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Abstract

:

Challenges to the musculoskeletal system negatively impact the quality of life of people suffering from them, leading to pain, a decline in mobility, genetic alterations, and potential disorders. The bone marrow (BM) forms an integral part of the musculoskeletal system responsible for erythropoiesis and optimal survival of the various immune and stem cells within the BM. However, due to its dynamic and complex three-dimensional (3D) structure, replicating the BM physiologically in traditional two-dimensional (2D) cell culture settings is often challenging, giving rise to the need for 3D in vitro models to better dissect the BM and its regeneration. Several researchers globally have been investigating various approaches to define an appropriate 3D model for their research. Organoids are novel preclinical models that provide a 3D platform for several tissues and have been analysed using next-generation sequencing (NGS) to identify new molecular pathways at the genetic level. The 3D in vitro models and organoids are increasingly considered important platforms for precision medicine. This review outlines the current knowledge of organoid and 3D in vitro models for the BM. We also discuss different types of 3D models which may be more adaptable for the BM. Finally, we critically review the NGS techniques used for such models and the future combination of these techniques.
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1. Introduction


Musculoskeletal disabilities pose a substantial burden, affecting billions of individuals worldwide. In a study by Safiri et al., over 1.3 billion prevalent cases and 138.7 million disability-adjusted life years were reported to be attributable to musculoskeletal disorders alone [1]. Common diseases, such as osteoarthritis (OA), rheumatoid arthritis (RA), osteoporosis (OP), and bone-associated malignancies, have a notorious reputation for negatively influencing the lives of those who suffer from them. Bone regeneration presents significant medical complexities in treating degenerative diseases and fracture repair. Consequently, addressing these conditions remains a formidable challenge globally.



The bone marrow (BM) plays a crucial role in the musculoskeletal system, residing within the rigid bone structure and exhibiting a complex three-dimensional (3D) architecture composed of various cell types. The highly dynamic microenvironment, often referred to as the BM niche [2,3,4], fosters the optimal conditions for the survival and function of all specialised cell types. The BM serves as the site for haematopoiesis (blood formation) and a reservoir for stem cells, including haematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs). HSCs differentiate into immune cells, and MSCs into bone, fat, and cartilage [5,6]. However, the onset of the aforementioned conditions severely impairs the functional capacity of the BM.



Biomedical research aims to elucidate the aforementioned complexities of the BM, which is critical for treating and repairing bone-related pathologies. Nevertheless, this undertaking remains markedly arduous. Self-organisation is essential within this intricate tissue. Conventional in vitro modelling has utilised diverse cell types cultivated as monolayers on two-dimensional (2D) substrates, yet translating and applying these biological insights to in vivo BM scenarios presents considerable challenges. The issue stems from the 2D models’ incapacity to accurately simulate the authentic physiological behaviour of cells and their microenvironment in contrast to the native tissues within BM in vivo [7]. The absence of appropriate physical stimuli and the presence of cellular stresses hinder essential cellular cues and pivotal cell-matrix interactions, attenuating the cells’ ability to ‘self-organise’ and subsequently constraining vertical cell proliferation, forming monolayers. Physically, the cells within the skeletal system are under shear force, compression, and tension essential for their functioning, which are difficult to replicate in 2D. Thus, the inherent limitation of employing 2D structures obstructs our ability to examine vital cellular behaviour within the BM under healthy and pathological states [8,9].



Bone defects or bone-related diseases are particularly damaging to bone regeneration, and several animal models have been attempted to understand these conditions better. Among them, surgically induced models [10] and mouse models [10,11,12] are commonly used to analyse growth factors such as progranulin and bone morphogenetic protein-2 (BMP-2), as well as to investigate therapeutic strategies, particularly for delayed bone healing due to non-union [10,13,14,15]. Even though mice are most widely used for fracture repair [16], being much smaller in size than humans, is not always the preferred choice for bone-related in vivo investigations. Ovine [17,18] and porcine models [19,20] have more comparable mechanical properties when it comes to bone diseases [19,21], and thus, these large animals are better preclinical models for bone-related conditions. However, the animal and experimental conditions vary depending on the defect type, size, and task feasibility [22]. Therefore, the effect of drug therapies and the identification of any underlying molecular mechanism may be investigated, but only to a certain extent [10].



