
Aus dem Institut für Medizinische Immunologie und dem 
Berlin Institute of Health Center for Regenerative Therapies, 

der Medizinischen Fakultät Charité ï Universitätsmedizin Berlin 
 
 

DISSERTATION 
 

 

New microphysiological bone marrow model system, allowing 
long-term plasma cells survival, suitable for immune drug testing 

 
Neues mikrophysiologisches Knochenmark-Modellsystem, das 
das Langzeitüberleben von Plasmazellen ermöglicht und sich 

für Testung von Immuntherapien eignet 
 
 

 

 

zur Erlangung des akademischen Grades  
Doctor of Philosophy (PhD) 

 

 

vorgelegt der Medizinischen Fakultät  
Charité ï Universitätsmedizin Berlin 

 

 

von  
 
 

Stefania Martini 
 

 

Erstbetreuung: Prof. Dr. med. Hans-Dieter Volk 

 
 
Datum der Promotion: 28/11/2025 



  

 

 



 i 

Table of Contents  

List of figures .................................................................................................................. iv 

List of abbreviations ......................................................................................................... v 

Zusammenfassung .......................................................................................................... 1 

Abstract ........................................................................................................................... 3 

Schematic overview of the PhD Thesis ........................................................................... 5 

1 Introduction ............................................................................................................... 6 

1.1  Long-lived plasma cells and bone marrow environment .................................... 6 

1.1.1 Plasma cells ............................................................................................... 6 

1.1.2 Bone marrow structure ............................................................................... 7 

1.2 ATMPs as novel approach to cure multiple myeloma ........................................ 8 

1.2.1 ATMPs ............................................................................................................. 8 

1.2.2 CAR T cell therapy for multiple myeloma ........................................................ 8 

1.3 Ex vivo survival and functionality of healthy and multiple myeloma plasma cells

 10 

1.3.1 2D culture ...................................................................................................... 10 

1.3.2 Murine models ............................................................................................... 10 

1.3.3 3D in vitro models .......................................................................................... 11 

1.4 Study hypothesis and design .......................................................................... 12 

2 Methods .................................................................................................................. 14 

2.1 Isolation of peripheral blood mononuclear cells (PBMCs) and T cells enrichment

 14 

2.2 T cells activation and expansion .......................................................................... 14 

2.3 Cancer cell lines culture ....................................................................................... 15 

2.4 CAR dsDNA template generation for HDR ........................................................... 15 

2.5 CRISPR-Cas9 Ribonucleproteins and dsDNA complexes formulation and 

electroporation ........................................................................................................... 16 



 ii 

2.6 Expansion of transduced CAR T cells .................................................................. 16 

2.7 TRAC-replaced CAR T cells 2D vital assay ......................................................... 17 

2.8 Bone Marrow Human Samples collection and dissection ..................................... 17 

2.9 Tissue cell detachment for flow cytometry analysis ............................................. 18 

2.10 Human bone marrow stromal cells culture and conditioned medium collection . 18 

2.11 Hydrogel (Col-HA) formulation and biomechanical characterization .................. 18 

2.12 Bone marrow static culture ................................................................................. 19 

2.13 Bone marrow dynamic microphysiological culture (BM-MPS) ............................ 20 

2.14 Histological preprocessing, slides acquisition and analysis ............................... 20 

2.15 Culture supernatant analysis .............................................................................. 20 

2.16 Flow cytometry ................................................................................................... 21 

2.17 3D CAR T cells vital preliminary observation ..................................................... 21 

2.18 CAR T cells transwell migration assay ............................................................... 22 

2.19 Data analysis, statistics, and presentation ......................................................... 22 

3 Results ................................................................................................................... 23 

3.1 Virus-free efficient production of TRAC-replaced CAR T cells ............................. 23 

3.2 Ex vivo characterization of primary bone marrow samples .................................. 24 

3.3 Col-HA 3D bone marrow encasing ....................................................................... 25 

3.4 Plasma cells relative survival in 3D primary bone marrow culture ....................... 26 

3.5 Microphysiological maintenance of plasma cells .................................................. 27 

3.6 Plasma cells supporting ligands and immunoglobulins production in culture 

supernatants .............................................................................................................. 27 

3.7 Preliminary observations ...................................................................................... 28 

3.7.1 BCMA expression .......................................................................................... 28 

3.7.2 CAR T cells and encasing hydrogel............................................................... 29 

4 Discussion .............................................................................................................. 31 

4.1  Summary, interpretation of results and current state of research .................... 31 



 iii 

4.2  Strengths and weaknesses of the study .......................................................... 33 

4.3  Implications for practice and/or future research .............................................. 34 

5 Conclusions ............................................................................................................ 36 

Reference list  ............................................................................................................... 37 

Statutory Declaration ..................................................................................................... 45 

Declaration of your own contribution to the publications ................................................ 46 

Excerpt from Journal Summary List ............................................................................... 47 

Printing copy(s) of the publication(s) ............................................................................. 50 

Curriculum Vitae .......................................................................................................... 106 

Publication list .............................................................................................................. 112 

Acknowledgments ....................................................................................................... 114 

 

 



List of figures iv 

 

List of figures  

¶ Figure 1: Schematic overview of the PhD Thesis ...................................................8 

¶ Figure 2: BCMA expression maintained along in vitro culture ..............................29 

¶ Figure 3: CAR T cells first tests ééééééé...................................................30 

 

 



List of abbreviations v 

 

List of abbreviations  

2D    two-dimensional 

3D    three-dimensional 

APRIL    a proliferation-inducing ligand 

ATMPs   advanced therapeutic medicinal products 

BAFF    B cell activating factor 

BCMA    B cell maturation antigen 

BM    bone marrow 

BPM    beats per minute 

BSA    bovine serum albumin 

CAR    chimeric antigen receptor 

Cas9    CRISPR associated protein 9 

CD    cluster of differentiation 

CITE-seq   cellular indexing of transcriptomes and epitopes sequencing 

CK    chemokines 

Col-HA   collagen-hyaluronic acid 

CR    complete remissions 

CRISPR   clustered regularly interspaced short palindromic repeats 

CXCL    C-X-C Motif Chemokine Ligand 

CXCR    C-X-C Motif Chemokine Receptor 

DMEM   Dulbecco's Modified Eagle Medium 

DMSO   dimethyl sulfoxide 

DNA    deoxyribonucleic acid 

dsDNA   double stranded DNA 

E    elastic modulus 



List of abbreviations vi 

 

ECM    extracellular matrix 

EDTA    Ethylenediaminetetraacetic acid 

FACS    Fluorescence-activated cell sorting 

FCRL5   Fc Receptor Like 5 

FCS    fetal calf serum 

FSC    forward scatter 

G´    storage modulus 

G´´    loss modulus 

GelMA   gelatin methacrylate 

GFP    green fluorescent protein 

HA    hyaluronic acid 

HDR    homology-directed repair 

HDRT    HDR template 

HLA    human leukocyte antigen 

HSCs    haematopoietic stem cells 

IDT    Integrated DNA Technologies 

Ig    immunoglobulin 

IL    interleukin 

IVC    individually ventilated cage 

MFI    mean fluorescence intensity 

MM    multiple myeloma 

MPS    microphysiological system 

MSCs    mesenchymal stromal cells 

OCM    optimized culture medium 

p/s    penicillin/streptomycin 

PBMCs   peripheral blood mononuclear cells 



List of abbreviations vii 

 

PBS    phosphate-buffered saline 

PCs    plasma cells 

PCR    polymerase chain reaction 

PFA    Paraformaldehyde 

PGA    Poly-L-glutamic acid 

RFP    red fluorescent protein 

RNA    ribonucleic acid 

RNP    ribonucleoprotein 

RPMI    Roswell Park Memorial Institute 

scRNA-seq   single-cell ribonucleic acid sequencing 

SEM    scanning electron microscopy 

sgRNA   single guide RNA 

SLAMF7   SLAM Family Member 7 

SN    supernatant collection 

SSC    side scatter 

TCR    T cell receptor 

Tig    total immunoglobulin 

TRAC    T cell receptor alpha constant 

UV    ultraviolet 

VCAM-1   vascular cell adhesion molecule 1 

VEGF    vascular endothelial growth factor 

 



Zusammenfassung 1 

 

Zusammenfassung  

Diese Dissertation untersucht die Entwicklung eines neuartigen dreidimensionalen (3D) 

Knochenmark (BM) Kultursystems, das einen bedeutenden Fortschritt für die ex-vivo Kul-

tivierung und das Überleben humaner Plasmazellen (PCs) darstellt. Durch die Verwen-

dung von primärem femoralem BM-Gewebe und einem Kollagen-Hyaluronsäure (Col-

HA) Hydrogel zeigt diese Studie erstmalig ein physiologisch relevanteres System im Ver-

gleich zu konventionellen Zellkulturen. Um die Gewebeintegrität in vitro zu erhalten, 

wurde ein speziell entwickeltes Col-HA-Hydrogel eingesetzt, dass die biomechanischen 

Eigenschaften des BM nachbilden. Unsere Studie demonstriert, dass im 3D-BM-Modell-

Modell wichtige Faktoren der BM-Mikronische für das Überleben der PCs teilweise nach-

gebildet werden. Zudem wurde ein speziell auf PCs abgestimmtes Kulturmedium verwen-

det. Das Langzeitüberleben und die Antikörperproduktion der PCs sind entscheidend für 

die Analyse hämatologischer Erkrankungen und die Entwicklung neuer Therapien. Das 

System wurde zudem unter dynamischen mikrophysiologischen Kulturbedingungen 

(MPS) getestet, um eine physiologischere Simulation der BM-Mikronische zu erforschen. 

Die Arbeit betont auch das Potenzial des Modells für zukünftige Anwendungen und weist 

auf wichtige Aspekte zur Weiterentwicklung hin. Laufende und künftige Forschung kon-

zentriert sich auf die Vaskularisierung, um die Nährstoffversorgung und Abfallbeseitigung 

der Zellen zu optimieren. Einzelzellanalysen wie scRNA CITE-seq sind unerlässlich, um 

ein detaillierteres Verständnis der Gewebszusammensetzung, Marker Expression, Funk-

tionalität und Interaktionen verschiedener Zellpopulationen zu gewinnen. Diese Analysen 

werden tiefere Einblicke in die Komplexität des BM-Mikroenviroments liefern und die Ent-

wicklung neuer Therapiestrategien vorantreiben.  

