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The inherent self-organizing capacity of pluripotent and adult stem cell populations has advanced our fundamental understanding of processes that drive human development, homeostasis, regeneration, and disease progression. Translating these principles into in vitro model systems has been achieved with the advent of organoid technology, driving innovation to harness patient-specific, cell-laden regenerative constructs that can be engineered to augment or replace diseased tissue. While developmental organization and regenerative adult stem cell niches are tightly regulated in vivo, in vitro analogs lack defined architecture and presentation of physicochemical cues, leading to the unhindered arrangement of mini-tissues that lack complete physiological mimicry. This review aims to highlight the recent integrative engineering approaches that elicit spatio-temporal control of the extracellular niche to direct the structural and functional maturation of pluripotent and adult stem cell derivatives. While the advances presented here leverage multi-pronged strategies ranging from synthetic biology to microfabrication technologies, the methods converge on recreating the biochemical and biophysical milieu of the native tissue to be modeled or regenerated.
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INTRODUCTION
A stem cell can be broadly defined by its ability to self-renew and differentiate into other cell types. Pluripotent populations, such as human embryonic stem cells (hESCs) or human induced-pluripotent stem cells (iPSCs), inherently have the largest regenerative potential, can be expanded indefinitely, and have the capacity to form any adult tissue. iPSCs, which were first described in 2007, circumvent ethical concerns associated with hESCs as they can be generated from somatic cells via transcriptional reprogramming (Takahashi et al., 2007; Yu et al., 2007). This technological breakthrough enables the generation of cells that have the potential to augment or replace diseased tissue in vivo and has already made clinical headway in the treatment of type 1 diabetes (Shapiro et al., 2021) and macular degeneration (da Cruz et al., 2018). Aside from their potential in a regenerative setting, patient-specific iPSCs pose as a powerful tool to model diseases in vitro, which can lead to personalized medicine (Schwank et al., 2013; Fujimori et al., 2018).
Adult stem cells can also indefinitely self-renew, which allows for homeostatic tissue maintenance and repair after injury. They do however have a lineage-restricted differentiation capacity. Multipotent populations including hematopoietic stem cells (HSCs) have been widely utilized in clinical settings for the treatment of blood disorders (Copelan, 2006). Mesenchymal stem cells (MSCs) also show clinical promise, and over 80 clinical trials are ongoing due to their attractive immune regulatory functions and pleiotropic effects (Clinical Trials, 2021). However, there is limited evidence that MSCs in a regenerative environment differentiate or replace resident cells in settings outside cartilage or bone regeneration. Rather, their therapeutic benefit rests in their pleiotropic bystander phenotypes, namely their ability to modulate the host tissue by secreting bioactive proteins, matrix, and extracellular vesicles (Savukinas et al., 2016; Lukomska et al., 2019). To this end, the expansion of tissue-specific adult stem cells as organoids has garnished enthusiasm as potential cellular therapeutics and has shown promise in the regeneration of a variety of tissues including the skin, intestines, liver, kidney, and pancreas (Toyohara et al., 2015; Cruz-Acuña et al., 2017; Hirsch et al., 2017; Hogrebe et al., 2020; de Koning and Carlotti, 2021; Sampaziotis et al., 2021).
Stem cells and their progeny have exciting therapeutic promise, however their application in a regenerative setting is limited in part by a difficulty in controlling the regulatory factors that drive their maintenance and differentiation for robust in vitro culture and expansion. The stem cell niche is a tissue-specific physiological microenvironment which is specialized to govern the maintenance and function of resident stem cell populations. Stem cells depend on interactions with their niche to survive, proliferate, and maintain homeostasis. This extracellular milieu includes juxtacrine cellular interactions such as gap junctions and Notch-ligand interactions, soluble chemical factors (oxygen tension, growth factors, chemokines, signal proteins), physical cues (topography, shear stress, interstitial flow), and engagement with the extracellular matrix (ECM) (Lane et al., 2014). The three-dimensional (3D) extracellular matrix, organized as a mixture of regulatory proteins, glycosaminoglycans (GAGs), and tethered small molecules, provides the necessary mechanical, architectural, and signaling support needed to sustain stem cell function (Figure 1). Dysregulation of the interplay between stem cells and their microenvironment has been implicated across disease settings, where stem cells no longer harbor the capacity to respond to regenerative cues. Depletion of factors that sustain the stem cell niche has been increasingly recognized to promote aging (Carlson and Conboy, 2007), tissue deterioration, and cancer (Rossi et al., 2008). This is evidenced by a large body of work, showing that heterochronic parabiosis and transplantation can promote the regenerative capacity of aged stem cell populations when put in a “young” niche (Conboy et al., 2005; Rebo et al., 2016; Poulos et al., 2017; Wlodarek et al., 2020). As such, it is critical to develop in vitro model systems that allow controlled insight into the parameters that govern stem cell survival, self-renewal, and differentiation.
[image: Figure 1]FIGURE 1 | The stem cell niche. Stem cells require specialized microenvironments that facilitate their maintenance and functions via structural support, dynamic signaling mechanisms, trophic networks, topographical information, and physiological cues. Shown is a schematic of a typical stem cell niche which includes humoral cue delivering-vascular networks, supporting stroma, extracellular matrix, and soluble factors. Insets depict specific components of the ECM, as well as interactions between neighboring cells.
Various attempts have been made to recreate the native stem cell niche in vitro. Biomaterial-based approaches have been employed to recapitulate the physiological microenvironment and mimic native ECM interplay. The synergy of material science, microfabrication techniques, and cellular engineering have enabled the assembly of artificial niches that can be perturbed with high fidelity, providing new insight into how microenvironmental cues dictate stem cell behavior. Interdisciplinary approaches have been utilized to recapitulate the microenvironmental cues that regulate stem cell maintenance and downstream differentiation. These include the synthesis of novel biomaterial scaffolds, directed co-culture, and introduction of spatial cues. These feats have been realized through the advent of three-dimensional hydrogel culture systems, biological microelectromechanical (Bio-MEMs) devices, and 3D bioprinting. In this review, we discuss recent advancements in controlling the stem niche, with particular focus on iPSC models of early human development, and highlight how engineered biomaterial strategies are being used to study adult stem cell populations.
ENGINEERING THE PLURIPOTENT STEM CELL NICHE
Aggregation Tools
The 3D organization and components of physiological stem cell microenvironments are critical for the self-renewal and maintenance of stem cells. The in vivo stem cell microenvironment is defined by various factors including the direct interactions with neighboring cells, indirect interactions through autocrine or paracrine secreted factors, extracellular matrix composition, immunological components, physical shear stress, tissue rigidity, fluid flow and environmental exposures (Hall and Watt, 1989; Watt and Hogan, 2000; Lane et al., 2014). With the advent of stem cells, it was established that pluripotent stem cells aggregate in suspension to form embryoid bodies, which can differentiate into any cell type originating from the endoderm, mesoderm, or ectoderm lineage in addition to forming simple cell aggregates called spheroids. Unlike the mammalian embryo, these embryoid bodies or spheroids lack spatial organization, possess inconsistent tissue architecture, and include a variable mixture of cell types (Zeevaert et al., 2020; Rossant and Tam, 2021). Embryoid bodies or spheroids are formed through numerous techniques including non-adherent surfaces, hanging drop method, spinner flasks, rotating wall vessels, concave microwells, programmable droplet merging, micro-molded hydrogels, and microfluidic systems. Over time, these techniques have been developed to overcome some limitations associated with mass production, reproducibility, spheroid size, and shape control. 3D spheroids possess paracrine activity, therefore culturing them on bioreactor-based platforms enables the mimicking of the metabolic, mechanical, and geometric aspects of the biological niche (Chimenti et al., 2017; Cui et al., 2021). Spheroid engineering has been initiated to include multiple cell types, standardized oxygen concentration, defined media supplements, optimal physiochemical cues, and supporting biomaterials. This was done with consideration of the technical feasibility of large-scale production and the physiological relevance of 3D systems (Laschke and Menger, 2017; Tseng et al., 2017; Oliveira et al., 2018; Song et al., 2019; Lee et al., 2020). Hence, spheroids have been incorporated into natural and synthetic biomaterials to enhance the clinical translatability of these model systems by culturing them in appropriate microenvironments.