Nonetheless, animal models demonstrate disparities in outcomes relative to the human body, and a drug’s pharmacokinetics and pharmacodynamics (PK-PD) exhibit significant variation between species. Consequently, when extrapolating data from animal studies to humans, it is not uncommon for drugs that were successful in animal trials to fail in clinical trials [23,24]. In vivo experiments are resource-intensive and time-consuming. From an ethical perspective, such experimental setups require the animals to be euthanised at the selected time to facilitate observation and data collection. Therefore, this has given a massive push towards the ‘3R’ principle, that is, ‘Replacement’ (replace animal study where possible), ‘Reduction’ (reduce the number of animals being used), and ‘Refinement’ (to refine the protocol using animal study most ethically) of any study involving animals. These constraints have prompted the pursuit of alternative technologies that more closely represent the entire tissue’s complexity in vitro [4]. The 3D in vitro models, including spheroids, organoids, and engineered tissues, have become indispensable for approximating in vivo conditions and have made significant strides in biomedical and pharmaceutical research. Organoids are novel preclinical models that recapitulate complete or partial characteristics of their native organs and surpass 2D cell models’ ability to mimic complex spatiotemporal development, regeneration, and disease processes (Figure 1). A growing body of evidence suggests that organoids are becoming a significant platform for the future of medicine and precision medicine, especially in the case of several cancers [25,26,27].



A deeper examination of the BM, its functionality, alongside the pathogenesis of various diseases is intimately connected to the characteristics of each cell type within the BM. A technique that could provide large quantities of data at the genetic level would facilitate exploring mechanisms responsible for conditions within the BM. Traditional messenger RNA- or protein-based methodologies frequently fail to elucidate the contributions of rare cell types, such as subpopulations of HSCs and MSCs, short-lived progenitors, and circulating tumour cells. This limitation hinders their application in studies investigating organ development and diseases. The single-cell RNA sequencing (scRNA-seq) technique offers precisely that and is a novel approach for assessing gene expression variability at the individual cell level [28].



This review article aims to evaluate the current understanding of organoids and other 3D models investigated for BM over the last decade. We address the need for organoid and 3D platform development to gain deeper insights into BM, particularly in BM disorders. Furthermore, we examine the genetic landscape of these 3D models and highlight the benefits of utilising a synergistic approach by combining scRNA-seq and organoid technology to model bone and associated diseases.




2. The Multifaceted BM


The BM forms a critical part of the musculoskeletal system and is home to two types of stem cells, as outlined earlier—MSCs and HSCs. It serves as the residence for several immune cells and growth factors and provides the appropriate environment for blood formation or hematopoiesis. Its complexity resides within its intricate 3D microarchitecture that accommodates blood vessels for enhanced vascularity [3] within its hard bone exterior. Recent studies have indicated the presence of a ‘dynamic and heterogenous molecular landscape’ within the BM niche, which is further evidence of the ever-elusive BM niche [4,29]. The niche is further organised based on structural and biological properties such as endosteal and perivascular niches [30]. The endosteal niche includes skeletal cells that include the pre-osteoblasts, osteoblasts, osteocytes, and osteoclasts. In contrast, the perivascular niche contains various cells from the mesenchymal and hematopoietic cell lineages, along with endothelial and nerve cells [6].



The scope of this article does not encompass the varied cell lineages within the BM, their specific functions, and the recent advancements in the BM literature. Nevertheless, these aspects have been thoroughly discussed in several other publications [31,32] and our prior work [28]. The BM’s complexity stems from its ability to accommodate diverse cell types and growth factors, interlinked through a complex network of extracellular matrix (ECM) components such as collagen, lamin, and fibronectin [33]. Notably, the BM creates an optimal environment for communication and ‘cross-talk’ between these cell types, a process that plays a crucial role in maintaining bone remodeling. Given the intricate nature of the BM, as characteried by the aforementioned factors, replicating its complexity in conventional 2D in vitro models thus proves to be a formidable challenge.