Ein zentrales Ziel dieser Studie war die Etablierung einer Testplattform zur Integration 

von chimerischen Antigenrezeptor (CAR) T Zellen in das 3D-BM-Modell. Die vorgestellte 

Generierung von CAR T Zellen mittels CRISPR-Cas9 Geneditierung, die im Rahmen ei-

nes Koorperationsprojekts durchgeführt wurde, bietet eine vielversprechende Alternative 

zur konventionellen viralen Transduktion. Die Integration von CAR-Transgenen in den 

TRAC-Locus von T Zellen, repräsentiert eine effektive Strategie für die Herstellung the-

rapeutisch relevanter Off-the-shelf Produkten. Erste Beobachtungen zeigen, dass TRAC 

CAR T Zellen funktional in dem 3D System interagieren. 
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Zusammenfassend zeigt diese Arbeit das Potenzial des 3D-BM-Kultursystems, um das 

Verständnis der Knochenmarksbiologie zu erweitern und die Entwicklung gezielter The-

rapien, wie z.B. CAR T-Zell-Behandlungen, zu fördern.  Diese Plattform kann helfen, die 

Kluft zwischen in vitro und in vivo Modellen zu überbrücken und die klinische Translation 

zu beschleunigen, um Patientenbehandlungen zu verbessern. 
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Abstract  

This dissertation explores the development of a novel three-dimensional (3D) bone mar-

row (BM) culture system, marking a significant advancement in the ex vivo survival of 

human plasma cells (PCs). By employing primary femoral BM tissue and a collagen-hy-

aluronic acid (Col-HA) hydrogel, this study established a more physiologically relevant 

environment than traditional cell culture models. A specifically designed Col-HA hydrogel, 

which reproduces some BM biomechanical properties, was the essential method imple-

mented to preserve primary tissue integrity in vitro.  Together with a PCs-tailored culture 

medium, our investigation demonstrated the obtained 3D BM culture system's ability to 

sustain key survival factors and replicate the complex BM microenvironment, thus sup-

porting the long-term viability and antibody production of PCs, which is crucial for studying 

haematological conditions and developing new treatments. The additional integration of 

a dynamic microphysiological system (MPS) aimed to further explore a more realistic 

simulation of the BM niche, providing valuable insights into cell behaviour and interactions 

within the hydrogel matrix. 

The present work also highlights the potential for future advancements in the outlined 3D 

BM model. Ongoing and upcoming research will focus on further optimizing the system 

through vascularization, which is critical for nutrient supply and waste removal, thereby 

enhancing cell survival and function. Single-cell analyses, such as scRNA CITE-seq, will 

be essential for detailed profiling of the in-tissue composition, marker expression, and 

interactions of different cell subpopulations. These analyses will provide deeper insights 

into the BM microenvironment's complexity and inform the development of advanced ther-

apeutic strategies. 

One of the significant aims of this study was the establishment of a testing platform to 

integrate chimeric antigen receptor (CAR) T cells into the 3D BM model. To this end, a 

collaborative project presented here achieved efficient and safe generation of CAR T cells 

via CRISPR-Cas9, offering a promising alternative to traditional viral transduction meth-

ods. TRAC locus insertion of CAR transgenes into T cells might pave the way for the 

creation of an effective therapeutic off-the-shelf strategy. Preliminary observations indi-

cate that TRAC-replaced CAR T cells interact effectively with the Col-HA hydrogel in a 

3D conformation. 
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In conclusion, this work underscores the potential of the 3D BM culture system in advanc-

ing our understanding of BM biology and improving the development of targeted thera-

pies, such as CAR T cell treatments. By connecting in vitro models with in vivo conditions, 

this research lays the foundation for more precise and efficient therapeutic approaches, 

with the ultimate goal of advancing clinical applications and enhancing patient outcomes. 
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Schematic overview of the PhD Thesis  

 

Graphical abstract created with BioRender and Affinity Designer, it surmises the results presented in this thesis, in-

cluding data from attached publications [1] (Martini et al. 2024), [2] (Kath et al. 2022), and preliminary unpublished 

data. 
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1 Introduction  

1.1  Long -lived plasma cells and bone marrow  environment  

1.1.1 Plasma cells 

The bone marrow (BM) is the central organ for haematopoiesis and a safe harbour for 

mature long-lived immune cells, such as antibody producing plasma cells (PCs) [3]. 

In secondary lymphoid organs, naïve B cells activated by antigens undergo proliferation 

and differentiate into plasmablasts that secrete antibodies. Shortly after their formation 

these cells stop dividing and either die or home into specialized tissues like the BM, or 

the lamina propria of the small intestine [4,5] to differentiate into PCs, including long-lived 

PCs. In inflamed tissue, PCs undergo apoptosis after insult resolution while long-lived 

PCs in specialised tissues can survive for decades [4].  

Pathogen-targeting antibodies produced by long-lived PCs, generated post-vaccination 

or infection, are central for protection against recurring infections. However, several dis-

eases are associated to altered PCs homeostasis or reactivity, linking abnormalities to 

malignant, autoimmune diseases and immunodeficiencies. The processes that govern 

the transition from short-lived to long-lived PCs remain poorly understood, yet they are 

critical for the creation of effective vaccines and immunotherapies. Insufficient antibody 

production following infection or vaccination is linked to weakened immunity and in-

creased risk of illness. Additionally, when immune tolerance is compromised, PCs that 

secrete self-reactive antibodies can lead to the development of chronic autoimmune dis-

orders. In addition, PCs with genetic mutations are responsible for multiple myeloma 

(MM), which is the second most common haematological cancer and remains incurable, 

even with the expansion of treatment options [6]. Consequently, PCs hold significant in-

terest across multiple fields, including basic immunology, clinical immunopathology, au-

toimmunity, oncology, and immunodeficiencies.  

Despite the importance of investigating PCs across various disciplines, it still exists a 

general lack of consensus regarding their BM maturation pathways, survival mecha-

nisms, required stimuli, cell-cell interactions, and surface marker expression. PCs are 

recognized as a heterogeneous population, characterized by diverse subsets identifiable 

through the expression of membrane-bound proteins such as CD19, CD27, CD38, CD45, 

and CD138. The precise roles of these cell surface molecules in the context of PCs and 

the BM are not yet fully understood. Membrane proteins´ mechanisms of action encom-

pass a broad range of functions, including activation, growth, survival signalling, cell-cell 



Introduction 7 

interactions, antibody production, and enzymatic activity. Additionally, the expression lev-

els of these markers can vary significantly depending on the PCs' in vivo maturation 

stage, the (patho-)physiological status of the BM, and in vitro culture conditions, leading 

to either enhanced or suppressed expression of the markers mentioned [7]. 

 

1.1.2 Bone marrow structure 

While precise anatomy and physiology of the BM is still far to be completely described, it 

is clear there is not just one unique environment but rather a series of sub-environment 

where temperature, oxygen, biomolecular and biomechanical gradients and cell-interac-

tions vary dramatically [8]. 

Trabecular bone within the bone cavities contains specialized microenvironments 

(niches) that host multiple cell types and a heterogeneous extracellular matrix (ECM) 

traversed by a network of arterial and sinusoidal vessels [9,10]. These BM complex struc-

tures exercise critical functions and provide immune cells with mechanical and molecular 

cues that enable development, proliferation, differentiation, and survival [9,10]. Three pri-

mary zones, progressing from higher to lower mechanical stiffness (from >30 kPa to 0.25 

kPa) [11,12],  are in the following order recognized: endosteal, central, and perivascular. 

The endosteal niche, situated between the BM and trabecular bone, houses osteoblasts, 

osteoclasts, osteocytes, and quiescent haematopoietic stem cells (HSCs)  amidst colla-

gen (type I and type IV) and fibronectin [13] . The central niche comprises a matrix rich in 

heparin, hyaluronic acid, fibronectin, and laminin, accommodating adipocytes, fibroblasts, 

and macrophages. The perivascular niche, located in proximity of the sinusoidal and ar-

terial networks, experiences elevated oxygen levels compared to other BM regions. The 

perivascular environment is characterized by type IV collagen, laminin, fibronectin, endo-

thelial cells, multipotent mesenchymal stromal cells (MSCs), CXCL-12 abundant reticular 

stromal cells and actively dividing HSCs [9]. 

The interactions between these niches are dynamic and reciprocal, essential for the phys-

iological maintenance of cellular elements. Various cell populations and chemotactic gra-

dients define these environments, facilitating constant inter-niche interactions crucial for 

cellular survival. The transition of short-lived plasmablasts into long-lived PCs requires a 

specialized environment termed PCs survival niche. PCs depend on intrinsic and extrinsic 

microenvironmental signals for their survival, although the precise molecular mechanisms 

remain elusive. PCs are closely associated with BM stromal cells, particularly reticular 

BM stromal cells expressing VCAM-1 and CXCL12. Stromal cells, together with basophils 
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and eosinophils, play a crucial role in providing essential ligands that support PCs adhe-

sion and survival. Key factors necessary for the long-term maintenance of PCs include 

IL-6 (interleukin-6, a cytokine known for promoting PCs survival in vitro and maintaining 

antibody levels), BAFF (B-cell activating factor), and APRIL (A proliferation-inducing lig-

and) [14]. Both APRIL and BAFF, which interact with BCMA receptors on PCs, activate 

signalling pathways that enhance Mcl-1 expression, an anti-apoptotic protein, thereby 

contributing to the longevity of PCs [5,8,15]. Beside tissue residents, transient niche cell 

populations or migratory cells are shown to produce soluble forms of the above-men-

tioned ligands, retained in the tissue via proteoglycans or by binding directly to syndecan-

1 (CD138) another well-characterized marker found on the surface of both plasmablasts 

and PCs. [8] 

 

1.2 ATMPs as novel approach to cure multiple myeloma  

1.2.1 ATMPs 

Advanced Therapeutic Medicinal Products (ATMPs) are medicinal products intended for 

human use that are derived from genes, tissues, cells, or combinations of these ele-

ments. Included in this category are gene therapeutics, somatic cells therapeutics, and 

tissue engineered products. Within the scope of this doctoral thesis, the main focus will 

be on Chimeric Antigen Receptor (CAR) T cells adopted therapies, belonging to the 

cell-based gene therapeutics. 