Novel digital trapping platforms have also been developed leveraging acoustofluidics to spatiotemporally manipulate scaffold-free spheroids in microfluidic or open chambers (Cai et al., 2020; Wu et al., 2021). Spheroids can also be bioprinted to obtain precisely organized arrays (Yu et al., 2016; Daly and Kelly, 2019). While co-cultured spheroids promote intracellular communication, dynamic conditions such as those on microfluidic devices were found to better support these cells (Lee et al., 2013). While conventional methods to generate spheroids can be easily scaled-up, there is limited control over the diverse shapes obtained as well as the size of spheroids produced. More recent techniques have focused on modifying the cell seeding density, using specialized aggregation plates and automated techniques, to obtain large-scale reproducible spheroids in terms of shape and size. Furthermore, most spheroids lack cellular heterogeneity unless they are co-cultured or fused with other spheroids comprised of different cell types. The lack of multicellular and organized structures in spheroids has been addressed to some extent since the generation of self-assembled organoids.
Organoids are complex three-dimensional clusters of organ-specific stem cells comprising of initially homogenous cells that break symmetry, undergo self-assembly and demonstrate functionality (Brassard and Lutolf, 2019). With increased physiological relevance and functionality over their previously generated counterparts, these organoids have established themselves as ideal models for studying cellular interactions, signaling mechanisms, disease modeling, toxicity, and drug testing (Dutta et al., 2017; Lancaster and Huch, 2019; Mead and Karp, 2019). Scaffolds, hydrogels, and micropatterning techniques have been used to mimic the biological niche to expand, differentiate, and mature these cells (Ho et al., 2016; Zhao et al., 2019; Tenje et al., 2020). However, the challenge to control cellular composition and reproducibility in self-organizing organoids remains. Bioprinting approaches do offer an alternative by generating identical structures with multiple cell types in an engineered microenvironment. Although efficient, these processes are mechanically or biochemically guided and do not occur through self-organization. In contrast to micropatterning and microfluidics, obtaining spheroids or organoids from hanging drop, spinner flasks, microwells, magnetic levitation, scaffolds, and hydrogels for further experimental processes is relatively straight forward. Therefore, all these aggregation methods have their own benefits and limitations. In the absence of any supporting matrix in suspension cultures, cells aggregate to form large compact or small loose clusters under the influence of physical forces or spatial proximity. This mainly depends on cell-cell interactions and cellular ECM secretion. Modified microwell shape such as U-bottom and pyramidal culture dishes have demonstrated improved stem cell aggregation as opposed to flat-bottom plates (Thomsen et al., 2018). Although numerous studies have focused on cell density, aggregate size, shape, aggregation techniques, medium composition, and formation kinetics to study the cell expansion, stability, and differentiation of stem cell aggregates, the dynamic process of 3D aggregate formation needs further exploration. It has been suggested that this process is primarily driven by cell adhesion molecules and matrix synthesis and remodeling (Kim et al., 2019). Adhesion molecules including cadherins mediate self-assembly by regulating interactions between cells and integrins and facilitate cellular-ECM protein crosstalk, thereby promoting aggregation (Chen et al., 2007; Weber et al., 2011; Li et al., 2012; Vitillo et al., 2016; Grenier et al., 2021). In addition to providing structural and biochemical support, the diffused ECM (laminin, collagen and fibronectin) between cells in aggregates triggers biomechanical signaling networks between the intracellular cytoskeleton and the extracellular microenvironment, hence regulating the survival, stability, and compactness (Farhadifar et al., 2007; Row et al., 2016; Kim et al., 2019). Depending on the application and desired outcome, the specific cell aggregation techniques can be selected (Figure 2).
[image: Figure 2]FIGURE 2 | Evolution of stem cell organization techniques. A comprehensive schematic representing the methods used for the aggregation and self-organization of stem cells starting with embryoid bodies and spheroids and moving to more complex organoids and developmental models. While the conventional methods rely more on aggregation techniques, the advanced bioengineered models focus on physiological relevance and complex spatial organization. The major advantages and limitations of these techniques have been highlighted.
Synthetic morphogens mimicking the receptor-ligand interactions have been developed in engineered gradient systems to amplify the paracrine cues and enhance cell adhesion (Toda et al., 2020; Stapornwongkul and Vincent, 2021). Adhesion ligands like RGD, YIGSR peptides, or full-length proteins such as laminins have been incorporated into biomaterials to stimulate the adhesion, proliferation, and differentiation of stem cells (Antfolk and Jensen, 2020). In addition, surfaces of biomaterials have been modified with molecules supporting direct cell-cell interactions such as cadherins, selectins, nectin, and contactin to mimic the ECM (Zhang et al., 2020). Another strategy involved the immobilization of cell surface signaling ligands of the Notch pathway in order to direct differentiation of stem cells as well as Shh pathway to stimulate angiogenesis (Beckstead et al., 2006; Taqvi et al., 2006; Wall et al., 2008). Engineering techniques have also led to the development of biomaterials comprising of an extracellular cadherin domain fused to the Fc domain of IgG. Similarly, several other proteins have been conjugated to IgG to modify the surface of biomaterials and promote adhesion, cell growth, differentiation, and cellular matrix mechanosensing (Zhang et al., 2020). Furthermore, the chemical conjugation of cadherin-mimicking peptides to hydrogels has supported stem cell differentiation by replicating cell-cell interactions (Li et al., 2017). While these engineering techniques are useful for improving cell-cell interactions, they can also be leveraged to promote cell-ECM communication.
Mimicking the Extracellular Matrix
Biomaterials can either be natural, synthetic, or composites of both, and have properties that mirror tissue ECM including degradability, viscoelasticity, porosity, hydrophilicity, and stiffness. These materials have a range of malleability and can be functionalized with binding motifs, signaling molecules, and other bioactive moieties. Synthetic materials are desirable for their highly tunable properties and customizability, but often lack the functionality required for cytocompatibility. This bioactivity can be achieved through the chemical addition of niche-specific functional groups and proteins into the polymer system. Polyethylene Glycol (PEG) is a commonly used biocompatible synthetic polymer known for its adjustable rigidity and degradation kinetics. PEG is not biologically active on its own but can be coupled with biochemical factors to improve cell interaction. Considerable work has been done to show that synthetic hydrogel systems can be engineered to recapitulate particular stem cell niches and improve their culture in vitro (Gilbert et al., 2010; Musah et al., 2014; Sun et al., 2018; Chrisnandy et al., 2021). While synthetic materials provide many benefits, there are still advantages to using natural biomaterials for stem cell and organoid culture. Natural matrices such as Matrigel, hyaluronan, chitosan, fibrin, and collagen vary in their exact compositions and are not as readily modifiable as synthetic materials, but they often display improved cytocompatibility and degradability due to the presence of naturally occurring cell adhesion ligands (Wong et al., 2018; Chang et al., 2021; Poorna et al., 2021). These materials are less toxic and typically don’t require harsh chemical reactions for crosslinking or functionalization but can be immunogenic given their derivation from animal sources. While natural biomaterials are not strictly engineered in the way that many synthetic materials are, they can show promise when harnessed in conjunction with other biomaterials and engineered systems such as microfluidic chips or bioprinted constructs. The intrinsic cytocompatibility afforded by natural biomaterials can be critical for the support of pluripotent or multipotent cells within an engineered system, which could be supplemented with specially designed synthetic materials to improve the physical properties (Figure 3).