3. Organoids and 3D In Vitro Models


The limitations of 2D cultures include but are not limited to (i) flattening or elongation of cells, (ii) the formation of cell junctions, (iii) poor differentiation, (iv) significant difference in the expression of genes and phenotypes, and (v) unnatural proliferation rates [33,34]. Overcoming these limitations can result in enhanced tissue culture properties that can modify the cellular fate. Recapitulating in vivo conditions can be achieved using 3D models and engineered tissue culture systems. The 3D models allow a broader range of physiological parameters to be present under laboratory culture conditions. They permit self-organisation, signalling gradients, and biochemical forces to encourage the development of specific organoids by influencing cell behaviour. Self-organisation has already been demonstrated in skin, mammary gland, muscle, and bone-reaggregation studies [9]. The self-aggregation properties of cells resulted in the creation of spheroids where the spheroid size could be controlled via the volume of cell suspension utilised, exhibiting better outcomes than 2D or static cultures [33]. These features further impact gene expression and production of particular proteins, thus enabling the development of diverse cell phenotypes, i.e., heterogeneous cell populations [1], better replicating physiological conditions in vitro.



There are generally two types of 3D cultural models: (i) anchorage-dependent and (ii) anchorage-independent, formed using specialised 3D platforms [33,35]. Studies have shown that adding biomaterials improved cell morphology, enhanced cell proliferation and differentiation, and improved response to stimuli [8,11]. Supplementing biomaterials structured as scaffolds or matrices directs cell growth creating specific designs [8,9]. Any culture model must mimic the natural tissue environment, ensuring that the essential interactions between cells and the microenvironment, waste removal, and nutrient and gas exchanges occur. Anchorage-dependent models often utilise variable structures with architectures ranging from simple to complex scaffolds fabricated with multiple layers. The cells require attachment to a surface or ECM to grow, survive, proliferate, and differentiate. Cells usually exhibit contact inhibition, meaning they stop dividing when they contact neighbouring cells, maintaining a monolayer or 3D structure. The scaffold selection depends on the target tissue for repair; thus, it can be tailored to enhance physiochemical properties depending upon the blended scaffold composition.



Microfluidic devices, a subset of 3D models in the anchorage-dependent model spectrum (Figure 2), have propelled the organ-on-a-chip paradigm during the preceding decade [36,37]. These models have been utilised to emulate physiological conditions of bone and the BM [38,39] and to predict pharmacological responses in various ailments, including, infectious diseases [40], neoplastic conditions and hepatic disorders [41], and most contemporarily, COVID-19 [42]. These devices facilitate microscale fluid manipulation and incorporate this function with tissue engineering methodologies, thereby simulating physiological conditions observed within Homo sapiens. Consequently, this platform is of considerable value for pharmaceutical evaluation and anticipating alterations within an organ’s microenvironment [43].



Bioprinting, specifically 3D assemblies, has aided in creating complex structures; however, the main barrier has been developing adequate vasculature, challenging in vivo and clinical translation applications [8]. Anchorage-independent models allow cells to aggregate, form ECM, and create spheres and organoids. The 3D anchorage-independent model techniques include (i) low attachment vessel [13], (ii) magnetic levitation [8,14], (iii) hanging-drop technique [15], and (iv) use of magnetic forces [16]. These have been summarised in Figure 2.



Organoids are not strictly classified as anchorage-independent models. They are 3D cell culture models derived from stem cells or organ-specific progenitor cells that can self-organise and differentiate into organ-like structures that resemble the in vivo organ structurally and functionally [44]. While organoids do not require attachment to a solid surface like traditional 2D cell cultures, they are not considered entirely anchorage-independent as their growth and differentiation rely on the interactions with the surrounding matrix, mimicking the in vivo environment [45,46]. Organoids are grown in a specialised culture medium, often containing a supportive ECM-like component, such as Matrigel or hydrogels, facilitating cell attachment, growth, and differentiation. The ECM-like component provides essential signals and a supportive framework for cell–cell and cell–matrix interactions, which are crucial for organoid development and organisation [46].