A significant attribute of ATMPs is their potential for the manufacture of modified products 

tailored for personalized (autologous) use or for general availability (allogeneic). This dis-

tinction is particularly crucial in the context of immunotherapies, where the choice be-

tween autologous and allogeneic substances must ensure therapeutic efficacy while min-

imizing adverse immune responses, such as graft-versus-host reactions, in the recipient. 

Predominantly, autologous T cells have been employed in clinical applications; however, 

there have also been attempts to develop allogeneic T cells for off-the-shelf use. Efforts 

to create universal CAR T cells involve the downregulation of human leukocyte antigen 

(HLA) epitopes to mitigate the risk of immunogenicity [16]. 

 

1.2.2 CAR T cell therapy for multiple myeloma 

MM is the second most common haematological cancer worldwide and causes over 

100.000 deaths worldwide every year [17,18]. At the time of diagnosis, MM consists of a 
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heterogenous population of different malignant and pre-malignant subclones [19,20]. MM 

cells are thought to develop from benign PCs via somatic mutations acquired over time 

[20]. 

Despite recent treatment advances with proteasome inhibitors, immunomodulatory 

agents and anti-CD38 monoclonal antibodies, MM remains largely incurable [21]. CAR-

equipped T cells represent a powerful new treatment modality  capable of achieving high 

response rates and even complete remissions (CR) in heavily pre-treated MM patients 

[22,23]. However, even patients who achieve with initial CR eventually relapse within 12-

18 months after CAR T cell administration [21]. In response to treatment, preexisting 

clones with therapy-resistant features can be selected under treatment pressure or 

emerge spontaneously via somatic mutation events. The most advanced CAR candidates 

use variable antibody fragments directed against the B cell maturation antigen (BCMA) 

[22ï25]. High BCMA expression on MM cells is associated with decreased apoptosis, 

increased proliferation, and homing capacities [25]. Anti BCMA CAR T cells clinical trials 

shown downregulation of BCMA occurring after an initial treatment response in some 

patients, but most relapsing tumour cells are BCMA positive. 

This suggests that disease progression is likely due to a failure in CAR T cell-mediated 

monitoring of MM cells, rather than antigen escape. Accordingly, the quality of CAR T 

cells needs to be improved to generate an ATMP with long-lasting effects. Clinical trials 

are currently exploring CAR T cells that target additional antigens associated with PCs, 

including CD38, CD138, SLAMF7, and FCRL5 [26]. However, some patients relapse after 

treatment despite having high CAR T cells levels [27], suggesting that microenvironmen-

tal factors render these T cells unresponsive. The mechanisms behind MM relapse after 

CAR T cell administration are still largely unknown [21]. Elucidating these pathways may 

enable the design of more effective CAR T cell products or allow for potent co-medication, 

potentially paving the way toward a cure for MM. 

MM is thought to develop primarily in the BM where transformed PCs exploit their niche 

to create a milieu characterized by immunosuppression and immune exhaustion [28]. Dif-

ferent tumour-derived molecules, such as IL-6, VEGF, directly or indirectly affect the local 

anti-tumour response. The inflammatory milieu promotes immature myeloid cells to adopt 

a myeloid-derived suppressor cell phenotype, which is closely linked to CAR T cell dys-

function in solid tumours and are likely to impede their activity in MM. Additionally, MM 

cells may become more resistant to immune-mediated killing. 
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1.3 Ex vivo  survival  and functionality of healthy and multiple myeloma plasma 

cells  

Emerging immunotherapies utilize precisely targeted CAR T cell therapy. At present, in 

vivo murine models and in vitro 2D cell cultures are the primary assay systems employed 

for evaluating T cell-based immunotherapeutics. However, these conventional test sys-

tems exhibit inherent limitations. 

 

1.3.1 2D culture 

Despite the malignant nature, primary MM cells cannot be easily cultured ex vivo, since 

their viability is compromised in the absence of stromal signals and components [29,30]. 

Consequently, most preclinical evaluation of novel treatments, including CAR T cells, are 

usually performed using MM-related cell lines that reflect parts of their in vivo biology but 

present a modified phenotype up- or downregulating common receptors in vitro and lack 

tissue-related stromal cues [31]. 

Additionally, a static 2D system allows only for a low cell density in culture (1-2 million 

cells/ml), which is 1.5-2 log levels lower than that found in human tissues [32].  Another 

challenging factor is the evaluation of in vivo transport (homing, migration) and tumour 

penetration of engineered cells after intravenous infusion, limiting the prediction of clinical 

efficacy of CAR T cells. 

 

1.3.2 Murine models 

Long-lived PCs subsets have been investigated mainly on murine models, due to the 

invasive intervention required to obtain human BM samples [33,34]. 

3D animal model systems like mice can be of interest in observing spatial relationships 

and behaviours of PCs and their niche but present substantial species-specific differ-

ences with the human immune system [34].  

Nonetheless, transgenic mice models are created to reproduce and investigate incurable 

PCs malignancies like MM [35]. Conventional mouse models are not suitable for direct 

testing of innovative drugs, since major effectors of these immunotherapies are human T 

lymphocytes - both the biologics class of CD3 engagers and checkpoint inhibitors have 

specific targets on human T lymphocytes, most of which do not cross-react with the 

mouse homologues [36]. Humanized mice are increasingly used, severely immunodefi-

cient mice that are transplanted with a human (partial) immune system. However, these 
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models present numerous inherent limitations [37]. The immunodeficient animals are sub-

ject to high stress due to the IVC cabinet usage, the inability to develop secondary im-

mune organs even after immune cell transfer, and lack of interaction with human endo-

thelial cells. Furthermore, the administered human T cells, particularly polyclonal T cells 

used for testing biologics, recognize the mouse antigens as foreign, causing the animals 

to develop xenogeneic graft-versus-host disease [35ï37]. 

 

1.3.3 3D in vitro models 

For a more reliable representation of the tumour microenvironment better in vitro models 

are needed to understand the local regulatory mechanisms and develop more effective 

CAR T cell therapies [21,38]. 

3D tissue models, that mimic the natural environment of complex cell-cell-interactions 

allow the analysis of human processes in a physiologically relevant environment and en-

able faster translation of novel therapies into patients [38]. 

In the context of MM, hydrogel-based 3D cultures have been investigated to determine 

whether primary MM cells can be sustained in vitro when provided with the appropriate 

mechanical and biological cues, such as IL-6-driven immunoglobulin production stimuli 

[31]. Co-cultures involving malignant PCs, endothelial progenitor cells, and MSCs have 

been successfully established [39,40]. Many scaffolds and three-dimensional (3D) con-

structs are primarily derived from bioprinting techniques, or utilizing materials such as 

collagen I, elastin, GelMA, alginate, and Matrigel® that can be further functionalized with 

peptides to enhance adhesion and influence cell signalling pathways [40,41]. Studies 

have demonstrated that MM-reactive T cells effectively eradicate MM cell lines and pa-

tient-derived samples within these 3D environments, indicating the potential application 

of similar models for testing CAR T cell therapies and exploring tumour resistance mech-

anisms [37,41]. Evaluation of the predictive value of this in vitro BM model revealed a 

strong correlation with patient treatment responses to alkylating agents and proteasome 

inhibitors. However, this correlation was not observed for immune-modulatory drugs, 

likely due to the absence of immune cells in the model [40]. This finding underscores the 

need for more complex in vitro MM models to uncover novel pathways of tumour re-

sistance to CAR T cell therapies [37]. 

Moreover, the incorporation of flow in culture systems would be crucial for the application 

of ATMPs within this context. These advanced therapies are administered intravenously 

and must demonstrate effective interactions with their targets, which are physiologically 
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embedded within complex 3D tissue structures. Despite these advancements, hydrogels 

or other matrices are still in the first stages of development towards the creation of a 

relevant microfluidic 3D model of non-malignant or malignant human BM and its PCs [41]. 

 

1.4 Study hypothesis and design  

Overall Goal: 

This study aims to develop a platform for the survival of non-malignant PCs as a prelimi-

nary step toward creating a microphysiological BM 3D tissue model. The goal is to facili-

tate both (patho-)physiological studies of PCs and to serve as a clinically relevant testing 

system for investigational drug development, including ATMPs, while overcoming the lim-

itations of conventional 2D and murine models. The proposed model can be adapted to 

culture samples derived from MM patients, providing a customized testing platform for 

ATMPs. 

 

Subtask 1: 

Encapsulate the entire BM tissue, including the native trabecular bone structure (whole 

tissue fragments), in a photo-crosslinkable type 1 collagen-hyaluronic acid (Col-HA) hy-

drogel. This approach combines high biological relevance with adjustable mechanical 

stability and a precise, light-mediated encasement process. Unlike other methods that 

use artificial scaffolds to assemble individual BM components like MSCs and HSCs, our 

method aims to preserve the complex architecture and cellular interactions directly from 

primary tissue samples. 

 

Subtask 2: 

Develop a BM microfluidic chip platform to enable the long-term in vitro maintenance of 

PCs, preserving their entire physiological survival niche. A static 3D culture may fail to 

convey other important physiological cues related to the presence of a pulsating blood 

flow and connection to other organ systems.  By comparing static cell cultures with com-

mercial microfluidic devices, we aim to create a more dynamic and functional model. 

 

Subtask 3: 

Observation of the impact our dedicated culture medium and self-sustaining capabilities 

of the system in production of well-known PCs survival molecules. Investigation of immu-

noglobulin production along the in vitro culture as first-step in evaluating PCs functionality. 
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Subtask 4: 

Initial assessment of BCMA expression on cultured PCs and in-house produced CAR T 

cells possible interaction within the system. 

 

Outlook: 

Once established, the platform will serve as a personalized tool for investigating the effi-

cacy of cellular therapies, including CAR-T cells, TCR-modified T cells, and T cell engag-

ers. It will also facilitate the exploration of pathology mechanisms, such as disease recru-

descence and the endurance of malignant cells, potentially advancing our understanding 

of tissue-related pathologies. 

