced RPMI 1640 medium, 

10% (v/v) fetal bovine serum (FBS), 2 mM of L-glutamine, 100 U/mL penicillin and 

100 µg/mL streptomycin (all Gibco, Waltham, USA)). MSCs were isolated from the 

bone marrow by adherence to the tissue culture plastic, and cultured in MSC medium 

(α-minimal essential media (αMEM),10% (v/v) FBS, 0.2 mM L-ascorbic acid 2-phosphate, 

100 U/mL penicillin and 100 µg/mL streptomycin (all Gibco, Waltham, USA)). All MSCs 

were used at passage 3-5. 

EPCs were isolated from the cord blood by density-gradient centrifugation of 

mononuclear cells using Ficoll-paque, seeded on collagen I (BD Biosciences)coated 

wells and expanded in EPC medium (EGM-2 medium, SingleQuots™ Kit (both Lonza, 

Basel, Switzerland), 10% (v/v) FBS, 100 U/mL penicillin and 100 µg/mL streptomycin). 

All EPCs were used at passage 4-7. 

3D co-cultures

All 3D co-cultures were performed as described previously.137 In short, cells were 

cultured at 37°C in growth factor-reduced Matrigel (Corning, Corning, USA) diluted 

by an equal volume of αMEM. For cell labelling, the Vybrant Multicolor Cell-Labeling 

Kit was used (DiO, DiI,DiD, ThermoFisher, Waltham, USA) according to manufacturer’s 

protocol. MSCs, EPCs and myeloma cells were mixed in a 4:1:1. Cultures were 



116

Chapter 5

maintained in mixed medium (containing equal amounts of MSC medium, EPC 

medium and MM medium) which was changed twice a week.

Cytotoxicity of free drugs on myeloma cells in 2D and 3D cultures

L363-GFP and MM1S-mCherry were single cultured in 2D or co-cultured with MSCs-

DiD and EPCs-DiD in 50% (v/v) Matrigel. The initial number of myeloma cells per 

well was equal in all conditions. The cells were cultured for either 1, 5 or 7 days 

before the drugs were added. The final concentration of bortezomib in each well 

was 2.5, 5.0 and 7.5 nM. Doxorubicin was added at final concentration 0.3, 1 and 3 

µM. Equal amount of medium was added in the control wells. Each concentration 

was performed in duplicate. All conditions were live imaged 48 hours after adding 

the treatments. Ethidium homodimer-1 was added to all L363-GFP cultures to identify 

dead cells and calcein was added to all MM1S-mCherry cultures to identify living 

cells, both following manufacturer’s instructions (LIVE/DEAD™ Viability/Cytotoxicity 

Kit, for mammalian cells, Thermo Fisher, Waltham, USA).  Images were taken using a 

Leica SPX8 Laser Scanning Confocal Microscope.

Porosity of the 3D model by scanning electron microscopy

50% (v/v) Matrigel plugs (hydrogel only or containing MSCs, EPCs and L363 cells) 

were fixed with 4% formaldehyde (VWR chemicals, Radnor, USA) overnight. Tissue 

Tek OCT, (Sakura Finetek, Alphen aan de Rijn, The Netherlands) diluted with distilled 

water (1:1), was added overnight to the wells containing the gels to minimize shape 

change. Samples were snap-frozen with liquid nitrogen. The frozen gels were cross-

sectioned (5 and 10 µm) using a cryostat (Thermo Scientific, CryoStar NX70) and 

air-dried overnight. Next, samples were dehydrated in an ethanol series (15 min. 

per step; 10%, 20%, 40%, 60%, 80% in distilled water, and finally 100% ethanol). 

Subsequently, samples were incubated in 50%-50% ethanol-hexamethyldisilazane 

and 100% hexamethyldisilazane after which the samples were air-dried, attached 

to a 0.5” aluminium specimen stub (Agar Scientific, Stansted, United Kingdom) and 

sputtered with 2 nm gold. Specimens were finally analyzed on a Phenom Pro desktop 

SEM (Phenom World, Eindhoven, The Netherlands).

Effect of liposome size on diffusion & intracellular uptake in 3D

3D co-cultures of L363-GFP, MSCs and EPCs (30 µL plugs) were pre-cultured for 7 days. 
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At day 7, 5 µL of DiD labelled liposomes (small, intermediate and large) were added 

either to the medium, or introduced in the middle of the 3D co-culture with a thin 

pipet tip. All cultures were live imaged directly after liposome addition (0 hours), and 

after 24 and 48 hours. The total fluorescence intensity of the DiD labelled liposomes 

was quantified at the injection site (I), the 3D co-culture directly surrounding the 

injection site (3D-C), the border of the 3D co-culture next to the medium (3D-B), and 

in the medium (M). 

After 48 hours, all 3D cultures were washed 3x with PBS to remove all free liposomes. 

The 3D cultures were fixated overnight using 4% formaldehyde (VWR chemicals, 

Radnor, USA). The fixated co-cultures were stained for phalloidin and DAPI (both 

FAK100 kit, Merck Millipore, Burlington, USA) according to the manufacturer’s 

protocol.  Images were taken using a Leica SPX8 Laser Scanning Confocal Microscope. 

The total fluorescence intensity of intracellular DiD labelled liposomes was quantified.

Intracellular uptake of untargeted & VLA-4 targeted liposomes in 3D

3D co-cultures of L363-GFP, MSCs-DiD and EPCs-DiD (30 and 50 µL plug volumes) were 

pre-cultured for 7 days. At day 7, 5 µL of rhodamine labelled untargeted or VLA-4 

targeted liposomes (intermediate size) were injected into the center of the 3D co-

culture. The liposome distribution was analyzed after 0, 24 and 48 hours, quantifying 

the total fluorescence intensity of the rhodamine labelled liposomes throughout the 

3D co-culture. 

After 48 hours, all 3D cultures were washed 3x with PBS to remove all free liposomes. 

The 3D cultures were fixed overnight using 4% formaldehyde (VWR chemicals, Radnor, 

USA). The total fluorescence intensity of intracellular rhodamine labelled liposomes, 

and their co-localization with either myeloma or supporting cells, was quantified. 

Images were taken using a Leica SPX8 Laser Scanning Confocal Microscope.

Free versus liposomal drug treatment in 3D

3D co-cultures of L363-GFP or MM1S-mCherry, MSCs and EPCs were pre-cultured for 

7 days. At day 7, free or liposomal (DiD labelled, small) bortezomib and doxorubicin 

were inserted into the center of the 3D co-culture using a micropipette. Bortezomib 

was added at the final concentration of 0, 2.5 and 7.5 nM. Doxorubicin was added in 

the final concentration of 0, 0.3 and 3 µM. The total dose per construct was equal in 
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Figure 5.2 | Myeloma cell survival when treated with different concentrations bortezomib or 
doxorubicin in 2D versus 3D (n=2). (A) L363 and MM1S cells were cultured in 2D, or co-cultured 
in 3D with MSCs and EPCs. 1 day after preparing the cultures, both bortezomib and doxorubicin 
were added for 48 hours. (B) L363 and MM1S cells were cultured in 2D, or co-cultured in 3D 
with MSCs and EPCs. 7 days after preparing the cultures, both bortezomib and doxorubicin 
were added for 48 hours. Data is presented as mean ± SD. *=p < 0.05, **=p<0.01. (C) Confocal 
images of a 3D co-culture (7 days pre-cultured) containing L363-GFP (green) and both MSCs 
and EPCs (DiD, cyan) 48 hours after treatment addition (top: untreated control, bottom: 7.5 
nM bortezomib). After 48 hours, ethidium homodimer-1 (red) was added to identify dead cells. 
Colocalization of the GFP signal and ethidium homodimer-1 identifies dead myeloma cells. 
Colocalization of DiD and ethidiumhomodimer-1 identifies dead supporting cells (white arrows). 
The scale bars represent 150 µm.  
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both the free drug and liposomal drug conditions. All cultures were live imaged at 0, 

24 and 48 hours.

After 48 hours, the 3D cultures were washed 3x with PBS and were fixed overnight 

using 4% formaldehyde (VWR chemicals, Radnor, USA). The fixed co-cultures were 

stained with phalloidin and DAPI (both FAK100 kit, Merck Millipore, Burlington, USA) 

according to the manufacturer’s protocol. 

Primary CD138+ myeloma cells were isolated from the BM of two newly diagnosed 

patients. The CD138+ myeloma cells of both donors were co-cultured with MSCs-DiO 

and EPCs-DiO for 14 days to allow tumor mass formation. At day 14, free or liposomal 

(DiD labelled, small) doxorubicin was added at the final concentration of 0 and 3 µM. 

All cultures were live imaged at 0, 24 and 48 hours. All images were taken using a 

SPX8 Laser Scanning Confocal Microscope (Leica, Wetzlar, Germany).

Confocal imaging

All fluorescence images were taken with a Leica SP8X Laser Scanning Confocal 

Microscope using a white light laser (470-670 nm) and Leica LASX acquisition software. 

Cytotoxic activity of the drugs within the 3D model was live imaged: hybrid detectors 

collected fluorescence signal from either calcein (494/500-525) and mCherry (587/592-

640), or from GFP (488/493-525) and ethidium homodimer-1 (528/600-640), both 

combinations were given the pseudocolors green and red.

The supporting MSCs and EPCs cultured in the 3D model were also live imaged: 

hybrid detectors collected fluorescence signal from either DiI (549/565-605) or DiD 

(644/665-705) which were given the pseudocolors cyan or red. Fixated cells and co-

cultures: hybrid detectors collected fluorescence signal from DAPI (405/430-480) and 

phalloidin-TRITC (532/540-575) which were given the pseudocolors blue and red. 

Liposomes were imaged collecting fluorescence signal from rhodamine B (560/570-

590) or DiD (644/665-705) which were both given the pseudocolor cyan. 

All z-stack images were processed using ImageJ 1.51h software to create single 

maximum projections. Images of culture overviews were made using the mosaic 

function of the Leica LASX software, stitching the images together using smooth and 

linear blending. 
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Statistical analysis

All experimental groups were handled in technical duplicates. Results are presented as 

mean ± standard deviation. P values are based on Student’s t tests (2-tailed) for 2-way 

comparisons or ANOVA for multiple hypotheses testing using post hoc Bonferroni 

correction. Data analysis was performed using Prism GraphPad Software. P-values are 

considered statistically significant when p<0.05; *=p<0.05, **=p<0.01, ***=p<0.001.

Results 

Higher resistance to therapy of myeloma cells when cultured in the 
3D bone marrow model

To confirm the added value of the 3D BM-myeloma model over traditional 2D cultures, 

treatment effects of chemotherapeutic agents on myeloma cell lines cultured in 2D 

were compared to those cultured in the 3D model. When adding the drugs 1 day 

after assembling the 3D cultures, no differences in survival of the myeloma cells were 

observed after 48 hours of treatment, comparing 2D versus 3D cultures (Figure 5.2A). 

Increased cell survival in 3D was seen when adding treatments after 5-7 days of pre-

culture. The difference was most pronounced in the 7 days pre-cultured cells. Here, 

a significant treatment resistance of the 3D cultured myeloma cells was observed at 

all concentrations of bortezomib and at the highest concentration of doxorubicin 

Figure 5.3 | Scanning electron microscopy images 5 µm cross-sections of 50% Matrigel 
containing myeloma cells, EPC and MSCs cultured for 14 days. (A) Gel meshwork with 
various pore-sizes with the majority <200 nm. The scale bar represents 5 µm. (B) Cross-section 
of a cell incorporated in the gel. The scale bar represents 5 µm. (C) Zoom of (B), showing more 
details of the cell and meshwork of the surrounding gel. The scale bar represents 3 µm. PM, 
plasma membrane; N, nucleus; NC, nucleolus.
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(Figure 5.2B). 

In the 3D BM-myeloma model, not only therapeutic effects towards the myeloma 

cells but also the non-specific effects towards the supporting cells could be visualized 

and quantified using confocal microscopy. With increasing drug concentrations, 

increased myeloma cell death was observed, as well as increased MSCs and EPCs cell 

death (Figure 5.2C). 

Heterogeneous pore sizes in Matrigel meshwork

Matrigel 50% (v/v) plugs, with or without incorporated cells, were analyzed using 

scanning electron microscopy (SEM). Pores of various sizes could be visualized in the 

cross-sections, ranging between ~80-850 nm (Figure 5.3). Also cells incorporated into 

the gel were visualized (Figure 5.3B). Cellular structures could be identified (plasma 

membrane (PM), nucleus (N) and nucleolus (NC)). As the supporting cells are capable 

of adhering to the surrounding gel, cell-matrix interaction could be visualized, and 

on the sites of these interactions, larger pores could be observed within the gel. More 

distant from the encapsulated cell, smaller pores (~80 nm) were visualized in the gel 

(Figure 5.3C). 

Diffusion & intracellular uptake of different sized liposomes in the 
3D bone marrow model

Liposomes of different sizes; small (~75 nm), intermediate (~100 nm) and large (~180 

nm, Table 5.1), were added to the 3D BM-myeloma model. The liposomes were added 

either to the medium, or were inserted into the center of the 3D culture. Diffusion 

of the liposomes was followed during 48 hours. Liposomes added to the medium on 

top of the gel for 48 hours at 37°C displayed no diffusion into the 3D BM-myeloma 

model for either particle sizes (Figure 5.4A). The small and intermediate liposomes 

were capable of diffusing through the 3D culture after insertion, while the large 

liposomes were not. An overview of the diffusion of the inserted liposomes after 48 

hours is shown in Figure 5.4B. The presence of liposomes throughout the 3D culture 

was quantified using the mean fluorescence intensity (MFI) of the liposomes at the 

insertion site (I), the center of the 3D culture surrounding the insertion site (3D-C), the 

border of the 3D culture next to the medium (3D-B) and in the medium (M) next to 

the culture over time. Only the small liposomes displayed a clear decreasing number 

of liposomes at the insertion site, with elevated numbers of liposomes throughout 
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Figure 5.4 | Diffusion of different sized liposomes in the 3D model: small (~75 nm), 
intermediate (~100 nm) and large (~180 nm). (A) 3D confocal images showing 3D co-cultures 
containing L363-GFP (green) and MSC/EPCs (unstained). DiD labelled intermediate or large 
liposomes (cyan) were added to the medium for 48 hours. The scale bars represent 1 mm. (B) 
Confocal images showing 3D co-cultures into which DiD labelled liposomes (small, intermediate 
or large) were inserted (cyan). The liposomes were followed directly after insertion (0 hours), 
after 24 hours and after 48 hours. The scale bars represent 500 µm. (C) Confocal images showing 
an overview of the entire 3D culture after 48 hours for all 3 liposome sizes. The scale bars 
represent 1000 µm. The presence of liposomes was quantified on all time points at the insertion 
site (I), the center of the 3D culture next to the insertion site (3D-C), the border of the 3D culture 
next to the medium (3D-B) and inside the medium (M). Data is presented as mean ± SD (D). 
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the 3D culture after 48 hours. The intermediate liposomes displayed a high retention 

at the insertion site, with elevated numbers of liposomes throughout the 3D culture 

after 48 hours, however lower than for the small liposomes. The large liposomes 

displayed a constant presence at the insertion site; with no detectable liposomes 

throughout the 3D culture. Lastly, an increased fluorescence signal was detected in 

the medium over time in all conditions, presumably caused by liposomes diffusing 

from the insertion site into the medium upon administration (Figure 5.4C,D). 

Simultaneously with diffusion, the intracellular uptake of liposomes by all present cell 

types was also quantified at 48 hours after insertion to the 3D BM-myeloma model. 

The uptake of the small liposomes was significantly higher than the intermediate and 

large liposomes by all cell types in the 3D culture. The intermediate liposomes also 

showed uptake by the cells through- out the culture, whereas the large liposomes 

showed low association with cells, which is consistent with their restrained distribution 

throughout the culture (Figure 5.5A,B). 

Enhanced uptake of VLA-4 liposomes in the myeloma cells cultured 
in the 3D bone marrow model

The diffusion of liposomes could be hindered by increasing the volume of the 3D 

culture (and thus total distance to the border of the model). On the other hand, 

cellular uptake could be potentially enhanced using VLA-4 targeting (Figure 5.1). To 

analyze the effect of different volumes of the 3D cultures (30 or 50 µL) on the diffusion 

of liposomes, and the effect of VLA-4 targeting on the interaction with myeloma 

cells, intermediate sized (~110 nm) liposomes were used. This size of liposomes allows 

them to diffuse through the model, but less optimal than when compared to smaller 

sized liposomes, providing a widow to study the enhancing effect of VLA-4 targeted 

liposomes. 

Incubation for 48 hours showed that the untargeted liposomes diffused throughout 

the entire larger sized model, which means that particle migration was equivalent 

to about 3000 µm from the insertion site (Figure 5.6A I). However, when quantifying 

intracellular liposomes after 48 hours of incubation, relatively low numbers of 

liposomes could be found at the edges of the cultures. A gradient of intracellular 

liposome presence was observed from the insertion site to the borders of the culture 

(Figure 5.6A II), showing an effect of the diffusion distance (and thus an effect of 

culture volume/size) on the amount of intracellular liposomes throughout the 
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Figure 5.5 | Intracellular uptake of liposomes, 48 hours after insertion. (A) More intracellular 
uptake was observed in cultures with the small liposomes (~75 nm), compared to cultures with 
the intermediate (~100 nm)  and large liposomes (~180 nm). Intracellular liposome uptake is 
present both in the small and intermediate liposome plugs. Data is presented as mean ± SD. 
*=p<0.05, **=p<0.01. (B) Confocal images of intracellular liposomes in 3D, showing nuclei (DAPI, 
blue), f-actin (phalloidin, red), liposomes (DiD, cyan). All cultures were washed extensivly before 
imaging, to remove all non-internalized liposomes. The scale bars represent 200 µm.
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culture. No differences were observed in the diffusion capacity of untargeted versus 

VLA-4 targeted liposomes over the course of 48 hours (data not shown). However, 

the intracellular uptake of VLA-4 targeted liposomes was significantly higher than 

untargeted liposomes (Figure 5.6A II). The targeted liposomes showed higher 

accumulation in myeloma cells than supporting cells, which was demonstrated by 

the co-localization of GFP positive myeloma cells and rhodamine labeled liposomes 

(Figure 5.6B). 

Increased myeloma cell killing and protection of the supporting 
environment using untargeted or VLA-4 targeted liposomes

3D myeloma-BM cultures were treated with free or liposomal (untargeted or VLA-4 

targeted, ~75 nm) doxorubicin or bortezomib. 48 hours after adding the treatments, 

cytotoxicity on supporting cells as well as on myeloma cells was analyzed. Overviews 

of the results are shown in Figure 5.7A. 

Doxorubicin, both free and liposomal, showed a dose response on myeloma cell 

viability for all tested conditions. No significant difference on myeloma cell survival 

was observed when comparing free doxorubicin, untargeted and VLA-4 targeted 

liposomal doxorubicin. Nevertheless, a trend was seen showing less viable myeloma 

cells using liposomal doxorubicin, and the lowest number of myeloma cells using 

VLA-4 targeted liposomes (Figure 5.7B). Interestingly, an opposite effect was seen 

when analyzing the viability of supportive cells at 48 hours after doxorubicin 

addition; significantly less supportive cells were present in the free drug groups, 

when compared to the liposomal treated cultures (Figure 5.7D). Bortezomib showed 

a similar trend for myeloma cell survival, with significantly lower viability when 

comparing free drug and VLA-4 targeted liposomal bortezomib treated cultures, at 

a concentration of 7.5 nM (Figure 5.7C). Also here, an opposite effect was seen when 

analyzing viable supporting cells after bortezomib addition (Figure 5.7E).

In addition, primary CD138+ cells isolated from two myeloma patients were treated 

with either free doxorubicin or (untargeted) liposomal doxorubicin, after culturing 

within the 3D myeloma-BM model for 14 days. Similar results were obtained when 

comparing primary myeloma cells to the myeloma cell lines used. Also here, increased 

myeloma cell death was observed with liposomal doxorubicin compared to free 

doxorubicin, while cytotoxicity towards the supporting cells was higher using free 

drug (Figure 5.8A-C).
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Figure 5.6 | Enhanced liposomal uptake in myeloma cell clusters when using VLA-
4 targeted liposomes. (A) I. Confocal microscopy overview picture showing the regions 
that were quantified in each culture, I = insertion site. The scale bar represents 1000 µm. II. 
Quantification of intracellular liposomes (~110 nm), in all regions, for both untargeted and 
VLA-4 targeted liposomes, 48 hours after insertion. All cultures were washed extensivly before 
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Discussion

A previously developed 3D BM-myeloma model, which mimics the BM 

microenvironment using prevascular MSC-EPC networks, facilitates the in vitro 

culture of (primary) myeloma cells.137,139 Interactions between the myeloma cells and 

the supporting BM cells improves the proliferation and survival of the myeloma 

cells, and induces drug resistance through CAM-DR.24,104 Here, we show that the 3D 

BM-myeloma model allows studying the behavior of nanoparticle-encapsulated 

molecules within its engineered 3D tumor microenvironment. The porous hydrogel 

system supported passive diffusion of liposomes up to ~110 nm. The ability to 

‘deliver’ liposomes throughout the 3D model enabled analysis of both passive and 

active cellular targeting and therapeutic efficacy of the added (encapsulated) drugs 

by analyzing on- and off-target effects. The ability to culture primary myeloma cells 

within the model enables the future study of variability in patient responses to 

treatments given. Next to liposomal drug therapies directly affecting the primary 

myeloma cells, the model can also be used to study myeloma responses to treatments 

targeting the tumor microenvironment or BM-myeloma interactions. 

Myeloma cells are known to be more resistant to treatment when cultured in a 3D BM 

environment compared to classical 2D cultures.97,100-102 Similar effects were observed 

when comparing 2D cultures to our 3D model. Interestingly, the resistance was only 

seen when adding the treatments 5 to 7 days after assembling the 3D model, and 

not when adding the treatment directly after assembling the 3D cultures. Previous 

studies did show differences in resistance to therapy between 2D and 3D cultured 

myeloma cells, when adding the drugs directly after assembling the models.97,100-102 

However, the described models vary in multiple aspects: the use of only MSCs,97,101 the 

use of other scaffolds and hydrogels,97,100-102 and the pre-culture of the MSC scaffolds 

before the addition of myeloma cells.97,101,102 In our model, the cells incorporated into 

the Matrigel still had a rounded phenotype after 1 day of culture, with no visible 

cell-cell interactions. After both 5 and 7 days of culture, the supporting cells had 

spread within the Matrigel forming networks, displaying cell-cell interactions. These 

quantification, to remove all non-internalized liposomes. Data is presented as mean ± SD. 
**=p<0.01, ***=p<0.001. (B) Confocal images at the border of the plug, showing L363 cells (GFP, 
green), MSCs and EPCs (DiD, red) and intracellular liposomes (rhodamine, cyan). The scale bars 
represent 150 µm. 
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Figure 5.7 | Free and liposomal chemotherapy tested in the 3D myeloma-BM model. (A) Confocal 
overview pictures showing 3D co-cultures 48 hours after treatment. MSCs, EPCs and myeloma cells 
were visualized staining f-actin (phalloidin, red). The border of each plug is indicated by a white 
dashed circle. The insertion site of each culture is indicated by a dotted white circle. The scale 
bars represent 1000 µm. Cultures were treated with doxorubicin (6 left images) or bortezomib 
(6 right images) both with free drug, untargeted liposomes and VLA-4 targeted liposomes
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results indicate a necessity to wait for myeloma-BM interactions to establish within 

the model before testing efficacy of potential treatments. 