In summary, organoids represent a unique category of 3D cell culture models that do not strictly fall under the classification of anchorage-dependent or anchorage-independent models. Instead, they occupy an intermediate position, requiring a supportive matrix for their growth and differentiation but not attaching to a solid surface such as traditional anchorage-dependent cultures. Technical advances and a robust understanding of biological interactions have renewed the attention to 3D cell culture systems reproducing features of organs and tissue. The last decade has witnessed the development and optimisation of sophisticated with a focus on mimicking physiological and pathological conditions in vitro [21].




4. 3D Models and Organoids for the BM


4.1. Current In Vitro Models and Organoids


3D in vitro modelling is an important technique to investigate musculoskeletal conditions as it allows cell–cell and cell–ECM interactions in 3D, mimicking the complexity of physiological tissues [47]. The 3D culture models have been attempted for bone research, especially to represent bone diseases such as OA [48,49], OP [50,51], osteomyelitis [52,53], and cancer [53,54]. Such 3D culture models representing bone led to understanding the mechanism of action of factors such as irisin, an endogenous myokine secreted during sports, which has an anabolic effect [55]. These models are frequently generated from induced pluripotent stem cells (iPSCs) [56,57,58], HSCs [59,60,61], or BM-MSCs [60,62]. In a study by Raic et al., primary human HSCs and MSCs were isolated to produce a 3D in vitro model of the BM to characterise postoperative implant-associated osteomyelitis. The cytotoxic effect of biofilms produced by two isolated bacterial strains and strains from titanium washers was assessed, showing a 2-fold increase in caspase-3 expression in both HSCs and MSCs in response to strain-specific biofilms.



Self-assembling skeletal organoids [63,64] have been prepared from cell lines [65] and isolated primary chondrocytes, osteoblasts, and osteoclasts, representing the multicellular interactions present in the native tissue. Cells were isolated from bone, cartilage, or joints to imitate OA in 3D culture settings. Human primary chondrocytes, isolated from joints of patients suffering from OA, were cultured to form 3D neo-cartilage pellets. Risk genes associated with cartilage damage were analysed after exposure to mechanical stress. The observed changes in gene expression correlated to gene expression profiles from patients experiencing OA. Akiva et al. prepared a woven bone organoid by directly inducing human bone MSCs to differentiate into a 3D self-renewing co-culture of osteoblasts and osteocytes, wherein the osteocytes were embedded within the collagen matrix [66], representing tremendous potential towards replicating osteogenesis in vitro.



The 3D culture models of bone cancer are produced by culturing cancer cell lines alone or combined with other tissue-relevant cells [31,33,34]. Moreover, 3D culture platforms resembling bone cancer [30], i.e., sarcoma [31], myeloma [32], or lymphoma [33], are commonly used to investigate cancer formation, progression, and metastases. Simulating human myeloma bone disease in vitro was achieved through staggered co-culturing of osteoblasts, osteoclasts, and multiple myeloma cells in 3D bone organoids [67]. First, osteoblasts were cultured, leading to increased hydroxyapatite (HA) production, alkaline phosphatase, and calcium, which are molecules secreted during ossification. Adding osteoclasts enhanced the model’s resorptive and remodelling capability, which was detected through gene expression analysis. Finally, introducing multiple myeloma cells reduced the amount of HA while increasing protein levels responsible for bone resorption. To model lymphoma [68], OCI-LY18 or NU-DUL-1 (B-cell lymphoma cell lines) were seeded on a scaffold, where the cells adhered and formed a 3D culture. The role of breast cancer metastasis in BM was assessed using 3D co-cultures of healthy or OP bone pieces re-colonised with breast cancer cells (MCF-cell line). The study revealed that when affected by OP, breast cancer cells induced the secretion of pro-inflammatory cytokines. These findings support the application of 3D bone models to study bone characteristics and response to drugs [69].