[image: Figure 3]FIGURE 3 | Modification of biomaterials to recapitulate the physiological stem cell niche. Biomaterial engineering approaches enable precise control over the biophysical properties of the ECM components leveraged to recreate the physiological stem cell niche. Material properties include fiber density, crosslinking, stiffness, elasticity, and degradability. These can be adjusted individually or in combination with patterning, bioconjugation, and pre-defined architecture to promote specialized organoid assembly and stem cell maintenance.
Biomaterial-assisted engineering techniques ensure that hydrogels provide a protective self-renewal environment. For example, nano- or micro-particles deliver essential bioactive molecules, and functional moieties such as adhesion ligands and immunomodulatory proteins are incorporated to facilitate growth and adhesion. This provides both exterior as well as interior cues (Lee et al., 2021). Other approaches employ biofunctional materials such as magnetic nanoparticles, polymer microspheres, and nanofiber particles, which have accelerated spheroid formation and enhance the mechanical properties, viability, and directed differentiation of stem cells (Kim et al., 2020). Spheroids-on-a chip were generated by combining bioprinting approaches with controlled cell seeding on concave hydrogels (Ling et al., 2015). In addition, engineering techniques using synthetic thermally expandable hydrogels and micropatterned surfaces have derived spheroids by self-assembly of monolayer stem cells to potentiate the interactions between cells and the surrounding ECM (Lee et al., 2018). High precision 3D bio-dot printing has enabled micropatterning and demonstrated improved paracrine interactions between various cell types including hepatocyte spheroids and endothelial cells along with long-term ability to sustain hepatic function and drug metabolism (Jeon et al., 2020). Stiffness-based biomaterial approaches have also been used to improve stem cell culture and differentiation. Identification and modulation of specific signaling cascades driven by resident support cells, growth factors, and adhesion molecules are also crucial in designing physiologically relevant microenvironments for stem cells. For instance, Wnt signaling, a critical pathway for mesodermal induction, is driven by Yes-associated protein (YAP) activation in response to mechanical sensation. Using polydimethylsiloxane (PDMS) as a tunable matrix, nuclear YAP localization was shown to increase when iPSCs were cultured on compliant substrates compared to stiff polystyrene plastic dishes. Additionally, mesodermal markers were upregulated, and endothelial cell specification was improved when iPSCs were seeded on soft substrates, independent of small molecule and growth factor addition (Smith et al., 2017). iPSC derived intestinal stem cell (ISC) maintenance has also been shown to be supported using a 4-arm PEG based hydrogel system, when functionalized with fibronectin (RGD) binding motifs rather than collagen 1 (GFOGER), or laminin a-1 derivatives (AG73, IKVAV) suggesting that specific adhesive moieties are needed in the stem cell niche (Cruz-Acuña et al., 2017).
Naturally occurring biomaterials have also been used to maintain and differentiate pluripotent stem cells. Cellulose, a common non-toxic, biocompatible polymer that is not of animal origin, has been used to investigate the efficiency of hepatocyte-like-cell (HLC) specification from iPSCs in a nanofibril form (Poorna et al., 2021). Expression of endoderm, hepatoblast, and mature hepatocyte markers, including lipid and albumin production, was demonstrated to be similar to culture conditions containing Matrigel (Poorna et al., 2021). Surface coating of chitosan, a polysaccharide derived from the exoskeleton of fungi and crustaceans, improves iPSC proliferation and differentiation potential compared to tissue-culture polystyrene dishes, while maintaining a biocompatible, feeder free system (Wong et al., 2018). When compared to vitronectin, chitosan substrates support high quality iPSC pluripotency and colony proliferation up to a year. Additionally, chitosan membranes support the formation of iPSC derived 3D spheroids and promote a naive-like expression profile. These naive-state iPSCs have a higher capacity for self-renewal, increased differentiation potential, and are optimal for genomic editing compared to traditional monolayer-cultured iPSCs (Weinberger et al., 2016). The recapitulation of 3D organization is an important biomimetic strategy for iPSC culture and has been found to induce improved naive gene expression compared to the vitronectin control (Chang et al., 2021). In addition, synthetic biomaterials such as polyacrylamide gels with amine-functionalization have improved the incorporation of crosslinking agents and biomolecule conjugation. With this system, iPSC attachment and proliferation are enhanced, leading to stiffness-dependent cytoskeletal organization and YAP translocation (Lee S. et al., 2019). While the physiologically relevant microenvironment and cellular interactions facilitate stem cell maintenance, self-renewal, and self-organization, the current spheroid and organoid models provide limited insights on the processes of tissue morphogenesis and embryogenesis.
Gastruloids
Recent innovations have led to the formation of self-organizing embryo-like structures from pluripotent stem cells that can provide insights on embryonic development leading to organogenesis (Shahbazi et al., 2019; Simunovic et al., 2019; Hyun et al., 2020). Gastruloids are three-dimensional aggregates of stem cells possessing axial organization and precisely distributed derivatives of the three germ layers, recapitulating post-implantation embryos in vitro (van den Brink and van Oudenaarden, 2021). A series of lineage decisions coax the embryonic cells to develop into cells from the three germ layers during fetal development. Previous 2D studies using embryonic stem cells or micropatterned pluripotent stem cells exposed to various intracellular signaling microenvironments have successfully recapitulated the early fate decisions and basic cellular rearrangement (Sharon et al., 2011; Warmflash et al., 2014; Etoc et al., 2016; Martyn et al., 2018; Morgani et al., 2018; Smith et al., 2018; Martyn et al., 2019). These micropatterned cultures enhance the understanding of the critical signaling cues. Additionally, early spatial organization, mechanics, epithelial-mesenchymal transition, and geometry influence the developmentally significant cell fate decisions. These include symmetry-breaking and the emergence of the primitive streak and subsequent gastrulation, suggesting that the 3D environment and interacting signaling pathways play an important role in these processes (Gattazzo et al., 2014; Ahmed, 2016; Blin et al., 2018; Xue et al., 2018; Yoney et al., 2018; Britton et al., 2019; Chhabra et al., 2019; Heemskerk et al., 2019; Srivastava and Kilian, 2019). In vivo, the response of embryonic cells to chemical signals from growth factors, morphogens, metabolites, and biomechanical signals including stretch, pressure, and adhesion result in the proper organization of the embryo (Srivastava and Kilian, 2019; Rossant and Tam, 2021). Various studies have attempted to replicate the gastrulation-like events in vitro with external developmental cues and self-organizing embryonic stem cells, iPSCs, and epiblast-like cells (Warmflash et al., 2014; Deglincerti et al., 2016; Shao et al., 2017). Elongated gastruloids consisting of the anterior and posterior-resembling regions have been generated by the mechanistic control of spatio-temporal signaling cues, in addition to modulating the extracellular matrix (Beccari et al., 2018; Moris et al., 2020; van den Brink et al., 2020; Girgin M. U. et al., 2021; Rossi et al., 2021). Recent gastrulation models represent symmetry-breaking epiblast structures (Simunovic et al., 2019). These gastruloid models represent structural changes, patterning, transcriptional signatures, and signaling of the human embryo in developmental stages that are beyond the legal constraints of in vivo human embryos. However, they lack the ability to mimic the pre-gastrulation phase of human development.