Further development of this advanced pre-clinical human model system could lead to a 

reduction in animal testing models, providing a more representative human immune sys-

tem replica and addressing the need for improved pre-clinical testing methods. 
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2 Method s 

The methods section here presented refers to the attached publication [1] (Martini et al. 

2024), [2] (Kath et al. 2022), and preliminary unpublished data. While summarizing main 

methodologies discussed in the manuscript, for a detailed account of all materials and 

methods for creation and production of TRAC-replaced CAR T cells (sgRNA selection 

and production, homology-directed repair (HDR) enhancing drug treatments and in vivo 

testing), please consult the attached publication [2]. 

 

2.1 Isolation of peripheral blood mononuclear cells (PBMCs) and T cells enrich-

ment  

Density-gradient centrifugation was used to isolate peripheral blood mononuclear cells 

(PBMCs). Centrifugation of phosphate-buffered saline (PBS)-diluted whole blood layered 

on PANcoll separation medium (PAN Biotech) was carried out at 800g for 20 minutes at 

room temperature without using the brake function, to maintain the integrity of the layers. 

After centrifugation, the mononuclear cell layer was harvested and transferred to new 50 

mL Falcon tubes and washed twice with PBS to remove residual Ficoll and thrombocytes. 

Resuspended PBMCs pellets were counted using a Neubauer haemocytometer. CD3 

positive T cells enrichment was carried using magnetic column separation, employing 

human CD3 microbeads as per the manufacturer's guidelines (LS columns, Miltenyi Bio-

tec). 

The study was conducted in compliance with the Declaration of Helsinki. Peripheral blood 

samples were collected from healthy adult volunteers after obtaining informed consent, 

following approval from the Charité ethics committee (EA4/091/19). 

 
2.2 T cells activation and expansion  

To achieve optimal activation and expansion, T cells need three signals: activation via 

the T cell receptor/CD3 complex, co-stimulation through co-receptors such as CD28, and 

cytokines that support proliferation. To provide these signals, enriched T cell cultures 

were cultured in RPMI 1640 (PAN Biotech), 10% heat-inactivated fetal calf serum (FCS) 

(Biochrom), supplemented with recombinant IL-2 (200 IU/mL), IL-7 (10 ng/mL), and IL-15 

(5 ng/mL). Stimulation of T cells was executed on 24-well plates (Corning) with immobi-

lized anti-CD3 and ant-CD28 antibodies for 48 hours (cells density 1-1.5 million/well). The 

plates were coated by incubating them overnight with 500 ɛL per well of sterile water 
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containing 1 ɛg/mL anti-CD3 monoclonal antibody (clone OKT3, Invitrogen) and 1 ɛg/mL 

anti-CD28 monoclonal antibody (clone CD28.2, BioLegend). After coating, the plates 

were washed twice with PBS and once with RPMI to maintain well hydration. T cells were 

then incubated at 37°C in 5% CO2. 

 

2.3 Cancer cell lines culture  

Cryopreserved NALM-6 and MM.1S cancer cell lines were obtained from the German 

Collection of Microorganisms and Cell Cultures (DSMZ). Thawed cell lines were cultured 

in RPMI 1640 (PAN Biotech), 10% FCS (Biochrom), 1% penicillin/streptomycin (p/s, 

Gibco), incubated at 37°C with 5% CO2 and passaged every 2 to 3 days. Both cell lines 

were genetically engineered to either express green fluorescent protein (GFP) (MM.1S, 

CD19 positive NALM-6) and red fluorescent protein (RFP) (CD19 negative NALM-6) and 

Firefly Luciferase. 

 
 

2.4 CAR dsDNA template generation for HDR  

For a more detailed methodology on dsDNA template generation please refer to the at-

tached publication [2] (Kath et al. 2022). 

A second generation CD19 CAR, comprising a FMC63-derived CD19-specific single-

chain variable fragment, an immunoglobulin (Ig) G4 derived linker, an IgG1-derived hinge 

domain, a CD28 transmembrane and intracellular domain as well as a CD3-zeta domain 

was developed. The CAR was followed by a STOP codon and a bovine Growth Hormone-

derived poly-adenylation sequence. This expression cassette was flanked by 400bp se-

quences homologous to the TRAC gene adjacent to the guide-RNA target site (homology 

arms). The Integrated DNA Technologies (IDT) codon optimization tool was employed to 

optimize the transgene DNA sequence for expression in human cells. HDR-template se-

quences (HDRT) were synthesized as gBlocksÊ Gene Fragments by IDT and cloned 

into a pUC19 vector using In-Fusion according to the manufacturerôs guidelines (Clon-

tech, Takara). The cloning strategies were planned using SnapGene software (Insightful 

Science). 

The Department of Translational Tumorimmunology, and the Department of Microenvi-

ronmental Regulation in Autoimmunity and Cancer at Max-Delbrück-Center for Molecular 

Medicine developed the BCMA.4-1BB-zeta CAR, and additionally provided us with the 

plasmid [42]. Obtained CAR transgenes (on lenti- and retroviral expression plasmids) 
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were amplified via PCR (Kapa Hotstart HiFi Polymerase Readymix, Roche) and cloned 

into a pUC19-backbone with TRAC-homology arms. Plasmids with HDR donor templates 

sequence validation was conducted using Sanger Sequencing by LGC Genomics. A sub-

sequent step of purification and concentration of the PCR-amplified HDR templates prod-

ucts utilized paramagnetic beads (AMPure XP, Beckman Coulter Genomics). 2 mg/mL of 

purified CAR TRAC HDR templates concentration in nuclease-free water was reached.  

 

2.5 CRISPR-Cas9 Ribonucleproteins and dsDNA complexes formulation and elec-

troporation  

For a more detailed formulation of electrophoresis buffer, and HDR enhancer medium 

supplementation please refer to the attached publication [2] (Kath et al. 2022). 

0.48 µL of synthetic modified single guide RNA (sgRNA, IDT, 100 µM) in  TE buffer 

(Synthego), together with 0.4 µL recombinant Streptococcus pyogenes Cas9 protein (Alt-

R S.p. Cas9 Nuclease V3, IDT, 61 µM) were mixed in 0.5 µL (100 µg/µL) of Poly-L-glu-

tamic acid (PGA) solution. The 2:1 molar ratio of sgRNA versus Cas9 protein was chosen 

to obtain formation of the ribonucleoprotein (RNPs) complexes ensuring saturation of 

Cas9 with sgRNA. Described volumes are sufficient for electroporation of up to 1 million 

primary human T cells. 

After removal of all culture medium, previously activated and expanded T cells are resus-

pended in 20 µL/million cells of cold electroporation buffer (Lonza) and mixed with 1.88 

µL of RNP complex suspension and 0.5 µL of HDRT suspension per million cells. Trans-

fection is performed via electroporation with 4D-Nucleofector Device (Lonza, program 

EH-115). After electroporation, T cells were resuspended at density of 2.5 million cells 

per well (24-well flat-bottom plates, Corning) in pre-warmed cytokines and FCS enriched 

RPMI 1640 culture medium (T cell medium), containing or not HDR enhancer supple-

ments. 

 

2.6 Expansion of transduced CAR T cells  

Transduced CAR T cells were kept in culture in T cell medium on 24-well plates, and for 

additional expansion, they were moved to G-Rex®10 devices (Wilson Wolf). Produced 

CAR T cells underwent preservation via FCS with 10% DMSO freezing procedure 14 

days after initial blood collection. Preserved cells were aliquoted at a concentration of 107 

cells/mL. 
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2.7 TRAC-replaced CAR T cells 2D vital  assay  

To assess constitutional capability of effector T cells to effectively eliminate their target 

antigen, TRAC-replaced CD19 CAR T cells, TRAC-replaced BCMA CAR T cells, and 

unedited T cells were tested via flow cytometry-based cytotoxicity assay. To assess cy-

totoxicity in a cell ratio dependent manner, effector cells were cultured together with target 

and control cells. 

For the TRAC-replaced CD19 CAR T cells assay, cancer cell line NALM-6 cells (CD19+, 

BCMA-) acted as target cells and were engineered to constitutively express GFP. To ob-

serve and exclude non-specific cell toxicity, NALM-6 cells previously knocked-out for 

CD19 marker and engineered instead to force expression of RFP, served as control cells. 

To test TRAC-replaced BCMA CAR T cells, the same control cells were used, whereas 

GFP expressing cancer cell line MM.1S (CD19-, BCMA+) functioned as target. To ob-

serve dose dependent cytotoxicity, different cell ratio between effector:target:control cells 

were tested, while maintaining the target to control ratio the same (as in 1:2:2, 1:1:1, and 

1:0.2:0.2). 96-well, round-bottom, cell-culture plates hosted the co-cultures at 37°C, 5% 

CO2. After 4 hours of incubation, remaining cells were harvested, washed and resus-

pended in PBS to eliminate cell medium residue. LIVE/DEAD Fixable Blue Dead Cell 

Stain (Invitrogen) dye was applied to discard cells that underwent apoptotic process in 

the flow cytometry readout process. 

GFP positive signal from alive target cells versus RFP positive signal from alive control 

cell ratio was used as a mean to assess T cells relative cytotoxicity. 

 

2.8 Bone Marrow Human Samples  collection and dissection  

Trabecular human BM samples were collected from 26 patients undergoing hip arthro-

plasty due to coxarthrosis (Martini et al., Supplementary figure S1) [1]. Donors included 

an equal number of males and females while comorbidities present at the time of surgery 

were unrelated to PCs impairment (Martini et al., Supplementary table T1) [1]. Biological 

samples were collected after informed consent from patients treated at the Center for 

Musculoskeletal Surgery at Charité university hospital in compliance with the Declaration 

of Helsinki (Ethics Committee of Charité - Universitätsmedizin Berlin EA1/090/21). 

While maintaining sterile conditions, dissection of the biological material in smaller pieces 

was carried out to execute both ex vivo tissue characterization and in vitro culture. All 

newly created fragments length, width and depth were measured to assess initial volume 
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and provide a mean of normalization for 100 cubic millimetres of tissue in further evalua-

tions. 