Following the new US legislation in 2022, 3D organoid and spheroid cultures gained renewed importance, as the U.S. Food and Drug Administration (FDA) will reduce the requirement of preclinical evaluation of new medicines in animals for drug approval [70]. This extreme change in drug safety regulation puts 3D cultures in the spotlight for improved drug response prediction and safety/efficacy profile determination, being a promising alternative for bridging the preclinical to clinical validation gap [71]. The BM is sensitive to drug-induced damage because of its intricate architecture and proliferative capacity. Therefore, using versatile skeletal organoids to study bone and cartilage tissue development and model joint inflammatory disease and regeneration is of utmost interest. The effect of an A2AR stimulation on skeletogenic differentiation and joint regeneration has been evaluated in specified 3D skeletal organoids [63]. The treatment with an A2AR agonist increased the expression of RUNX2, while the treatment with an A2AR antagonist reduced the expression of SOX9. No alterations in ALP activity were detected. In co-cultured organoids, however, the ALP activity increased. Current 3D bone models were validated for studying bone development, disease, and drug discovery [72]. However, most 3D bone models are currently being used in cancer research.



Visconti et al. evaluated the effect of drugs from various drug classes, i.e., lenalidomide, alendronate, anti-dickkopf-related protein-1 (anti-DKK1), and anti-sclerostin, comparing 3D-normal bone-like fragments and 3D-myeloma bone disease models. They quantified HA and type 1 collagen C- telopeptide (CTX-1) levels as a measure of restored bone formation, and their results demonstrated a significant dose-dependent reduction in the 3D-myeloma bone disease model [67]. In drug development pipelines, 3D cell cultures of SaOS-2 and HOS (human osteosarcoma cell lines) cells and patient-derived cultures resembling osteosarcoma in vitro were treated with first and second-line osteosarcoma therapy, i.e., doxorubicin and cisplatin. Results revealed that HOS cultures responded comparably to doxorubicin treatment as patient-derived cultures. Chondroblast cultures, however, reacted similarly to SaOS-2 cultures. In alignment with this, doxorubicin-induced apoptosis in a lymphoma 3D model [68], mainly in added germinal centre B-cell (GCB)-derived OCI-LY18 cells. Although these models exhibit considerable diversity and simplicity, they have facilitated the groundwork for advancing knowledge pertaining to both physiological and pathological states within bone tissue. However, these models have not substantially contributed to understanding bone regeneration, as they lack a critical element—the spatial organisation of the BM. Currently, this aspect is being investigated through the utilisation of scaffolds, which will be elaborated upon in the following section.




4.2. Scaffolds for Bone Regeneration


Scaffolds for bone regeneration have garnered substantial interest due to their potential applications in addressing various osseous defects and disorders. In tissue engineering and regenerative medicine, scaffolds function as temporary 3D structures facilitating cellular attachment, proliferation, and differentiation, ultimately directing neo-tissue formation [73,74]. Numerous materials have been investigated to develop bone scaffolds, encompassing natural polymers, synthetic polymers, ceramics, and composites [75,76]. Natural polymers, such as collagen, chitosan, and silk fibroin, present advantages in terms of biocompatibility and bioactivity but may lack the required mechanical properties for load-bearing applications [76,77]. Synthetic polymers, including polylactic acid (PLA), polyglycolic acid (PGA), and polycaprolactone (PCL), provide tunable degradation rates and mechanical properties but may exhibit limited bioactivity [78]. Materials inspired by nature, such as biomorphic wood [79] and decellularised bone [80], may provide better adhesion and bioactivity but may need enhancing physicochemical and mechanical properties. Thus fabrication of a scaffold for bone tissue engineering applications is multifactorial, and the properties of an ideal scaffold can be challenging to achieve [81].



Ceramics, such as HA, dicalcium dihydrate (DCPD) [77], and tricalcium phosphate (TCP) [78], demonstrate exceptional biocompatibility, osteoconductivity, and mechanical properties analogous to the natural bone; however, their inherent brittleness restricts their applicability, in some instances [77,82]. Composite materials, comprising two or more constituents, can offer enhanced mechanical properties and bioactivity by capitalising on the advantages of each component material [83,84]. Recent advancements in scaffold fabrication techniques, encompassing electrospinning, lyophilisation, and 3D printing, facilitate the generation of structures with precisely regulated porosity, pore dimensions, fibre size/diameter, and interconnected architecture, which are imperative for cellular infiltration, nutrient and waste exchange, as well as vascularisation [85]. Conversely, 3D constructs synthesised via bioprinting methodologies, including laser-assisted, microextrusion-based, and inkjet bioprinting [27], offer the capacity for customisation in accordance with specific requirements. Moreover, incorporating growth factors or bioactive molecules into scaffolds can further augment their osteoinductive properties, promoting bone regeneration [86].