Blastoids
Embryonic and extra-embryonic tissue interaction is critical for mammalian embryogenesis to generate spatially organized tissues during development (Harrison et al., 2017; Shao et al., 2017; Rivron et al., 2018; Sozen et al., 2019; Zheng et al., 2019; Baillie-Benson et al., 2020). Pluripotent stem cells have been employed to generate blastocyst-like structures modeling early embryonic development (Liu et al., 2021; Yanagida et al., 2021; Yu et al., 2021). Blastoids are stem cell-derived models of blastocyst-stage conceptus, which recapitulate the early developmental events such as implantation, cell fate determination, and morphogenesis (Kagawa et al., 2021). Blastocyst-derived stem cells in mice demonstrated the ability to form spatially ordered implantable embryoids exhibiting lumenogenesis, expression markers of mesoderm, primordial germ cell precursors, and endoderm-like tissues in controlled microfluidic systems (Zheng et al., 2019). The inability of these structures to develop further has limited their application in developmental biology. Human iPSCs self-organize in an implantation-like niche environment to model the process of amniogenesis in the absence of maternal or extraembryonic cues. These findings reiterate the importance of the physical signals from the niche and show that the activation of BMP signaling cascades is critical in the development of peri-implantation amnion-like tissue (Shao et al., 2017). Since the interaction of embryonic and extraembryonic tissues is known to be crucial in self-organization, recent bioengineered models have led to the independent modulation of the physical as well as biological aspects of these compartments to direct specific trajectory (Girgin M. et al., 2021). CRISPRi techniques have been implicated in modifying cell behavior and controlling symmetry-breaking (Libby et al., 2021). Although various discrete stages are demonstrated in vitro, none of these models mimic the sequential events occurring in human embryonic development. Overall, bioengineering tools promote multicellular interactions and self-organization in in vitro embryo models by the manipulation of embryoid shape, initial cell aggregation, molecular signaling, and extracellular matrix (Fu et al., 2021; Xu et al., 2021). In comparison to the other self-assembled model systems, these embryonic models have emerged as promising platforms, demonstrating an increased level of spatial multicellular organization and similarity to the native tissue developmental trajectory. In addition to providing valuable insights into embryonic development, bioengineering techniques have highlighted the essential components of the adult stem cell niche.
RECREATING THE ADULT STEM CELL NICHE
Adult stem cells present exciting opportunities for understanding and recapitulating tissue regeneration and repair. Mimicry of their native niche is an important aspect of properly culturing adult stem cells, and as such requires an understanding of their physiological microenvironment. A combination of biochemical cues as well as biophysical factors play a role in determining cell fate and tissue organization. The ECM provides structural support and initiates biochemical signaling in the cells (Hussey et al., 2018). The following section outlines advances in the realm of adult stem cell niche engineering, with examples of multiple types of adult stem cells and their native niches.
Muscle Stem Cells
Muscle stem cells reside within muscle fibers, adjacent to the basal lamina and sarcolemma. They are accompanied by myocytes, resident inflammatory cells, fibroblasts, and blood vessel mesoangioblasts. Myocytes and inflammatory cells release soluble factors in response to tissue damage which activate muscle stem cells. The stem cells proliferate and differentiate to form new myofibers in addition to remodeling scar tissue laid down by fibroblasts after injury (Kwee and Mooney, 2017). The interplay of cells and chemical/physical cues makes up the regenerative muscle niche. Muscle stem cells (MuSCs) remain quiescent until injury-induced activation. In the native niche, MuSCs maintain physical connections with their surrounding myofibers, mediated by N- and M-cadherin. These connections play an important role in maintaining MuSC quiescence, and evidence has shown that diminishment of these adhesive junctions causes a break in quiescence (Goel et al., 2017). Conversely, local macrophages serve to activate MuSCs at the site of injury. These macrophages have been found to hyper express Adamts1 metalloproteinase which targets NOTCH1 proteins and decreases Notch signaling. Adamts1-positive macrophages have been shown to improve MuSC activation and subsequent muscle regeneration in mice (Du et al., 2017).
A large challenge in adult stem cell culture lies in their propensity to lose the capacity for self-renewal when plated in vitro. Muscle stem cells for example, aid in skeletal muscle regeneration when transplanted in mice directly after isolation. It has been shown that plating MuSCs in plastic dishes causes a decrease in their viability and differentiation potential, also known as “stemness”. Therefore, there is a need for an engineered biomaterial surface which can mimic the native stem cell niche and interact with the cells such that their survival and stem cell properties are not compromised. Elastic moduli have a great impact on the ability of an MuSC population to self-renew and retain their multipotency. The elastic modulus of polystyrene plastic is approximately 106 kPa, whereas skeletal muscle is five orders of magnitude softer. The use of a PEG hydrogel provides control over the stiffness of the substrate while also introducing niche-specific binding ligands. The PEG network can be functionalized with extracellular matrix proteins such as laminin, an important ligand native to the MuSC niche, via covalent crosslinking (Gilbert et al., 2010).
Surface stiffness indeed affects the differentiation capacity and regenerative potential of stem cells. It was found that MuSCs cultured on biomimetic, compliant hydrogels did not experience the previously reported levels of cell death. After 1-week, clonal expansion rate was doubled on soft plates compared to rigid plastic. Gene expression analysis showed that MuSCs cultured on rigid substrates demonstrated increased expression of differentiation markers compared to cells on soft hydrogels. These results indicate that a surface with stiffness closely resembling skeletal muscle can preserve the viability, self-renewal, and stemness of MuSCs. While cell culture on compliant, biomimetic substrates provides a marked improvement over polystyrene plastic, there may still be other niche factors to consider in this system to match the efficacy of freshly isolated stem cells in vivo (Gilbert et al., 2010). This example introduces the importance of mechanical stiffness for stem cell maintenance. It has also been found that MuSC-mediated ECM remodeling and laminin deposition is indispensable for their own expansion and self-renewal post-activation. The cells engage laminin through integrin signaling and depend on matrix metalloproteinase activity to remodel their environment (Rayagiri et al., 2018). Additionally, MuSCs depend on Notch signaling and interactions with native collagen V to maintain quiescence prior to activation (Baghdadi et al., 2018). Several reports outlined in the following sections expand on this work by investigating several adult stem cell types across various tunable hydrogel platforms and other biomaterial-based approaches.
Neural Stem Cells
The neural stem cell niche is localized in the subventricular zone and the dentate gyrus of the brain. These niches house a range of cells, including ependymal cells, transit-amplifying cells, neuroblasts, and astrocytes. These areas of the brain are also supported by a dense vascular network, and many proliferating progenitor cells reside proximal to blood vessels. Because of this proximity to vasculature, neural stem cells are dependent on soluble factors released by vascular endothelial cells for growth and proliferation (Gómez-Gaviro et al., 2012).