Scanning electron microscopy (SEM) has previously shown pore size of ~5-200 nm 

within Matrigel meshworks.69,220 In our model 50% (v/v) Matrigel was used, resulting in 

a larger variety in pore sizes (~80-850 nm) than previously reported. Most pores were 

in the range of 80-100 nm, which was further confirmed by an observed diffusion 

of small and intermediate sized (~75-110 nm) liposomes, and a lack of detectable 

diffusion when using larger liposomes (>180 nm). In vivo, particles of up to 150 nm 

are taken up into the BM, whereas particles of 250 nm and above are taken up to a 

much smaller extent.221,222 This suggests a biologically relevant porosity of this model, 

capable of mimicking the behavior of the delivered liposomes after extravasation 

to the BM. Other in vivo mimicking aspects of the model include the facilitation of 

cell-cell and cell-matrix interactions in Matrigel, which activate signaling pathways 

controlling cell survival, proliferation and differentiation, modulating therapeutic 

responses.204,223 The importance of using physiologically relevant in vitro models for 

the evaluation of liposomal drug delivery has been emphasized previously. These 

complex 3D models generate results better predictive for further in vivo studies, as 

they more reliably evaluate chemotherapeutic agents and their delivery systems.224,225

Liposomal drug delivery has been tested previously in vitro in 3D, using mainly 

tumor spheroids. The nanoparticles delivered to the medium penetrated poorly into 

the solid artificial cancer mass,212-214 as the spheroids do not mimic the enhanced 

permeability and retention effect caused by leaky vasculature within tumors, 

allowing extravasation of nanoparticles.226 The in vivo distribution of nanoparticles 

into the myeloid BM occurs via reticuloendothelial sinusoidal blood capillaries and 

the phago-endocytic route,227 which is also not simulated in our 3D in vitro model. 

Therefore liposomes had to be delivered to the engineered BM environment in a 

different manner. The insertion of liposomes into the center of the 3D culture enabled 

their diffusion throughout the 3D hydrogel matrix, facilitating the in vitro analysis 

(both ~75 nm). Controls were taken along with no treatments, or sham treatments (PBS or empty 
liposomes). (B) Quantification of viable myeloma cells, 48 hours after doxorubicin treatment 
and (C) bortezomib treatment. (D) Quantification of viable supporting cells, 48 hours after 
doxorubicin treatment and (E) bortezomib treatment. Data is presented as mean ± SD (n=3). 
**=p<0.01, ***=p<0.001.
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Figure 5.8 | Free and liposomal doxorubicin tested on primary CD138+ myeloma cells 
cultured in the 3D BM model. (A) Quantification of primary CD138+ myeloma cells, 48 hours 
after doxorubicin treatment. (B) Quantification of supporting cells, 48 hours after doxorubicin 
treatment. Data is presented as mean ± SD (n=2). *=p<0.05, **=p<0.01, ***=p<0.001. (C) Confocal 
images of the 3D co-cultures 48 hours after treatment, showing MSCs/EPCs (green) and primary 
CD138+ myeloma cells (yellow). The scale bars represent 100 µm.

of liposomes in a 3D BM environment, mimicking the behavior of in vivo delivered 

nanoparticles after distribution within the BM.

In our model, bortezomib and doxorubicin were tested, both extensively studied and 

used for the treatment of hematological malignancies.228,229 For both drugs, liposomal 

formulations have been shown to increase cytotoxicity toward myeloma cells in 2D 

cultures,230,231 which can be further increased using VLA-4 targeted liposomes.232-234 

Similar results were obtained towards myeloma cells in our 3D model. Cytotoxicity 

towards the BM cells was reduced using a liposomal formulation of both drugs, but 

most pronounced for doxorubicin, known to be toxic to a wide variety of tumors as 

well as healthy cells.235,236 The occurrence of systemic toxicity caused by novel therapies 
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is mainly tested in vivo using animal models. The utilization of 3D models to replace 

animal models could enable a high throughput screening system that is capable 

of looking at both on- and off-target effects of these novel therapies, however 

only within the context of the engineered environment. Complex in vitro models 

containing multiple tissues would be necessary to look at distant tissue toxicities. 

Although liposomes have previously been tested using 3D in vitro models, most 

studies focus on the on-target effect of the given therapy and not the off-target 

effects.212-214,237 These off-target effects or consequences for cell-cell interactions 

are equally important, as they are involved in CAM-DR.210,211 The 3D BM-myeloma 

model can be used to study therapies targeting these interactions, as shown by 

selectively targeting myeloma cells using VLA-4 targeted liposomes, to overcome 

CAM-DR. Also other novel therapies or drug delivery strategies targeting the tumor 

microenvironment can potentially be tested within the 3D BM-myeloma model, such 

as gamma secretase inhibitors, or the co-delivery of cytotoxic agents.238-240

In contrast to 2D culture systems, the 3D BM-myeloma model provides the possibility 

to test therapies on patient-derived myeloma cells. Currently available treatment 

options for myeloma have improved patient outcomes,31 but do not achieve optimal 

treatment responses for a substantial proportion of patients.241 Through personalized 

testing of experimental therapies, a genetic base for the function or dysfunction of 

novel therapies could be unraveled, evaluating the most optimal therapy for each 

individual patient. The 3D model also offers the possibility to be further extended, 

adding a separate endosteal environment,139 or including healthy hematopoietic 

(stem and progenitor) cells. This would enable the analysis of treatment effects within 

more complex and realistic BM environment, looking at on- and off-target effects, 

and the involvement of indirect mediators of therapy resistance. 

Conclusion

Liposomal drug delivery can be studied in vitro using a 3D BM-myeloma model, looking 

at cellular targeting and general efficacy of the given therapy, within the context of 

the engineered BM environment. The advantages of liposomal drug delivery were 

demonstrated in a primary myeloma model, enabling the study of patient-to-patient 

responses to potential drugs and treatment regimes. The analysis of treatment 

effects within a more complex 3D environment enables the study of on- and off-

target effects, and the involvement of indirect mediators of therapy resistance.
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Abstract

The in vitro identification of the optimal treatment for individual relapsed and/

or refractory multiple myeloma (RRMM) patients could avoid switching from one 

suboptimal treatment to another. We therefore investigated if a simplified in vitro 

MM bone marrow (BM) model is capable of predicting clinical responses for various 

classes of drugs.

An in vitro BM model, based on the 3D hydrogel culture of multipotent mesenchymal 

stromal cells and endothelial progenitor cells, was used to culture either myeloma cell 

lines or CD138+ myeloma cells derived from RRMM patients. Proteasome inhibitors 

bortezomib and carfilzomib, immunomodulatory drugs (IMiDs) pomalidomide, 

lenalidomide and thalidomide, and alkylating agents cyclophosphamide and 

melphalan were used for drug sensitivity and resistance testing in two dosages 

per drug. The in vitro observed treatment responses were compared to the clinical 

treatment responses.  

Drug sensitivity varied between treatments in both the cell line-based and patient 

model. The analysis of the percentage of dead myeloma cells in vitro, after treatment 

with alkylating agents and proteasome inhibitors, showed good agreement with 

the clinical treatment response, with corresponding high predictive values. When 

extending the clinical treatment responses with those that were not given directly 

before or after the time of the BM aspiration, a moderate agreement was found. 

IMiDs showed poor agreement between in vitro treatment responses and subsequent 

clinical treatment responses.

The tested BM-myeloma model demonstrates that a predictive tool for alkylating 

agents and proteasome inhibitors to guide individual treatment choices in RRMM is 

feasible. 
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Introduction

Multiple myeloma (MM), characterized by neoplastic transformation of terminally 

differentiated plasma cells in the bone marrow (BM), remains an incurable disease. 

Treatment outcomes of MM have improved over the past decade, using high-dose 

therapy with autologous stem cell transplantation (ASCT), as well as the use of drugs 

such as proteasome inhibitors and immunomodulatory drugs (IMiDs).104 However, 

the majority of MM patients will experience multiple disease relapses that require 

additional therapy.105,106 Various treatment options exist, such as (combinations 

of) proteasome inhibitors bortezomib and carfilzomib, IMiDs pomalidomide, 

lenalidomide and thalidomide, or alkylating agents cyclophosphamide and 

melphalan.107,108 However, in patients with relapsed and/or refractory MM (RRMM) the 

efficacy of each treatment decreases with every new treatment line, with responses 

that finally decline to around 30%.242,243 Therefore, there is a need to determine the 

most optimal treatment option after each relapse on an individual basis, avoiding 

switching from one suboptimal treatment to potentially another.

Risk stratification is used to separate patients into high- or low-risk prognostic 

groups using molecular profiling techniques and cytogenetics.119-122 Attempts have 

been made to stratify patients further into either responsive or resistant groups for 

various treatments, to predict patient outcomes before the start of therapy. The 

sensitivity towards therapies was determined based on gene expression profiling or 

cytogenetic markers,123-126,244 or based on the in vitro drug sensitivity and resistance 

testing on myeloma cells.126-129 Drug response can be identified using in vitro methods, 

on both cell lines and primary myeloma cells. However the effects observed using 

cell lines are frequently not predictive for the clinical treatment effects, due to 

insufficient resemblance between early MM stages and cell lines, as well as a lacking 

three-dimensional (3D) environment.87,88 The use of primary 3D in vitro models can 

potentially overcome these problems, allowing the culture of primary myeloma 

cells in an engineered BM environment. The BM microenvironment is an essential 

component for the survival, growth and migration of myeloma cells, and also plays 

an important role in the resistance of myeloma cells to therapy.24 Direct interactions 

between BM cells and residing myeloma cells (cell adhesion-mediated drug resistance 

(CAM-DR)), as well as indirect interactions through BM cells secreted growth factors, 

can induce resistance to therapy.24,104,210,245 These important mechanisms should 

therefore be mimicked when assessing treatment responses using preclinical models.
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In most studies where such 3D in vitro preclinical models are used to assess treatment 

responses, the actual predictive value of the used model with respect to clinical 

outcome is not systematically established.126-128 One of these in vitro models, co-

culturing primary myeloma cells with MSCs, validated the prediction of clinical 

responses for a larger group of patients using a complex mathematical model.129 Low 

predicted effects to both lenalidomide and pomalidomide were described, and were 

assumed to represent low clinical effects. However some of the clinical mechanisms 

of actions of IMiDs are not represented in a model containing only two cellular 

components, such as the stimulation of T cells, NK and NK T cells.246,247 Therefore 

better insights in the performance of in vitro models to predict individual treatment 

outcomes using various classes of drugs are needed.

The aim of this study is to investigate the usefulness of an in vitro 3D BM model as a 

platform for clinical response predictions of various classes of drugs used as treatments 

for individual RRMM patients. A previously developed BM-myeloma model, that 

enables the outgrowth of the primary CD138+ myeloma cells,137 was used for the 

study. This model has been shown to support a genetically stable, viable population 

of myeloma cells over the course of weeks, as well as the analysis of treatment effects 

induced by cytotoxic agents.248  In this study, various treatments were tested and 

compared to clinical outcomes of RRMM patients, when given the same treatments 

systemically. The predictive value of the model was analyzed, using multiple outcome 

measures such as agreement and predictive values, stratifying between classes of 

drugs with varying direct or indirect mechanisms of action (alkylating agents and 

proteasome inhibitors versus IMiDs). 

Materials and Methods

Primary tissue collection

The use of cord blood, healthy BM samples (of orthopedic patients undergoing hip 

replacement surgery) and MM patient BM samples was approved by the local ethics 

committee of the University Medical Center Utrecht (METC number 01-230, 08-001, 09-

265). Also the comparison of study outcomes to coded clinical data (treatment history, 

clinical treatment outcomes and clinically determined cytogenetics) was approved 

by the local ethics committee (TCBio number 16-088). All samples were obtained 

after written informed consent. The clinical data were collected from the electronic 

patient files that collect all baseline information, given treatments, and laboratory 
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measurements such as M-protein and cytogenetic data. In the relapsed setting, 

fluorescence in situ hybridization cytogenetic testing is mostly restricted to known 

previous cytogenetic abnormalities and in addition 1p, 1q and 17p abnormalities.

Cell line and primary cell culture

Human myeloma cell lines OPM2 and L363 were obtained from the American Type 

Culture Collection and cultured for 2 passages before experimental use. Primary 

CD138+ cells were isolated from cryopreserved mononuclear cells (MNCs) originating 

from MM BM. Isolation was performed using CD138+ human microbeads (Miltenyi 

Biotec, Germany) resulting in varying levels of CD138+ purity (Supplementary Table 6.1). 

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 µg/ml streptomycin (all 

Gibco, ThermoFisher, USA). Multipotent mesenchymal stromal cells (MSCs) and 

endothelial progenitor cells (EPCs) were isolated previously from healthy BM and cord 

blood respectively.137,139 MSCs were expanded in MSC-medium (α-minimal essential 

media (αMEM, Gibco, USA),10% (v/v) FBS, 0.2 mM L-ascorbic acid 2-phosphate, 100 

U/ml penicillin and 100 µg/ml streptomycin), EPCs were seeded on collagen I (BD 

Biosciences)-coated wells and expanded in EGM-2 medium (Lonza, Switzerland), 

SingleQuots™ Kit (Lonza, Switzerland), 10% (v/v) FBS, 100 U/ml penicillin and 100 µg/

ml streptomycin).
 

3D bone marrow-multiple myeloma model

All 3D co-cultures were performed as described previously.137 In short, cells were 

cultured at 37°C in growth factor-reduced Matrigel (Corning, USA) diluted by an 

equal volume of α-MEM. For cell labelling, DiD (Vybrant Multicolor Cell-Labeling 

Kit, ThermoFisher) was used according to manufacturer’s protocol. MSCs, EPCs and 

myeloma cells were mixed in a 4:1:1 ratio. Cultures were maintained in mixed medium 

(containing equal amounts of MSC medium, EPC medium and MM medium) which 

was changed twice a week. 

In vitro drug sensitivity and resistance testing

3D cell line cultures

OPM2 and L363 cells are cultured in 2D, or co-cultured in 3D with MSCs and EPCs (2D 

and 3D cultures contained equal myeloma cell numbers). All cells were precultured for 
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Figure 6.1 | Therapy responses of myeloma cell lines, comparing 2D vs 3D cultures, 
and FACS vs confocal analysis. (A) FACS analysis of myeloma cell lines (OPM2 and L363) 
cultured in 2D, or in 3D with supporting MSCs and EPCs, 72 hours after treatment addition. 
Myeloma cells cultured in 3D were less sensitive to the given therapies, in both dosages 
tested. (B) The percentage of dead myeloma cells after treatment. The myeloma cell lines 
(OPM2 and L363) cultured in 3D after 72 hours, quantified using either FACS or confocal 
imaging. (C) Confocal image of L363 co-cultured with MSCs and EPCs, and treated with
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7 days before treatment testing, which was previously shown to induce CAM-DR in the 

3D model.248 Drug sensitivity and resistance testing was performed using oncologic 

drugs, which the patients had received: lenalidomide (Santa Cruz Biotechnology), 

pomalidomide (Selleck Chemicals), thalidomide (Selleck Chemicals), bortezomib 

(Selleck Chemicals), carfilzomib (Cayman Chemical Company), melphalan (Cayman 

Chemical Company), dexamethasone (D8893 Sigma-Aldrich) and cyclophosphamide. 

Cyclophosphamide requires activation for in vitro studies.249 Therefore, the active 

metabolite of cyclophosphamide, 4-hydroperoxy-cyclophosphamide (4HC, Cayman 

Chemical Company) was used for in vitro cyclophosphamide evaluation. Drugs were 

tested in 2 concentrations; 2 µM and 4 µM (lenalidomide, pomalidomide, thalidomide 

and dexamethasone), 10 nM and 20 nM (bortezomib, carfilzomib) or 10 µM and 20 

µM (melphalan, 4HC) that are referred to as 1x and 2x dose. Drug sensitivity and 

resistance was analyzed using both FACS (2D and 3D) and confocal imaging (3D) after 

72 hours of treatment. To image cell viability, both calcein and ethidium homodimer-1 

were added to the 3D plugs (Live/Dead Viability/Cytotoxicity Kit for mammalian cells, 

ThermoFisher) according to the manufacturer’s protocol.

3D primary myeloma cultures

DiD labelled CD138+ myeloma cells (n=7) were co-cultured in 3D with MSCs and EPCs 

for 14 days, to allow the formation of primary myeloma aggregates within the 

cultures.137 Drug sensitivity and resistance testing was performed using the same 

oncologic drugs as described above. Carfilzomib was tested on the CD138+ myeloma 

cells of 4 donors, all other drugs were test on the CD138+ myeloma cells of all 7 donors.  

Drugs were tested in 2 concentrations, as described above, which are referred to as 

1x and 2x dose. Drug sensitivity and resistance was analyzed using confocal imaging 

after 72 hours of treatment, after calcein and ethidium homodimer-1 addition for 

visualization of cell viability. 

4 µM lenalidomide for 72 hours. Live cells are shown in green (calcein), dead cells are shown 
in red (ethidium homodimer-1). L363 cells can be morphologically identified by their round, 
clustered outgrowth (red arrows). Supporting MSCs and EPCs can morphologically identified 
as elongated cells, forming cell-cell networks (yellow arrows). Within one culture, different 
regional survival of cells can be observed. Data is presented as mean±SD. Abbreviations: len = 
lenalidomide, pom = pomalidomide, thal = thalidomide, bort = bortezomib, carf = carfilzomib, 
melp = melphalan, 4-HC = 4-hydroperoxy-cyclophosphamide.



142

Chapter 6

Figure 6.2 | Variations in the development of the 3D BM model using OPM2 or L363 cells. 
Treatment responses of myeloma cell lines in the 3D BM model using an immunomodulatory 
drug (pomalidomide) or proteasome inhibitor (bortezomib). Top: confocal images of OPM2 
co-cultured with MSCs/EPCs, 72 hours after treatment addition. Live cells are shown in green 
(calcein), dead cells are shown in red (ethidium homodimer-1). Zoomed images are shown in the 
dashed squares, the scale bar represents 100 µm. Bottom: confocal images of L363 co-cultured 
with MSCs/EPCs, 72 hours after treatment addition. Live cells are shown in green (calcein), 
dead cells are shown in red (ethidium homodimer-1). Zoomed images are shown in the dashed 
squares, the scale bar represents 150 µm.
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FACS analysis

The non-depleted BM-MNCs, CD138+ and CD138- cell fractions of each MM BM donor 

were FACS analyzed to determine the purity of the obtained CD138+ fraction after 

MACS. The cytotoxic activity of the added drugs in 2D and 3D was analyzed for 

both L363 and OPM2 using FACS. The 3D Matrigel plugs were dissolved using cell 

recovery solution (Corning), according to the manufacturer’s protocol. All conditions 

were labeled with anti-hCD138-PE (1:100, Biolegend) in the presence of FcR-blocking 

reagent (Miltenyi). Antibody labeling was performed for 30 min at 4°C, followed by 

two PBS washing steps. DAPI (100 ng/mL, Biolegend) was added to determine cell 

death. Flow cytometry analysis was performed using a Becton Dickinson FACS Canto 

II. Up to 104 cells were acquired and analyzed in each sample.

Confocal imaging

All fluorescence images were taken with a Leica SP8X Laser Scanning Confocal 

Microscope using a white light laser (470-670 nm) and Leica LASX acquisition 

software. The cytotoxic activity of the drugs within the 3D model was live imaged: 

hybrid detectors collected fluorescence signal from either calcein (494/500-525) and 

ethidium homodimer-1 (528/600-640) or calcein (494/500-525), ethidium homodimer-1 

(528/600-640) and DiD (644/665-705). Calcein was given the pseudocolor green, 

ethidium homodimer-1 the pseudocolor red and DiD the pseudocolor blue. Overlays 

of the channels green and red appear yellow in the obtained images, overlays of 

the channels blue and green appear cyan, and overlays of the channels blue and red 

appear magenta. 

Overview images of the 3D cultures were made using the mosaic function of the Leica 

LASX software, stitching the images together using smooth and linear blending. All 

z-stack images were processed using ImageJ 1.51h software to create single maximum 

projections. 

Treatment outcome analysis

Strict and extended clinical treatment responses

The strict clinical treatment responses include the treatment response to the last 

clinical therapy before BM aspiration (of which the cells are used in the 3D model), 

and the treatment response to the therapy given immediately after BM aspiration 
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ID Age Gender No. of 
prior 
lines

Previous 
SCT

Disease 
stage

Cytogenetic 
abnormali-
ties

Treatment at 
BMA

MM 
Donor 1

62 M 1 no
relapsed / 
refractory

yes (HR)
Carfilzomib 

Lenalidomide 
Dexamethasone

MM 
Donor 2

70 F 2 yes (2) relapsed yes (SR) none

MM 
Donor 3

71 M 2 yes
relapsed / 
refractory

yes (HR) none

MM 
Donor 4

72 M 1 yes relapsed yes (SR) none

MM 
Donor 5

67 M 1 yes relapsed yes (HR) none

MM 
Donor 6

58 M 2 yes
relapsed / 
refractory

yes (SR) Lenalidomide

MM 
Donor 7

71 M 1 no
relapsed / 
refractory

no none

Table 6.1 | Patient demographics at the time of the bone marrow aspiration (BMA). Seven 
RRMM patients were included in this study, with a mean age of 67 years, ranging from 58 to 
72 years. Six patients were male (M), one patient was female (F). The included patients received 
varying numbers (No.) of previous treatment. Five of the seven patients received previous stem 
cell transplantation (SCT). The presence of cytogenetic abnormalities identified patients with 
high risk disease (HR), standard risk disease (SR) and one patient with an undeterminable risk 
(no found abnormalities). Two patients received systemic treatment at the time of BMA,. ID = 
identifier.

were compared to the in vitro treatment responses. The extended clinical treatment 

responses include the treatment responses to all clinical therapies before BM 

aspiration, and the treatment responses to all therapies given after BM aspiration 

were compared to the in vitro treatment responses.  

Clinical treatment outcomes

Progressive disease was defined as the increase in M-protein during therapy (>25% with 

a minimum of 5 gr/L). Stable disease was defined as absence of disease progression, 
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and absence of partial response. Partial response was defined as a decrease in M 

protein during therapy (>50%). Since in RRMM also achieving stable disease can be 

important, both stable disease and partial response were classified as responding to 

therapy and progressive disease as not responding to therapy.

In vitro treatment outcomes

The cytotoxic activity of the given drugs to the 3D myeloma culture was analyzed 

by determining the % of dead myeloma cells after treatment, or alternatively, by 

the number of remaining living myeloma cells after treatment (both compared to 

the non-treated vehicle control). Progressive disease was defined as <33% of dead 

myeloma cells, or alternatively a minimal decrease (<33%) or increase in viable 

myeloma cells. Partial response was defined as >66% of dead myeloma cells or a 

>66% drop in the number of living myeloma cells. Stable disease was defined as no 

progressive disease, but also no partial response. Progressive disease was classified 

as not responding to therapy, both stable disease and partial response was classified 

as responding to therapy. These conditions classified as responding to therapy, were 

also confirmed to be statistically different to the non-treated vehicle controls, using 

methods described below. 

Statistical analysis

All experimental groups were performed in technical triplicates. Results are presented 

as mean ± standard deviation. Statistical differences in treatment responses were 

analyzed using a repeated measurements analysis of variance (2-way ANOVA) for 

multiple hypotheses using Dunnett’s multi comparison post hoc test. Data analysis was 

performed using Prism GraphPad Software. In all tests, p values <0.05 were considered 

statistically significant. The validity of the in vitro treatment response (IVTR), and the 

dosages and methods used to assess these responses, was tested by comparing each 

IVTR outcomes set to the corresponding strict clinical treatment responses (SCTR) or 

extended clinical treatment responses (ECTR). Diagnostic agreement was assessed 

using unweighted kappa values, positive predictive values (PPV), negative predictive 

values (NPV), sensitivity and specificity. Sensitivity and specificity are generally 

used for comparing a new test against a test that is currently the golden standard. 