Traditional bone scaffolds present multiple constraints in bone tissue engineering and regenerative medicine; they often inadequately reproduce the structural, mechanical, and biological properties of native bone tissue, thereby limiting their efficacy in promoting regeneration and comprehending intricate bone processes. Many scaffolds insufficiently support angiogenesis, essential for regeneration, resulting in compromised nutrient and oxygen delivery, waste removal, and integration between the scaffold and host tissue [77]. Conventional scaffolds may not optimally facilitate cellular infiltration, migration, and homing, leading to non-uniform distribution and impeded integration with the host tissue [87].



Additionally, scaffold degradation rates, by-products of scaffold degradation, and mechanical properties might not coincide with natural bone healing, potentially causing implant failure or necessitating further surgeries [77,88]. Specific scaffolds, particularly synthetic ones, could elicit adverse immune responses or demonstrate poor biocompatibility, provoking inflammation, fibrous encapsulation, or implant rejection [89]. Scaffold fabrication may entail intricate, labour-intensive processes, posing challenges for scaling up in clinical applications and maintaining consistency between batches. These constraints underscore the need for alternative strategies, such as organoids, to advance bone tissue engineering and regenerative medicine more effectively.



Osteoconductive grafts have been found to treat minor bone defects; however, when defects are more significant, they require gap filling and vascularisation, challenging the current bone models [78]. Recently, researchers have created titanium alloy plates combined with hollow polymer tubes, which can be seeded with autologous bone particles and decellularised ECM to enhance the osteogenic potential [90]. Cartilage engineering has been achieved via spheroid culture techniques [91], while magnetic levitation allowed cultured cells to mix with magnetic nanoparticles and reduced spheroid necrosis. Additionally, BM-MSCs cells were found to maintain their properties while remaining quiescent, which is particularly important for subsequent clinical use [33,92].



Developing 3D models and bone scaffolds that mimic bone in tandem with recreating realistic scenarios to include factors such as genetics and gene ontology (GO), disease, hormones, nutrition, and metastases will be the next focus for enhanced BM models. The regeneration of bone has been extensively researched and has led to therapeutic progression in tissue engineering. Discussing the materials and methods involved in this process is beyond the scope of this article, but it has been discussed at length in other relevant publications [93,94,95]. Genetics and gene expression are one of the main factors used to investigate changes in diseases. Studies investigating prostate cancer bone metastases and tumour-induced bone diseases (TIBD) have reported variations in the expression of genes when compared in 2D than in 3D [96,97], further outlining the need for 3D in vitro models.





5. The Genetic Landscape in Organoids and 3D In Vitro Models


RNA-seq technology permits fast profiling with an in-depth investigation of any species’ transcriptome. Considerably, this approach presents a plethora of advantages over traditional gene expression experiments, such as microarray analysis [98]. For example, the capability of RNA-seq to discover and pinpoint larger quantities of differentially expressed genes (DEGs) surpasses the abilities of alternative methods, thereby allowing for deeper insight into molecular mechanisms [99]. A clear demonstration of this was carried out through the research by Zhao et al. RNA-seq was directly compared with microarray analyses of T cells. While both datasets did show similar results, RNA-seq was highly effective in detecting low-abundance transcripts, aiding the identification of critical isoforms and genetic variants. Additionally, the technical issues born from non-specific hybridisation and limited detection of individual probes was avoided, as RNA-seq does not depend on a pre-designed sequence probe for detection [100]. Conversely, one could argue that while RNA-seq is generally more effective, the cost, data storage, and analysis pose barriers and challenges to its employment [100].