Neural cell development and specification are dependent on mechanical factors in addition to endothelial cell-secreted molecules. Soft polyacrylamide (0.7 kPa), functionalized separately with GAG binding peptide and RGD, supported efficient neuronal specification of iPSCs independently of soluble neurogenic factors. YAP is implicated in this process, with non-differentiating cells displaying nuclear localization of YAP on rigid substrates and differentiating cells displaying cytoplasmic YAP on compliant gels. This low-stress mediated YAP inactivation is an important factor in driving neuronal specification from iPSCs (Musah et al., 2014). Interestingly, specified lineage differentiation from human neural stem/progenitor cells (hNSPCs) has been shown to depend on stiff substrates as well. The hNSPCs express Piezo1 stretch-activated calcium channels which play an important role in mechanically induced lineage specification. Cell-mediated traction forces generated in response to substrate stiffness activate Piezo1 channels, which results in increased neuron specification. Inhibition of Piezo1 (pharmacological or soft substrate-induced) reduced neuron formation and improved astrocyte specification (Pathak et al., 2014). Understanding the relationship between mechanical signals and stem cell specification is useful for improving the analysis of mechanisms involving neural cells. For example, iPSC-derived motor neuronal spheroids were harnessed in conjunction with iPSC-derived muscle fibers on a 3D PDMS chip system. This device, supplemented with collagen I and Matrigel, was used to recapitulate the neuromuscular junction and analyze pathological mechanisms associated with neuromuscular diseases such as lateral sclerosis and muscular dystrophy (Osaki et al., 2020). These models exemplify the utility and importance of recapitulating niche factors for clinically relevant research.
Mesenchymal Stem Cells
Bone marrow-derived mesenchymal stem cells (BMMSCs) plated on fibronectin-functionalized polyacrylamide hydrogels displayed high dependence on mechanical stiffness. In this case, BMMSC adhesion, proliferation, and osteogenic expression were improved on gels of higher stiffness which mimicked the mechanics of their native environment (Sun et al., 2018). Mesenchymal stem cell survival and differentiation potential could be modulated by varying the concentration of RGD-functionalized adamantane in β-cyclodextrin hydrogels (Hong and Song, 2019). This further illustrates the importance of niche-specific binding ligands such as RGD and laminin for the propagation of stem cells in culture. Additionally, MSCs have been shown to respond to their mechanical environment and retain a memory of past physical signals when moved to a softer substrate. MSCs cultured in specially designed photocleavable diacrylate-PEG hydrogels retained nuclear YAP localization after induction of in situ matrix softening. This localization was transient, but positively correlated with the amount of culture time in the stiff gel prior to photo-initiated softening. Cells cultured on solely soft gels expressed markers of adipogenic and osteogenic differentiation, while longer periods of mechanical dosing in the stiff gel led to an exclusive increase in osteogenic lineage specification even after matrix softening was initiated (Yang et al., 2014). This illustrates the importance of the mechanical environment for directing MSC fate, as well as their ability to retain information about their mechanical history. Differences in hydrogel crosslinking kinetics can also impact MSC fate. Rapid crosslinking gels made from hyaluronic acid-adamantane bound with RGD facilitated MSC mechanosensation and subsequently promoted osteogenic differentiation. Slow crosslinking hyaluronic acid-cholic acid gels favored adipogenic differentiation as a result of decreased mechanosensation (Yang et al., 2021). These specially designed variable-kinetic hydrogels highlight yet another tunable property which can be leveraged to control stem cell behavior. Viscoelastic hydrogels made from low and high molecular weight alginate were used to subject MSCs to fast and slow stress relaxation, respectively. MSCs in fast relaxing gels displayed an increase in cell volume, mediated by the force-sensitive membrane ion channel TRPV4. This greater volume expansion also correlated with increased osteogenesis, compared to slow relaxing gels which diminished osteogenesis (Lee H.-P. et al., 2019). Viscoelastic and fluid properties not only impact cell fate but are also important to consider for fabrication techniques such as 3D bioprinting. Shear-thinning and self-healing HA-adamantane and HA-cyclodextrin hydrogels support low surface tension bioprinting of MSC spheroids, allowing for improved cell viability and controlled spatial patterning (Daly and Kelly, 2019). This can help with high precision disease and tissue mimicry, building towards highly applicable models for the translation from lab to clinic.
Hematopoietic Stem Cells
Hematopoietic stem cells differentiate and supply the body with all of the immune cells and cells of the blood. HSCs reside in the trabeculae of long bones within the bone marrow. These stem cells are supported by a range of signal-secreting niche cells including osteoblasts, endothelial cells, and mesenchymal stem cells. Additionally, ligand engagement afforded by ECM proteins such as collagen I, fibronectin, and laminin is indispensable for in vivo HSC development, proliferation, and lineage specification. HSCs offer promising therapeutics to patients with immune or hematologic disorders but are limited in number and can be difficult to transplant. Additionally, it has been shown that culture of HSCs in vitro, outside of the bone marrow niche, is very challenging (Zhang et al., 2019). Thus, there is a need for an engineered platform to recapitulate aspects of the native niche to improve HSC culture in vitro.
A bio-inspired polyacrylamide system was developed to investigate the effects of ECM engagement and biophysical properties on HSCs cultured in vitro. The gels were made to consist of regions with a combination of 3.7 and 44 kPa stiffnesses, to mimic the spatially variable stiffness of the native bone marrow niche. The surface was coated with combinations of three important ECM ligands, collagen I, fibronectin, and laminin. It was found that stiff, fibronectin-rich substrates maintained hematopoietic myeloid progenitor populations. Softer, vascular-like zones rich with laminin promoted differentiation towards the erythrocyte lineage (Choi and Harley, 2017). These results indicate that varying combinations of stiffness and ECM engagement can have a profound effect on the behavior of HSCs in vitro and gives further insight into how these cells can be adapted for systems outside of their native niche. Another hydrogel system leveraged methacrylate-functionalized gelatin (GelMA) and MSC co-culture to improve in vitro HSC culture. Degradable GelMA hydrogels are susceptible to MSC-driven remodeling which results in a dynamic matrix environment. HSCs cultured in a 1:1 ratio with MSCs had significantly improved maintenance over time, and the stiffest hydrogels (30.06 ± 12.35 kPa) showed the highest percentage of quiescent HSCs compared to HSC monocultures. The stiffest gels initially had low levels of porosity and biotransport, but at the end-point displayed MMP-9 expression, a hallmark of MSC remodeling. These quiescent cells are optimal for long-term homeostasis and clinical applications (Gilchrist et al., 2019). This suggests that niche cells such as MSCs not only support HSC maintenance through paracrine signaling, but also through physiological matrix remodeling.
Further study into the niche-supportive role of MSCs revealed a downregulation of niche factors following in vitro culture, which contributes to a reduced capacity for HSC maintenance. MSCs were revitalized with five niche-restoring transcription factors (identified via RNA-sequencing) through lentiviral gene transduction. Reprogrammed MSCs expressed HSC niche factors and promoted a sevenfold increase in functional HSC expansion compared to control MSCs in vitro. Culture with reprogrammed MSC-conditioned media yielded a similar increase in HSC expansion, indicating that the mechanism by which these MSCs support HSCs is largely mediated by soluble factors (Nakahara et al., 2019). These results highlight the importance of MSC-secreted factors and demonstrate an innovative approach to improving the supportive capacity of niche cells in vitro.
These studies show remarkable potential for HSC niche recapitulation in vitro which can be tuned to control stem cell maintenance and lineage specification. Other methods such as perfusion-integrated bone marrow-on-a-chip microfluidic systems show promise in combining many aspects of the native niche. These include ECM and cell-cell engagement, circulation, 3D organization, and stromal cell support (Aleman et al., 2019). The complex arrangement of these factors in a single organ-on-a-chip model allows for better mimicry of the in vivo environment and can be highly beneficial for improving our understanding of hematopoietic stem cell behavior in vitro.