However in this study, we aim to predict the change that a patient does or does not 

respond to an administered therapy, based on the positive or negative results of an 

in vitro test. This can be determined using the predictive values of the obtained test 
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result. These predictive values indicate the ability of the obtained IVTR to confirm the 

presence or absence of a clinical treatment response, its outcome ranging from +1 to 

0, where 0.5 represents the prediction of a random chance, and 1 represents a perfect 

prediction.250 Kappa values (or Cohen’s kappa, κ251) are widely used to measure the 

degree of agreement between two observers, or in our case the degree of agreement 

between in vitro and clinical treatment outcomes. Its outcome can range from -1 to 

+1, where 0 represents the agreement of a random chance, and 1 represents perfect 

agreement between the compared data sets. The interpretation of kappa values is 

subject to some debate, but in general interpreted as follows: <0.20 = poor, 0.21-0.40 

= fair, 0.41-0.60 = moderate, 0.61-0.80 = good, and 0.81-1.00 is very good.252

Results

Characterization of 3D in vitro bone marrow model for drug 
sensitivity and resistance testing in myeloma cells

The in vitro BM model was used to culture myeloma cell lines (OPM2 and L363). 

Various drugs were tested in two dosages on the myeloma cell lines, either when 

cultured in 2D or in the 3D model. Less dead myeloma cells were present in the 3D 

model, confirming a protective effect of the added 3D BM environment (Figure 6.1A). 

This effect was reduced, but still present, when doubling the drug concentrations. 

The drug sensitivity and resistance of myeloma cells is traditionally quantified using 

FACS. This readout requires a single cell suspension, making the destruction of the 

3D culture necessary. Live confocal imaging provides the possibility to quantify the 

drug sensitivity and resistance of myeloma cells, within the context of the engineered 

BM environment. The quantification of the dead myeloma cell percentage after 

treatment using both techniques resulted in comparable outcomes (Figure 6.1B). The 

quantification within the intact 3D model enabled the identification of regions with 

varying responses. Clusters of dead myeloma cells were observed in areas without 

supporting cells, clusters of viable myeloma cells were observed in close proximity to 

supporting cell networks (Figure 6.1C). 

The used in vitro BM model also enabled the identification of varying drug sensitivity 

and resistance using cell lines OPM2 and L363 (Figure 6.2). The imaging of the 

intact model provides information on the survival of myeloma cells, the survival of 

supporting cells, and interactions between the myeloma cells and supporting cells. 

Supportive MSCs and EPCs were affected less by the added treatments compared to 
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myeloma cells. The presence of either OPM2 or L363 cells induced varying outgrowths 

of supporting cells. In the L363 co-cultures, less supportive cells were present after 10 

days in the untreated controls. This observed effect indicates relevant interactions 

taking place between myeloma cells and supporting cells. 

Evaluation of drug sensitivity and resistance on in vitro cultured 
primary myeloma cells

In the study, 7 RRMM patients were included with a mean age of 67 years, with 

a range of 58-72 years (Table 6.1). A heterogeneous cytogenetic profile can be 

observed between patients, three of which can be identified as a high-risk profile 

(Supplementary Figure 6.1). The number of treatments before in vitro treatment 

testing, as well as previous ASCT, varied per patient. The BM samples obtained from 

the patients contained varying percentages of myeloma cells (Supplementary Table 

6.1), with a median of 36.4% ± 12.7% before CD138+ selection, and a median of 

80.9% ± 19.7% after CD138+ selection. 

The CD138+ selected myeloma cells were labeled before culture, enabling the tracing 

of these cells over time. A distinction could be made between living myeloma cells 

or dying/dead myeloma cells using live confocal imaging (Figure 6.3). Based on these 

distinctions, responses of each donor to the given therapies were analyzed. Varying 

levels of treatment response were observed between donors, some donors showed 

overall low levels of response to treatment, whereas other donors showed overall 

high levels of response to treatment (Figure 6.4A). The IVTR could be analyzed using 

the different read out parameters (percentage of dead myeloma cells and number of 

live myeloma cells respectively), resulting in varying outcomes (Figure 6.4A,B). A high 

percentage of dead myeloma cells did not coincide with in a low number of living 

myeloma cells in every sample, and a low percentage of dead myeloma cells did not 

always result in a high number of living myeloma cells. Varying in vitro treatment 

dosages resulted in expected changes in treatment response both on cell death and 

proliferation speed. 

Taking together all collected data of the two methods identifying the IVTR and the 

two given dosages (Figure 6.4B), a statistical analysis could be performed, assessing 

which method and which given treatment dosage resulted in the highest diagnostic 

agreement with the clinical treatment responses.  
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Figure 6.3 | Characterization of primary MM treatment outcomes. Confocal images of MM D2, 
representative for all donors. An overview of the co-culture (middle row, scale bar represents 600 
µm) shows the cultured CD138+ myeloma cells (DiD, blue), viable cells (calcein, green) and dead 
cells (ethidium homodimer-1, red). Zoomed images (top and bottom row, scale bar represents 60 
µm) show the identification of either living or dead cells. Dead CD138+ myeloma cells (red arrows) 
can be identified by a single blue color, with colocalization of the blue and red channel for the 
nucleus of the cell (magenta). Living CD138+ myeloma cells (yellow arrows) can be identified by 
a colocalization of the blue and green channel (cyan). Some cells were positive for all channels 
(orange arrows). These CD138+ myeloma cells were still capable of the hydrolysis of calcein, but 
no longer had an intact cell membrane (indicated by positive ethidium homodimer-1 staining). 
These double positive cells (cyan and magenta) were considered as dead cells. Viable supporting 
MSCs or EPCs can be identified in the green channel, without a colocalizing blue signal. Dead 
MSCs or EPCs were identified in the red channel, without a colocalizing blue signal.
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Diagnostic agreement between in vitro and clinical drug sensitivity 
and resistance

The validity of the two methods and two dosages used to assess the IVTR was tested 

by comparing each IVTR outcome set to the SCTR or ECTR (Supplementary Figure 

6.2). Diagnostic agreement was assessed using unweighted kappa values, positive 

predictive values (PPV), negative predictive values (NPV), sensitivity and specificity. The 

found kappa values, PPV and NPV will be discussed next, an overview of additional 

outcomes such as sensitivity and specificity can be found in Supplementary Tables 

6.2-6.4.

When analyzing the kappa values of all given treatments (alkylating agents, 

proteasome inhibitors and IMiDs), none of the IVTR show very good or good 

agreement with the clinical treatment responses (Figure 6.5A). The found values range 

from κ=0.43 for the best condition to κ=-0.43 in the worst condition, representing 

moderate to very poor agreement. 

When separating treatment with direct mechanism of action towards myeloma 

cells (alkylating agents, proteasome inhibitors) and treatments with both direct and 

indirect mechanisms of action (IMiDs), different results are obtained. All IVTR of IMiDs 

show very poor agreement with the clinical treatment responses, ranging from κ=0.00 

to κ=-0.50. Corresponding low PPV and NPV were found regardless of the method of 

analysis, ranging from 0.57 to 0.00 (Figure 6.5B,C). 

Opposite results were found analyzing the treatment effects of both alkylating 

agents and proteasome inhibitors. For these drug classes, one analysis method of 

the IVTR shows good agreement with the SCTR: the analysis of the percentage of 

dead myeloma cells, when treated either with a 1x or 2x dose (κ=0.75). For these 

two conditions, corresponding high PPV and NPV were found, ranging from 1.00 

to 0.80. When including additional clinical treatment responses that were not given 

immediately before or after BM aspiration, a moderate agreement is found (κ=0.41 

and κ=0.54, for the 1x and 2x dose respectively). Corresponding lower PPV and NPV 

were found, ranging from 1.00 to 0.44.

Overall, the analysis of the percentage of dead cells results in better diagnostic 

agreement and predictive values than the analysis of the number of living myeloma 
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Figure 6.4 | Treatment responses of in vitro cultured primary myeloma cells using the 
3D BM model, 72 hours after treatment addition. (A) Representative graphs of a low 
responding donor (MM Donor 1), an intermediate responding donor (MM Donor 4) and 
a high responding donor (MM Donor 6). Top row: graphs showing the % of dead myeloma 
cells after treatment, compared to the untreated control. Bottom row: total number 
of remaining living myeloma cells after treatment, compared to the untreated control. 
(B) Overview of the in vitro treatment responses (IVTR) of all donors. Either a 1x or 2x dose of 
treatment was given, treatment response were analyzed looking at the % of dead myeloma 
cells, or the number of living myeloma cells. Abbreviations: len = lenalidomide, pom = 
pomalidomide, thal = thalidomide, bort = bortezomib, carf = carfilzomib, melp = melphalan, 
4-HC = 4-hydroperoxy-cyclophosphamide.
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cells. Using this method, an overall better PPV than NPV was obtained as well. The 

usage of 1x versus 2x treatment dosages in vitro did not results in significantly 

different agreements or predicative values. 

Discussion

In this study, the reliability of a previously developed BM-myeloma model to predict 

clinical treatment responses was investigated. First, the model and method of 

response analysis were validated using cell lines. Myeloma cells have been shown to 

be more resistant to treatment when cultured in a 3D BM environment compared 

to 2D cultures,97,100-102 as was confirmed in this BM model. Also the use of confocal 

imaging as an alternative readout strategy for FACS, enabling the analysis of the 

3D cultures as a whole, was validated and was shown to give comparable results. 

This circumvents the difficulties encountered when digesting the dense cellular 

3D model into a single cell suspension for subsequent FACS analysis. The confocal 

readout can also provide additional information, as it enables the identification of 

on-target as well as off-target effect of a given therapy,137 as well as the analysis 

of regional differences. Using this method, high agreement and predictive values 

were found for the clinical responses of alkylating agents and proteasome inhibitors, 

when analyzing the percentage of dead myeloma cells after in vitro treatment. These 

results indicate that preclinical treatment screening using the in vitro BM model can 

potentially discriminate effective from ineffective treatments. This may prevent the 

use of ineffective treatments, making future patient tailored treatment in the RRMM 

setting possible.

3D in vitro models offer the possibility to culture myeloma cells in a fully human 

system that resembles the BM environment closely. Different types of human BM 

cells can be included, as well as patient derived, early stage myeloma cells. This 

provides the possibility to create patient specific models that can be used for drug 

screening in a personalized setting.94 Several research groups have developed models 

to culture primary myeloma cells in a 3D environment mimicking the human BM,95-

102,137 and have used these models to study therapy responses of chemotherapeutic 

agents.96,97,99,100,248 However, these previous studies do not take into account whether 

their models are capable of predicting clinical treatments outcomes, or if the ability 

of treatment outcome prediction varies depending on the cytotoxic mechanisms of 

action.126,129 All in vitro models developed remain a simplified version of the natural 
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Figure 6.5 | Kappa and predictive values of the in vitro BM-MM model for clinical 
treatment responses. The depicted values were analyzed for all treatments (all), or the 
treatments split into two groups: treatments with direct working mechanisms (alkylating 
agents (AA) + proteasome inhibitors (PI)) and treatments with indirect working mechanisms 
(immunomodulatory drugs (IMiDs)). (A) Kappa values measuring the degree of agreement 
between in vitro treatment responses (IVTR) and clinical treatment responses (strict clinical 
response (SCTR); clinical response immediately before and after BM aspiration, and the 
extended clinical treatment response (ECTR); clinical responses ever recorded for that patient). 
PDC = percentage of dead myeloma cells after treatment, NLC = number of living myeloma cells 
after treatment. (B) The percentage of dead myeloma cells after treatment with a 1x or 2x dose 
was correlated to the SCTR and the ECTR. The positive predictive value (PPV) and the negative 
predictive value (NPV) were calculated for multiple comparisons. (C) Similar predictive values 
were calculated analyzing the number of living myeloma cells after treatment.
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MM-BM environment, incapable of mimicking all relevant interactions and processes. 

One important aspect missing in these models, similar to most other in vitro and in 

vivo models, is an immune system. Differentiated immune cells can be included,101 

however these do not represent a functional immune system, capable of e.g. the 

complex interplay of different T cells subsets during an adaptive immune response. 

IMiDs, thalidomide and its analogs, are known to have various indirect cytotoxic 

working mechanisms. Thalidomide displays little activity in cytotoxicity assays, as 

opposed to both lenalidomide and pomalidomide that have been shown to also 

induce direct myeloma cell death. IMiDs also have a significant effect on the BM 

microenvironment and its supportive properties towards myeloma cells, inhibiting 

MM–MSC interactions and the production of cytokines.253,254 Multiple other indirect 

effects contribute to myeloma cell death as well, including the co-stimulation of 

T cells, increased and enhanced activity of both NK and NKT cells, and both anti-

angiogenic and anti-inflammatory effects.246,247 These indirect working mechanisms 

are currently not mimicked in vitro, making these models potentially inadequate as 

a prediction tool for the clinical effectiveness of such therapies. This was confirmed 

in the in vitro BM-myeloma model investigated in this study, where IMiDs showed 

very poor agreement between in vitro treatment responses (regardless of the analysis 

methods and used dosage) and subsequent clinical treatment responses.

Another difficult aspect of translating in vitro treatment responses to clinical 

treatment responses is the lack of knowledge on the clinical treatment dosages 

to which in vivo residing myeloma cells are subjected on cellular level. Also in this 

study, in vitro treatment dosages were chosen based on their known dose responses 

in both 2D and 3D cultures,101 and not based on their known clinically relevant 

dosages. In addition, various options exist in the methods to analyze the in vitro 

results, providing information on either the percentage of dead myeloma cells,101 

or the amount of surviving myeloma cells.100 By comparing these varying methods, 

the method resulting in the best diagnostic agreement with the clinical treatment 

response was determined for alkylating agents and proteasome inhibitors. In our 

study, the analysis of the percentage of dead myeloma cells in vitro showed good 

agreement with the clinical treatment results, with corresponding high predictive 

values. This suggests that in our model, the actual killing of myeloma cells is better 

predictive for clinical treatment responses than the amount of living myeloma cells 

remaining, which also takes into account affected proliferation rates. However, all 
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obtained results were based on a small group of 7 RRMM patients. To truly validate 

the in vitro BM-myeloma model as a preclinical tool to predict treatment responses, 

additional research is needed, including a larger group of RRMM patients with 

varying backgrounds. 

In a previous study by Silva et.al., in vitro predictions were also correlated to clinical 

responses.129 In this study, a comparable simplified 3D model was used, consisting 

only of MSCs and myeloma cells in a 3D collagen matrix. The in vitro responses were 

based on the cumulative response to multiple, individually administered, treatments. 

The lack of a predicted response to IMiDs (lenalidomide and pomalidomide) was also 

described in this study, however all IMiDs were analyzed as a combination therapy 

with e.g. alkylating agents and proteasome inhibitors, which when all combined, 

were capable of predicting clinical responses. Also in our study, the combination of 

IMiDs, alkylating agents and proteasome inhibitors was capable of giving a moderate 

diagnostic agreement with the strict clinical treatment outcomes, when analyzing the 

percentage of dead myeloma cells. However only when analyzing alkylating agents 

and proteasome inhibitors versus IMiDs separately, clear differences in agreement 

were observed. In addition, our results were obtained using relatively easy and 

accessible imaging and analysis methods, in contrast to the previously described 

complex models. These models require in depth mathematical knowledge in order to 

be correctly employed and interpreted.129

When using 3D in vitro models for preclinical screening of therapies, the working 

mechanisms of the tested drugs, and the mimicking of these mechanisms in vitro, 

should be taken into account. The in vitro BM-myeloma model investigated in this 

study could not be used as a predictive tool for IMiDs. This emphasizes that preclinical 

screening models, mimicking basic cellular interactions and currently lacking immune 

cells, cannot be considered as universal tools for the screening of all treatments. The 

addition of immune system components to this in vitro BM-myeloma model could 

potentially increase its predictive value for IMiDs in the future. The investigated in 

vitro BM-myeloma model does offer the possibility to culture primary myeloma cells 

in an engineered BM environment, taking into account the BM induced resistance to 

therapy of myeloma cells. The BM model has potential as a preclinical patient model 

for the screening of alkylating agents and proteasome inhibitors. Patient specific 

models can aid the in vitro identification of a suboptimal treatment for individual 

RRMM patients, based on a lack of cytotoxicity toward myeloma cells, as well as 
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extensive cytotoxicity towards supporting BM cells. This early identification can 

potentially avoid the administration, and thus side effects, of suboptimal treatments.
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CD138+ cells (% of total cells)

Full BM sample CD138+ selected cells

MM Donor 1 53.4% 87.2%

MM Donor 2 30.1% 80.3%

MM Donor 3 20.1% 43.5%

MM Donor 4 40.2% 88.7%

MM Donor 5 50.9% 80.9%

MM Donor 6 18.6% 38.2%

MM Donor 7 36.4% 82.1%

Mean 35.7% 71.6%

Median 36.4% 80.9%

SD 12.7% 19.7%

Supplementary Table 6.1 | CD138+ MACS selection efficiency from patient bone marrow (BM) 
containing varying initial myeloma cell percentages (%). SD= standard deviation.

Supplementary Tables
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All treatments

IVTR

CTR N TN FN FP TP Sen Spe PPV NPV KappaAnalysis 
method

Dose

% dead 
myeloma 
cells

1 x SCTR 14 6 3 1 4 0.571 0.857 0.800 0.667 0.429

% dead 
myeloma 
cells

2 x SCTR 14 2 2 4 6 0.750 0.333 0.600 0.500 0.087

% dead 
myeloma 
cells

1 x ECTR 26 7 10 1 8 0.444 0.875 0.889 0.412 0.243

% dead 
myeloma 
cells

2 x ECTR 26 3 6 4 13 0.684 0.429 0.765 0.333 0.103

# living 
myeloma 
cells

1 x SCTR 14 2 5 5 2 0.286 0.286 0.286 0.286 -0.429

# living 
myeloma 
cells

2 x SCTR 14 1 2 6 5 0.714 0.143 0.455 0.333 -0.143

# living 
myeloma 
cells

1 x ECTR 26 3 8 5 10 0.556 0.375 0.667 0.273 -0.063

# living 
myeloma 
cells

2 x ECTR 26 2 5 6 13 0.722 0.250 0.684 0.286 -0.029

Supplementary Table 6.2 | Diagnostic agreement between the in vitro treatment 
responses (IVTR) compared to the corresponding strict clinical treatment responses (SCTR) 
or extended clinical treatment responses (ECTR) of all treatment. CTR= clinical treatment 
response, N = sample size, TN = true negative, FN = false negative, FP = false positive, 
TP = true positive, Sen = Sensitivity, Spe = Specificity, PPV = positive predictive value, NPV = 
negative predictive values, Kappa = unweighted kappa value.
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Alkylating agents and proteasome inhibitors

IVTR

CTR N TN FN FP TP Sen Spe PPV NPV KappaAnalysis 
method

Dose

% dead 
myeloma 
cells

1 x SCTR 8 4 1 0 3 0.750 1.000 1.000 0.800 0.750

% dead 
myeloma 
cells

2 x SCTR 8 3 0 1 4 1.000 0.750 0.800 1.000 0.750

% dead 
myeloma 
cells

1 x ECTR 16 4 5 0 7 0.583 1.000 1.000 0.444 0.412

% dead 
myeloma 
cells

2 x ECTR 16 3 2 1 10 0.833 0.750 0.909 0.600 0.538

# living 
myeloma 
cells

1 x SCTR 8 0 2 4 2 0.500 0.000 0.333 0.000 -0.500

# living 
myeloma 
cells

2 x SCTR 8 1 1 3 3 0.750 0.250 0.500 0.500 0.000

# living 
myeloma 
cells

1 x ECTR 16 0 3 4 9 0.750 0.000 0.692 0.000 -0.273

# living 
myeloma 
cells

2 x ECTR 16 1 3 3 9 0.750 0.250 0.750 0.250 0.000

Supplementary Table 6.3 | Diagnostic agreement between the in vitro treatment responses 
(IVTR) compared to the corresponding strict clinical treatment responses (SCTR) or extended 
clinical treatment responses (ECTR) of alkylating agents and proteasome inhibitors. CTR= clinical 
treatment response, N = sample size, TN = true negative, FN = false negative, FP = false positive, 
TP = true positive, Sen = Sensitivity, Spe = Specificity, PPV = positive predictive value, NPV = 
negative predictive values, Kappa = unweighted kappa value.
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Immunomodulatory drugs

IVTR

CTR N TN FN FP TP Sen Spe PPV NPV KappaAnalysis 
method

Dose

% dead 
myeloma 
cells

1 x SCTR 6 2 2 1 1 0.333 0.667 0.500 0.500 0.000

% dead 
myeloma 
cells

2 x SCTR 6 0 1 3 2 0.667 0.000 0.400 0.000 -0.333

% dead 
myeloma 
cells

1 x ECTR 10 3 5 1 1 0.167 0.750 0.500 0.375 -0.071

% dead 
myeloma 
cells

2 x ECTR 10 1 3 3 3 0.500 0.250 0.500 0.250 -0.250

# living 
myeloma 
cells

1 x SCTR 6 2 3 1 0 0.000 0.667 0.000 0.400 -0.333

# living 
myeloma 
cells

2 x SCTR 6 0 1 3 2 0.667 0.000 0.400 0.000 -0.333

# living 
myeloma 
cells

1 x ECTR 10 3 5 1 1 0.167 0.750 0.500 0.375 -0.071

# living 
myeloma 
cells

2 x ECTR 10 1 2 3 4 0.667 0.250 0.571 0.333 -0.087

Supplementary Table 6.4 | Diagnostic agreement between the in vitro treatment 
responses (IVTR) compared to the corresponding strict clinical treatment responses (SCTR) or 
extended clinical treatment responses (ECTR) of immunomodulatory drugs. CTR= clinical 
treatment response, N = sample size, TN = true negative, FN = false negative, FP = false 
positive, TP = true positive, Sen = Sensitivity, Spe = Specificity, PPV = positive predictive value, 
NPV = negative predictive values, Kappa = unweighted kappa value.
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Supplementary Figure 6.1 | Cytogenetic backgrounds of the MM patients at the time of the 
aspirated bone marrow sample. Three donors have a high risk profile (in orange: MM Donor 1, 
MM Donor 3 and MM Donor 5).All other donors have a standard risk or undeterminable risk (no 
found abnormalities). 

Supplementary Figures
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Supplementary Figure 2 Treatment responses of in vitro cultured primary myeloma 
cells, and their matching clinical treatment responses. Overview of the in vitro treatment 
responses (IVTR) that were given as actual clinical treatments to the patients included in the 
study. The outcomes of various methods of analysis for the IVTR (1x versus 2x dose, % dead 
myeloma cells versus number of living myeloma cells) are shown with the matching strict clinical 
treatment responses (SCTR) and extended clinical treatment responses (ECTR). Abbreviations: len 
= lenalidomide, pom = pomalidomide, thal = thalidomide, bort = bortezomib, carf = carfilzomib, 
melp = melphalan, 4-HC = 4-hydroperoxy-cyclophosphamide.
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Summary

The work presented in this thesis investigated the minimal requirements of a 3D 

co-culture model that can function as an in vitro BM niche, supporting either HSPCs 

(a healthy hematopoietic niche model) or primary myeloma cells (a hematopoietic 

tumor niche model). Various combinations of primary stromal cell types, hydrogels 

and biofabricated architectures were incorporated in the model, in search of the 

most essential components of these complex environments. As the myeloma 

tumor microenvironment is known to be markedly different in comparison to the 

corresponding healthy hematopoietic environment,254,255 both models were developed 

and validated separately. 

 

In chapter 2, an in vitro 3D hematopoietic niche model was described, that closely 

represents the main supportive elements of the BM, mimicking complex niche-HSPC 

crosstalk, such as cell-cell interactions and the secretion of soluble factors. The cultured 

human HSPCs were supported most optimally in the presence of A-MSCs and O-MSCs, 

together with EPCs. The maintenance of HSPCs using these supporting cells was 

observed in alginate as well as Matrigel, but still declined over time, with a maximum 

culture time of 14 days. When cultured in Matrigel, which facilitates cell adhesion 

through the presence of ECM molecules, in contrast to alginate, the supportive 

cells self-assembled into hypoxic stromal networks. These supportive networks also 

stimulated differentiation of HSPCs towards CD45+CD34- cells, whilst maintaining a 

pool of early CD34+ HSPCs. The criteria for optimizing the developed model were the 

viability of the cultured HSPCs, their clonogenic hematopoietic potential and surface 

marker expression at various time points. Importantly, the developed primary in vitro 

niche model supported HSPCs without further cytokine addition.