 

2.9 Tissue cell detachment for flow cytometry analysis  

Cells were detached from ex vivo tissue (day 0) and cultured pieces (all timepoints) for 

flow cytometric analysis. BM-sampled pieces were resuspended twice in 5 mL of detach 

buffer containing PBS (Gibco), 5mM EDTA (VWR Life Science), and 1% bovine serum 

albumin (BSA, Miltenyi). The suspensions were gently inverted approximately 20 times, 

and the supernatant was collected through a 100 µm cell strainer. The collected cell sus-

pensions underwent cold erylysis (Qiagen). Cells were then strained and resuspended in 

PBS with 0.5% heat-inactivated fetal calf serum (FCS, Biochrom) and either seeded for 

human BM-stromal cells recovery or analysed for cell subset distribution via flow cytom-

etry using a Cytoflex LX device (Beckman Coulter). 

 

2.10 Human bone marrow stromal cells culture and conditioned medi um collection  

BM ex vivo sample portion not used either for day 0 flow cytometry or smaller fragment 

sampling was used to harvest adherent cells. Cells were detached as previously de-

scribed and flask cultured (Corning Inc) with DMEM low-glucose basal medium (Sigma-

Aldrich), supplemented with and 2 mM L-alanyl-L-glutamine (GlutaMAX, Gibco), 10% 

FCS, and 1% p/s (Gibco). After 24 hours of incubation at 37°C and 5% CO2, the flasks 

were washed with PBS to remove non-adherent cells, selecting for the stromal compart-

ment. Stromal cells were cultured until 70-80% confluency, then washed with PBS and 

cultured with DMEM medium with 1% FCS. After 24 hours of incubation in FCS-reduced 

culture medium, conditioned medium was aliquoted to subsequent storage at -80°C for 

later use in PCs optimized culture medium (OCM). 

 

2.11 Hydrogel (Col -HA) formulation and biomechanical characterization  

A hydrogel composed of type 1 collagen and hyaluronic acid (Col-HA) was used to en-

capsulate the BM tissue for 3D cell culture in vitro. Telopeptide-intact methacrylated type 

1 collagen (Advanced Biomatrix) was reconstituted to 6 mg/mL and mixed with thiolated 

hyaluronic acid (Advanced Biomatrix) reconstituted to 10 mg/mL in a 0.1% Irgacure 2959 

solution (Advanced Biomatrix) at a 2:1 volume ratio. This mixture was then diluted in cul-

ture medium at a 1:1 volume ratio and cast into 96-well membrane plates (Sigma-Aldrich) 

containing BM samples or directly into HUMIMIC Chip2 chambers (TissUse GmbH) for 
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dynamic microphysiological culture (MPS). Photopolymerization was initiated by UV-A 

light exposure (1.4 W/cm2) for 3 seconds. 

Col-HA biomechanical properties were assessed through unconfined uniaxial compres-

sion testing (TestBench LM1 system, BOSE) at a rate of 0.016 mm/s until 15% strain, 

and data were analysed using a custom MATLAB script to determine the elastic modulus 

(E). Rheological properties, including storage modulus (G') and loss modulus (G''), were 

measured using a HR-20 rheometer (TA Instrument) with TRIOS analysis software. Both 

tests were conducted at room temperature after equilibrating the hydrogel samples in 

PBS. 

For scanning electron microscopy (SEM), Col-HA gel pellets were frozen at -80°C over-

night, lyophilized, sputter-coated with gold/palladium particles, and imaged using a Gem-

iniSEM 300 (Zeiss) at 7.0 kV and a working distance of 7.0-7.9 mm. Pore size diameters 

of 10 to 20 pores per SEM image were measured using Fiji software. 

Proteolytic degradation of Col-HA hydrogels was evaluated by incubating empty gels with 

a Collagenase P solution (1.04 U/mL, Sigma-Aldrich) at 37°C on a shaker plate, with 

weight measurements taken hourly until complete dissolution. 

Swelling was quantified as swelling rate (%) = ((M1-M0)/M0) *100, by measuring the hy-

drogelôs mass before (M0) and after (M1) incubation for various time intervals (1, 6, 18, 

24 hours) using a calibrated balance (ABJ 220-4NM, Kern). 

 

2.12 Bone marrow static culture  

Tissue fragments, either in their native or hydrogel-encased form were in vitro cultured in 

24-well tissue culture plates (Corning) for static evaluation. Native fragments were cul-

tured for up to 7 days in RPMI 1640 (PAN Biotech) with 10% heat-inactivated FCS (Bio-

chrom). Col-HA-encased pieces underwent 14 days culture in a dedicated optimized me-

dium (OCM), consisting of RPMI 1640 enriched with 10% FCS, recombinant human IL-6 

(0.33 pg/mL, BioLegend), recombinant human APRIL (50 ng/mL, R&D Systems), sodium 

pyruvate (50 µL/mL, Gibco), 2-mercaptoethanol (1 µL/mL, Gibco), D-(+)-glucose anhy-

drous (4.4 µg/mL, Sigma-Aldrich), and 1% p/s and combined 1:1 with stromal cell-condi-

tioned medium previously described. Culture medium was partially replaced every other 

day without disturbing the native or encased tissue. Collected supernatants were stored 

at -80°C for future analysis. 
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2.13 Bone marrow dynamic microphysiological culture (BM -MPS) 

The HUMIMIC Chip2 (TissUse GmbH) was used to culture up to 14 days Col-HA-encased 

BM samples under flow conditions to create a dynamic microphysiological system (MPS). 

OCM was pumped through each circuit at a rate of 33 BPM, with 500 mbar of pressure 

and -500 mbar of vacuum. MPS cultured BM OCM was partially replaced every other day 

without disturbing the encased tissue. Supernatants of MPS cultures were as well col-

lected and stored at -80°C.  

 

2.14 Histological preprocessing, slides acquisition and analysis  

Ex vivo (day 0) and cultured samples were fixed in 4% PFA (Sigma-Aldrich) overnight 

and demineralized with 20% EDTA (Sigma-Aldrich), then processed and embedded in 

paraffin using a Leica TP1020 Automatic Benchtop Tissue Processor. Haematoxylin and 

eosin-stained slides (4 nm thick) were scanned using a Nanozoomer SQ (Hamamatsu 

Photonics) with a 40x objective. Tissue slides were analysed using QuPath software with 

MarrowQuant 2.0 as script (https://github.com/Naveiras-Lab/MarrowQuant2.0) [43] and 

website to quantify five BM compartments (haematopoietic, adipocytic, interstitial-micro-

vasculature areas, and bone). 

 

2.15 Culture supernatant analysis  

Supernatants (SN) collected during in vitro BM pieces culture were analysed to determine 

soluble factor concentrations and immunoglobulin (Ig) concentration and isotyping. Cus-

tomized LEGENDplexÊ Custom Human 6-plex panel (BioLegend) and pre-defined 

LEGENDplexÊ HU Immunoglobulin Isotyping Panel (8-plex, BioLegend) assays were 

conducted following the manufacturerôs instructions, with data collected on a Cytoflex LX 

(Beckman Coulter). LEGENDplexÊ is a bead-based multiplex assay that uses capture 

beads of various sizes and fluorescence, conjugated with specific antibodies selected 

based on the analyte of interest. The beads are separated into sets based on size and 

resolved by fluorescence intensities. Data analysis was performed using software pro-

vided with the kits by the manufacturing company. 

 

 

 

 

 

https://github.com/Naveiras-Lab/MarrowQuant2.0
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2.16 Flow cytometry  

All flow cytometric analysis described in this thesis were undertaken on a Cytoflex LX 

device (Beckman Coulter Genomics). 

For analysis of produced CAR T cells, as well as evaluation of cytotoxicity effects in 2D 

vital assays, cells were stained with fluorochrome-conjugated antibodies against mem-

brane surface markers in a 96-well round-bottom cell plate format (staining panels, Kath 

et al., Supplementary table S4) [2]. 

To assess BM samples characterization, both cells in the supernatants and still embed-

ded in the tissue fragments were separately analysed. After cells detachment previously 

described, both cell fractions were collected in 5 mL FACS tubes for subsequent extra-

cellular staining (staining panel, Martini et al., Supplementary table T2) [1]. 

Evaluation of BCMA expression was observed in parallel with immune cell subsets char-

acterization described in the result section. To confirm chemokine receptors expression 

maintenance in genetically modified T cells, CXCR3 and CXCR4 were stained as mem-

brane markers on TRAC-replaced BCMA CAR T cells. As well, unmodified T cells and 

CAR T cells migrated through a porous membrane in the 2D migration assay, were col-

lected and evaluated through flow cytometry staining (CD3, anti-Fc, LIVE/DEAD dye). 

Briefly, for each washing step all plates and tubes were filled with 20% FCS-enriched 

PBS, followed by centrifugation at 400g for 5 minutes at 4°C. The obtained pellets were 

briefly vortexed to resuspend them in the residual volume. For each staining procedure, 

a master mix of the conjugated antibodies also diluted in  FCS-enriched PBS was pre-

pared and added to each well. 

 

2.17 3D CAR T cells vital  preliminary observation  

To first test and optimize eventual 3D vital assays of CAR T cells embedded in hydrogels 

a suspension of TRAC-replaced CD19 CAR T cells, GFP positive NALM-6 cells (CD19+), 

and RFP positive NALM-6 cells knocked-out for CD19 marker. Target and control cells 

were co-cultured either with or without effector cells to assess general survival of the cells 

was not impacted by hydrogel inclusion. To carry an initial observation of cytotoxicity, the 

only ratio between effector:target:control cells of 1:1:1 was tested. Cells were resus-

pended in the desired concentration in Col-HA 2 mg/mL gels casted in 96-well, flat-bot-

tom, cell-culture plates. Gels were produced as previously described in chapter 2.11. The 

3D co-cultures were incubated in T cells medium at 37°C, 5% CO2. Z-stack imaged at 
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different time points (16, 24, 48 hours) of the different gel conditions were acquired with 

Opera PhenixÊ (PerkinElmer) high-content imaging system. 

 

2.18 CAR T cells transwell migration assay  

The lower wells of a 24-well transwell plate (Corning) with 3 ɛm pores were filled with 600 

ɛL of complete medium containing RPMI 1640, 1% p/s, and 10% heat-inactivated FCS. 