Facultative Liver Stem Cells
The liver possesses a unique regenerative capacity, and yet does not house a well-defined nor agreed upon population of resident stem cells. Evidence has shown that differentiated cells of the liver display plasticity in response to injury and mediate regeneration rather than adult stem cells. It has been proposed that oval cells, a type of potential liver progenitor cell, can promote liver regeneration in response to injury. Oval cells were shown to generate hepatocytes and biliary epithelial cells in vitro, however there is not significant evidence indicating that oval cells differentiate into mature hepatocytes in vivo (Lázaro et al., 1998; Li et al., 2020). Recent work has indeed shown that the differentiated cells of the liver play a large role in mediating regeneration in response to various types of liver injury.
Many common adult stem cells express LGR5 and AXIN2 in addition to activating the WNT pathway to promote regeneration in their tissue and maintain their high proliferation (Sun et al., 2020). It has been shown that in the healthy liver, a population of pericentral hepatocytes co-express both LGR5 and AXIN2 (Planas-Paz et al., 2016). This suggests that this zone of cells would act as a liver stem cell/progenitor-like population and would dominate the regeneration effort in response to injury and normal hepatocyte proliferation during homeostasis. However, it was found that these LGR5+AXIN2+ cells did not especially contribute to liver repopulation. Hepatocytes from all zones of the liver proliferated equally to maintain homeostasis, diminishing the idea that any single population of cells is responsible. Furthermore, data shows that during a regeneration phase, all zones of hepatocytes upregulate AXIN2 and proliferate equally to promote liver regrowth (Sun et al., 2020). These findings demonstrate the inherent proliferative flexibility of differentiated hepatocytes and elucidates their role in homeostatic regulation and regeneration.
Additionally, mature hepatocytes have a documented potential for transdifferentiation. Shown in biliary-deficient mice, hepatocytes were targeted through TGF-β signaling and developed into cholangiocytes which formed physiologically active bile ducts (Schaub et al., 2018). Hepatocytes not only have the ability to increase their proliferation in response to injury but have been shown here to convert into another liver cell type when the signaling conditions and need for the cells are present. Hepatocytes are not the only plastic cells in the liver. In cases of severe liver injury hepatocyte regeneration can be impaired, resulting in a need for a new cell source. Using two different models of induced hepatocyte impairment, it was found that biliary cholangiocytes reacted and formed clusters of cholangiocyte-derived hepatocytes (Raven et al., 2017). After the conversion from biliary epithelial cells in response to severe liver injury, the resulting cells expressed markers of mature hepatocytes, stored glycogen, and were binucleated. These are all hallmarks of functional hepatocytes (Deng et al., 2018). This ability for both cholangiocytes and hepatocytes, two major functional cells of the liver, to transdifferentiate depending on the specific conditions in the liver further demonstrates the overall plasticity of the tissue. These cellular populations work together and react to their environment to act as the functional stem cells of the liver to maintain homeostasis and drive regeneration.
Self-assembled liver-organoids have been used to study hepatocyte proliferation, transdifferentiation, and the potential existence and function of liver stem cells/oval cells. Clonal organoids derived from small LGR5+ liver cells located near bile ducts after injury were shown to generate hepatocytes in vitro and proliferate into functional tissue once transplanted into a mouse model (Huch et al., 2013). Organoids originating from mature hepatocytes were found to retain hepatocyte expression and mimic in vivo hepatocyte proliferation in response to injury. Additionally, hepatocyte organoids formed transdifferentiated cystic structures under the right conditions and repopulated damaged liver when transplanted into a mouse model (Hu et al., 2018). The culture of functional liver cells in these organoid platforms allows for a more biomimetic environment in vitro and could shed insight on some of the processes which are normally only visible in vivo. These types of approaches can aid in the development of new regenerative therapies and procedures by allowing the cells to develop and self-assemble outside of the body, prior to transplantation.
Putative Lung Stem Cells
The lungs are composed of many types of cells including secretory goblet cells and alveolar epithelial cells. Tissues such as the lungs, which are in contact with the external environment, rely on rapid cellular regeneration to preserve their functionality. Studies have shown that certain differentiated cells such as club cells and type-II alveolar cells can self-renew, but there is speculation that these cells themselves are derived from a resident stem cell population (Rawlins et al., 2009; Barkauskas et al., 2013). These stem cells reportedly reside at bronchioalveolar-duct junctions and are appropriately named bronchioalveolar stem cells (BASCs). The nature of BASCs is under debate, with incomplete evidence to fully describe their role in lung regeneration. Recent RNA-sequencing and lineage tracing studies have found that BASCs activate in response to lung injury and can differentiate into the major cell types of the lung including both type-I and type-II alveolar cells to promote regeneration (Liu et al., 2019). Additionally, while BASCs are shown to regenerate lung airway cells in response to injury, they are only moderately implicated in homeostatic cell turnover (Salwig et al., 2019). This finding fits in with the notion that certain somatic lung cells self-renew to maintain homeostatic conditions, while the resident stem cells are activated in response to tissue damage to rapidly replenish lost somatic cells. These studies provide evidence for the function of bronchioalveolar stem cells in lung regeneration, but further work is required to extensively characterize them and explore approaches for an appropriately engineered ex vivo niche. Focus has also been put on the generation of self-renewing lung cells and organoids derived from human pluripotent stem cells. This work is promising because it allows for the study of lung tissue regeneration in vitro without reliance on adult stem cells isolated from the human lung.
Self-renewing type-II alveolar epithelial cells can be derived from human pluripotent stem cells by mimicking the milestones of their native development. Pluripotent stem cells are directed to the definitive endoderm lineage, which is then specified to anterior foregut endoderm, followed by lung progenitor cells, and terminating at the distal lung alveolar epithelium. Cells at this point can be cultured in Matrigel with growth-factor supplemented expansion media and will form 3D epithelial spheres capable of surviving many passages, secreting surfactant, and responding to immune signals (Jacob et al., 2019). Foregut spheroids derived from a similar stepwise differentiation protocol were shown to give rise to human lung organoids when cultured in Matrigel with FGF10. Organoids cultured for over 2 months developed airway-like structures, multiple lung cell populations, and formed basal cell cystic structures. RNA-sequencing data showed that these organoids express a transcriptional profile similar to that of human fetal lung (Dye et al., 2015). Foregut spheroids similarly grown in Matrigel but with FGF7, CHIR-99021, and ATRA instead of FGF10 generate bud-tip progenitor organoids. These organoids form patterned branch structures and mimic fetal branching morphogenesis. They can be coaxed in vitro via specific growth factors to differentiate into bronchiolar and alveolar epithelial populations (Miller et al., 2019). The implications of these findings are vast, with the in vitro recapitulation of fetal lung structures allowing for the study of various disease states, cellular interactions, and lung regeneration. Instead of relying on resident adult stem cells, these approaches focus on re-engineering the developmental process starting from germ layer specification. While this proves difficult to accomplish, there is a level of tunability to this technique. The exact organoid makeup depends on growth factor conditions and culture time and could likely be further refined using engineered synthetic matrices. Control over developmental progression and results in vitro is a powerful tool for better understanding the processes which affect the native lung niche in injury and disease.