In chapter 3, an in vitro hematopoietic tumor niche model was developed, mimicking 

the MM BM niche. Primary CD138+ myeloma cells were supported in vitro using 

undifferentiated MSCs or O-MSCs co-cultured with EPCs, in a bioactive hydrogel 

(Matrigel). The co-cultured cells formed networks within the 3D culture, facilitating the 

survival and proliferation of primary myeloma cells for up to 28 days. The developed 

model did not show preferred outgrowth of certain tumor cells, as confirmed by a 

stable genomic profile of the cultured myeloma cells during 28 days of culture. A 

first step in validation of the BM model was achieved by comparing the osteogenic 

capacity of patient-derived MSC with that of myeloma co-cultured healthy MSCs, 

observing myeloma induced changes in the osteogenic capacity of healthy MSCs.
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The developed undifferentiated environment closely mimics the proposed 

perivascular subniche of the BM microenvironment. The influence of a defined 

architecture, adding a mineralized bone-like structure or endosteal niche to the 

already developed perivascular niche, was studied in chapter 4.  The aim of this 

more complex model was to study the contribution of bone-derived signals to the 

primary myeloma cell expansion in vitro. The 3D MM BM niche model containing two 

subniches was created using extrusion bioprinting, printing a CPC scaffold that was 

later seeded with O-MSCs to model the endosteal niche. The previously optimized 

perivascular hydrogel containing MSCs, EPCs and primary myeloma cells was added 

to the endosteal scaffold. The 3D BM model with combined subniches significantly 

increased the outgrowth of primary myeloma cells compared to both environments 

separately. The individual subniches demonstrated an essential role of the perivascular 

niche over the endosteal niche in supporting primary myeloma cells in vitro.

 

The developed MM BM niche model was further analyzed and validated for its 

suitability in the testing of various established and experimental MM therapies. 

For these experiments, the perivascular MM BM niche model was used, supporting 

primary myeloma cells using MSCs and EPCs. This model is capable of supporting 

primary myeloma cells for 28 days, showing less steep proliferation curves than seen in 

the more complex endosteal-perivascular BM model. However it allows quick analysis 

of cell viability, which is better suited for the upscaling needed to test therapeutic 

responses in a larger panel of patients.  

In chapter 3 we described a novel class of engineered immune cells, TEGs, and their 

effectivity in killing myeloma cells in the model. Because of a lacking appropriate in 

vitro model, this novel cellular therapy had not yet been tested on primary myeloma 

cells or on the surrounding human BM environment. The added TEGs were capable 

of migrating through the 3D culture model, and a killing response could be observed 

towards the cultured primary myeloma cells. Such a killing response was not observed 

when adding mock transduced T cells. The 3D model enabled the analysis of both the 

on- and off-target effects of TEGs within a tissue engineered human environment, 

preparing the ground for the clinical testing of TEGs. 

Effectivity of novel nanotherapies, in the form of liposomal drug therapy, was 

examined in the MM BM niche model in chapter 5. This work advances on the 

preclinical in vitro testing of liposomes, generally performed using cell lines, lacking 

a human BM environment. Added liposomes of different sizes loaded with cytostatic 
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drugs were capable of passively diffusing through the 3D hydrogel after insertion. 

Cellular uptake of liposomes could be observed, and was increased in myeloma cells 

by targeting VLA-4. Liposomes loaded with either bortezomib or doxorubicin showed 

increased cytotoxic effects towards myeloma cells compared to the freely added 

drugs. In contrast, reduced cytotoxicity was observed towards the supporting BM cells 

when comparing liposomal drug therapy to free drugs, an important off-target effect 

than can only be investigated using a model mimicking the BM microenvironment.  

The 3D MM BM niche model was further validated in chapter 6, analyzing the 

capability of the developed in vitro model to predict clinical treatment responses. In 

this study, various cytostatic drugs given in the standard of care were tested on primary 

myeloma cells in vitro. Alkylating agents, proteasome inhibitors and IMiDs were used 

for drug sensitivity and resistance testing. The obtained in vitro treatment responses 

were compared to the known clinical responses of each patient included in the study. 

When analyzing the percentage of dead myeloma cells in vitro, the model showed 

high potential as a predictive tool for alkylating agents and proteasome inhibitors 

treatment responses, in contrast to the IMiDs, where the model showed low potential 

as a predictive tool. This indicates that MM drugs with direct mechanisms of action 

can potentially be tested within the in vitro model, showing good agreement with 

clinical patient responses to the given treatment. The in vitro model showed very 

poor agreement with clinical treatment outcomes of drugs with complex indirect 

mechanisms of actions. 



167

7

General Discussion

General Discussion

When using or developing complex 3D in vitro models, the necessity to mimic the 

natural in vivo environment as closely as possible remains an interesting topic, 

subjected to debate. Theoretically, the most optimal 3D BM niche model mimics all 

relevant in vivo (disease) processes by representing the ECM components present 

in the original tissue, as well as all relevant cell types and interactions, including 

those with distant tissues. However it can be quickly concluded, that such a model is 

difficult to create in vitro, and also has not yet been created in this thesis. So which of 

the previously mentioned aspects can be addressed at present, and to which extent? 

And how necessary is it to mimic all aspects of the natural environment? 

On the one hand, the better representative of the original tissue, the better natural 

occurring interactions and responses can be investigated. On the other hand, 

highly complex systems pose difficulties in determining which process or cell type is 

responsible for a certain observed effect. Through the investigation of only few cell 

types, or through interference with certain processes, specific cell-cell interactions or 

protein roles can be investigated. In this perspective, not all research questions would 

benefit from a highly complex model. The discrimination between essential and non-

essential components of a model therefore depends on the research question, and 

should be determined when setting up a study.  The selection of a model should 

be based on the biology of the disease, the target or process of interest, and the 

proposed mechanism of action. There is no universal model that can be used for all 

research questions within a certain research field, as all preclinical models come with 

their own set of advantages and limitations.93 

In vitro models: cells

Since 1951, when the first continuous human cell line (HeLa) was established from a 

patient with an aggressive form of cervical cancer, cells have been cultured worldwide 

in vitro, using them for biomedical studies.256 Since that time, many other continuous 

cell lines were established from all sorts of human cancers.257 These developed 

cells lines have not solely been used for cancer research, many studies within the 

biomedical field used or use cell lines as a model to investigate biochemical pathways 

and cellular responses for both normal and diseased human cells and tissues.256 

Since their development, comments have been made regarding the correct use and 
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relevance of these cell lines. In general, commercially available cancer cell lines are 

derived from the more aggressive and advanced forms of cancers.258 Therefore, it 

cannot be assumed that these homogeneous cell lines, derived from an aggressive 

tumor at a particular site, are representative of the corresponding healthy tissue, 

or tumors of other patients with a similar origin. Cell lines also do not accurately 

represent the in vivo molecular genetics and histopathology.257 However to this date, 

continuous cell lines are being used in many biomedical research studies, including in 

part of the experiments described in this thesis. The reasoning why to still use these 

cell models, and when to use alternative strategies, will be discussed here. 

For the modelling of healthy or diseased tissues and cell interaction, primary cells 

can be used instead of cell lines, which do not have an intrinsic of induced immortal 

phenotype. These primary human cells are directly cultured from their source tissue, 

and therefore are considered better capable of mimicking the corresponding in 

vivo tissue. By using primary cells from multiple individuals, inter-donor variability 

can be assed. Within these primary cell types, a special focus has gone towards 

the stem/progenitor cell population within each tissue, capable of self-renewal 

and differentiation to multiple other lineages. Both the BM environment and the 

residing hematopoietic system have been extensively studied for their residing stem/

progenitor cells. Already in 1966, MSCs were isolated, and supportive interactions 

between bone, MSCs and HSCs were described.259 However, not all primary cell are 

easily cultured in vitro after isolation. In contrast to the isolation and culture of primary 

stromal cells of the BM, which can be performed using widespread, reproducible 

methods, the in vitro isolation and culture of primary hematopoietic cells such as 

HSPCs and myeloma cells is still faced with fast declining cell viability and the loss 

of stem cell properties through differentiation (as seen in chapters 2 and 3, in the 

suboptimal culture conditions). Because of this, the use of cell lines as an alternative 

is still common practice, as these cells are readily available in unlimited amounts, easy 

to culture, and mimic the biology of the modelled tissue or disease to some extent. 

In general, a cellular model should be used that mimics all relevant aspects needed 

to answer the investigated research question. Also in our studies, cell lines were 

used for initial optimization studies (chapter 3, 4, 5 and 6), or as a ‘golden standard’ 

control group (chapter 2). Research questions regarding cellular viability within used 

hydrogels, the testing of methods to deliver novel therapies, or the optimization 

of given treatment dosages were initially answered using cell lines. However when 
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doing so, it should always be realized these results are obtained using a homogeneous 

cell population not representative for the entire population studied. The most 

important results found should therefore also be confirmed in a more representative, 

heterogeneous population. Therefore in our studies, all cell line experiments were 

followed by experiments using patient material, for further validation of the results. 

The BM models developed in this thesis are of a complex cellular composition: 

adipocytes, osteoblasts, endothelial cells and HSPCs are present in the hematopoietic 

niche model (chapter 2) and MSCs, endothelial cells and myeloma cells (chapter 3, 5 and 

6) or osteoblasts, MSCs, EPCs and myeloma cells (chapter 4) are present in the MM BM 

niche model. However, in the natural BM, many other cell types can be found as well, 

such as lineage committed blood cells, osteoclasts, osteocytes and nerves. Especially 

in the healthy hematopoietic niche, interactions between all sorts of cells have been 

described to influence the self-renewal and differentiation of HSCs. Examples include 

sympathetic nerves,260,261 macrophages,262,263 and megakaryocytes.148,264 Through the 

inclusion of HSPCs into both models, which give rise to lineage committed CD45+ 

blood cells during culture (chapter 2), a wide variety of hematopoietic cells can be 

included. Further characterization is needed to identify the exact hematopoietic cell 

types present in the model at various time points. 

A more controlled inclusion of specific lineage committed blood cells is also possible. 

The cord blood or BM used to isolate human HSPCs, EPCs, MSCs or primary myeloma 

cells can also be used to isolate other cell types such as monocytes, macrophages 

(which can also be differentiated towards osteoclasts) and lymphocytes. The inclusion 

of other BM cell types such as neuronal cells, which cannot be isolated or generated 

from aspirated BM cells,265 would pose a bigger challenge. Their inclusion would 

require other primary cell sources and extensive validation, adding another level of 

complexity to the model, making it less accessible for general usage. 

Other important interactions occurring with the BM niche, such as cellular 

communication with distant tissues, will be hard to achieve in vitro. Nerve cells can 

theoretically be included into the models, however these cells does not mimic the 

complex process of natural neural innervation. Also differentiated blood cells can 

be included into the models, however these do not represent blood perfusion or a 

functional immune system. Such challenges and limitations will remain associated 

with even the most complex in vitro models, as they will always be a simplified, 
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engineered version of the natural in vivo environment. The cells present in these 

simplified models will not mimic across tissue, organism interactions.

For each study using a 3D model, essential and non-essential cellular components 

should be identified and selected based on the biology of the disease, the target or 

process of interest, and the proposed mechanism of action. By doing so, the danger 

of a too far simplified model, failing to mimic relevant processes and interactions, or 

an overly complex model, no longer capable of identifying which process or cell type 

is responsible for a certain observed effect, can be prevented.

In vitro models: extracellular matrix

Next to using various cellular components to model biological processes, also the 

environment surrounding the cultured cells is of importance. Traditionally, in vitro 

cell behavior is studied in 2D, using polystyrene culture surfaces, known to already 

have an effect on cellular behavior.266 In the last decades, additional emphasis was put 

on the lack of structural, mechanical and biochemical cues using 2D cultures. A 3D 

environment can facilitate cell-cell and cell-matrix interactions that better mimic those 

occurring in the native tissue.267 Multiple studies have been conducted that suggest 

that cells display varying behavior, when comparing a 2D culture environment to a 3D 

culture environment, such as cellular differentiation capacity, drug metabolism, gene 

expression and protein synthesis, cellular morphology, proliferation rate and overall 

viability.267,268 The cellular behavior observed in these 3D models has been shown to 

better mimic in vivo natural systems, when compared to 2D cultures.269,270 

Many studies have been conducted on the development of ECM mimicking biomaterials, 

including hydrogels, polymers, ceramics and metals.271 Some of these materials aim 

to mimic mechanical or structural properties of the ECM (e.g. metals and polymers) 

whilst other materials aim to mimic important biochemical cues and biomolecules (e.g. 

ceramics and hydrogels). The ECM is composed of many types of biomolecules, with 

their composition varying per tissue and location. The major components of human 

EMC are proteoglycans, collagen, fibronectin, laminin, and elastin.272 Hydrogels of 

natural origin can be generated using one of these (animal derived) components, 

such as collagen. Gels containing multiple ECM components rely on producer cell 

lines for generating ECM, which can subsequently be turned into a culture substrate, 

such as Matrigel. Matrigel is a commercially available protein mixture resembling 
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the epithelial basement membrane, which is secreted by Engelbreth-Holm-Swarm 

mouse sarcoma cells, mainly containing proteoglycans and laminin.273,274 Such natural 

derived culture substrates are of complex composition, increasing the relevance of 

the model, but at the same time complicating comparisons between experiments 

due to variable compositions in different batches. This highlights a need for more 

controllable, possibly synthetic gels that still perform equally as well as their natural 

counterparts. Synthetic PEG matrices have been developed and studied for their 

use in 3D models to replace Matrigel. These synthetic PEG matrices can be enriched 

using fibronectin, laminin, collagen and hyaluronic acid amongst others.275 They have 

mainly been evaluated for the intestinal stem cell niche and organoid cultures,276 

however may be applicable to other tissues as well. These complex synthetic gels 

could be further optimized for the BM ECM, including laminin isoforms relevant 

for the BM microenvironment, such as laminins 421 and 521/522.277 By doing so, the 

reproducibility of the model would not only be increased, but the surrounding 3D 

environment would better mimic the ECM of the natural BM tissue compared to the 

current model, as Matrigel resembles an epithelial basement membrane. 

In vitro models versus in vivo models 

Not only cell culture based in vitro models, but also in vivo models have played 

an essential role in the biomedical research of the past decades.278 Traditionally, 

animal models are used to study diseases and interactions in a more complex 3D 

environment, mimicking all relevant processes occurring in the human body. They 

provide the possibility to study human processes and diseases, assuming that the 

(humanized) xenogeneic processes studied occur in a similar manner, and can be 

translated towards humans. 

Animal models are widely considered as an essential element within biomedical 

research, however not without controversy.279 Even though breakthrough 

treatments were developed because of animal models over the past decades, such 

as vaccinations,278 they are currently less able to make reliable predictions of novel 

treatments tested in human clinical trials.280 Furthermore, despite their general 

acceptance within the biomedical field, they have never been validated as a necessity 

for biomedical research, even though claimed.279,281

The development of complex 3D in vitro models has come with the promise that 

their further development will eventually replace in vivo animal models. However 
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can animal models ever truly be replaced in biomedical research? Humans, and 

other mammals used as biomedical models, are very complex organisms in which 

cells within tissues or in-between organs communicate using growth factors, 

cytokines, chemokines and hormones.282 Complex 3D in vitro models are capable 

of mimicking various cell types, local cell-cell and cell-matrix interactions, as well as 

complex structures of tissues. For scientific questions where only these processes are 

involved, these models have the potential to replace currently used animal models. 

On the other hand, the investigation of more complex systemic interactions between 

organs would still require a whole organism.278 At present, an in vitro model is not 

capable of recapitulating e.g. immune system interactions, or the metabolism and 

excretion of drugs. This still requires validation in animal models that mimic processes 

occurring in a whole organism. However one should bear in mind that the immune 

system, an essential element in cancer progression and BM niche interactions, is 

functionally lacking in most in vivo animal models as well, as they are in most cases 

severely immunodeficient. A functional immune system can be present in unmodified 

animal models, however interspecies differences can hinder the interpretation and 

translation of the obtained results.283 Both complex 3D in vitro models as well as 

in vivo animal models present with limitations in their clinical translation towards 

humans. Neither model can currently ‘better predict’ human processes and disease, 

presenting an opportunity for both modelling entities to be further developed, 

improving the clinical relevance of the obtained preclinical results. 

3D in vitro models as a preclinical model: clinical relevance

As with in vivo models, the clinical relevance of a developed in vitro model remains 

difficult to establish. Human primary cells are used, expected to better mimic the 

human situation in vivo. But especially when evaluating a newly developed in 

vitro model for the testing of novel treatments, one cannot help but wonder how 

representative such a model is for the clinical situation. Do the responses observed in 

the model correlate to those we would see in a patient? In chapter 6, an attempt was 

made to analyze the ability to predicting clinical responses in patients with MM using 

the developed in vitro 3D BM model. The treatment outcomes of some tested drug 

classes correlated well with clinical treatment responses, however this was not the 

case for all tested drug classes. This emphasizes that not all mechanisms of actions can 

be analyzed in the developed model, and that also not all treatment effect observed 

in vitro can be directly translated to clinical treatment responses. 
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In the current development of novel treatments, preclinical models advance from 

in vitro cell lines to in vivo animal models (Figure 7.1). When promising results are 

obtained in the preclinical research stage, it is followed by a human clinical research 

stage, where safety, efficacy, benefits, and the range of possible adverse reactions 

of the new treatment are investigated. Only after completion of all phases, a new 

treatment is approved for the standard clinical care. However as preclinical models 

cannot be directly translated to clinical treatment responses, more than 80% of 

novel therapeutics fail when tested in human clinical trials. Based on this figure, 

preclinical models could be marked as poor predictors. However in a lot of cases, 

preclinical models were used because of previous experience with the model, not 

because of an optimal fit with the research question or study set up.284 The selection 

of an appropriate preclinical model is vital to the discovery and validation of novel 

therapies. Through reevaluation of the most optimal model for each study, more 

relevant preclinical data could aid the translation of obtained results towards human 

applications.  

Figure 7.1 | The current and possibly future development of novel treatments. At present, 
research is conducted using preclinical models that can advance to human clinical research and 
the final clinical approval of a novel treatment (black arrows). However the clinical relevance 
of traditionally used preclinical models is not without controversy (both in vitro continuous cell 
lines and animal models). Complex in vitro models have been developed, functioning as an ad-
ditional step in the traditionally used model (yellow arrows). However these models have also 
been proposed as a replacement of animal models (green arrow), either when pursuing clinical 
research, or for the prediction of therapeutic responses in patient, enabling patient specific 
treatment regimens (red arrow). 
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3D in vitro human hematopoietic niche model

The hematopoietic niche model developed in this thesis (chapter 2) shows that of 

all co-culture conditions tested, the combination of MSCs differentiated towards 

the adipogenic and osteogenic lineage together with endothelial cells in Matrigel 

is optimal to support HSPC growth. This is in contrast to classical primary in vitro 

hematopoietic niche models that are using only stromal or osteogenic cells, needing 

additional cytokine supplementation.69-74,77-82 Interactions of HSPCs with both the 

endosteal and perivascular niches can be studied in this 3D model, which also allows 

the exclusion or inclusion of cellular components, or the interference with cell-cell 

interactions. The developed 3D model enables the study of the BM niche itself, its 

active participation in normal hematopoiesis, and potentially disease pathogenesis.

 

Acute myeloid leukemia (AML) is a group of diseases characterized by the proliferation 

of malignant HSCs and/or HPCs.285 The BM niche is not only critical to the maintenance 

and retention of native HSCs, the niche environment also supports and maintains 

the self-renewal capacity of leukemic cells. Also in AML, the surrounding niche is 

known to play an important role in leukemia initiation, progression, and response 

to therapy.286 The developed hematopoietic niche model can potentially be adapted 

to study the development of AML cells, and their crosstalk with surrounding stromal 

cells. Whether the hematopoietic niche model can be used in its present from, or 

should be further optimized for usage in AML research, has to be analyzed first. As 

current 3D in vitro AML models mainly depend on the usage of cell lines,287-289 the 

possibility of culturing primary AML cells in vitro could enhance the clinical relevance 

of preclinical studies. 

The hematopoietic niche is a supportive environment for various types of primary 

hematological cancers, but also a preferred site of outgrowth for the metastases of 

solid tumors, such as breast, prostate, lung and colorectal cancer.21,290 The developed 

BM model could therefore also be used for further research into the metastatic 

BM niche environment, investigating cancer-niche interactions. These interactions 

with metastatic cancer cells can cause either osteolytic and/or osteoblastic disease 

phenotypes.291 Cancer induced bone responses favor the survival and growth 

of invading metastatic cells. A better understanding of cancer disrupted bone 
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remodeling can aid the development of therapies. Such therapies could potentially 

restore the natural bone remodeling balance, simultaneously counteracting the 

growth of metastatic cancer cells in the BM. 

3D in vitro human bone marrow niche model for multiple myeloma

The MM BM niche model developed in this thesis (chapter 3 and 4) shows that 

different combinations of cells can support primary myeloma cell growth in vitro. The 

perivascular environment, containing undifferentiated stromal cells and endothelial 

cells, was shown to have an essential supportive role, which can be further enhanced 

adding an endosteal environment. The model can be used for mechanistic evaluation, 

the screening of novel therapies and as a tool to study the biology and interactions of 

primary myeloma cells within the engineered microenvironment.

In chapter 3 and 5, the MM BM niche model was validated for the preclinical testing 

of a cellular T cell therapy, as well as liposomal therapy. Treatment effects of both 

types of therapies could be analyzed using the model, indicating possibilities to 

do the same with other immunotherapies or nanotherapies. However not all the 

mechanism of action of novel treatments for MM can be mimicked using the in vitro 

model. The BM model as it stands now is unsuitable for some novel immunotherapies 

such as checkpoint inhibitors or bispecific T cell engagers, which require a functional 

immune system for their anti-tumor effect.292 The suitability of the developed model 

should therefore be analyzed for each novel treatment, together with the possibility 

to add additional components and cell types (such as healthy HSPCs or T cells) to the 

model when necessary. 

The developed MM BM niche model also provides a platform to study interactions 

between primary myeloma cells and MSCs. Myeloma cells are known to utilize and 

alter the surrounding BM microenvironment, suppressing osteoblast formation and 

function, whilst simultaneously stimulating the differentiation of myeloid precursors 

into osteoclasts.23 This shift in the balance of bone deposition/resorption leads to an 

increase in bone loss, and can ultimately lead to the development of osteolytic lesions. 

Changes in the osteogenic differentiation potential of MSCs are thought to underlie 

the development of these permanent osteolytic lesions.31,32 In chapter 3, it was shown 

that the osteogenic differentiation potential of MSCs was changed after co-culture 

with primary myeloma cells. The altered osteogenic differentiation potential of the 
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co-cultured healthy MSCs, was comparable to the osteogenic differentiation potential 

of the MSCs isolated from the BM of the investigated MM patients. The change in 

mineralization capacity of the co-cultured MSCs indicates interactions taking place 

between the myeloma cells and their surrounding microenvironment. This enables 

the study of these interactions, investigating the influence of myeloma cells on 

MSCs. A better understanding of the underlying pathogenesis should be the basis of 

strategies aimed at repair and possibly prevention of these osteolytic lesions. 

As an important validation step, our developed MM BM niche model was also shown 

to possess potential as a predictive tool for the clinical treatment outcomes of both 

alkylating agents and proteasome inhibitors (chapter 6). The capability to predict 

treatment outcomes holds great promise for a more personalized treatment approach 

for relapsed MM patients. The pretesting of treatments on patient material in vitro 

could potentially identify treatments to which a patient responds well, avoiding the 

start of ineffective new treatment lines. Besides the testing of current treatments, 

the model could also be used for the screening novel treatments. Through additional 

optimization and validation of the in vitro model, the predictive power could be 

further improved, thus improving the translation of preclinical findings towards the 

clinical practice.