In the upper chamber, 10  cells (including PBMCs, enriched T cells, or TRAC-replaced 

BCMA CAR T cells) were added in 200 ɛL of the same medium. To establish a chemokine 

gradient, 100 ng/mL of either recombinant human CXCL9 or CXCL11 (BioLegend) was 

added to the lower wells. The total volume for each well was maintained at 800 ɛL. A 

control group, without chemokines, was also prepared for comparison. The plate was 

placed in a 37°C incubator with 5% CO2 for 3 hours. Following this incubation period, 

cells that had moved into the lower chamber were gathered and examined using flow 

cytometry. The chemotactic response was assessed by comparing the quantity of cells 

that migrated in the presence of chemokines with those that migrated without chemo-

kines. 

 

2.19 Data analysis, statistics, and presentation  

To observe and analyse flow cytometry data described in this manuscript, FlowJo Soft-

ware (BD) was used. Graph creation and statistics were performed with Prism 10 

(GraphPad). Assessment of statistical significance for normally and corresponding non-

parametric tests are described in detail in the publications used for this thesis [1,2]. Im-

ages in both publications and within this manuscript were created on BioRender.com and 

with Affinity Designer. 
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3 Results  

The results presented in this doctoral thesis include overall summary of data presented 

in attached publications [1] (Martini et al. 2024 ï ñLong term in vitro maintenance of 

plasma cells in a hydrogel-enclosed human bone marrow microphysiological 3D model 

systemò), [2] (Kath et al. 2022 ï ñPharmacological interventions enhance virus-free gen-

eration of TRAC-replaced CAR T cellsò), and preliminary unpublished data. 

 

3.1 Virus -free efficient production of TRAC-replaced  CAR T cells  

T cells modified with CARs offer a powerful and approved therapeutic option for specific 

haematological cancers, including relapsed acute B-cell leukaemia, aggressive B-cell 

lymphoma, and treatment-resistant MM. CAR T cells represent a promising immunother-

apeutic solution for both autologous (personalized) and allogeneic (off-the-shelf) T cell 

therapies [44,45]. Next to traditional methods for generating CAR T cells using gamma-

retroviral and lentiviral vectors [46ï49], we recently established a highly efficient way to 

generate CAR T cells with CRISPR-Cas9 assisted insertion of CAR transgenes into the 

TCR alpha constant (TRAC) gene (Kath et al., Figure 1A, 3E) [2].  

Our approach utilized nuclease-assisted homology-directed repair (HDR) following trans-

fection with CRISPR-Cas ribonucleoprotein (RNP) and double-stranded DNA (dsDNA) 

repair template. Additionally, we assessed the influence of pharmacological interventions 

to modulate DNA repair as well as dsDNA sensing pathways during the production of 

CAR T cells affect their functional properties (Kath et al., Figure 5) [2]. To assess target-

specific cytotoxicity, we used a 4 hour viability assay. This involved co-culturing CD19 

CAR T cells with CD19 positive target cells (NALM-6 cell line), which were fluorescently 

labelled, and CD19 negative control cells (Jurkat cell line), which were also fluorescently 

labelled (Kath et al., Figure 5A) [2].DNA-sensor inhibitors and HDR enhancer applied 

during TRAC-replaced CD19 CAR T cells production demonstrated higher target-specific 

cytotoxicity compared to those that received no intervention. However, this increase may 

result from higher relative CAR positive rates, enhancing cellular engagement between 

effector and target cells. Despite minor differences in vital assay performance, CAR T 

cells produced with or without pharmacological support showed no significant variations 

in their ability to produce cytokines when exposed to target cells (Kath et al., Figure 5D-

5G) [2], CD4/CD8 ratio (Kath et al., Figure 5H) [2], or T cell memory phenotype (Kath et 

al., Figure 5I) [2]. 
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TRAC-replaced CAR T cells directed against MM-relevant BCMA PCs marker [42] were 

also generated. These cells demonstrated antigen-specific, dose-dependent lysis of tar-

get cells and target-specific cytokine production in CD4 positive and CD8 positive T cell 

subsets, highlighting intact effector function (Kath et al., Supplementary figure 7) [2]. 

Therefore, the outlined method for pharmacologically enhanced non-viral CAR T cell gen-

eration can be applied to various CARs. 

In line with Eyquem et al. comparative analysis, insertion of a CAR into the TRAC locus 

using gene editing technologies showed improved functionality compared to previously 

manufacturing approaches relying on traditional randomly-integrating viral vectors trans-

duction [50]. Further, virus-free reprogramming techniques are easier translatable due to 

cost efficient manufacturing at early clinical stages [51]. 

Importantly, when residual TCR/CD3 positive cells are eliminated [52], the TRAC-re-

placed CAR T cells mitigate the risk of harmful allogeneic graft-versus-host disease [53], 

which could facilitate the creation of readily available, off-the-shelf therapeutic products. 

  

3.2 Ex vivo  characterization of p rimary bone marrow samples  

To shift the investigation of CAR T cells product to a more relevant in vitro testing platform 

an organotypic human BM model, built with human femoral BM tissue  obtained from 

patients undergoing hip-replacement surgeries was set up (Martini et al., Figure 1 and 

Supplementary figure S1) [1]. 

 

To observe the evolution of the collected tissue from excision until end of in vitro culture 

(day 14), analysis of the ex vivo cell composition was evaluated. To detect and quantify 

PCs (CD38+/CD138+/CD27+), B cells (CD45+/CD19+), and T cells (CD45+/CD3+) both 

ex vivo and in culture, we employed multi-colour flow cytometry (Martini et al., Figure 2a) 

[1]. Additionally, granulocytes (SSC/FSC) and HSCs (CD38-/CD3-/CD19-/CD34+) were 

evaluated exclusively ex vivo (Martini et al., Supplementary Figure S2) [1]. The absolute 

numbers of these immune cell subsets were measured per 100 cubic millimetres 

(Abs/100mm³) of each BM sample. 

We observed that both BM cellular density and cell subsets composition varied signifi-

cantly among donors (up to 10-fold difference) (Martini et al., Figure 2b) [1]. PCs were a 

relatively rare subset, accounting for 0.08% to 1.41% of the analysed cells (Martini et al., 

Figure 2c) [1]. Granulocytes were generally the most abundant subset, averaging 47% 

with a range of 10.45% to 80.12% across donors. This was followed by T cells, which 
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averaged 8.14% with a range of 3% to 21.85%, and B cells, which averaged 3.61% with 

a range of 1.04% to 15.34% [1]. 

 

3.3 Col -HA 3D bone marrow encasing  

As previously stated, the BM is a semi-solid, soft tissue hosted in the spongious portion 

of bones. After excision, over time analysis of in vitro cultured native whole BM tissue 

architecture showed progressive deterioration without external support (Martini et al., Fig-

ure 3b) [1]. 

In vivo BM´s ECM includes various collagens, hyaluronic acid (HA), and proteoglycans 

like fibronectin and laminin, providing cells with necessary mechanical and biochemical 

signals for proliferation, differentiation, and survival [6,9,54]. 

To preserve morphological integrity, a UV-crosslinkable hydrogel primarily composed of 

type 1 collagen and hyaluronic acid (Col-HA) was selected. 

The chosen Col-HA hydrogel, in different compositions, was previously described to sup-

port the viability and function of human BM-derived MSCs [55,56].  

The BM niche's mechanical properties vary, with stiffer endosteal spaces and softer cen-

tral marrow. For softer BM, where PCs´ supporting stromal cells might be found, the elas-

tic modulus (E) is 0.25 kPa, and the storage modulus (Gô) is 220 Pa [11,12]. We aimed to 

match these properties with Col-HA gels (Martini et al., Figure 4, Supplementary figure 4) 

[1]. Elastic and rheological properties were measured for 6, 2, and 0.5 mg/mL Col-HA 

configurations. E values were 4.3, 1.5, and 1.2 kPa, respectively, Gô values were 547, 

161, and 15 Pa, and Gôô values were 14, 3, and 1 kPa.  

Comprehensive characterization of the Col-HA material system additionally included po-

rosity, degradation, and swelling properties. SEM analysis revealed porosity of 60 to 131 

µm across all Col-HA configurations. Degradation tests with collagenase P showed com-

plete degradation after 12 hours for 6 mg/mL, 9 hours for 2 mg/mL, and 6 hours for 0.5 

mg/mL collagen. Swelling stability was observed in the 6 and 2 mg/mL configurations, 

whereas the 0.5 mg/mL configuration exhibited substantial shrinkage, likely due to incom-

plete crosslinking and diffusion of unlinked HA molecules. No macroscopic shrinkage or 

changes in E were observed for the 2 mg/mL configuration during 14 days of incubation, 

indicating stable mechanical properties and non-degradability of the Col-HA gels. 

The 6 mg/mL and 0.5 mg/mL configurations were unsuitable due to production difficulties 

and increased culture variability. Therefore, 2 mg/mL Col-HA gel was selected as encap-
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sulating mean for our model due to its biomechanical properties comparable to BM. Tis-

sue embedded in Col-HA was subsequently compared to the static culture of native tissue 

from the same donor. 

 

3.4 Plasma cells relative survival in 3D primary bone marrow culture   

 

Cultured tissue was macroscopically observed and probed at multiple time points (day 4, 

7, 11 and 14). Relative survival rates of PCs and other immune subsets (B cells, T cells) 

were assessed through flow cytometry in both tissue and supernatant compartments for 

native and hydrogel-encased tissues. 

After 7 days of culture, together with tissue fragmentation presented in chapter 3.3, nearly 

all PCs were revealed as non-viable in unsupported native whole tissue, with a mean 

survival rate of 0.81% (+/- 3.72 SD; 0.08-9.2% range) (Martini et al., Figure 3e) [1]. Con-

sidering the inherent variability in BM cell numbers, we normalized the measured values 

to day 0 ex vivo levels of the corresponding donor.  

Concomitant analysis showed a significant decrease in B cells and T cells survival within 

the first 4 days, though lymphocyte survival persisted at low levels from day 4 to day 7 

(Martini et al., Supplementary figure S3a) [1]. Consequently, native culture setup was 

discontinued. 