Due to its rising popularity among scientists, it is no surprise that NGS has increasingly been used for genetic analyses of samples from 3D in vitro models, including those aimed at bone regeneration. In a recent study by Wu et al., RNA-seq was employed to delve deeper into macrophages’ response mechanisms to their scaffold’s degradation products [101]. Their findings indicated that the phagocytosis of these degradation products spurred oxidative stress and nudged macrophages toward an inflammatory state (M1). In a different investigation, Guerrero et al. evaluated two distinct types of bone substitute constructs for their application in the early phases of bone healing, using RNA-seq and histology as tools for comparison [102]. The results demonstrated that while both constructs exhibited robust expression of genes linked to cell adhesion, migration, and adaptive immune responses, one construct demonstrated elevated expression of genes involved with ossification, bone development, and angiogenesis. RNA-seq was thus instrumental in probing and furnishing evidence for the construct more suitable for bone repair. The subsequent section delves into Next-Generation Sequencing (NGS), its different forms, and its application in 3D in vitro models and organoids.



NGS of somatic or germline mutations, particularly in cancer, has faced significant challenges due to the limited availability of targeted therapies corresponding to these alterations [103,104]. In this context, 3D in vitro models such as organoids offer an approach to conducting functional assay experiments. Over the last decade, the advancement and widespread adoption of single-cell (SC) sequencing have mitigated some limitations associated with ‘conventional mRNA or protein-based methodologies’ [105]. Traditional methods have been largely ineffective in elucidating the contributions of less abundant cell types and their roles within the specific organ microenvironments, thereby hindering a comprehensive understanding of organ development and disease. Examining genetic variation at the single-cell level can compare distinct cell types and tissue states (e.g., tumour versus healthy), revealing gene expression-based disparities at single-cell resolution.



The employment of SC sequencing across multiple molecular disciplines has evolved into a dynamic tool to study the genetic profiles of specific cell types, also enabling the characterisation of lineage development [103]. Transcriptome data from diverse cell types aid scientists in obtaining a more comprehensive understanding of what shapes a specific cell type, specific cell functions, and how the expression of this transcriptome, and hence protein, reflects or contributes to disease.



Over the past decade, 10X Genomics and BD Biosciences have emerged as leading suppliers of library preparation kits for SC sequencing. The 10X technique uses microfluidic partitioning to capture single cells, followed by barcoding and generating cDNA libraries [104]. More specifically, this method entails mixing single cells with reverse transcription reagents, gel beads with the barcoded oligonucleotides, and oil on a microfluidic chip to form vesicles named Gel Beads in Emulsion (GEMs). The GEMs are fundamentally single-cell emulsion droplets pooled for downstream reactions to create libraries ready to sequence. Post-sequencing, the reads are mapped back to each corresponding single cell [104]. On the other hand, BD’s technique is based on bead/microwell cartridges enabling the capture of a wide range of single cells, coupled with an imaging device for both sample and workflow quality control [105]. Both of these techniques have been summarised below in Figure 3.



Psaila et al. developed novel methodologies in 2022, engineering human iPSC-derived organoids with homology to human BM [106], thereby advancing target discovery, validation, and translation. Myeloproliferative diseases tend to present in the later decades of life and are associated with advancing age within the BM [107,108,109]. The authors employed scRNA-seq to confirm organoid homology to the myelopoietic BM by detecting mesenchymal elements and myeloid cells. Further, to demonstrate that the generated organoids sustained the engraftment of healthy and malignant haematopoietic cells from human donors, cryopreserved cells derived from 15 organoids were processed using Chromium Single-Cell 3′ library and Gel Bead Kits v3.1 (10X Genomics) [104,106,110]. The scope of this work will not only reduce the reliance on animal models of BM disease but species-specific target identification allows for a clinically relevant ex vivo organoid and 3D in vitro model encompassing primary patient cells, thus enabling clinical translation.



Previously, RNA-seq has been used to validate the effect of silicon (Si)-based biomaterial scaffolds; the authors reported that data generated from RNA-seq and GO analysis revealed biological processes involved in bone and cartilage development, validating the role of their Si-based scaffolds in the potential regeneration of both these tissues [111]. More recently, in 2022, Ji et al. compared three typical 3D scaffolds for their applications in bone healing [112]. Among other techniques, they used RNA-seq to identify DEGs up or down-regulated in the three types of scaffolds to identify the characteristics specific to each scaffold.