177

7

Future Perspectives





CHAPTER

Nederlandse Samenvatting

CHAPTER 8



180

Chapter 8

Nederlandse Samenvatting

Het beenmerg is een complex weefsel in het lichaam waar bloedcelaanmaak 

plaatsvindt. Binnen het beenmerg ontstaan verschillende soorten bloedcellen uit 

zogenaamde stamcellen. Het beenmerg speelt een belangrijke rol in de ondersteuning 

en regulatie van deze hematopoëtische stam- en voorlopercellen (HSPCs). Ook 

kunnen verschillende maligniteiten uitgroeien in het beenmerg, waaronder multipel 

myeloom (ziekte van Kahler), een kanker van plasmacellen. Beide celtypes kunnen 

niet overleven buiten het beenmerg en zijn dus afhankelijk van deze omringende, 

ondersteunende omgeving (ook wel de beenmergniche genoemd). Door middel van 

het in vitro (buiten het lichaam) nabootsen van de beenmergniche, zouden zowel 

HSPCs als myeloomcellen gekweekt kunnen worden en daarmee gebruikt kunnen 

worden voor verder onderzoek. Dit zou gedaan kunnen worden met behulp van 

een gezond hematopoëtisch beenmergnichemodel (voor HSPCs), of in een tumor 

beenmergnichemodel (voor primaire myeloomcellen). 

De studies beschreven in dit proefschrift onderzoeken de mogelijkheden om een 

kunstmatige, driedimensionale beenmergniche te ontwikkelen die kan worden 

gebruikt als platform voor het kweken van zowel HSPCs als myeloomcellen. Het 

werk beschreven in dit proefschrift onderzoekt de minimale vereisten die nodig zijn 

om een dergelijk beenmergnichemodel in vitro te laten functioneren. Verschillende 

combinaties van beenmerg celtypen, hydrogelen en architecturen worden 

vergeleken, met als doel de identificatie van de meest essentiële componenten 

waaruit het beenmergnichemodel moet bestaan om HSPCs of myeloomcellen te 

kunnen ondersteunen. Omdat de gezonde hematopoëtisch beenmergniche en de 

multipel myeloom tumor beenmergniche unieke eigenschappen hebben, zijn beide 

modellen apart ontwikkelt en gevalideerd.

In hoofdstuk 2 wordt een driedimensionaal hematopoëtisch beenmergnichemodel 

beschreven. Het doel van dit model is om de complexe niche-HSPC interacties na te 

bootsten, waaronder zowel direct cel-cel contact als cellulaire communicatie door 

middel van signaalmoleculen (cytokines). Voor de ontwikkeling van het hematopoëtisch 

beenmergnichemodel waren een aantal optimalisatie stappen nodig, waarbij 

overleving van de gekweekte HSPCs en het behoudt van hun ongedifferentieerde 

status (geverifieerd door de aanwezigheid van cellen met kolonievormende 

capaciteiten en de expressie van oppervlaktemarkers op verschillende tijdstippen) 

als belangrijkste criteria werden gebruikt. De gekweekte HSPCs functioneerden het 
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meest optimaal in de aanwezigheid van vetcellen (A-MSCs), botcellen (O-MSCs) en 

endotheel voorlopercellen (EPCs). Om een driedimensionale structuur na te bootsen, 

werden de HSPCs gekweekt in verschillende hydrogelen. Zowel alginaat als Matrigel 

bleken geschikte hydrogelen om de HSPCs te ondersteunen. Matrigel faciliteert de 

hechting van cellen aan de matrix door de aanwezigheid van extracellulaire matrix 

moleculen, in tegenstelling tot alginaat. Hierdoor konden de in Matrigel gekweekte 

ondersteunende cellen zichzelf reorganiseren tot hypoxische celnetwerken. Deze 

netwerken stimuleerden de differentiatie van HSPCs naar gedifferentieerde 

bloedcellen (CD45+CD34- cellen), met behoudt van de oorspronkelijke 

ongedifferentieerde CD34+ HSPCs. Dit in tegenstelling tot alginaat, waar alleen de 

oorspronkelijke ongedifferentieerde CD34+ HSPCs aanwezig waren. Het ontwikkelde 

hematopoëtisch beenmergnichemodel kan HSPCs succesvol ondersteunen zonder 

verdere cytokine toevoegingen, met een maximale kweekduur van 14 dagen.

In hoofdstuk 3 werd een in vitro tumor beenmergnichemodel ontwikkeld dat de 

multipel myeloom beenmergniche nabootst. Primaire CD138+ myeloomcellen werden 

in vitro ondersteund met behulp van niet-gedifferentieerde mesenchymale stromale 

cellen (MSCs) die samen met EPCs zijn gekweekt in Matrigel hydrogel. De gekweekte 

cellen vormden netwerken binnen de driedimensionale omgeving, die de overleving 

en proliferatie van primaire myeloomcellen tot 28 dagen mogelijk maakte in vitro. 

Het ontwikkelde model induceerde geen preferentiële uitgroei van subpopulaties 

van tumorcellen, wat werd aangetoond door een ongewijzigd DNA profiel van de 

gekweekte myeloomcellen na 28 dagen in kweek. 

Het ontwikkelde model met ongedifferentieerde MSCs en EPCs bootst de 

perivasculaire subniche van de beenmergomgeving na. De invloed van een 

gedefinieerde architectuur, die een gemineraliseerde botachtige structuur (of 

endostale subniche) aan de reeds ontwikkelde perivasculaire subniche toevoegt, 

werd bestudeerd in hoofdstuk 4. Het doel van dit complexere model was het 

bestuderen van de bijdrage van een botachtige omgeving aan de groei van primaire 

myeloom cellen. Het multipel myeloom beenmergnichemodel, met twee subniches, 

werd gemaakt met behulp van extrusie bioprinten. Aan de geprinte calciumfosfaat 

cement scaffold werden O-MSCs toegevoegd, om zo de endostale subniche te 

modelleren. De eerder geoptimaliseerde perivasculaire subniche (met MSCs, EPCs 

en primaire myeloomcellen) werd toegevoegd aan deze endostale scaffold. Het 

multipel myeloom beenmergnichemodel met gecombineerde subniches verhoogde 

de uitgroei van primaire myeloomcellen aanzienlijk in vergelijking met beide 
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omgevingen afzonderlijk. De individuele subniches lieten een essentiële rol van de 

perivasculaire subniche zien, waarin het mogelijk was primaire myeloomcellen in 

vitro te ondersteunen, in tegenstelling tot de endostale niche.

Het ontwikkelde multipel myeloom beenmergnichemodel werd verder geanalyseerd 

en gevalideerd door het testen van verschillende bestaande en experimentele multipel 

myeloom therapieën. Voor deze experimenten werd het perivasculaire multipel 

myeloom beenmergnichemodel gebruikt, dat primaire myeloomcellen ondersteunt 

met behulp van MSCs en EPCs. Dit model kan 28 dagen lang primaire myeloomcellen 

ondersteunen, met minder steile proliferatiecurves wanneer vergeleken met het 

complexere endostale-perivasculaire multipel myeloom beenmergnichemodel. Dit 

eenvoudigere model maakt echter een snelle analyse van de levensvatbaarheid 

van de cellen mogelijk, en is beter geschikt voor de opschaling benodigd om de 

therapeutische responsen in een groot aantal patiënten te testen.

In hoofdstuk 3 hebben we een nieuwe cellulaire T cel therapie tegen multipel 

myeloom getest. Deze therapie maakt gebruik van getransduceerde immuuncellen, 

zogenaamde TEGs, die een tumor-specifieke afweerreactie kunnen bewerkstelligen. 

Het ontwikkelde multipel myeloom beenmergnichemodel maakt het mogelijk 

om deze nieuwe cellulaire T cel therapie voor het eerst te testen op primaire 

myeloomcellen en op de omringende beenmergomgeving. De geteste TEGs waren 

in staat om door het model te migreren, waarna een specifieke afweerreactie kon 

worden waargenomen richting de myeloomcellen. Een dergelijke afweerreactie 

werd niet waargenomen bij niet functioneel getransduceerde T cellen. Het multipel 

myeloom beenmergnichemodel maakt de analyse mogelijk van zowel on- als off-

target effecten van TEGs in een kunstmatige beenmergomgeving en maakt zo de 

weg vrij voor het testen van TEGs in een klinische trial.

De effectiviteit van nieuwe nanotherapieën, in de vorm van liposomale middelen, 

werd onderzocht in het multipel myeloom beenmergnichemodel in hoofdstuk 

5. Dit werk gaat verder in op het in vitro testen van liposomen, wat momenteel 

voornamelijk wordt uitgevoerd met cellijnen, een minder representatief model 

zonder een beenmergomgeving. In deze studie hebben wij gekeken of het ook 

mogelijk is ons eerder ontwikkelde multipel myeloom beenmergnichemodel hiervoor 

te gebruiken. Liposomen van verschillende groottes, geladen met cytostatische 

geneesmiddelen, werden toegevoegd aan het model. De kleinere liposomen waren 
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in staat om passief door het beenmergnichemodel te diffunderen na inbrenging. 

Cellulaire opname van de liposomen kon worden waargenomen door het gehele 

model en was verhoogd in myeloomcellen wanneer de liposomen werden gericht 

op VLA-4, een adhesiemolecuul dat veelvuldig tot expressie komt op myeloomcellen. 

Liposomen geladen met bortezomib of doxorubicine vertoonden verhoogde 

cytotoxische effecten richting de gekweekte myeloomcellen in vergelijking met de 

vrij toegevoegde bortezomib of doxorubicine. Een verminderde cytotoxiciteit werd 

waargenomen richting de ondersteunende beenmergcellen wanneer liposomale 

middelen werden toegevoegd, in vergelijking met de vrije geneesmiddelen. Dit 

belangrijke off-target effect kan alleen worden onderzocht met een model dat ook 

de beenmergomgeving nabootst.

Het multipel myeloom beenmergnichemodel werd verder gevalideerd in hoofdstuk 

6, waarin werd geanalyseerd of het ontwikkelde model ook het vermogen heeft 

om klinische therapieresponses te voorspellen. In deze studie werden verschillende 

cytostatische geneesmiddelen, die in de standaard zorg worden gegeven, in vitro 

getest op primaire myeloomcellen. Alkylerende agentia, proteasoomremmers en 

immunomodulerende middelen werden gebruikt voor medicijngevoeligheid en 

resistentietesten. De verkregen in vitro therapieresponses werden vergeleken met de 

klinische therapieresponses van elke patiënt die in het onderzoek was opgenomen. 

Bij de analyse van het percentage dode myeloomcellen in vitro vertoonde het 

model een hoog potentieel als voorspellend hulpmiddel voor alkylerende agentia 

en proteasoomremmers. Dit in tegenstelling tot de immunomodulerende middelen, 

waarbij het model een laag potentieel als voorspellend hulpmiddel vertoonde. Dit 

geeft aan dat multipel myeloom geneesmiddelen met directe werkingsmechanismen 

potentieel kunnen worden getest met behulp van het in vitro multipel myeloom 

beenmergnichemodel, door een goede overeenkomst tussen de in vitro respons en 

de klinische respons van de patiënt op de gegeven behandeling. Het in vitro model 

vertoonde een slechte overeenstemming met de klinische behandelingsresultaten 

van geneesmiddelen met complexe indirecte werkingsmechanismen.





CHAPTERAPPENDICES



186

Appendices

References

1. Clarke B. Normal bone anatomy and 
physiology. Clin J Am Soc Nephrol. 3 
Suppl 3, S131-139 (2008).

2. Hadjidakis DJ, Androulakis, II. Bone 
remodeling. Ann N Y Acad Sci. 1092, 
385-396 (2006).

3. Travlos GS. Normal structure, 
function, and histology of the bone 
marrow. Toxicol Pathol. 34(5), 548-
565 (2006).

4. Vande Berg BC, Malghem J, Lecouvet 
FE, Maldague B. Magnetic resonance 
imaging of normal bone marrow. Eur 
Radiol. 8(8), 1327-1334 (1998).

5. Compston JE. Bone marrow and 
bone: a functional unit. J Endocrinol. 
173(3), 387-394 (2002).

6. Mendelson A, Frenette PS. 
Hematopoietic stem cell niche 
maintenance during homeostasis 
and regeneration. Nat Med. 20(8), 
833-846 (2014).

7. Calvi LM, Link DC. The hematopoietic 
stem cell niche in homeostasis and 
disease. Blood. 126(22), 2443-2451 
(2015).

8. Morrison SJ, Scadden DT. The bone 
marrow niche for haematopoietic 
stem cells. Nature. 505(7483), 327-334 
(2014).

9. Wei Q, Frenette PS. Niches for 
Hematopoietic Stem Cells and Their 
Progeny. Immunity. 48(4), 632-648 
(2018).

10. Smith JN, Calvi LM. Concise review: 
Current concepts in bone marrow 
microenvironmental regulation of 
hematopoietic stem and progenitor 
cells. Stem Cells. 31(6), 1044-1050 
(2013).

11. Yu VW, Scadden DT. Hematopoietic 
Stem Cell and Its Bone Marrow Niche. 
Curr Top Dev Biol. 118, 21-44 (2016).

12. Morikawa T, Takubo K. Hypoxia 
regulates the hematopoietic stem 
cell niche. Pflugers Arch.  (2015).

13. Spencer JA, Ferraro F, Roussakis E, 
Klein A, Wu J, Runnels JM, Zaher W, 
Mortensen LJ, Alt C, Turcotte R, Yusuf 
R, Cote D, Vinogradov SA, Scadden 
DT, Lin CP. Direct measurement 
of local oxygen concentration in 
the bone marrow of live animals. 
Nature. 508(7495), 269-273 (2014).

14. Itkin T, Gur-Cohen S, Spencer JA, 
Schajnovitz A, Ramasamy SK, 
Kusumbe AP, Ledergor G, Jung Y, 
Milo I, Poulos MG, Kalinkovich A, 
Ludin A, Kollet O, Shakhar G, Butler 
JM, Rafii S, Adams RH, Scadden 
DT, Lin CP, Lapidot T. Distinct bone 
marrow blood vessels differentially 
regulate haematopoiesis. Nature. 
532(7599), 323-328 (2016).

15. Zhao M, Li L. Dissecting the bone 
marrow HSC niches. Cell Res. 26(9), 
975-976 (2016).

16. Yin T, Li L. The stem cell niches in 
bone. J Clin Invest. 116(5), 1195-1201 
(2006).

17. Ding L, Morrison SJ. Haematopoietic 
stem cells and early lymphoid 
progenitors occupy distinct bone 
marrow niches. Nature. 495(7440), 
231-235 (2013).

18. Chantrain CF, Feron O, Marbaix 
E, DeClerck YA. Bone marrow 
microenvironment and tumor 
progression. Cancer Microenviron. 
1(1), 23-35 (2008).

19. Ramaswamy S, Ross KN, Lander ES, 
Golub TR. A molecular signature of 
metastasis in primary solid tumors. 
Nat Genet. 33(1), 49-54 (2003).

20. Mitsiades CS, McMillin DW, 
Klippel S, Hideshima T, Chauhan 
D, Richardson PG, Munshi NC, 
Anderson KC. The role of the bone 
marrow microenvironment in the 
pathophysiology of myeloma and its 
significance in the development of 
more effective therapies. Hematol 
Oncol Clin North Am. 21(6), 1007-
1034, vii-viii (2007).



187

A

References

21. Zhang W, Lo HC, Zhang XH. Mapping 
bone marrow niches of disseminated 
tumor cells. Sci China Life Sci. 60(10), 
1125-1132 (2017).

22. Nair JR, Rozanski CH, Lee KP. 
Under one roof: The bone 
marrow survival niche for multiple 
myeloma and normal plasma cells. 
Oncoimmunology. 1(3), 388-389 (2012).

23. Sanderson RD, Epstein J. Myeloma 
bone disease. J Bone Miner Res. 
24(11), 1783-1788 (2009).

24. Hideshima T, Mitsiades C, Tonon 
G, Richardson PG, Anderson KC. 
Understanding multiple myeloma 
pathogenesis in the bone marrow 
to identify new therapeutic targets. 
Nature Reviews Cancer. 7(8), 585-598 
(2007).

25. Bianchi G, Munshi NC. Pathogenesis 
beyond the cancer clone(s) in multiple 
myeloma. Blood. 125(20), 3049-3058 
(2015).

26. Delgado-Calle J, Anderson J, Cregor 
MD, Hiasa M, Chirgwin JM, Carlesso 
N, Yoneda T, Mohammad KS, 
Plotkin LI, Roodman GD, Bellido T. 
Bidirectional Notch Signaling and 
Osteocyte-Derived Factors in the 
Bone Marrow Microenvironment 
Promote Tumor Cell Proliferation 
and Bone Destruction in Multiple 
Myeloma. Cancer Research. 76(5), 
1089-1100 (2016).

27. Shiozawa Y, Havens AM, Pienta KJ, 
Taichman RS. The bone marrow 
niche: habitat to hematopoietic 
and mesenchymal stem cells, and 
unwitting host to molecular parasites. 
Leukemia. 22(5), 941-950 (2008).

28. Noll JE, Williams SA, Purton LE, 
Zannettino ACW. Tug of war in the 
haematopoietic stem cell niche: do 
myeloma plasma cells compete for 
the HSC niche? Blood Cancer Journal. 
2,  (2012).

29. Alexander DD, Mink PJ, Adami 
HO, Cole P, Mandel JS, Oken MM, 
Trichopoulos D. Multiple myeloma: 
a review of the epidemiologic 
literature. Int J Cancer. 120 Suppl 12, 
40-61 (2007). 

30. Greipp PR. Smoldering, asymptomatic 
stage 1, and indolent myeloma. Curr 
Treat Options Oncol. 1(2), 119-126 
(2000).

31. Fairfield H, Falank C, Avery L, Reagan 
MR. Multiple myeloma in the marrow: 
pathogenesis and treatments. Ann N 
Y Acad Sci. 1364(1), 32-51 (2016).

32. Corre J, Mahtouk K, Attal M, 
Gadelorge M, Huynh A, Fleury-
Cappellesso S, Danho C, Laharrague 
P, Klein B, Reme T, Bourin P. Bone 
marrow mesenchymal stem cells 
are abnormal in multiple myeloma. 
Leukemia. 21(5), 1079-1088 (2007).

33. Drexler HG, Minowada J. History and 
classification of human leukemia-
lymphoma cell lines. Leuk Lymphoma. 
31(3-4), 305-316 (1998).

34. Itoh K, Tezuka H, Sakoda H, Konno 
M, Nagata K, Uchiyama T, Uchino H, 
Mori KJ. Reproducible establishment 
of hemopoietic supportive stromal 
cell lines from murine bone marrow. 
Exp Hematol. 17(2), 145-153 (1989).

35. Ito R, Takahashi T, Katano I, Ito M. 
Current advances in humanized 
mouse models. Cell Mol Immunol. 
9(3), 208-214 (2012).

36. de Vries RB, Leenaars M, Tra 
J, Huijbregtse R, Bongers E, 
Jansen JA, Gordijn B, Ritskes-
Hoitinga M. The potential of 
tissue engineering for developing 
alternatives to animal experiments: 
a systematic review. J Tissue Eng 
Regen Med. 9(7), 771-778 (2015).

37. Dimitriou R, Jones E, McGonagle D, 
Giannoudis PV. Bone regeneration: 
current concepts and future 



188

Appendices

directions. BMC Med. 9, 66 (2011).

38. Croes M, Oner FC, Kruyt MC, 
Blokhuis TJ, Bastian O, Dhert WJ, 
Alblas J. Proinflammatory Mediators 
Enhance the Osteogenesis of 
Human Mesenchymal Stem Cells 
after Lineage Commitment. PLoS 
One. 10(7), e0132781 (2015).

39. Croes M, Oner FC, van Neerven D, 
Sabir E, Kruyt MC, Blokhuis TJ, Dhert 
WJA, Alblas J. Proinflammatory T 
cells and IL-17 stimulate osteoblast 
differentiation. Bone. 84, 262-270 
(2016).

40. Croes M, Boot W, Kruyt MC, Weinans 
H, Pouran B, van der Helm YJM, 
Gawlitta D, Vogely HC, Alblas J, Dhert 
WJA, Oner FC. Inflammation-Induced 
Osteogenesis in a Rabbit Tibia Model. 
Tissue Eng Part C Methods. 23(11), 
673-685 (2017).

41. Loozen LD, Wegman F, Oner FC, Dhert 
WJA, Alblas J. Porous bioprinted 
constructs in BMP-2 non-viral gene 
therapy for bone tissue engineering. 
Journal of Materials Chemistry B. 
1(48), 6619-6626 (2013).

42. Loozen LD, van der Helm YJ, Oner FC, 
Dhert WJ, Kruyt MC, Alblas J. Bone 
morphogenetic protein-2 nonviral 
gene therapy in a goat iliac crest 
model for bone formation. Tissue Eng 
Part A. 21(9-10), 1672-1679 (2015).

43. Bouet G, Marchat D, Cruel M, 
Malaval L, Vico L. In vitro three-
dimensional bone tissue models: 
from cells to controlled and dynamic 
environment. Tissue Eng Part B Rev. 
21(1), 133-156 (2015).

44. Czekanska EM, Stoddart MJ, 
Richards RG, Hayes JS. In search of 
an osteoblast cell model for in vitro 
research. Eur Cell Mater. 24, 1-17 
(2012).

45. Martinez ME, del Campo MT, Medina 
S, Sanchez M, Sanchez-Cabezudo 

MJ, Esbrit P, Martinez P, Moreno I, 
Rodrigo A, Garces MV, Munuera L. 
Influence of skeletal site of origin 
and donor age on osteoblastic cell 
growth and differentiation. Calcif 
Tissue Int. 64(4), 280-286 (1999).

46. Bouet G, Cruel M, Laurent C, Vico L, 
Malaval L, Marchat D. Validation of 
an in vitro 3D bone culture model 
with perfused and mechanically 
stressed ceramic scaffold. Eur Cell 
Mater. 29, 250-266; discussion 266-
257 (2015).

47. Zadpoor AA, Malda J. Additive 
Manufacturing of Biomaterials, 
Tissues, and Organs. Ann Biomed 
Eng.  (2016).

48. Moroni L, Boland T, Burdick JA, De 
Maria C, Derby B, Forgacs G, Groll 
J, Li Q, Malda J, Mironov VA, Mota 
C, Nakamura M, Shu W, Takeuchi 
S, Woodfield TBF, Xu T, Yoo JJ, 
Vozzi G. Biofabrication: A Guide to 
Technology and Terminology. Trends 
Biotechnol. 36(4), 384-402 (2018).

49. Tang D, Tare RS, Yang LY, Williams 
DF, Ou KL, Oreffo RO. Biofabrication 
of bone tissue: approaches, 
challenges and translation for bone 
regeneration. Biomaterials. 83, 363-
382 (2016).

50. Salgado AJ, Coutinho OP, Reis RL. 
Bone tissue engineering: state of 
the art and future trends. Macromol 
Biosci. 4(8), 743-765 (2004).

51. Hutmacher DW, Schantz JT, Lam 
CX, Tan KC, Lim TC. State of the art 
and future directions of scaffold-
based bone engineering from a 
biomaterials perspective. J Tissue Eng 
Regen Med. 1(4), 245-260 (2007).

52. Gao C, Deng Y, Feng P, Mao Z, Li P, 
Yang B, Deng J, Cao Y, Shuai C, Peng 
S. Current progress in bioactive 
ceramic scaffolds for bone repair and 
regeneration. Int J Mol Sci. 15(3), 



189

A

References

4714-4732 (2014).