Intestinal Stem Cells
The intestinal stem cell niche harbors a unique architecture which acts to support adult epithelial stem cells and their progeny in a crypt and villus configuration. Active intestinal stem cells reside at the base of the crypts, supported by a plethora of juxtacrine-factor secreting cells. Several of these signaling pathways work in conjunction to support ISC activity, including Wnt, R-spondin, Notch, and BMP. In addition to chemical signaling, there are also important ECM components which exist in the ISC niche such as fibronectin and laminin-III, which provide sites for adhesion and physical signaling that contribute to their viability and proliferation (Sun et al., 2018). Furthermore, cell-cell junctions including tight junctions, adherens junctions, gap junctions, and desmosomes play a critical role in the homeostasis of intestinal epithelia. These junctions form connections between adjacent cells and engage with intracellular cytoskeletal elements, thereby forming an essential part of the niche. These junctions facilitate barrier support, mechanical integrity, and signal transduction, thereby improving cellular survival, proliferation, and migration (Garcia et al., 2018).
The intestinal stem cell niche maintains LGR5+ ISCs such that they self-renew and self-organize into the crypt-villus architecture. Mouse ISC culture was first tested in crosslinked PEG gels containing RGD, laminin-III, collagen IV, hyaluronic acid, and perlecan (cells cultured in PEG gels without niche factors did not proliferate). ISCs cultured in stiffer gels displayed improved proliferation compared to those in soft matrices, with the intermediate (1.3 kPa) stiffness resulting in optimal ISC expansion. Cells grown on 1.3 kPa PEG gels featured mostly nuclear localization of YAP, indicating higher activity (Gjorevski et al., 2016). Stable, non-degradable vinyl sulfone-functionalized 8-arm PEG (sPEG), mixed with dynamic acrylate-functionalized PEG (dPEG), were used to induce controlled dynamic matrix softening to further study the ISC niche and organoid formation. The dPEG additions introduced ester linkages, which undergo hydrolytic cleavage, resulting in sustained matrix softening. In the stable state, gels supported ISC proliferation. This transient support of ISC maintenance transitioned to support intestinal organoid formation once the stiffness dropped to approximately 190 Pa. Immunofluorescence imaging confirmed the presence of differentiated cells and Lgr5+ stem cells in the organoids, a finding typical of native niche development. Additionally, YAP activation was higher and sustained in the softening gels compared to gels of 100% sPEG. Through genome-wide RNA interference in normal and neoplastic epidermal cells, YAP was shown to be a primary regulator of proliferation (Gjorevski et al., 2016). 1 kPa hyaluronan/elastin-based matrices functionalized with RGD were also shown to maintain the undifferentiated state of intestinal epithelial enteroids compared to softer 400 Pa gels (Hunt et al., 2021). Organoid crypt formation is a function of matrix softening evidenced by photocleavable allyl sulfide hydrogels (Hushka et al., 2020). Translating the tissue specific matrisome into synthetic materials highlights nuanced differences in ECM composition and can be tailored to support the expansion of healthy and tumor derived organoids (Below et al., 2021). Intercellular adhesion mediates YAP activation in reconstituted epidermis, and defects in YAP inhibition can contribute to uncontrolled cutaneous squamous cell carcinoma growth (Walko et al., 2017). These studies confirm the important mechanistic role of YAP in mechanosensation and subsequent cellular behavior. Synthetic hydrogel systems with controlled stiffness can modulate YAP and Hippo signaling cascades.
There have since been numerous different approaches to develop hydrogel platforms with tunable degradation and softening profiles. Multi-arm PEG monomers can be used to induce controlled stress relaxation in PEG hydrogels. One monomer is covalently crosslinked using Michael addition, and the other is reversibly linked with triple hydrogen bonding between cytosine moieties. These hybrid PEG gels display stress relaxation characteristics similar to those of Matrigel and soft tissues (Chrisnandy et al., 2021). A co-culture-hydrogel system was developed to investigate the effects of innate lymphoid cells (ILC1) and matrix degradation/deposition on intestinal organoid formation. A metalloproteinase sensitive A4+B4 PEG polymer was used to encapsulate intestinal organoids in addition to ILC1. ILC1 express MMP9, causing an increase in matrix degradation and substrate softening while also inducing fibroblast-mediated ECM deposition and substrate stiffening. Therefore, the balance between ILC1 induced degradation and deposition can be controlled to tune the stiffness in these PEG hydrogels (Jowett et al., 2021). These reports depict the customizable nature of the synthetic hydrogel platform, which make use of a wide array of chemistries and conjugatable biomolecules to support stem cell maintenance and differentiation.
Collectively, substrate mechanics, architecture, and degradation kinetics impact adult stem cell populations. PEG hydrogel systems are a pivotal example of tunable systems that can recapitulate aspects of that natural extracellular matrix. These types of experiments are expandable across different adult stem cell populations and niches, with varying stiffnesses and ligands to support specific tissue types. As exemplified by the MuSCs, optimal engraftment and behavior was achieved with the intermediate stiffness which resembled skeletal muscle. These approaches have been used to study the sensitivity of adult stem cells to substrate mechanics and elucidate the importance of biomimicry in stem cell culture. Further advances in tissue engineering and clinical relevance will require more materials with compound properties as demonstrated by the softening hydrocleavable sPEG/dPEG gels and photocleavable allyl sulfide gels.
DISCUSSION
The directed expansion of single adult stem cells or induced pluripotent stem cells into self-organizing tissue-mimicking organoids or mini-organs has enabled the dissection of critical components of the stem cell niche sufficient to recapitulate the tissue microenvironment. These 3D organoids represent their in vivo counterparts in terms of cellular diversity, architectural organization, and function (Clevers, 2016). Also, the regulated generation of stem cell-based organoids requires appropriate external stimuli from other cells as well as the extracellular tissue microenvironment (Hoang and Ma, 2021). The development of organoid models has overcome the major limitations of earlier models with regard to the lack of organization and functionality, while enhancing our understanding of the 3D organization of stem cells in vitro and disease progression. In addition, the classic scaffold-based tissue engineering techniques are not on par with the level of tissue organization and functionality obtained by self-organized organoids. At the same time, complete reliance on autonomous cell organization results in varied organoid shape, size, and cell composition. Recent reports point towards the engineering of the self-organization process through spatiotemporal control of the intercellular and cell-ECM interactions (Brassard and Lutolf, 2019). Manipulating the initial culture conditions such as the cell type, pluripotency state, degree of aggregation, geometry, cellular density, and engineering the ECM microenvironment is one aspect of organoid engineering. Other points of control include directed symmetry breaking through the control of intrinsic and extrinsic physicochemical cues, imposing biophysical boundaries, biochemical signaling, and systemic stimuli to guide the process of self-patterning. In addition to these techniques, manipulation of endogenous stem cell genes by targeted genome editing via CRISPR or TALEN tools not only enhances niche function but also directs the self-assembly, disease modeling, and regulation of organoid structures (Schwank et al., 2013; Matano et al., 2015; Broutier et al., 2016; Guye et al., 2016) (Woo et al., 2016; Yin et al., 2016; Fujii et al., 2019; Fleischer et al., 2020). These genome-editing techniques are usually used to knock-down or knock-in specific genes or for correction of disease-causing genes. In some cases, using synthetic biology, genetic circuits are integrated to cause multicellular responses and self-organization (Artegiani et al., 2020; Hofer and Lutolf, 2021) (Figure 4).
[image: Figure 4]FIGURE 4 | Emerging technologies to study the stem cell niche. There is an increasing need to characterize stem cell populations organized in engineered systems. Techniques including single cell transcriptomics, advanced microscopy techniques, co-culture systems, and gene editing tools provide new avenues to study stem cells in controlled niches.