Alongside the possibility of comparing the genomic landscape of cells from different types of 3D platforms, RNA-seq has also provided data to identify novel cellular populations/sub-populations that contributed towards further understanding epithelial stem cell populations in prostate cancer organoid models [113]. Of high relevance to the 3D in vitro model/organoid genetic landscape, Ma et al. proposed and executed the generation of ‘Organoid DB’, a comprehensive database of transcriptome-based organoid data primarily obtained by various experiments using NGS methodology, which manually collected information including human and mouse-derived organoid samples and primary tissues, cell lines and xenografts, facilitating imperative comparisons with organoids [114].




6. Challenges and Future Directions


Although 3D models offer more significant advantages than 2D and animal models, several challenges have been associated with the development of BM 3D/organoid models. The challenges include the lack of uniformity in organoid morphology and the cell-type ratios for fabrication, impacting the nutrient supply and waste elimination within the 3D model and also influencing the functionality and maturation of the cell populations involved variably due to the lack of uniformity. These drawbacks add to the current technical shortcomings of attaining vascularisation within these models and have been shown to cause cells to reside away from the inactive 3D matrix, which usually lacks vascularisation [33,59].



While recent research of innovative liquefied micro-capsule and compartment models is promising toward better replicating the BM [115,116], further research is needed to validate the reproducibility and applicability of such models. Guidelines have been released but are not implemented sufficiently to become a reference as a scientific gold standard yet. A sophisticated standardisation will ensure reproducibility and accurate data acquisition and interpretation by implementing control criteria and performance standards. Moreover, at the moment, no consensus and no methodological or pharmaceutical standardisation [117,118,119,120] have been put in place regulating the use and data analysis for drug testing on organoids. For 3D organoids mimicking musculoskeletal conditions, ‘scalable’ procedures and minimal regulatory requirements are yet to be formalised.



Regarding NGS for 3D models, numerous studies have employed SC analysis for looking at cerebral and liver organoids, demonstrating similar gene expression profiles to the foetal neocortex and foetal liver. Inter-organoid variability has been demonstrated through the lack of control over multilineage differentiation, cell culture media optimisations, and the reliability of developed cell fates are not often quantitatively measured compared to their counterparts in vivo. Thus, one challenge that arises is the practicality and viability of comparisons of drug testing using organoids [121,122,123]. Directly sequencing and subsequent bioinformatics analyses to decipher the latter would be one way to address the aforementioned issue.



Despite the challenges, we believe that 3D models and organoids will be the future of disease modelling, drug testing, and precision medicine [124,125,126]. Apart from contributing towards the 3Rs of animal studies (replacement, reduction, and refinement), they will pave the way for enhanced strategies and various applications, as indicated in Figure 4. We also foresee 3D scaffolds as a 3D model for the ‘ideal’ bone organoid as they can provide the hard base that remains integral for bone repair and remodelling.



By directly addressing bone conditions and disorders, investigation of various organoid models such as the OP models, bone defect models, bone tumour models, bone malformation models, and bone osteomyelitis models can provide an enhanced platform for further underpinning the mechanisms underlying each of these conditions [127]. Once the models can partially mimic the physiological conditions, NGS can be used to confirm the genetic landscape of the physiological conditions and explore and predict therapeutic responses. The combination of organoid and NGS technology has already been attempted to investigate breast cancer organoids [128] and retinal organoids [129]. As quoted by the creators of ‘OrganoidDB’, similar platforms could not only ‘facilitate a better understanding of organoids’ but additionally seek to improve current organoid culture protocols to model organoids that ‘fully recapitulate the structure of the modelled organs’ [96]. Therefore, future work combining the 3D model for bone and the high sensitivity of NGS would be extremely valuable to healthcare research.
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Figure 1. Comparison between 2D and 3D in vitro models. 
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Figure 2. Types of in vitro models. 
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Figure 3. Comparative Analysis of Single Cell Sequencing Approaches from BD Biosciences and 10X Genomics—These two predominant methodologies facilitate the isolation and subsequent barcoding of individual cells’ transcriptomes, thereby permitting an in-depth investigation of cellular gene expression heterogeneity within complex biological systems. 
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Figure 4. Fabrication (indicated in green) and various applications (indicated in yellow and blue) of 3D models for bone and bone marrow. 
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