53. Rezwan K, Chen QZ, Blaker JJ, 
Boccaccini AR. Biodegradable and 
bioactive porous polymer/inorganic 
composite scaffolds for bone tissue 
engineering. Biomaterials. 27(18), 
3413-3431 (2006).

54. Issaad C, Croisille L, Katz A, 
Vainchenker W, Coulombel L. A 
murine stromal cell line allows the 
proliferation of very primitive human 
CD34++/CD38- progenitor cells in 
long-term cultures and semisolid 
assays. Blood. 81(11), 2916-2924 
(1993).

55. Nishi N, Ishikawa R, Inoue H, 
Nishikawa M, Yoneya T, Kakeda M, 
Tsumura H, Ohashi H, Mori KJ. In vitro 
long-term culture of human primitive 
hematopoietic cells supported 
by murine stromal cell line MS-5. 
Leukemia. 11 Suppl 3, 468-473 (1997).

56. Roecklein BA, Torok-Storb B. 
Functionally distinct human marrow 
stromal cell lines immortalized 
by transduction with the human 
papilloma virus E6/E7 genes. Blood. 
85(4), 997-1005 (1995).

57. Zandstra PW, Conneally E, Petzer 
AL, Piret JM, Eaves CJ. Cytokine 
manipulation of primitive human 
hematopoietic cell self-renewal. Proc 
Natl Acad Sci U S A. 94(9), 4698-4703 
(1997).

58. Bennaceur-Griscelli A, Tourino C, 
Izac B, Vainchenker W, Coulombel L. 
Murine stromal cells counteract the 
loss of long-term culture-initiating 
cell potential induced by cytokines in 
CD34(+)CD38(low/neg) human bone 
marrow cells. Blood. 94(2), 529-538 
(1999).

59. Bosma GC, Custer RP, Bosma MJ. A 
severe combined immunodeficiency 
mutation in the mouse. Nature. 
301(5900), 527-530 (1983).

60. Ito M, Hiramatsu H, Kobayashi K, 
Suzue K, Kawahata M, Hioki K, 
Ueyama Y, Koyanagi Y, Sugamura K, 
Tsuji K, Heike T, Nakahata T. NOD/
SCID/gamma(c)(null) mouse: an 
excellent recipient mouse model for 
engraftment of human cells. Blood. 
100(9), 3175-3182 (2002).

61. Traggiai E, Chicha L, Mazzucchelli L, 
Bronz L, Piffaretti JC, Lanzavecchia A, 
Manz MG. Development of a human 
adaptive immune system in cord 
blood cell-transplanted mice. Science. 
304(5667), 104-107 (2004).

62. Shultz LD, Lyons BL, Burzenski LM, 
Gott B, Chen X, Chaleff S, Kotb 
M, Gillies SD, King M, Mangada 
J, Greiner DL, Handgretinger R. 
Human lymphoid and myeloid cell 
development in NOD/LtSz-scid IL2R 
gamma null mice engrafted with 
mobilized human hemopoietic stem 
cells. J Immunol. 174(10), 6477-6489 
(2005).

63. Rongvaux A, Willinger T, Takizawa 
H, Rathinam C, Auerbach W, Murphy 
AJ, Valenzuela DM, Yancopoulos 
GD, Eynon EE, Stevens S, Manz MG, 
Flavell RA. Human thrombopoietin 
knockin mice efficiently support 
human hematopoiesis in vivo. Proc 
Natl Acad Sci U S A. 108(6), 2378-2383 
(2011).

64. Willinger T, Rongvaux A, Takizawa 
H, Yancopoulos GD, Valenzuela DM, 
Murphy AJ, Auerbach W, Eynon 
EE, Stevens S, Manz MG, Flavell RA. 
Human IL-3/GM-CSF knock-in mice 
support human alveolar macrophage 
development and human immune 
responses in the lung. Proc Natl Acad 
Sci U S A. 108(6), 2390-2395 (2011).

65. Shultz LD, Saito Y, Najima Y, Tanaka 
S, Ochi T, Tomizawa M, Doi T, Sone A, 
Suzuki N, Fujiwara H, Yasukawa M, 
Ishikawa F. Generation of functional 



190

Appendices

human T-cell subsets with HLA-
restricted immune responses in HLA 
class I expressing NOD/SCID/IL2r 
gamma(null) humanized mice. Proc 
Natl Acad Sci U S A. 107(29), 13022-
13027 (2010).

66. Danner R, Chaudhari SN, Rosenberger 
J, Surls J, Richie TL, Brumeanu TD, 
Casares S. Expression of HLA class II 
molecules in humanized NOD.Rag 
1KO.IL2RgcKO mice is critical for 
development and function of human 
T and B cells. PLoS One. 6(5), e19826 
(2011).

67. Cuddihy MJ, Wang Y, Machi C, 
Bahng JH, Kotov NA. Replication of 
bone marrow differentiation niche: 
comparative evaluation of different 
three-dimensional matrices. Small. 
9(7), 1008-1015 (2013).

68. Yuan Y, Sin WY, Xue B, Ke Y, Tse KT, 
Chen Z, Xie Y, Xie Y. Novel alginate 
three-dimensional static and rotating 
culture systems for effective ex vivo 
amplification of human cord blood 
hematopoietic stem cells and in vivo 
functional analysis of amplified cells 
in NOD/SCID mice. Transfusion. 53(9), 
2001-2011 (2013).

69. Ventura Ferreira MS, Bergmann 
C, Bodensiek I, Peukert K, Abert J, 
Kramann R, Kachel P, Rath B, Rutten 
S, Knuchel R, Ebert BL, Fischer H, 
Brummendorf TH, Schneider RK. An 
engineered multicomponent bone 
marrow niche for the recapitulation 
of hematopoiesis at ectopic 
transplantation sites. J Hematol 
Oncol. 9, 4 (2016).

70. Sharma MB, Limaye LS, Kale 
VP. Mimicking the functional 
hematopoietic stem cell niche in 
vitro: recapitulation of marrow 
physiology by hydrogel-based three-
dimensional cultures of mesenchymal 
stromal cells. Haematologica. 97(5), 
651-660 (2012).

71. Raic A, Rodling L, Kalbacher H, Lee-
Thedieck C. Biomimetic macroporous 
PEG hydrogels as 3D scaffolds 
for the multiplication of human 
hematopoietic stem and progenitor 
cells. Biomaterials. 35(3), 929-940 
(2014).

72. Bourgine PE, Klein T, Paczulla AM, 
Shimizu T, Kunz L, Kokkaliaris 
KD, Coutu DL, Lengerke C, Skoda 
R, Schroeder T, Martin I. In vitro 
biomimetic engineering of a human 
hematopoietic niche with functional 
properties. Proc Natl Acad Sci U S A. 
115(25), E5688-E5695 (2018).

73. Huang X, Zhu B, Wang X, Xiao R, 
Wang C. Three-dimensional co-culture 
of mesenchymal stromal cells and 
differentiated osteoblasts on human 
bio-derived bone scaffolds supports 
active multi-lineage hematopoiesis 
in vitro: Functional implication of the 
biomimetic HSC niche. Int J Mol Med. 
38(4), 1141-1151 (2016).

74. Tan J, Liu T, Hou L, Meng W, Wang 
Y, Zhi W, Deng L. Maintenance and 
expansion of hematopoietic stem/
progenitor cells in biomimetic 
osteoblast niche. Cytotechnology. 
62(5), 439-448 (2010).

75. Nichols JE, Cortiella J, Lee J, Niles 
JA, Cuddihy M, Wang S, Bielitzki J, 
Cantu A, Mlcak R, Valdivia E, Yancy 
R, McClure ML, Kotov NA. In vitro 
analog of human bone marrow 
from 3D scaffolds with biomimetic 
inverted colloidal crystal geometry. 
Biomaterials. 30(6), 1071-1079 (2009).

76. Hirabayashi Y, Hatta Y, Takeuchi J, 
Tsuboi I, Harada T, Ono K, Glomm 
WR, Yasuda M, Aizawa S. Novel 
three-dimensional long-term bone 
marrow culture system using polymer 
particles with grafted epoxy-polymer-
chains supports the proliferation and 
differentiation of hematopoietic 
stem cells. Exp Biol Med (Maywood). 



191

A

References

236(11), 1342-1350 (2011).

77. Leisten I, Kramann R, Ventura Ferreira 
MS, Bovi M, Neuss S, Ziegler P, Wagner 
W, Knuchel R, Schneider RK. 3D co-
culture of hematopoietic stem and 
progenitor cells and mesenchymal 
stem cells in collagen scaffolds as a 
model of the hematopoietic niche. 
Biomaterials. 33(6), 1736-1747 (2012).

78. Ferreira MS, Jahnen-Dechent W, 
Labude N, Bovi M, Hieronymus T, 
Zenke M, Schneider RK, Neuss S. 
Cord blood-hematopoietic stem cell 
expansion in 3D fibrin scaffolds with 
stromal support. Biomaterials. 33(29), 
6987-6997 (2012).

79. Wuchter P, Saffrich R, Giselbrecht 
S, Nies C, Lorig H, Kolb S, Ho AD, 
Gottwald E. Microcavity arrays as an 
in vitro model system of the bone 
marrow niche for hematopoietic 
stem cells. Cell Tissue Res. 364(3), 573-
584 (2016).

80. de Barros AP, Takiya CM, Garzoni LR, 
Leal-Ferreira ML, Dutra HS, Chiarini 
LB, Meirelles MN, Borojevic R, Rossi 
MI. Osteoblasts and bone marrow 
mesenchymal stromal cells control 
hematopoietic stem cell migration 
and proliferation in 3D in vitro 
model. PLoS One. 5(2), e9093 (2010).

81. Rodling L, Schwedhelm I, Kraus S, 
Bieback K, Hansmann J, Lee-Thedieck 
C. 3D models of the hematopoietic 
stem cell niche under steady-state 
and active conditions. Sci Rep. 7(1), 
4625 (2017).

82. Jing D, Fonseca AV, Alakel N, 
Fierro FA, Muller K, Bornhauser M, 
Ehninger G, Corbeil D, Ordemann R. 
Hematopoietic stem cells in co-culture 
with mesenchymal stromal cells--
modeling the niche compartments in 
vitro. Haematologica. 95(4), 542-550 
(2010).

83. Frisch BJ, Calvi LM. Hematopoietic 

stem cell cultures and assays. Methods 
Mol Biol. 1130, 315-324 (2014).

84. Nilsson K. Established cell lines as tools 
in the study of human lymphoma 
and myeloma cell characteristics. 
Haematol Blood Transfus. 20, 253-264 
(1977).

85. Goldman-Leikin RE, Salwen HR, 
Herst CV, Variakojis D, Bian ML, Le 
Beau MM, Selvanayagan P, Marder 
R, Anderson R, Weitzman S, et al. 
Characterization of a novel myeloma 
cell line, MM.1. J Lab Clin Med. 113(3), 
335-345 (1989).

86. Pellat-Deceunynk C, Amiot M, Bataille 
R, Van Riet I, Van Camp B, Omede P, 
Boccadoro M. Human myeloma cell 
lines as a tool for studying the biology 
of multiple myeloma: a reappraisal 
18 years after. Blood. 86(10), 4001-
4002 (1995).

87. Schuler J, Ewerth D, Waldschmidt J, 
Wasch R, Engelhardt M. Preclinical 
models of multiple myeloma: a 
critical appraisal. Expert Opin Biol 
Ther. 13 Suppl 1, S111-123 (2013).

88. Gillet JP, Varma S, Gottesman MM. 
The clinical relevance of cancer cell 
lines. J Natl Cancer Inst. 105(7), 452-
458 (2013).

89. Lwin ST, Edwards CM, Silbermann R. 
Preclinical animal models of multiple 
myeloma. Bonekey Rep. 5, 772 (2016).

90. Groen RW, Noort WA, Raymakers
RA, Prins HJ, Aalders L, Hofhuis FM, 
Moerer P, van Velzen JF, Bloem AC, 
van Kessel B, Rozemuller H, van 
Binsbergen E, Buijs A, Yuan H, de 
Bruijn JD, de Weers M, Parren PW, 
Schuringa JJ, Lokhorst HM, Mutis 
T, Martens AC. Reconstructing the 
human hematopoietic niche in 
immunodeficient mice: opportunities 
for studying primary multiple 
myeloma. Blood. 120(3), e9-e16 
(2012).



192

Appendices

91. Libouban H. The use of animal models 
in multiple myeloma. Morphologie. 
99(325), 63-72 (2015).

92. Shultz LD, Ishikawa F, Greiner DL. 
Humanized mice in translational 
biomedical research. Nat Rev 
Immunol. 7(2), 118-130 (2007).

93. Gould SE, Junttila MR, de Sauvage FJ. 
Translational value of mouse models 
in oncology drug development. Nat 
Med. 21(5), 431-439 (2015).

94. Kimlin L, Kassis J, Virador V. 3D in vitro 
tissue models and their potential for 
drug screening. Expert Opin Drug 
Discov. 8(12), 1455-1466 (2013). 

95. Zdzisinska B, Rolinski J, Piersiak 
T, Kandefer-Szerszen M. A 
comparison of cytokine production 
in 2-dimensional and 3-dimensional 
cultures of bone marrow stromal 
cells of multiple myeloma patients in 
response to RPMI8226 myeloma cells. 
Folia Histochem Cytobiol. 47(1), 69-74 
(2009).

96. Ferrarini M, Steimberg N, Ponzoni 
M, Belloni D, Berenzi A, Girlanda 
S, Caligaris-Cappio F, Mazzoleni 
G, Ferrero E. Ex-Vivo Dynamic 3D 
Culture of Human Tissues in the RCCS 
(TM) Bioreactor Allows the Study 
of Multiple Myeloma Biology and 
Response to Therapy. PLoS ONE. 8(8),  
(2013).

97. Reagan MR, Mishima Y, Glavey SV, 
Zhang Y, Manier S, Lu ZN, Memarzadeh 
M, Sacco A, Aljawai Y, Shi J, Tai YT, 
Ready JE, Kaplan DL, Roccaro AM, 
Ghobrial IM. Investigating osteogenic 
differentiation in multiple myeloma 
using a novel 3D bone marrow niche 
model. Blood. 124(22), 3250-3259 
(2014).

98. Zhang W, Gu Y, Sun Q, Siegel DS, 
Tolias P, Yang Z, Lee WY, Zilberberg 
J. Ex vivo maintenance of primary 
human multiple myeloma cells 

through the optimization of the 
osteoblastic niche. PLoS ONE. 10(5),  
(2015).

99. Kirshner J, Thulien KJ, Martin LD, 
Marun CD, Reiman T, Belch AR, Pilarski 
LM. A unique three-dimensional 
model for evaluating the impact of 
therapy on multiple myeloma. Blood. 
112(7), 2935-2945 (2008).

100. de la Puente P, Muz B, Gilson RC, Azab 
F, Luderer M, King J, Achilefu S, Vij R, 
Azab AK. 3D tissue-engineered bone 
marrow as a novel model to study 
pathophysiology and drug resistance 
in multiple myeloma. Biomaterials. 
73, 70-84 (2015).

101. Jakubikova J, Cholujova D, 
Hideshima T, Gronesova P, Soltysova 
A, Harada T, Joo J, Kong SY, Szalat 
RE, Richardson PG, Munshi NC, 
Dorfman DM, Anderson KC. A novel 
3D mesenchymal stem cell model 
of the multiple myeloma bone 
marrow niche: biologic and clinical 
applications. Oncotarget. 7(47), 
77326-77341 (2016).

102. Belloni D, Heltai S, Ponzoni M, Villa 
A, Vergani B, Pecciarini L, Marcatti M, 
Girlanda S, Tonon G, Ciceri F, Caligaris-
Cappio F, Ferrarini M, Ferrero 
E. Modeling multiple myeloma-
bone marrow interactions and 
response to drugs in a 3D surrogate 
microenvironment. Haematologica. 
103(4), 707-716 (2018).

103. Nooka AK, Kastritis E, Dimopoulos 
MA, Lonial S. Treatment options for 
relapsed and refractory multiple 
myeloma. Blood. 125(20), 3085-3099 
(2015).

104. Kumar SK, Rajkumar V, Kyle RA, van 
Duin M, Sonneveld P, Mateos MV, Gay 
F, Anderson KC. Multiple myeloma. 
Nat Rev Dis Primers. 3, 17046 (2017).

105. Lonial S. Relapsed multiple myeloma. 
Hematology Am Soc Hematol Educ 



193

A

References

Program. 2010, 303-309 (2010).

106. Sonneveld P, Broijl A. Treatment of 
relapsed and refractory multiple 
myeloma. Haematologica. 101(8), 995 
(2016).

107. Merin NM, Kelly KR. Clinical use 
of proteasome inhibitors in the 
treatment of multiple myeloma. 
Pharmaceuticals (Basel). 8(1), 1-20 
(2014).

108. Leleu X, Kyriakou C, Vande Broek I, 
Murphy P, Bacon P, Lewis P, Gilet H, 
Arnould B, Petrucci MT. Prospective 
longitudinal study on quality of 
life in relapsed/refractory multiple 
myeloma patients receiving second- 
or third-line lenalidomide or 
bortezomib treatment. Blood Cancer 
J. 7(3), e543 (2017).

109. Marcu-Malina V, Heijhuurs S, van 
Buuren M, Hartkamp L, Strand S, 
Sebestyen Z, Scholten K, Martens 
A, Kuball J. Redirecting alphabeta 
T cells against cancer cells by 
transfer of a broadly tumor-reactive 
gammadeltaT-cell receptor. Blood. 
118(1), 50-59 (2011).

110. Luetkens T, Yousef S, Radhakrishnan 
SV, Atanackovic D. Current Strategies 
for the Immunotherapy of Multiple 
Myeloma. Oncology (Williston Park). 
31(1), 55-63 (2017).

111. Larocca A, Mina R, Gay F, Bringhen 
S, Boccadoro M. Emerging drugs 
and combinations to treat multiple 
myeloma. Oncotarget. 8(36), 60656-
60672 (2017).

112. Gentile E, Cilurzo F, Di Marzio L, 
Carafa M, Ventura CA, Wolfram 
J, Paolino D, Celia C. Liposomal 
chemotherapeutics. Future Oncol. 
9(12), 1849-1859 (2013).

113. Barenholz Y. Doxil(R)--the first FDA-
approved nano-drug: lessons learned. 
J Control Release. 160(2), 117-134

(2012).

114. Sherbenou DW, Mark TM, Forsberg 
P. Monoclonal Antibodies in Multiple 
Myeloma: A New Wave of the Future. 
Clin Lymphoma Myeloma Leuk. 17(9), 
545-554 (2017).

115. Huehls AM, Coupet TA, Sentman CL. 
Bispecific T-cell engagers for cancer 
immunotherapy. Immunol Cell Biol. 
93(3), 290-296 (2015).

116. Hipp S, Tai YT, Blanset D, Deegen P, 
Wahl J, Thomas O, Rattel B, Adam PJ, 
Anderson KC, Friedrich M. A novel 
BCMA/CD3 bispecific T-cell engager 
for the treatment of multiple 
myeloma induces selective lysis in 
vitro and in vivo. Leukemia. 31(10), 
2278 (2017).

117. HogenEsch H, Nikitin AY. Challenges 
in pre-clinical testing of anti-cancer 
drugs in cell culture and in animal 
models. J Control Release. 164(2), 
183-186 (2012).

118. Suggitt M, Bibby MC. 50 years 
of preclinical anticancer drug 
screening: empirical to target-driven 
approaches. Clin Cancer Res. 11(3), 
971-981 (2005).

119. Saxe D, Seo EJ, Bergeron MB, Han 
JY. Recent advances in cytogenetic 
characterization of multiple 
myeloma. Int J Lab Hematol.  (2018).

120. Sawyer JR. The prognostic 
significance of cytogenetics and 
molecular profiling in multiple 
myeloma. Cancer Genet. 204(1), 3-12 
(2011).

121. Chng WJ, Dispenzieri A, Chim CS, 
Fonseca R, Goldschmidt H, Lentzsch 
S, Munshi N, Palumbo A, Miguel JS, 
Sonneveld P, Cavo M, Usmani S, Durie 
BG, Avet-Loiseau H, International 
Myeloma Working G. IMWG 
consensus on risk stratification in 
multiple myeloma. Leukemia. 28(2), 



194

Appendices

269-277 (2014).

122. Sonneveld P, Avet-Loiseau H, Lonial 
S, Usmani S, Siegel D, Anderson 
KC, Chng WJ, Moreau P, Attal M, 
Kyle RA, Caers J, Hillengass J, San 
Miguel J, van de Donk NW, Einsele 
H, Blade J, Durie BG, Goldschmidt H, 
Mateos MV, Palumbo A, Orlowski R. 
Treatment of multiple myeloma with 
high-risk cytogenetics: a consensus of 
the International Myeloma Working 
Group. Blood. 127(24), 2955-2962 
(2016).

123. Mulligan G, Mitsiades C, Bryant B, 
Zhan F, Chng WJ, Roels S, Koenig 
E, Fergus A, Huang Y, Richardson P, 
Trepicchio WL, Broyl A, Sonneveld 
P, Shaughnessy JD, Jr., Bergsagel 
PL, Schenkein D, Esseltine DL, Boral 
A, Anderson KC. Gene expression 
profiling and correlation with 
outcome in clinical trials of the 
proteasome inhibitor bortezomib. 
Blood. 109(8), 3177-3188 (2007).

124. Geeleher P, Cox NJ, Huang RS. Clinical 
drug response can be predicted using 
baseline gene expression levels and 
in vitro drug sensitivity in cell lines. 
Genome Biol. 15(3), R47 (2014).

125. Vangsted AJ, Helm-Petersen S, 
Cowland JB, Jensen PB, Gimsing P, 
Barlogie B, Knudsen S. Drug response 
prediction in high-risk multiple 
myeloma. Gene. 644, 80-86 (2017).

126. Majumder MM, Silvennoinen R, 
Anttila P, Tamborero D, Eldfors S, 
Yadav B, Karjalainen R, Kuusanmaki 
H, Lievonen J, Parsons A, SuvelaM, 
Jantunen E, Porkka K, Heckman CA. 
Identification of precision treatment 
strategies for relapsed/refractory 
multiple myeloma by functional drug 
sensitivity testing. Oncotarget. 8(34), 
56338-56350 (2017).

127. Misund K, Baranowska KA, Holien 
T, Rampa C, Klein DC, Borset M, 

Waage A, Sundan A. A method for 
measurement of drug sensitivity 
of myeloma cells co-cultured with 
bone marrow stromal cells. J Biomol 
Screen. 18(6), 637-646 (2013).

128. Khin ZP, Ribeiro ML, Jacobson T, 
Hazlehurst L, Perez L, Baz R, Shain 
K, Silva AS. A preclinical assay 
for chemosensitivity in multiple 
myeloma. Cancer Res. 74(1), 56-67 
(2014).

129. Silva A, Silva MC, Sudalagunta P, 
Distler A, Jacobson T, Collins A, 
Nguyen T, Song J, Chen DT, Chen L, 
Cubitt C, Baz R, Perez L, Rebatchouk 
D, Dalton W, Greene J, Gatenby 
R, Gillies R, Sontag E, Meads MB, 
Shain KH. An Ex Vivo Platform for 
the Prediction of Clinical Response 
in Multiple Myeloma. Cancer Res. 
77(12), 3336-3351 (2017).

130. Cordeiro Gomes A, Hara T, Lim VY, 
Herndler-Brandstetter D, Nevius E, 
Sugiyama T, Tani-Ichi S, Schlenner 
S, Richie E, Rodewald HR, Flavell 
RA, Nagasawa T, Ikuta K, Pereira 
JP. Hematopoietic Stem Cell Niches 
Produce Lineage-Instructive Signals 
to Control Multipotent Progenitor 
Differentiation. Immunity. 45(6), 
1219-1231 (2016).