In parallel, to assess whether 2 mg/mL Col-HA hydrogel could facilitate a physiological 

encapsulation of trabecular BM and support PCs survival, we tested its performance 

(Martini et al., Figure 5a) [1]. 

In contrast with native tissue, histological analysis of Col-HA-encased BM tissue showed 

maintenance of BM fragments' integrity for up to 14 days, even under flow conditions 

(Martini et al., Figure 5b) [1]. The haematopoietic cell fraction showed a slight reduction 

compared to the ex vivo fragment, as the trabecular bone area remain unaltered with no 

significant differences between static and dynamic culture conditions, confirming the hy-

drogelôs ability to preserve overall tissue architecture (Martini et al., Figure 5c-d) [1]. 

To measure survival rate of PCs and other immune cell subsets at day 4, 7, 11, and 14, 

normalization was calculated towards ex vivo (day 0) values to observe inter-donor be-

haviour after excision. A significant decline in cell survival was observed from ex vivo 

tissue excision to in vitro culture for all samples in the initial days (Martini et al., Figure 

5e, left graphs ï normalized to day 0) [1]. Once in culture, PCs survival decreased at a 

slower rate, therefore data were also normalized towards day 4 to assess intra-donor 
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culture stability (Martini et al., Figure 5e, within culture observation ï normalized to day 

4) [1]. 

In Col-HA-encased tissue fragments, PCs were maintained up to 14 days post-isolation. 

Over this period, PCs frequency in the tissue steadily declined, with a mean of 32% (± 

8.9 SD; 22-44% range) under static conditions. When normalized to day 4, PCs showed 

more stable survival, with a mean of 73% (± 20 SD; 59-103% range) (Martini et al., Figure 

5e) [1]. The detected PCs values in static Col-HA culture show a 39.5-fold retention of 

mean relative survival after 14 days of culture compared to 7 days culture in native set-

up. 

 

3.5 Microphysiological maintenance of plasma cells  

 

PCs survival obtained in static BM Col-HA culture was tested and compared with the 

same 3D structure but under dynamic culture conditions (MPS: pump rate 33 BPM, im-

posed pressure 500 mbar) (Martini et al., Figure 5b) [1]. As previously stated, under im-

posed flow Col-HA-encased BM tissue showed maintenance of BM fragments' integrity, 

trabecular bone area and cell fraction for up to 14 days (Martini et al., Figure 5b) [1].PCs 

were maintained up to 14 days post-isolation. Over this period, PCs frequency in the 

tissue steadily declined, with a mean of 10% (± 17 SD; 4-50% range) in the MPS at day 

14 (normalized to day 0). When observing the stability withing the system (day 4 normal-

ization), PCs showed more stable survival, with a mean of 17.5% (± 7.5 SD; 8-29% range) 

(Martini et al., Figure 5e) [1]. On day 7 PCs alive in MPS amounted to 30-fold times more 

than the native set-up (day 7 MPS, mean: 75%). 

 

3.6 Plasma cells supporting ligands and immunoglobulin s production in culture 

supernatants  

 

Supernatant collection (SN) enabled further analysis of the soluble components of the in 

vitro culture environment, including assessment of immunoglobulin production as an PCs 

functionality indicator) (Martini et al., Figure 6) [1]. 

To investigate the factors critical for PCs survival, our study concentrated on evaluating 

APRIL, BAFF, CXCL12, VCAM-1, VEGF, and IL-6 (Martini et al., Figure 6d) [1]. Except 

for VEGF, the concentrations of these factors remained fairly stable until culture day 11 



Results 28 

under both static and MPS conditions. APRIL and BAFF are recognized for their roles in 

promoting PCs growth and longevity by activating the receptor BCMA [14,15]. In our cul-

tures, APRIL was consistently present at stable levels throughout the BM in vitro culture. 

Although BAFF was not supplemented, it was still detectable in the model, with a notably 

higher concentration in the flow-stimulated setup, suggesting endogenous production by 

the cells. CXCL12, vital for PCs localization and sustenance within the BM niche, is se-

creted at persistently low levels (~10 pg/mL) by a specific subset of CXCL12-abundant 

reticular cells. Conversely, VCAM-1, expressed by perivascular stromal cells adjacent to 

BM vessels and involved in cell homing, exhibited a gradual decline. This reduction might 

indicate the loss of either endothelial cells, stromal cells, or both. The trend of VEGF, a 

well-established proangiogenic factor, inversely mirrored that of VCAM-1. IL-6, introduced 

at a low dose of 0.33 pg/mL to stimulate PCs immunoglobulin production, remained within 

a concentration range of 10ï20 ng/mL. Previous research has indicated that this concen-

tration, in conjunction with BAFF and APRIL, can enhance PC survival in vitro [57]. 

PCs secrete approximately 103 antibodies per second, equating to around 2 ng/day 

[14,58]. From culture day 4 to day 14, we observed a mean increase in total immuno-

globulin (TIg) levels, with a 2-fold rise in static conditions and a 1.4-fold increase in the 

MPS over time (Martini et al., Figure 6b) [1]. Considering the long half-life of TIg (approx-

imately 3 weeks) [59] and the observed decline in total PCs counts (Martini et al., Figure 

5e) [1], this increase in concentration suggests active TIg production in our culture sys-

tem. This finding validates the functional maintenance of PCs across all Ig isotypes within 

our model. No significant differences were found between static and MPS culture condi-

tions regarding the various Ig subclasses (Martini et al., Figure 6c) [1]. 

 

3.7 Preliminary observations  

3.7.1 BCMA expression 

As previously discussed, mature B cells´ B cell maturation antigen (BCMA), is a well-

known MM biomarker, associated with prognostic value, and clinical status of the pathol-

ogy. 

To date, bispecific antibody constructs, antibodyïdrug conjugates, and CAR T cells ther-

apy are used to target BCMA in MM patients [25,28]. 

To implement future testing of CAR T cells candidates directed against BCMA we con-

firmed its expression ex vivo in the primary samples used (data not shown) as well as 
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within our cultured model (Figure 2). Preliminary observations here presented seem to 

indicate stable expression of BCMA along the 14 days of culture, with a higher mean MFI 

as time progresses and in samples with flow imposed (Figure 2b). 

 

Figure 2 BCMA expression maintained along in vitro  culture. a) Positive expression of BCMA 

on PCs subset ex vivo with high expression maintenance of BCMA during in vitro culture (n = 1, 

static culture shown). b) Geometric MFI of PCs BCMA expression in Col-HA embedded BM tissue 

(n = 4 each condition). 

 

3.7.2 CAR T cells and encasing hydrogel 

As first step to translate selective cytotoxicity from 2D setting of our TRAC-replaced CAR 

T cells (see chapter 3.1), we plan to establish 3D assays to test survival and tumoricidal 

efficacy in hydrogels of CAR T cells. The testing will directly address the issue that hy-

drogel poses to cell mobility and barrier effect. First testing on well-characterized CD19 

CAR T cells showed ability to selectively kill their target when in suspension in hydrogel, 

suggesting a regional capacity of killing their surrounding targets (Figure 3a). After opti-

mizing read outs on cell lines, we will proceed with analysing infiltration and specific killing 

capacity of CAR T cells in complex BM cultures from non-malignant as well as primary 

MM-derived PCs. 

When observing the survival of immune cells in the Col-HA BM 3D culture, a comparison 

between surviving cell numbers in the supernatants and in the tissue was drawn. PCs 

predominantly survived in the tissue regardless of the culture conditions, with minimal 

numbers of viable PCs detected in the supernatants. In contrast, B cells and T cells were 
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found in comparable numbers in both the tissue and supernatant (Martini et al., Figure 5f, 

Supplementary Figure S5b) [1]. This suggests that 2 mg/mL Col-HA is permissive towards 

cell exiting the encasing solution. 

Subsequent step would be to assess bidirectional communication of the tissue with its 

surrounding hydrogel (both via cell migration and secretion of soluble factors), testing 

effective migration and accessibility of CAR T cells through 2 mg/mL Col-HA construct 

previously described. 

Exploiting chemokines-induced migration of immune cells via CXCR4 and CXCR3 sur-

face receptor we began with confirming receptors expression on the surface of our pro-

duced CAR T cells. BCMA CAR T cells were confirmed to both express the receptors 

(data not shown) and actively migrate following chemokines gradients through porose 

membranes (Figure 3b). 

 

Figure 3 CAR T cells first tests . a) Hydrogel embedded 3D culture of CD19 positive (GFP 

marked, green) and CD19 negative (RFP marked, orange) NALM-6 tumour cell line cultured with 

or without CD19 CAR T cells. Images acquired with Opera Phenix after 24 hours of co-culture (n 

= 1). b) Transwell BCMA CAR T cells migration with or without chemokines (CK) gradient. PBMCs 

serve as control of migration after 3 hours incubation (n = 1, 3 µm diameter pore membranes). 
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4 Discussion  

4.1  Summary , interpretation of results  and current state of research  

In this study, we explored innovative methods for both CAR T cell production and the 

development of a physiologically relevant BM model. 

Several challenges, such as limitations in analysis sensitivity, availability of human sam-

ples, high donor-to-donor biological variability, and low cell frequency across multiple im-

mune subsets have historically impeded our understanding of BM composition and hu-

man PCs [60]. These challenges have led to knowledge gaps and lack of consensus 

regarding in vivo maturation, characteristics, and persistence of human PCs. The transi-

tional nature of BM tissue, alongside its hematopoietic function, further complicates the 

identification of cell subsets at different stages of maturation. However, recent advance-

ments in high-throughput techniques, such as scRNA CITE-seq, have provided new in-

sights into the immunophenotypic diversity of the BM microenvironment [61,62]. These 

methods have uncovered the heterogeneity of PCs and their maturation pathways, from 

plasmablasts to either memory cells or long-lived, antibody-producing PCs [62]. Moreo-

ver, these advancements also highlight gaps in our understanding of BM's biomechanical 

properties, which have largely been studied using animal models [11,12].This emerging 

knowledge underscores the importance of maintaining the natural tissue microarchitec-

ture in vitro to accurately study these processes. 