Characterizing the resulting populations in engineered stem cell niches is also a challenge. For example, tissue clearing and expansion allows 3D characterization of entire immunolabeled organoids which has been applied to a wide range of organoid types including colonic, intestinal, breast tumor, hepatic, and airway organoids (Dekkers et al., 2019; Wassie et al., 2019). Single-cell RNA sequencing has shown to be a promising tool to not only uncover the cellular and molecular aspects of the stem cell niche but also to identify rare cell populations. Developments in single-cell genomics facilitates identification of transcription factor combinations and microenvironmental signals, while enabling reverse engineering of complex tissues to track and understand differentiation trajectories (Camp et al., 2018; Meistermann et al., 2021). However, to exploit the complete potential of such high throughput technologies, the capture efficiency, sequence coverage, sequencing depth, and overall experimental cost-effectiveness must be appropriately improved. Although the current single-cell RNA sequencing data provides insights into the niche architecture, the collective information involving multi-cellular crosstalk that drive processes in the stem cell niche can only be achieved by developing techniques simultaneously combining data extracted from multiple levels such as the genomic, protein, and spatial levels as well as effective computational analysis (Crosse et al., 2020; Savulescu et al., 2020; Tikhonova et al., 2020). Based on single-cell RNA sequencing-derived molecular maps, spatially resolved transcriptomics data enables the cellular and spatial allocation of niche factors along with knowledge of intracellular interactions (Baccin et al., 2020). Other current approaches also involve coupling single-cell RNA sequencing with multiplexed fluorescent in situ hybridization techniques that allow the mapping and counting of numerous RNA species, thereby elucidating both the spatial organization and transcriptional profile (Lu et al., 2021). Apart from the characterization of all the cell types located in the niche, the estimation of the exact proportions of each cell type is another important aspect that needs to be addressed in order to accurately recreate the stem cell niche. Given the dynamic nature of most tissues, this indeed becomes difficult. To achieve this, recent studies have adopted an untargeted approach in contrast to previous single-cell RNA sequencing wherein marker-based preselection of cell types occurred. Genome-wide expression profiling can be used to cluster cell types based on their transcriptome similarity and specific cell populations can be identified based on multiple gene sets. Furthermore, such approaches provide additional information regarding changes in cell populations, proliferation potential, signaling pathways and cell-type specific mutations (Zywitza et al., 2018). It is currently possible to synchronously visualize and computationally map stem cells on an organ-wide scale with high resolution (Gomariz et al., 2020). Also, stem cell niches can be comprehensively visualized by incorporating the latest tissue clearing methods with advanced high resolution imaging techniques such as expansion microscopy (Gallagher and Zhao, 2021; Nowzari et al., 2021).
Organoid size and long-term maintenance will be possible through the introduction of perfusable vasculature using microfluidics. Another limitation of organoids is associated with their maturity, which can be overcome by patterning essential physical, chemical, or biological cues. It has also been reported that microthermoformation of these structures can optimize the gradients of the endogenous as well as the exogenous cues (Sthijns et al., 2019). However, owing to their microscale nature, organoid structures are unable to reproduce the spatial organization of complex organs. The high level of heterogeneity in organoids can be addressed via specialized methods of aggregation or by surface engineering the cell membrane to promote clustering. Peptides, proteins, nanoparticles, polymers, or bio-orthogonal chemical species are introduced to the cell membranes through liposomal delivery or electrostatic forces. Membrane-binding nanoparticles and synthetic DNA fragments are other methods that have been widely used for the same purpose (Hofer and Lutolf, 2021). Therefore, there is a need for advanced engineered models that can recapitulate the biological niche as well as spatio-temporal structural organization.
Biomaterials, both natural and synthetic, represent an important arm of recapitulating the stem cell niche. They are harnessed for iPSC and adult stem cell culture and have been shown in different conformations to support both differentiation and maintenance of stemness. Also, since the biophysical properties of the material used to recreate the biological niche affect the stemness, developmental stages, and maturation of these cells, an improved understanding of the signaling mechanisms and complete niche components is imperative to design specialized biomaterials to accommodate different types of cells at various stages. A plethora of different materials have been described, ranging from synthetic materials such as polyethylene glycol and polyacrylamide to natural ones such as chitosan and cellulose. Specially engineered synthetic biomaterials such as sPEG/dPEG and light sensitive allyl sulfide boast superior mechanical tunability but rely on biomolecule additions such as RGD, laminin, GAG, collagen, and others to adequately support cellular adhesion and proliferation. A challenge with natural materials lies in overcoming their often-subpar mechanical properties. One potential solution depends on specific blends between synthetic and natural materials or even between two natural materials. Silk fibroin is a protein derived from silkworm cocoons which has excellent mechanical strength and customizability but lacks cytocompatibility. Gelatin, another common natural material, lacks mechanical stability but does support cell adhesion and proliferation. Blends of silk and gelatin (75/25 and 50/50) supported adhesion and survival of rat mesenchymal stem cells. These gels also promoted MSC differentiation to osteoblasts following induction with osteogenic medium by providing differing levels of stiffness depending on the ratio of the two materials (Luetchford et al., 2020). These results show the promise of harnessing blends of natural materials to improve their mechanical tunability.
Another approach to engineering materials with controllable properties is to incorporate stimuli responsive hydrogels. These are materials whose compositions are specifically engineered to react upon induction of a certain external stimulus. This reaction subsequently alters the physical properties of the gel, where both stiffening and softening are possible as a result. Temperature sensitive hydrogels contain polymers with certain chemical groups which are hydrophobic at high temperatures and hydrophilic at low temperatures. The binding or lack thereof with water alters the conformation of the polymer and impacts the compressive modulus. Alternatively, glucose-responsive, and other ligand-based hydrogels lose crosslinking density when glucose or other specified molecules are added (Valuev et al., 2011). Finally, pH sensitive hydrogels gain and lose hydrogen atoms depending on the pH of the surrounding solution, and the resulting change in electrostatic repulsion and hydrostatic pressure impact the expansion and physical properties of the gel (Cha et al., 2012). While these specialized hydrogels do present a way to reversibly alter the mechanical properties of the gel without degradation or covalent additions, they are not without their own limitations. One major challenge is the consideration that external stimuli may be harmful to or otherwise affect the cells which are cultured on or within the gel. When performing carefully controlled experiments, introducing an additional stimulus can possibly confound the results by causing unwanted cellular behavior or at worst, cell death. Cells commonly thrive within a tight range of pH and temperature, and significant alterations to this can be detrimental. Similarly, certain cells may respond to glucose or other molecular additions made to a ligand-sensitive gel.
The literature described herein spans a wide range of specific topics, each contributing differently to the regenerative stem cell niche. Spheroids and organoids give insight into self-assembly and some spatial organization, while complex developmental models such as gastruloids and blastoids give a deeper look into naive tissue architectural mimicry. These particularly shed light on the processes that drive cell fate decisions and precise lineage trajectories. Biomaterials recapitulate native ECM engagement as well as mechanical and chemical cues, which can be combined with other techniques such as microfluidics or bioprinting to create robust, biomimetic models for tissues and disease. Simultaneous multilevel investigation of the niche processes will pave the way for advanced technologies that can dissect out individual niche parameters in real-time and enable the physiological and functional recreation of the stem cell niche. Certainly, future models will need to incorporate multiple biomimetic strategies as researchers continue to study niche interactions and tissue assembly to more closely recapitulate the complex array of signals, cellular heterogeneity, and architecture related to the stem cell niche. Successful clinical applications of stem cells and their derivatives will depend on the integration of these multi-pronged strategies within a singular model, built from the current approaches.
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