131. Bennaceur-Griscelli A, Pondarre 
C, Schiavon V, Vainchenker W, 
Coulombel L. Stromal cells retard the 
differentiation of CD34(+)CD38(low/
neg) human primitive progenitors 
exposed to cytokines independent 
of their mitotic history. Blood. 97(2), 
435-441 (2001).

132. Gattazzo F, Urciuolo A, Bonaldo 
P. Extracellular matrix: a dynamic 
microenvironment for stem cell 
niche. Biochim Biophys Acta. 1840(8), 
2506-2519 (2014).

133. Fulzele K, Krause DS, Panaroni C, 
Saini V, Barry KJ, Liu X, Lotinun S, 
Baron R, Bonewald L, Feng JQ, 



195

A

References

Chen M, Weinstein LS, Wu JY, 
Kronenberg HM, Scadden DT, Divieti 
Pajevic P. Myelopoiesis is regulated 
by osteocytes through Gsalpha-
dependent signaling. Blood. 121(6), 
930-939 (2013).

134. Raaijmakers MH, Mukherjee S, Guo S, 
Zhang S, Kobayashi T, Schoonmaker 
JA, Ebert BL, Al-Shahrour F, Hasserjian 
RP, Scadden EO, Aung Z, Matza M, 
Merkenschlager M, Lin C, Rommens 
JM, Scadden DT. Bone progenitor 
dysfunction induces myelodysplasia 
and secondary leukaemia. Nature. 
464(7290), 852-857 (2010).

135. Ding L, Saunders TL, Enikolopov 
G, Morrison SJ. Endothelial 
and perivascular cells maintain 
haematopoietic stem cells. Nature. 
481(7382), 457-462 (2012).

136. Glettig DL, Kaplan DL. Extending 
human hematopoietic stem cell 
survival in vitro with adipocytes. 
Biores Open Access. 2(3), 179-185 
(2013). 

137. Braham MVJ, Minnema MC, Aarts T, 
Sebestyen Z, Straetemans T, Vyborova 
A, Kuball J, Oner FC, Robin C, Alblas 
J. Cellular immunotherapy on 
primary multiple myeloma expanded 
in a 3D bone marrow niche model. 
Oncoimmunology. 7(6), e1434465 
(2018).

138. Poldervaart MT, Gremmels H, van 
Deventer K, Fledderus JO, Oner FC, 
Verhaar MC, Dhert WJ, Alblas J. 
Prolonged presence of VEGF promotes 
vascularization in 3D bio printed 
scaffolds with defined architecture. 
J Control Release. 184, 58-66 (2014).

139. Braham MVJ, Ahlfeld T, Akkineni AR, 
Minnema MC, Dhert WJA, Oner FC, 
Robin C, Lode A, Gelinsky M, Alblas J. 
Endosteal and Perivascular Subniches 
in a 3D Bone Marrow Model for 
Multiple Myeloma. Tissue Eng Part C 

Methods. 24(5), 300-312 (2018).

140. Schuurman W, Levett PA, Pot 
MW, van Weeren PR, Dhert WJA, 
Hutmacher DW, Melchels FPW, Klein 
TJ, Malda J. Gelatin-Methacrylamide 
Hydrogels as Potential Biomaterials 
for Fabrication of Tissue-Engineered 
Cartilage Constructs. Macromolecular 
Bioscience. 13(5), 551-561 (2013).

141. Wu D, Yotnda P. Induction and 
testing of hypoxia in cell culture. J Vis 
Exp. (54),  (2011).

142. Asada N, Takeishi S, Frenette 
PS. Complexity of bone marrow 
hematopoietic stem cell niche. Int J 
Hematol. 106(1), 45-54 (2017).

143. Mendez-Ferrer S, Michurina TV, 
Ferraro F, Mazloom AR, Macarthur 
BD, Lira SA, Scadden DT, Ma'ayan 
A, Enikolopov GN, Frenette PS. 
Mesenchymal and haematopoietic 
stem cells form a unique bone 
marrow niche. Nature. 466(7308), 
829-834 (2010).

144. Omatsu Y, Sugiyama T, Kohara 
H, Kondoh G, Fujii N, Kohno K, 
Nagasawa T. The essential functions 
of adipo-osteogenic progenitors 
as the hematopoietic stem and 
progenitor cell niche. Immunity. 
33(3), 387-399 (2010).

145. Rafii S, Mohle R, Shapiro F, Frey 
BM, Moore MA. Regulation of 
hematopoiesis by microvascular 
endothelium. Leuk Lymphoma. 27(5-
6), 375-386 (1997).

146. Ludin A, Itkin T, Gur-Cohen S, Mildner 
A, Shezen E, Golan K, Kollet O, 
Kalinkovich A, Porat Z, D'Uva G, 
Schajnovitz A, Voronov E, Brenner 
DA, Apte RN, Jung S, Lapidot T. 
Monocytes-macrophages that express 
alpha-smooth muscle actin preserve 
primitive hematopoietic cells in the 
bone marrow. Nat Immunol. 13(11), 
1072-1082 (2012).



196

Appendices

147. Hur J, Choi JI, Lee H, Nham P, Kim TW, 
Chae CW, Yun JY, Kang JA, Kang J, 
Lee SE, Yoon CH, Boo K, Ham S, Roh 
TY, Jun JK, Lee H, Baek SH, Kim HS. 
CD82/KAI1 Maintains the Dormancy 
of Long-Term Hematopoietic Stem 
Cells through Interaction with DARC-
Expressing Macrophages. Cell Stem 
Cell. 18(4), 508-521 (2016).

148. Bruns I, Lucas D, Pinho S, Ahmed J, 
Lambert MP, Kunisaki Y, Scheiermann 
C, Schiff L, Poncz M, Bergman 
A, Frenette PS. Megakaryocytes 
regulate hematopoietic stem cell 
quiescence through CXCL4 secretion. 
Nat Med. 20(11), 1315-1320 (2014).

149. Nakamura-Ishizu A, Takubo K, 
Kobayashi H, Suzuki-Inoue K, Suda T. 
CLEC-2 in megakaryocytes is critical 
for maintenance of hematopoietic 
stem cells in the bone marrow. J Exp 
Med. 212(12), 2133-2146 (2015).

150. Pevsner-Fischer M, Levin S, Zipori D. 
The origins of mesenchymal stromal 
cell heterogeneity. Stem Cell Rev. 
7(3), 560-568 (2011).

151. Nombela-Arrieta C, Pivarnik G, 
Winkel B, Canty KJ, Harley B, 
Mahoney JE, Park SY, Lu J, Protopopov 
A, Silberstein LE. Quantitative 
imaging of haematopoietic stem 
and progenitor cell localization and 
hypoxic status in the bone marrow 
microenvironment. Nat Cell Biol. 
15(5), 533-543 (2013).

152. Toscani D, Bolzoni M, Accardi F, Aversa 
F, Giuliani N. The osteoblastic niche 
in the context of multiple myeloma. 
Annals of the New York Academy of 
Sciences. 1335, 45-62 (2015).

153. Amini AR, Laurencin CT, Nukavarapu 
SP. Bone tissue engineering: recent 
advances and challenges. Crit Rev 
Biomed Eng. 40(5), 363-408 (2012).

154. Fedorovich NE, Wijnberg HM, Dhert 
WJ, Alblas J. Distinct tissue formation 

by heterogeneous printing of osteo- 
and endothelial progenitor cells. 
Tissue Eng Part A. 17(15-16), 2113-
2121 (2011).

155. Fedorovich NE, Leeuwenburgh SC, 
van der Helm YJ, Alblas J, Dhert 
WJ. The osteoinductive potential 
of printable, cell-laden hydrogel-
ceramic composites. J Biomed Mater 
Res A. 100(9), 2412-2420 (2012).

156. Bianchi G, Richardson PG, Anderson 
KC. Promising therapies in multiple 
myeloma. Blood. 126(3), 300-310 
(2015).

157. Boussi L, Niesvizky R. Advances 
in immunotherapy in multiple 
myeloma. Curr Opin Oncol.  (2017).

158. Scheper W, van Dorp S, Kersting 
S, Pietersma F, Lindemans C, Hol S, 
Heijhuurs S, Sebestyen Z, Grunder 
C, Marcu-Malina V, Marchant A, 
Donner C, Plachter B, Vermijlen D, 
van Baarle D, Kuball J. gammadeltaT 
cells elicited by CMV reactivation 
after allo-SCT cross-recognize CMV 
and leukemia. Leukemia. 27(6), 1328-
1338 (2013).

159. Grunder C, van Dorp S, Hol S, Drent E, 
Straetemans T, Heijhuurs S, Scholten 
K, Scheper W, Sebestyen Z, Martens 
A, Strong R, Kuball J. gamma9 
and delta2CDR3 domains regulate 
functional avidity of T cells harboring 
gamma9delta2TCRs. Blood. 120(26), 
5153-5162 (2012).

160. Sebestyen Z, Scheper W, Vyborova 
A, Gu S, Rychnavska Z, Schiffler M, 
Cleven A, Cheneau C, van Noorden 
M, Peigne CM, Olive D, Lebbink RJ, 
Oostvogels R, Mutis T, Schuurhuis 
GJ, Adams EJ, Scotet E, Kuball J. 
RhoB Mediates Phosphoantigen 
Recognition by Vgamma9Vdelta2 T 
Cell Receptor. Cell Rep. 15(9), 1973-
1985 (2016).

161. Scheper W, Sebestyen Z, Kuball J. 



197

A

References

Cancer immunotherapy using gamma 
delta T cells: dealing with diversity. 
Frontiers in Immunology. 5,  (2014).

162. Straetemans T, Grunder C, Heijhuurs 
S, Hol S, Slaper-Cortenbach I, Bonig 
H, Sebestyen Z, Kuball J. Untouched 
GMP-Ready Purified Engineered 
Immune Cells to Treat Cancer. Clin 
Cancer Res. 21(17), 3957-3968 (2015).

163. Allison TJ, Winter CC, Fournie JJ, 
Bonneville M, Garboczi DN. Structure 
of a human gammadelta T-cell 
antigen receptor. Nature. 411(6839), 
820-824 (2001).

164. Stanislawski T, Voss RH, Lotz C, 
Sadovnikova E, Willemsen RA, Kuball 
J, Ruppert T, Bolhuis RL, Melief CJ, 
Huber C, Stauss HJ, Theobald M. 
Circumventing tolerance to a human 
MDM2-derived tumor antigen by TCR 
gene transfer. Nat Immunol. 2(10), 
962-970 (2001).

165. Gawlitta D, Fledderus JO, van Rijen 
MHP, Dokter I, Alblas J, Verhaar 
MC, Dhert WJA. Hypoxia Impedes 
Vasculogenesis of In Vitro Engineered  
Bone. Tissue Engineering Part A. 18(1-
2), 208-218 (2012).

166. Lopez-Corral L, Sarasquete ME, 
Bea S, Garcia-Sanz R, Mateos MV, 
Cor chete LA, Sayagues JM, Garcia 
EM, Blade J, Oriol A, Hernandez-
Garcia MT, Giraldo P, Hernandez J, 
Gonzalez M, Hernandez-Rivas JM, 
San Miguel JF, Gutierrez NC. SNP-
based mapping arrays reveal high 
genomic complexity in monoclonal 
gammopathies, from MGUS to 
myeloma status. Leukemia. 26(12), 
2521-2529 (2012).

167. Schuessler TK, Chan XY, Chen HJ, 
Ji K, Park KM, Roshan-Ghias A, 
Sethi P, Thakur A, Tian X, Villasante 
A, Zervantonakis IK, Moore NM, 
Nagahara LA, Kuhn NZ. Biomimetic 
tissue-engineered systems for 

advancing cancer research: NCI 
Strategic Workshop report. Cancer 
Res. 74(19), 5359-5363 (2014).

168. Zhang W, Lee Wy Fau - Siegel DS, 
Siegel Ds Fau - Tolias P, Tolias P Fau 
- Zilberberg J, Zilberberg J. Patient-
specific 3D microfluidic tissue model 
for multiple myeloma. (1937-3392 
(Electronic)),  

169. Koike N, Fukumura D, Gralla O, 
Au P, Schechner JS, Jain RK. Tissue 
engineering: creation of long-lasting 
blood vessels. Nature. 428(6979), 138-
139 (2004).

170. Jakob C, Sterz J, Zavrski I, Heider U, 
Kleeberg L, Fleissner C, Kaiser M, 
Sezer O. Angiogenesis in multiple 
myeloma. Eur J Cancer. 42(11), 1581-
1590 (2006).

171. Narbona-Carceles J, Vaquero 
J, Suarez-Sancho S, Forriol F, 
Fernandez-Santos ME. Bone marrow 
mesenchymal stem cell aspirates 
from alternative sources: is the knee 
as good as the iliac crest? Injury. 45 
Suppl 4, S42-47 (2014).

172. Via AG, Frizziero A, Oliva F. Biological 
properties of mesenchymal Stem 
Cells from different sources. Muscles 
Ligaments Tendons J. 2(3), 154-162 
(2012).

173. Vacca A, Ria R, Semeraro F, 
Merchionne F, Coluccia M, Boccarelli 
A, Scavelli C, Nico B, Gernone A, 
Battelli F, Tabilio A, Guidolin D, 
Petrucci MT, Ribatti D, Dammacco F. 
Endothelial cells in the bone marrow 
of patients with multiple myeloma. 
Blood. 102(9), 3340-3348 (2003).

174. Reagan MR, Ghobrial IM. Multiple 
myeloma mesenchymal stem cells: 
characterization, origin, and tumor-
promoting effects. Clin Cancer Res. 
18(2), 342-349 (2012).

175. Roodman GD. Pathogenesis of 
myeloma bone disease. Leukemia. 



198

Appendices

23(3), 435-441 (2009).

176. Andersen TL, Soe K, Sondergaard 
TE, Plesner T, Delaisse JM. Myeloma 
cell-induced disruption of bone 
remodelling compartments leads to 
osteolytic lesions and generation of 
osteoclast-myeloma hybrid cells. Br J 
Haematol. 148(4), 551-561 (2010).

177. Boyle EM, Davies FE, Leleu X, 
Morgan GJ. Understanding the 
multiple biological aspects leading to 
myeloma. Haematologica. 99(4), 605-
612 (2014).

178. Hughes V. Microenvironment: 
Neighbourhood watch. Nature. 
480(7377), S48-49 (2011).

179. Hecht M, Heider U, Kaiser M, von 
Metzler I, Sterz J, Sezer O. Osteoblasts 
promote migration and invasion 
of myeloma cells through 
upregulation of matrix 
metalloproteinases, urokinase 
plasminogen activator, hepatocyte 
growth factor and activation of p38 
MAPK. Br J Haematol. 138(4), 446-458 
(2007).

180. Corthay A, Skovseth DK, Lundin 
KU, Rosjo E, Omholt H, Hofgaard 
PO, Haraldsen G, Bogen B. Primary 
antitumor immune response 
mediated by CD4+ T cells. Immunity. 
22(3), 371-383 (2005).

181. Kabelitz D, Wesch D, He W. 
Perspectives of gammadelta T cells in 
tumor immunology. Cancer Research. 
67(1), 5-8 (2007).

182. Fisher JP, Heuijerjans J, Yan 
M, Gustafsson K, Anderson J. 
gammadelta T cells for cancer 
immunotherapy: A systematic review 
of clinical trials. Oncoimmunology. 
3(1), e27572 (2014).

183. Kocoglu M, Badros A. The Role 
of Immunotherapy in Multiple 
Myeloma. Pharmaceuticals (Basel). 
9(1),  (2016).

184. Krause DS, Scadden DT. A hostel 
for the hostile: the bone marrow 
niche in hematologic neoplasms. 
Haematologica. 100(11), 1376-1387 
(2015).

185. Ribatti D, Moschetta M, Vacca A. 
Microenvironment and multiple 
myeloma spread. Thromb Res. 133 
Suppl 2, S102-106 (2014).

186. Fairfield H, Falank C, Avery L, Reagan 
MR. Multiple myeloma in the marrow: 
pathogenesis and treatments. Ann N 
Y Acad Sci. 1364, 32-51 (2016).

187. McDonald MM, Fairfield H, Falank 
C, Reagan MR. Adipose, Bone, and 
Myeloma: Contributions from the 
Microenvironment. Calcif Tissue Int.  
(2016).

188. Di Maggio N, Piccinini E, Jaworski 
M, Trumpp A, Wendt DJ, Martin I. 
Toward modeling the bone marrow 
niche using scaffold-based 3D culture 
systems. Biomaterials. 32(2), 321-329 
(2011).

189. Griffith LG, Swartz MA. Capturing 
complex 3D tissue physiology in vitro. 
Nat Rev Mol Cell Biol. 7(3), 211-224 
(2006).

190. Yamada KM, Cukierman E. Modeling 
tissue morphogenesis and cancer in 
3D. Cell. 130(4), 601-610 (2007).

191. Lode A, Wolf-Brandstetter C, Reinstorf 
A, Bernhardt A, Konig U, Pompe 
W, Gelinsky M. Calcium phosphate 
bone cements, functionalized with 
VEGF: release kinetics and biological 
activity. J Biomed Mater Res A. 81(2), 
474-483 (2007).

192. Lode A, Meissner K, Luo Y, Sonntag 
F, Glorius S, Nies B, Vater C, Despang 
F, Hanke T, Gelinsky M. Fabrication of 
porous scaffolds by three-dimensional 
plotting of a pasty calcium phosphate 
bone cement under mild conditions. J 
Tissue Eng Regen Med. 8(9), 682-693 
(2014).



199

A

References

193. Akkineni AR, Luo Y, Schumacher 
M, Nies B, Lode A, Gelinsky M. 3D 
plotting of growth factor loaded 
calcium phosphate cement scaffolds. 
Acta Biomaterialia. 27, 264-274 
(2015).

194. Fedorovich NE, Haverslag RT, Dhert 
WJ, Alblas J. The role of endothelial 
progenitor cells in prevascularized 
bone tissue engineering: 
development of heterogeneous 
constructs. Tissue Eng Part A. 16(7), 
2355-2367 (2010).

195. Bose S, Tarafder S. Calcium phosphate 
ceramic systems in growth factor 
and drug delivery for bone tissue 
engineering: a review. Acta Biomater. 
8(4), 1401-1421 (2012).

196. Verron E, Khairoun I, Guicheux 
J, Bouler JM. Calcium phosphate 
biomaterials as bone drug delivery 
systems: a review. Drug Discov Today. 
15(13-14), 547-552 (2010).

197. Ginebra MP, Canal C, Espanol M, 
Pastorino D, Montufar EB. Calcium 
phosphate cements as drug delivery 
materials. Adv Drug Deliv Rev. 64(12), 
1090-1110 (2012).

198. Ginebra MP, Espanol M, Montufar EB, 
Perez RA, Mestres G. New processing 
approaches in calcium phosphate 
cements and their applications 
in regenerative medicine. Acta 
Biomater. 6(8), 2863-2873 (2010).

199. Papadimitropoulos A, Scherberich A, 
Guven S, Theilgaard N, Crooijmans 
HJ, Santini F, Scheffler K, Zallone A, 
Martin I. A 3D in vitro bone organ 
model using human progenitor cells. 
Eur Cell Mater. 21, 445-458; discussion 
458 (2011).

200. Wang P, Zhao L, Chen W, Liu X, Weir 
MD, Xu HH. Stem Cells and Calcium 
Phosphate Cement Scaffolds for 
Bone Regeneration. J Dent Res. 93(7), 
618-625 (2014).

201. Chaw KC, Manimaran M, Tay FE, 
Swaminathan S. Matrigel coated 
polydimethylsiloxane based 
microfluidic devices for studying 
metastatic and non-metastatic cancer 
cell invasion and migration. Biomed 
Microdevices. 9(4), 597-602 (2007).

202. Albritton JL, Miller JS. 3D bioprinting: 
improving in vitro models of 
metastasis with heterogeneous 
tumor microenvironments. Dis Model 
Mech. 10(1), 3-14 (2017).

203. Clapes T, Robin C. Embryonic 
development of hematopoietic stem 
cells: implications for clinical use. 
Regen Med. 7(3), 349-368 (2012).

204. Xu X, Farach-Carson MC, Jia X. 
Three-dimensional in vitro tumor 
models for cancer research and drug 
evaluation. Biotechnol Adv. 32(7), 
1256-1268 (2014).

205. de la Puente P, Azab AK. Nanoparticle 
delivery systems, general approaches, 
and their implementation in multiple 
myeloma. Eur J Haematol. 98(6), 529-
541 (2017).

206. Visani G, Loscocco F, Isidori A. 
Nanomedicine strategies for 
hematological malignancies: what 
is next? Nanomedicine (Lond). 9(15), 
2415-2428 (2014).

207. Lamichhane N, Udayakumar TS, 
D'Souza WD, Simone CB, 2nd, 
Raghavan SR, Polf J, Mahmood J. 
Liposomes: Clinical Applications and 
Potential for Image-Guided Drug 
Delivery. Molecules. 23(2),  (2018).

208. Martinez-Jothar L, Doulkeridou 
S, Schiffelers RM, Sastre Torano J, 
Oliveira S, van Nostrum CF, Hennink 
WE. Insights into maleimide-thiol 
conjugation chemistry: Conditions for 
efficient surface functionalization of 
nanoparticles for receptor targeting. 
J Control Release.  (2018).

209. Koning GA, Schiffelers RM, Wauben 



200

Appendices

MH, Kok RJ, Mastrobattista E, Molema 
G, ten Hagen TL, Storm G. Targeting 
of angiogenic endothelial cells at sites 
of inflammation by dexamethasone 
phosphate-containing RGD peptide 
liposomes inhibits experimental 
arthritis. Arthritis Rheum. 54(4), 1198-
1208 (2006).

210. Mitsiades CS, Mitsiades NS, Munshi 
NC, Richardson PG, Anderson KC. The 
role of the bone microenvironment in 
the pathophysiology and therapeutic 
management of multiple myeloma: 
interplay of growth factors, their 
receptors and stromal interactions. 
Eur J Cancer. 42(11), 1564-1573 (2006).

211. Michigami T, Shimizu N, Williams PJ, 
Niewolna M, Dallas SL, Mundy GR, 
Yoneda T. Cell-cell contact between 
marrow stromal cells and myeloma 
cells via VCAM-1 and alpha(4)beta(1)-
integrin enhances production of 
osteoclast-stimulating activity. Blood. 
96(5), 1953-1960 (2000).

212. Eetezadi S, De Souza R, Vythilingam 
M, Lessa Cataldi R, Allen C. Effects 
of Doxorubicin Delivery Systems 
and Mild Hyperthermia on Tissue 
Penetration in 3D Cell Culture Models 
of Ovarian Cancer Residual Disease. 
Mol Pharm. 12(11), 3973-3985 (2015).

213. Pattni BS, Nagelli SG, Aryasomayajula 
B, Deshpande PP, Kulkarni A, 
Hartner WC, Thakur G, Degterev A, 
Torchilin VP. Targeting of Micelles 
and Liposomes Loaded with the 
Pro-Apoptotic Drug, NCL-240, into 
NCI/ADR-RES Cells in a 3D Spheroid 
Model. Pharm Res. 33(10), 2540-2551 
(2016).

214. Lopez-Davila V, Magdeldin T, 
Welch H, Dwek MV, Uchegbu I, 
Loizidou M. Efficacy of DOPE/DC-
cholesterol liposomes and GCPQ 
micelles as AZD6244 nanocarriers in 
a 3D colorectal cancer in vitro model. 

Nanomedicine (Lond). 11(4), 331-344 
(2016).

215. Deshantri AK, Kooijmans SA, Kuijpers 
SA, Coimbra M, Hoeppener A, Storm 
G, Fens MH, Schiffelers RM. Liposomal 
prednisolone inhibits tumor growth 
in a spontaneous mouse mammary 
carcinoma model. J Control Release. 
243, 243-249 (2016).