Creating standardized and reliable models for PCs and MM that closely mimic the in vivo 

microenvironment is crucial [15,37]. An optimal model for studying PCs survival should 

incorporate essential elements like interactions between cells and the matrix, nutrient and 

molecular diffusion, oxygen gradients, cell adhesion sites, mechanical properties, and 

vascularization. These elements are essential for supporting normal cellular functions, 

including proliferation, differentiation, and trafficking in vitro [63]. Despite ongoing efforts, 

fully addressing these complex challenges in the BM 3D tissue field remains a significant 

task. Existing models typically deconstruct BM tissue, selecting specific cell populations 

for reassembly on scaffolds or hydrogels [15,57,64,65]. To overcome the limitations of 

replicating the BM microenvironment in vitro, our approach preserves the entire 3D archi-

tecture, incorporating both cellular and extracellular components.  

While culturing whole BM tissue fragments in their native state, we encountered limita-

tions due to the semisolid nature of the tissue, which resulted in a progressive decline in 
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PCs survival, even within whole tissue elements. To address this, we employed a biolog-

ically relevant Col-HA hydrogel with biomechanical properties similar to the BM perivascu-

lar regions. The hydrogelôs elastic modulus of 1.5 kPa and storage modulus of 161 Pa 

enabled stable BM integrity, supporting both static and dynamic cultures [1]. The selected 

hydrogel provided a biomechanically relevant environment while allowing cellular remod-

elling and interaction. Its collagen-hyaluronic acid configuration demonstrated stable me-

chanical properties and non-degradability over 14 days, making it suitable for extended 

cell culture experiments [1]. The inclusion of structural proteins like collagen endowed the 

hydrogel with cell adhesion motifs and anchoring points, enhancing the physiological rel-

evance of the BM tissue environment. Additionally, BM-mimicking softness, likely facili-

tated the movement of suspension cells, such as B and T cells, out of the tissue and gel 

[1]. 

The presented strategy significantly improved PCs survival, enhancing rates by 30 to 50-

fold after 7 days (MPS and static culture, respectively) and maintaining 13-fold to 40-fold 

improvements after 14 days of culture, far exceeding previously reported durations 

[14,15,64,65]. PCs survival strongly correlates with antibody production, and the sus-

tained antibody output in our model is a strong indicator of functional PCs survival. 

Further characterization of PCs in our model involved assessing BCMA expression, a 

surface marker highly expressed in PCs and critical for targeting pathological PCs in clin-

ical settings [14,15,66]. Since some MM cell lines exhibit downregulated BCMA expres-

sion, we confirmed its presence in our culture to ensure the clinical relevance of the sys-

tem. This opened the door to studying interactions between BCMA-targeting CAR T cells 

and hydrogel-encased BM tissue, a promising step toward better immunotherapy models. 

Traditional static in vitro 3D cell culture systems are inadequate for studying immune cell 

homing, migration, and CAR T cell interactions with target tissues [9,32,67]. incorporating 

flow tension is biologically advantageous, enhancing the functionality of 3D models for in 

vitro immunotherapy testing [32,68,69]. The observed migration of cells out of the gel, 

especially under flow conditions, is promising. Such dynamic 3D organ systems signifi-

cantly advance preclinical studies on immune disease pathogenesis and novel therapeu-

tic mechanisms, reducing reliance on animal models and improving data quality [68,69]. 

Our model represents a critical step toward establishing standardized and reliable 3D 

cultures for PCs, closely mimicking the in vivo BM environment. By maintaining the com-

plete 3D structure and utilizing patient-derived samples, we aim to shift BM research to-

ward a more human-centric understanding. Furthermore, the successful generation of 
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CAR T cells using CRISPR-Cas9, with CAR transgenes inserted into the TRAC locus [2], 

holds promise for off-the-shelf CAR T cell products with reduced risk of graft-versus-host 

disease. Maintaining the system in vitro for up to 14 days allows for the creation of per-

sonalized autologous CAR T cells, enabling parallel testing with TRAC CAR T cells to 

assess their efficacy and targeting precision. 

 

4.2  Strengths and weaknesses of the study  

The novel 3D BM culture system described here offers significant advantages over con-

ventional culture systems by preserving in vivo-like cues and supporting the survival of 

various cell types critical for PCs. While this approach is promising ï demonstrating  pro-

longed PCs survival, self-sustaining mechanisms, a personalized platform for testing 

small molecules or cell-based therapies and serving as a first step toward MPS imple-

mentation - it still faces notable challenges. These include an initial decline in PCs num-

bers post-excision, the absence of a vascular network, the gradual loss of BM cell subsets 

over time, and lower PCs survival rates under MPS conditions. Furthermore, certain un-

known variables remain, which could influence the system and require additional investi-

gation (in-depth analysis needed). 

The impact of tissue excision and manipulation in an ex vivo setting leads to an initial 

drop in PCs numbers, which is particularly challenging when working with a limited supply 

of biological material and a low-frequency, heterogeneous cell subset. Despite this early 

drop, the behaviour of PCs across different culturing conditions has shown consistency 

and reproducibility, even with a limited number of BM donors, suggesting that the 3D Col-

HA model is sufficiently standardized to produce reliable data up to 14 days. The con-

firmed production of immunoglobulins further indicates that the PCs are not only surviving 

but also functioning effectively. 

The optimized culture medium - comprising basal RPMI 1640, supplemented with APRIL, 

IL-6, conditioned BM stromal medium, and glucose - was specifically designed to support 

PCs survival. In combination with the structural and molecular support of the whole tissue, 

the system exhibited a degree of self-sustainability, retaining key physiological factors 

such as VEGF, VCAM-1, BAFF, and CXCL12, all essential for PCs survival [70,71]. The 

prolonged survival of functional PCs and the maintenance of these factors in BM tissue 

supernatants suggest that this approach brings us closer to replicating the in vivo micro-

environment, providing a valuable model for physiological studies and therapeutic testing. 
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However, the decline in cell numbers by day 14 indicates the rise of potential limitations, 

possibly linked to the loss of supportive cell types or other in vivo-like conditions. A sig-

nificant drawback is the absence of a vascular network, which impairs nutrient supply, 

gas exchange, and waste removal, likely contributing to the observed reduction in cell 

survival over time. Future research should focus on inducing vascularization within the 

model to enhance cell migration, oxygenation, and nutrient delivery, potentially improving 

PCs survival and functionality [67]. 

In this context, while considering cell migration in and out of the BM tissue and Col-HA, 

we observed the behaviour and survival of T cells in our system. Promisingly, T cells 

survived within our culturing medium, encouraging the application of CAR T cells in the 

system. However, without tracking their movement, we cannot confirm whether the cells 

circulating outside the tissue re-entered it. The lack of vascularization or defined commu-

nication channels in the hydrogel could limit the autonomous trafficking of CAR T cells 

within the tissue, necessitating the development of novel delivery strategies. 

To implement circulation of (CAR) T cells, the MPS system holds a clear advantage. Im-

posing flow tension introduces biologically relevant in vivo-like cues [68]. However, while 

this dynamic culture platform allows immune cells to circulate more freely, it resulted in 

greater PCs death compared to its static counterpart. The microfluidic conditions may 

have contributed to tissue leakage and the release of live PCs into the circulation. Addi-

tionally, a general decline in well-represented BM cell populations, such as erythrocytes, 

granulocytes, and adipocytes, is expected during 14 days of in vitro culture [72ï74], which 

may leave the system with reduced structural integrity and increase susceptibility to shear 

stress in the dynamic MPS environment. 

To better understand the impact of shear stress on cell mechanosensing, and whether 

dynamic cultivation provides proper biological stimulation, further experiments are re-

quired, particularly focusing on the interaction between PCs and other populations such 

as endothelial and stromal cells. In our system, where Col-HA encapsulates the entire 

tissue, the precise impact of flow stress imposed by the microfluidic system remains un-

clear and requires molecular-level evaluation. This will be a key area of focus for future 

studies exploring the BM-MPS system as a whole. 

 

4.3  Implications for practice and/or future research  

To further advance the modelôs capabilities, it will be crucial to employ cutting-edge sin-

gle-cell analysis techniques, such as scRNA CITE-seq. This approach will enable a more 
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detailed understanding of tissue composition, marker expression, and the interactions 

among various subpopulations within the BM [61,62]. These insights are essential for 

refining the dynamic system and extending the viability of PCs beyond the current two-

week limit. 

The primary aim of our study was to develop an in vitro human BM model suitable for 

drug testing and (patho)physiological research on PCs. A stable culture period of two 

weeks is sufficient to assess the impact of various targeted therapies, including small 

molecules, biologics, and CAR T cells. This duration aligns with the current capabilities 

of our model, enabling an initial evaluation of non-malignant PCs responses. This pro-

vides a solid foundation for further research and exploration. 

Moving forward, it is important to integrate optimized TRAC-replaced BCMA CAR T cells 

from both BM donors and unrelated sources to evaluate the allogeneic effects of these 

immunotherapeutic products. Addressing the challenges related to CAR T cell migration 

within the hydrogel is crucial. Potential solutions include direct injection of CAR T cells 

into the tissue, enhancing BM vascularization, and modulating the biomechanical proper-

ties of the hydrogel. 

Additionally, conducting single-cell analysis before and after CAR T cells injection will 

elucidate the interplay between the BM microenvironment and CAR T cells. This will pro-

vide valuable insights into how CAR T cells engage with and impact the BM tissue. 

Finally, translating findings from this model to a pathological BM setting using samples 

from MM patients is a critical next step. Such studies will help contextualize and validate 

our findings, bridging the gap between in vitro models and pre-clinical applications. This 

approach will enhance our understanding of MM pathology and contribute to the devel-

opment of more effective therapeutic strategies. 
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5 Conclusions  

The novel 3D BM culture system developed in this study represents a significant advance-

ment in ex vivo PCs survival. The use of Col-HA hydrogel provides a more physiologically 

relevant environment compared to traditional 2D-based models. Despite its current limi-

tations, the proposed system shows potential for future research and pre-clinical testing 

applications, particularly in the development and testing of CAR T cell therapies. Ongoing 

and future studies will aim to further optimize the model by enhancing vascularization, 

performing single-cell analyses, and applying advanced therapeutic strategies. The ulti-

mate goal is to create a fully functional and clinically relevant BM MPS system. 
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