216. Zuccari G, Milelli A, Pastorino F, Loi 
M, Petretto A, Parise A, Marchetti 
C, Minarini A, Cilli M, Emionite L, Di 
Paolo D, Brignole C, Piaggio F, Perri 
P, Tumiatti V, Pistoia V, Pagnan G, 
Ponzoni M. Tumor vascular targeted 
liposomal-bortezomib minimizes side 
effects and increases therapeutic 
activity in human neuroblastoma. J 
Control Release. 211, 44-52 (2015).

217. Yang X, Pang J, Shen N, Yan F, Wu LC, 
Al-Kali A, Litzow MR, Peng Y, Lee RJ, 
Liu S. Liposomal bortezomib is active 
against chronic myeloid leukemia 
by disrupting the Sp1-BCR/ABL axis. 
Oncotarget. 7(24), 36382-36394 
(2016).

218. Rozemuller H, van der Spek E, 
Bogers-Boer LH, Zwart MC, Verweij 
V, Emmelot M, Groen RW, Spaapen 
R, Bloem AC, Lokhorst HM, Mutis 
T, Martens AC. A bioluminescence 
imaging based in vivo model for 
preclinical testing of novel cellular 
immunotherapy strategies to 
improve the graft-versus-myeloma 
effect. Haematologica. 93(7), 1049-
1057 (2008).

219. McMillin DW, Delmore J, Weisberg 
E, Negri JM, Geer DC, Klippel S, 
Mitsiades N, Schlossman RL, Munshi 
NC, Kung AL, Griffin JD, Richardson 
PG, Anderson KC, Mitsiades CS. 
Tumor cell-specific bioluminescence 
platform to identify stroma-induced 
changes to anticancer drug activity. 
Nat Med. 16(4), 483-489 (2010).



201

A

References

220. Gelain F, Bottai D, Vescovi A, Zhang 
S. Designer self-assembling peptide 
nanofiber scaffolds for adult mouse 
neural stem cell 3-dimensional 
cultures. PLoS One. 1, e119 (2006).

221. Porter CJ, Moghimi SM, Illum L, 
Davis SS. The polyoxyethylene/
polyoxypropylene block co-polymer 
poloxamer-407 selectively redirects 
intravenously injected microspheres 
to sinusoidal endothelial cells of 
rabbit bone marrow. FEBS Lett. 
305(1), 62-66 (1992).

222. Davis SS, Illum L, Moghimi SM, Davies 
MC, Porter CJH, Muir IS, Brindley A, 
Christy NM, Norman ME, Williams P, 
Dunn SE. Microspheres for Targeting 
Drugs to Specific Body Sites. Journal 
of Controlled Release. 24(1-3), 157-
163 (1993).

223. Langhans SA. Three-Dimensional in 
Vitro Cell Culture Models in Drug 
Discovery and Drug Repositioning. 
Front Pharmacol. 9, 6 (2018).

224. Xu X, Sabanayagam CR, Harrington 
DA, Farach-Carson MC, Jia X. A 
hydrogel-based tumor model for the 
evaluation of nanoparticle-based 
cancer therapeutics. Biomaterials. 
35(10), 3319-3330 (2014).

225. Charoen KM, Fallica B, Colson 
YL, Zaman MH, Grinstaff MW. 
Embedded multicellular spheroids 
as a biomimetic 3D cancer model 
for evaluating drug and drug-device 
combinations. Biomaterials. 35(7), 
2264-2271 (2014).

226. Ngoune R, Peters A, von Elverfeldt 
D, Winkler K, Putz G. Accumulating 
nanoparticles by EPR: A route of no 
return. J Control Release. 238, 58-70 
(2016).

227. Sarin H. Physiologic upper limits of 
pore size of different blood capillary 
types and another perspective on the 
dual pore theory of microvascular 

permeability. J Angiogenes Res. 2, 14 
(2010).

228. Orlowski RZ, Voorhees PM, Garcia 
RA, Hall MD, Kudrik FJ, Allred T, 
Johri AR, Jones PE, Ivanova A, Van 
Deventer HW, Gabriel DA, Shea TC, 
Mitchell BS, Adams J, Esseltine DL, 
Trehu EG, Green M, Lehman MJ, 
Natoli S, Collins JM, Lindley CM, Dees 
EC. Phase 1 trial of the proteasome 
inhibitor bortezomib and pegylated 
liposomal doxorubicin in patients 
with advanced hematologic 
malignancies. Blood. 105(8), 3058-
3065 (2005).

229. Ciolli S, Leoni F, Casini C, Breschi C, 
Santini V, Bosi A. The addition of 
liposomal doxorubicin to bortezomib, 
thalidomide and dexamethasone 
significantly improves clinical 
outcome of advanced multiple 
myeloma. Br J Haematol. 141(6), 814-
819 (2008).

230. Ashley JD, Stefanick JF, Schroeder VA, 
Suckow MA, Kiziltepe T, Bilgicer B. 
Liposomal bortezomib nanoparticles 
via boronic ester prodrug formulation 
for improved therapeutic efficacy in 
vivo. J Med Chem. 57(12), 5282-5292 
(2014).

231. Malam Y, Loizidou M, Seifalian 
AM. Liposomes and nanoparticles: 
nanosized vehicles for drug delivery 
in cancer. Trends Pharmacol Sci. 
30(11), 592-599 (2009).

232. Kiziltepe T, Ashley JD, Stefanick JF, 
Qi YM, Alves NJ, Handlogten MW, 
Suckow MA, Navari RM, Bilgicer B. 
Rationally engineered nanoparticles 
target multiple myeloma cells, 
overcome cell-adhesion-mediated 
drug resistance, and show enhanced 
efficacy in vivo. Blood Cancer J. 2(4), 
e64 (2012).

233. Stefanick JF, Ashley JD, Bilgicer B. 
Enhanced cellular uptake of peptide-



202

Appendices

targeted nanoparticles through 
increased peptide hydrophilicity and 
optimized ethylene glycol peptide-
linker length. ACS Nano. 7(9), 8115-
8127 (2013).

234. Ashley JD, Stefanick JF, Schroeder 
VA, Suckow MA, Alves NJ, Suzuki R, 
Kikuchi S, Hideshima T, Anderson 
KC, Kiziltepe T, Bilgicer B. Liposomal 
carfilzomib nanoparticles effectively 
target multiple myeloma cells and 
demonstrate enhanced efficacy in 
vivo. J Control Release. 196, 113-121 
(2014).

235. Patel AG, Kaufmann SH. How does 
doxorubicin work? Elife. 1, e00387 
(2012).

236. Tahover E, Patil YP, Gabizon AA. 
Emerging delivery systems to reduce 
doxorubicin cardiotoxicity and 
improve therapeutic index: focus on 
liposomes. Anticancer Drugs. 26(3), 
241-258 (2015).

237. Jaganathan H, Gage J, Leonard F, 
Srinivasan S, Souza GR, Dave B, Godin 
B. Three-dimensional in vitro co-
culture model of breast tumor using 
magnetic levitation. Sci Rep. 4, 6468 
(2014).

238. Golde TE, Koo EH, Felsenstein 
KM, Osborne BA, Miele L. 
gamma-Secretase inhibitors and 
modulators.Biochim Biophys 
Acta. 1828(12), 2898-2907 (2013).

239. Pisklakova A, Grigson E, Ozerova 
M, Chen F, Sullivan DM, Nefedova 
Y. Anti-myeloma effect of 
pharmacological inhibition of Notch/
gamma-secretase with RO4929097 
is mediated by modulation of 
tumor microenvironment. Cancer 
Biol Ther. 17(5), 477-485 (2016).

240. Bhavsar C, Momin M, Khan T, Omri A. 
Targeting tumor microenvironment 
to curb chemoresistance via novel 
drug delivery strategies. Expert Opin 

Drug Deliv. 1-23 (2018).

241. Mitsiades CS, Davies FE, Laubach JP, 
Joshua D, San Miguel J, Anderson 
KC, Richardson PG. Future directions 
of next-generation novel therapies, 
combination approaches, and 
the development of personalized 
medicine in myeloma. J Clin Oncol. 
29(14), 1916-1923 (2011).

242. Miguel JS, Weisel K, Moreau P, Lacy 
M, Song K, Delforge M, Karlin L, 
Goldschmidt H, Banos A, Oriol A, 
Alegre A, Chen C, Cavo M, Garderet 
L, Ivanova V, Martinez-Lopez J, Belch 
A, Palumbo A, Schey S, Sonneveld P, 
Yu X, Sternas L, Jacques C, Zaki M, 
Dimopoulos M. Pomalidomide plus 
low-dose dexamethasone versus 
high-dose dexamethasone alone for 
patients with relapsed and refractory 
multiple myeloma (MM-003): a 
randomised, open-label, phase 3 
trial. Lancet Oncol. 14(11), 1055-1066 
(2013).

243. Lokhorst HM, Plesner T, Laubach 
JP, Nahi H, Gimsing P, Hansson M, 
Minnema MC, Lassen U, Krejcik J, 
Palumbo A, van de Donk NW, Ahmadi 
T, Khan I, Uhlar CM, Wang J, Sasser 
AK, Losic N, Lisby S, Basse L, Brun 
N, Richardson PG. Targeting CD38 
with Daratumumab Monotherapy 
in Multiple Myeloma. N Engl J 
Med. 373(13), 1207-1219 (2015).

244. Ubels J, Sonneveld P, van Beers EH, 
Broijl A, van Vliet MH, de Ridder J. 
Predicting treatment benefit in mul 
tiple myeloma through simulation 
of alternative treatment effects. 
Nat Commun. 9(1), 2943 (2018).

245. Furukawa Y, Kikuchi J. Epigenetic 
mechanisms of cell adhesion-
mediated drug resistance in multiple 
myeloma. Int J Hematol. 104(3), 281-
292 (2016).

246. Quach H, Ritchie D, Stewart AK, 



203

A

References

Neeson P, Harrison S, Smyth MJ, 
Prince HM. Mechanism of action of 
immunomodulatory drugs (IMiDS) in 
multiple myeloma. Leukemia. 24(1), 
22-32 (2010).

247. Holstein SA, McCarthy PL. 
Immunomodulatory Drugs in 
Multiple Myeloma: Mechanisms 
of Action and Clinical Experience. 
Drugs. 77(5), 505-520 (2017).

248. Braham MVJ, Deshantri AK, 
Minnema MC, Öner FC, Schiffelers 
RM, Fens MHAM, Alblas J. Liposomal 
drug delivery in an in vitro 3D bone 
marrow model for multiple myeloma 
Int J Nanomedicine. 13, 8105-8118 
(2018).

249. Fleming RA. An overview of 
cyclophosphamide and ifosfamide 
pharmacology. Pharmacotherapy. 
17(5 Pt 2), 146S-154S (1997).

250. Ranganathan P, Aggarwal R. 
Common pitfalls in statistical analysis: 
Understanding the properties of 
diagnostic tests - Part 1. Perspect Clin 
Res. 9(1), 40-43 (2018).

251. Cohen J. A Coefficient of Agreement 
for Nominal Scales. Educational and 
Psychological Measurement 20(1), 37-
46 (1960).

252. McHugh ML. Interrater reliability: 
the kappa statistic. Biochem Med 
(Zagreb). 22(3), 276-282 (2012).

253. Reske T, Fulciniti M, Munshi 
NC. Mechanism of action of 
immunomodulatory agents in 
multiple myeloma. Med Oncol. 27 
Suppl 1, S7-13 (2010).

254. Chang X, Zhu Y, Shi C, Stewart AK. 
Mechanism of immunomodulatory 
drugs’ action in the treatment of mul 
tiple myeloma. Acta Biochim Biophys 
Sin (Shanghai). 46(3), 240-253 (2014).

255. Zipori D. The hemopoietic stem cell 
niche versus the microenvironment 
of the multiple myeloma-tumor 

initiating cell. Cancer Microenviron. 
3(1), 15-28 (2010).

256. Manier S, Sacco A, Leleu X, Ghobrial 
IM, Roccaro AM. Bone marrow 
microenvironment in multiple 
myeloma progression. J Biomed 
Biotechnol. 2012, 157496 (2012).

257. Masters JR. HeLa cells 50 years on: the 
good, the bad and the ugly. Nat Rev 
Cancer. 2(4), 315-319 (2002).

258. Masters JR, Palsson B, Ø (Eds). Human 
Cell Culture, Cancer Cell Lines Part 
1-3. Dordrecht (Holland): Kluwer 
Academic Press; 2002.

259. Masters JR. Human cancer cell lines: 
fact and fantasy. Nat Rev Mol Cell 
Biol. 1(3), 233-236 (2000).

260. Friedenstein AJ, Piatetzky S, II, 
Petrakova KV. Osteogenesis in 
transplants of bone marrow cells. J 
Embryol Exp Morphol. 16(3), 381-390 
(1966).

261. Hanoun M, Maryanovich M, Arnal-
Estape A, Frenette PS. Neural 
regulation of hematopoiesis, 
inflammation, and cancer. Neuron. 
86(2), 360-373 (2015).

262. Jung WC, Levesque JP, Ruitenberg 
MJ. It takes nerve to fight back: The 
significance of neural innervation 
of the bone marrow and spleen for 
immune function. Semin Cell Dev 
Biol. 61, 60-70 (2017).

263. Winkler IG, Sims NA, Pettit AR, 
Barbier V, Nowlan B, Helwani F, 
Poulton IJ, van Rooijen N, Alexander 
KA, Raggatt LJ, Levesque JP. Bone 
marrow macrophages maintain 
hematopoietic stem cell (HSC) niches 
and their depletion mobilizes HSCs. 
Blood. 116(23), 4815-4828 (2010).

264. Chow A, Lucas D, Hidalgo A, Mendez-
Ferrer S, Hashimoto D, Scheiermann 
C, Battista M, Leboeuf M, Prophete 
C, van Rooijen N, Tanaka M, Merad 



204

Appendices

M, Frenette PS. Bone marrow 
CD169+ macrophages promote the 
retention of hematopoietic stem and 
progenitor cells in the mesenchymal 
stem cell niche. J Exp Med. 208(2), 
261-271 (2011).

265. Zhao M, Perry JM, Marshall H, 
Venkatraman A, Qian P, He XC, 
Ahamed J, Li L. Megakaryocytes 
maintain homeostatic quiescence and 
promote post-injury regeneration of 
hematopoietic stem cells. Nat Med. 
20(11), 1321-1326 (2014).

266. Scuteri A, Miloso M, Foudah D, 
Orciani M, Cavaletti G, Tredici G. 
Mesenchymal stem cells neuronal 
differentiation ability: a real 
perspective for nervous system 
repair? Curr Stem Cell Res Ther. 6(2), 
82-92 (2011).

267. Zeiger AS, Hinton B, Van Vliet KJ. 
Why the dish makes a difference: 
quantitative comparison of 
polystyrene culture surfaces. Acta 
Biomater. 9(7), 7354-7361 (2013).

268. Wang C, Tang Z, Zhao Y, Yao R, 
Li L, Sun W. Three-dimensional in 
vitro cancer models: a short review. 
Biofabrication. 6(2), 022001 (2014).

269. Antoni D, Burckel H, Josset E, Noel 
G. Three-dimensional cell culture: a 
breakthrough in vivo. Int J Mol Sci. 
16(3), 5517-5527 (2015).

270. Ravi M, Paramesh V, Kaviya SR, 
Anuradha E, Solomon FD. 3D cell 
culture systems: advantages and 
applications. J Cell Physiol. 230(1), 16-
26 (2015).

271. Haycock JW. 3D cell culture: a 
review of current approaches and 
techniques. Methods Mol Biol. 695, 
1-15 (2011).

272. O'Brien FJ. Biomaterials & scaffolds 
for tissue engineering. Materials 
Today. Volume 14(Issue 3), 88-95 
(2011).

273. Frantz C, Stewart KM, Weaver VM. 
The extracellular matrix at a glance. 
J Cell Sci. 123(Pt 24), 4195-4200 (2010).

274. Kleinman HK, Martin GR. Matrigel: 
basement membrane matrix with 
biological activity. Semin Cancer Biol. 
15(5), 378-386 (2005).

275. Hughes CS, Postovit LM, Lajoie GA. 
Matrigel: a complex protein mixture 
required for optimal growth of cell 
culture. Proteomics. 10(9), 1886-1890 
(2010).

276. Gjorevski N, Sachs N, Manfrin A, 
Giger S, Bragina ME, Ordonez-Moran 
P, Clevers H, Lutolf MP. Designer 
matrices for intestinal stem cell and 
organoid culture. Nature. 539(7630), 
560-564 (2016).

277. Wang Y, Kim R, Hinman SS, Zwarycz 
B, Magness ST, Allbritton NL. 
Bioengineered Systems and Designer 
Matrices That Recapitulate the 
Intestinal Stem Cell Niche. Cell Mol 
Gastroenterol Hepatol. 5(3), 440-453 
e441 (2018).

278. Susek KH, Korpos E, Huppert J, Wu 
C, Savelyeva I, Rosenbauer F, Muller-
Tidow C, Koschmieder S, Sorokin 
L. Bone marrow laminins influence 
hematopoietic stem and progenitor 
cell cycling and homing to the bone 
marrow. Matrix Biol. 67, 47-62 (2018).

279. Barre-Sinoussi F, Montagutelli X. 
Animal models are essential to 
biological research: issues and 
perspectives. Future Sci OA. 1(4), 
FSO63 (2015).

280. Matthews RA. Medical progress 
depends on animal models - doesn't 
it? J R Soc Med. 101(2), 95-98 (2008).

281. Perel P, Roberts I, Sena E, Wheble 
P, Briscoe C, Sandercock P, Macleod 
M, Mignini LE, Jayaram P, Khan KS. 
Comparison of treatment effects 
between animal experiments and 



205

A

References

clinical trials: systematic review. BMJ. 
334(7586), 197 (2007).

282. Mak IW, Evaniew N, Ghert M. Lost 
in translation: animal models and 
clinical trials in cancer treatment. Am 
J Transl Res. 6(2), 114-118 (2014).

283. García Morán GA, Parra-Medina R, 
Cardona AG, Quintero-Ronderos P, 
Garavito Rodríguez É. Cytokines, 
chemokines and growth factors. 
Bogota (Colombia): El Rosario 
University Press; 2013.

284. Shanks N, Greek R, Greek J. Are animal 
models predictive for humans? Philos 
Ethics Humanit Med. 4, 2 (2009).

285. Perrin S. Preclinical research: Make 
mouse studies work. Nature. 
507(7493), 423-425 (2014).

286. Wang A, Zhong H. Roles of the bone 
marrow niche in hematopoiesis, 
leukemogenesis, and chemotherapy 
resistance in acute myeloid leukemia. 
Hematology. 1-11 (2018).

287. Zhou HS, Carter BZ, Andreeff M. Bone 
marrow niche-mediated survival of 
leukemia stem cells in acute myeloid 
leukemia: Yin and Yang. Cancer Biol 
Med. 13(2), 248-259 (2016).

288. Blanco TM, Mantalaris A, Bismarck 
A, Panoskaltsis N. The development 
of a three-dimensional scaffold for 
ex vivo biomimicry of human acute 
myeloid leukaemia. Biomaterials. 
31(8), 2243-2251 (2010).

289. Bray LJ, Binner M, Korner Y, von 
Bonin M, Bornhauser M, Werner C. A 
three-dimensional ex vivo tri-culture 
model mimics cell-cell interactions 
between acute myeloid leukemia and 
the vascular niche. Haematologica. 
102(7), 1215-1226 (2017).

290. Li D, Lin TL, Lipe B, Hopkins RA, 
Shinogle H, Aljitawi OS. A novel 
extracellular matrix-based leukemia 
model supports leukemia cells with 
stem cell-like characteristics. Leuk 

Res. 72, 105-112 (2018).

291. Shiozawa Y, Eber MR, Berry JE, 
Taichman RS. Bone marrow as a 
metastatic niche for disseminated 
tumor cells from solid tumors. 
Bonekey Rep. 4, 689 (2015).

292. Ortiz A, Lin SH. Osteolytic and 
osteoblastic bone metastases: two 
extremes of the same spectrum? 
Recent Results Cancer Res. 192, 225-
233 (2012).

293. Pennock GK, Chow LQ. The Evolving 
Role of Immune Checkpoint Inhibitors 
in Cancer Treatment. Oncologist. 
20(7), 812-822 (2015).



206

Appendices

List of Abbreviations

2D Two-dimensional

3D Three-dimensional

4HC 4-hydroperoxy-cyclophosphamide

αMEM α-minimal essential media

κ Cohen’s kappa 

AA Alkylating agents

AML Acute myeloid leukemia

A-MSC Adipogenic mesenchymal stromal cell

ANOVA Analysis of variance

APC Allophycocyanin

ASCT Autologous stem cell transplantation

BSA Bovine serum albumin

BFU-E Burst-forming unit-erythroid

BM Bone marrow

BMA Bone marrow aspiration

Bort Bortezomib

CaCl2 Calcium chloride

CAM-DR Cell adhesion-mediated drug resistance

CAR Chimeric antigen receptor

Carf Carfilzomib

CFU-C Colony forming unit-cell assay

CFU-E Colony forming unit-erythroid

CFU-GEMM Colony-forming unit-granulocyte, erythrocyte, macrophage, 
megakaryocyte

CFU-GM Colony-forming unit-granulocyte, macrophage

CO2 Carbon dioxide

CoCL2 Cobalt (II) chloride hexahydrate

CPC Calcium phosphate cement

DAPI 4′,6-diamidino-2-phenylindole

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

Dox Doxorubicin

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
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DSPE 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N

EBM-2 Endothelial basal medium-2

ECM Extracellular matrix

ECTR Extended clinical treatment response

EDTA Ethylenediaminetetraacetic acid

EdU 5-ethynyl-2’-deoxyuridine

EGM-2 Endothelial cell growth medium-2

EPC Endothelial progenitor cell

FACS Fluorescence-activated cell sorting

FBS Fetal bovine serum 

FITC Fluorescein isothiocyanate

FTL-3 Fms like tyrosine kinase 3

GelMA Gelatin methacrylate

GFP Green fluorescent protein

HBS HEPES Buffered Saline

HD Healthy donor

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HPCs Hematopoietic progenitor cells

HR High risk

HSCs Hematopoietic stem cells

HSPC Hematopoietic stem and progenitor cell

IBMX Isobutyl-1-methylxanthine

IFNγ Interferon gamma

IL-3 Interleukin 3

IL-6 Interleukin 6

IMDM Iscove’s Modified Dulbecco’s Medium

IMiDs Immunomodulatory imide drugs

IVTR In vitro treatment response

LDH Lactate dehydrogenase

Len Lenalidomide

MACS Magnetic-activated cell sorting

Melp Melphalan

MGUS Monoclonal gammopathy of undetermined significance

MM Multiple myeloma

MNC Mononuclear cells
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mPEG2000 Methoxy(polyethylene glycol)-2000

MSC Multipotent mesenchymal stromal cell

MWCO Molecular weight cut-off

NaCl Sodium chloride

NPV Negative predictive value

OCT Optimum cutting temperature

O-MSC Osteogenic mesenchymal stromal cell

PBS Phosphate-buffered saline

PE Phycoerythrin

PEG Polyethylene glycol

PFTBA Perfluorotributylamine

PI Proteasome inhibitor

Pom Pomalidomide

PPV Positive predictive value

Rhod Rhodamine

RPMI Roswell Park Memorial Institute

RRMM Relapsed and/or refractory multiple myeloma

RT Room temperature

SATA N-succinimidyl S-acetylthioacetate

SCTR Strict clinical treatment response

SEM Scanning electron microscopy

SCF Stem cell factor

SCID Severe combined immunodeficiency

SCT Stem cell transplantation

SD Standard deviation

SNP Single nucleotide polymorphism

SR Standard risk

TBS Tris-buffered saline

TCR T cell receptor

TEG αβ T cells expressing Vγ9Vδ2 TCRs

Thal Thalidomide

TPO Thrombopoietin

TRITC Tetramethylrhodamine

UPLC Ultra high pressure liquid chromatography

VLA-4 Very late antigen-4 (integrin α4β1)
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