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Blood is a connective tissue made up of approximately 34% cells and 66% plasma, transporting nutrients, gases
and molecules in general to the whole body. Hematopoiesis is the main function of bone marrow. Human
hematopoietic stem and progenitor cells reside in the bone marrow microenvironment, making it a hotspot for the
development of hematopoietic diseases. Numerous alterations that correspond to disease progression have been
identified in the bone marrow stem cell niche. Complex interactions between the bone marrow microenvironment
and hematopoietic stem cells determine the balance between the proliferation, differentiation and homeostasis of
the stem cell compartment. Changes in this tightly regulated network can provoke malignant transformation.
However, our understanding of human hematopoiesis and the associated niche biology remains limited due to
accessibility to human material and the limits of in vitro culture models. Traditional culture systems for human
hematopoietic studies lack microenvironment niches, spatial marrow gradients, and dense cellularity, rendering

them incapable of effectively translating marrow physiology ex vivo.

hematopoiesis stem cell

| 1. Introduction

Hematopoiesis is the process by which blood cells are formed, replenishing the blood system over the life of an
individual. The hematopoietic process is a highly hierarchical phenomenon, in which hematopoietic stem cell
(HSCs) differentiation and proliferation are of vital importance. Each cell within the hematopoietic hierarchy can be
distinguished based on specific surface markers, which contain epitopes that are recognized by antibodies L2,
Figure 1 shows the main markers in human hematopoietic hierarchy. The hematopoietic process in humans starts
in the yolk sac (mesoblastic phase). Then, it is transferred to the liver and spleen. Finally, the bone marrow
becomes the main organ responsible for hematopoiesis. In the bone marrow, HSCs have the capacity of unlimited
self-renewal, producing progeny that is the same as the original cell. They are generally in the GO phase of the cell

cycle and have the capacity to differentiate into specialized cells.
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Figure 1. Hierarchy of human hematopoiesis. LT-HSC: Long Term-Hematopoietic Stem Cell; ST-HSC: Short Term-
Hematopoietic Stem Cell; MPP: Multipotent Progenitor; OPP: Oligopotent Progenitor; LRP: Lineage Restricted
Progenitor; MEC: Mature Effector Cell. The markers of the most important lineages are listed: Common Lymphoid
Progenitor (CLP); Common Myeloid Progenitor (CMP); Megakaryocyte-Erythrocyte Progenitor (MEP); Granulocyte-
Macrophage Progenitor (GMP). Restricted lineage progenitor cells: Megakaryocyte Progenitor (MkP); Erythrocytic
Progenitor (EryP); Granulocytic Progenitor (GrP); Monocyte Progenitor (MncP); Dendritic Progenitor Cell (Pro DC);
Progenitor Cell-T (Pro-T); Progenitor Cell-B (Pro-B); Progenitor Cell-Nk (Pro-Nk).

| 2. Hematopoietic Stem Cells

The medullary microenvironment participates in the quiescence, self-renewal, proliferation, maturation and
apoptosis of HSCs and contains several cells (i.e., mesenchymal stem cells, endothelial cells, fibroblasts,
osteoblasts, reticular cells, adipocytes). These cells are sources of cytokines, growth factors, glycoproteins and
glycosaminoglycans, among other regulators. Different combinations of these molecules lead to the formation of
specific microenvironments within the medullary cavity, known as niches [ Histologically defined
microenvironments are subdivided into four regions: endosteal, subendosteal, central, and perisinusoidal.
Granulocytes and monocytes are found in all regions of the bone marrow, whereas erythroblasts proliferate
preferentially in the central region . Concerning the dynamics of the lymphoid lineage, B lymphocyte precursors
are found in the subendosteal region, gradually decreasing toward the central region, whereas mature B cells are
found throughout the bone marrow 8. HSCs are located in the endosteal region, also known as the osteoblastic
niche, but studies suggest that HSCs may migrate to the perisinusoidal region or vascular niche and remain
quiescent or differentiate depending on the needs of the organism BEIIBIY |n fact, studies with new markers for
HSCs and niche cells, new image techniques, including labeling protocols, have shown that most HSCs reside
adjacent to sinusoidal vessels, leading to the proposed existence of a perivascular niche for HSCs 29, |t is

assumed that in the bone marrow, there are at least two different niches: the endosteal niche, which would harbor
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quiescent HSCs, and the perivascular niche, which would harbor cycling HSCs 11, Although most studies have
been done on non-humans, researchers suppose that the data reflect what happens in humans. It has previously
been proposed that HSCs are maintained in the endosteal (osteoblastic) niche; however, the available evidence
does not seem to support this model. Nevertheless, the endosteal niche seems to support the maintenance of a
subset of lymphoid progenitors [29. Approximately 80% of dividing and non-dividing HSCs have been described to
be associated with sinusoidal vessels, with another 10% of HSCs being adjacent to arterioles, and almost another
10% in transition zone vessels 19 A small percentage of HSCs are located in the endosteum. In fact, a
guantitative model of cellular components that could define these microenvironments, and the preferential location
of HSCs in the bone marrow are still lacking [22. Obstacles to recognizing the HSCs in the bone marrow include
the low frequencies at which HSCs are found in the bone marrow and the cellular complexity of the bone marrow

microenvironment.

Cell signaling in the HSC niche is a complex process and passes through an extensive signaling network balancing
self-renewal and differentiation 13, This signaling involves several substances, such as growth factors and
cytokines that are secreted by both the medullary stroma cells and hematopoietic stem cells and are important

signaling factors for hematopoiesis, proliferation, and differentiation 24!,

The Jak/STAT, Ras/Erk, and PI3K/Akt signaling pathways have been described as important inducers of
erythropoiesis transduction by activation of the erythropoietin receptor, and these intracellular pathways are
responsible for the survival, proliferation, and differentiation of normal erythropoietic progenitors (121,

Other intracellular signaling pathways that are important for the control of hematopoiesis have been described,
such as the Notch, Wingless-type (Wnt), and Hedgehog pathways 18] which have been associated with self-
renewal and maintenance of HSCs. Notch proteins are highly conserved receptors on the surface of the cell
membrane that regulate the development of stem cells, and mutations in this receptor may cause leukemia 17 and
breast cancer 18, Activation of the Notch pathway is necessary to keep HSCs undifferentiated. This pathway is
more active in HSCs and less active in differentiated cells. Inhibition of the Notch pathway potentiates the
differentiation of HSCs and loss of the bone marrow reconstitution capacity of sub-lethally irradiated animals; thus,
Notch has been used as a marker of undifferentiated HSCs 19, Wnt protein regulates several phenomena during
fetal development, and this protein has been related to the self-renewal of stem cells 2. Hedgehog (Hh) protein
has been described as regulating embryonic and adult stem cell activity. In mammals, three genes are known to be
responsible for this protein—Sonic Hedgehog (SHh), Indian Hedgehog (IHh), and Desert Hedgehog (DHh) [22]22],

Soluble factors are also closely associated with the maintenance and regulation of the undifferentiated state of
HSCs in the bone marrow of adults, in addition to regulating the proliferation and differentiation of this population.
Stromal-cell-derived factor-1 (SDF-1/CXCL12) and its CXCR4 linker are activated to recruit endothelial progenitor
cells (EPCs) and regulate HSCs [Z[13123] Other soluble factors act to promote the maintenance of HSCs in their
niche; for example, the stem cell factor (SCF/Kit-ligand) and its c-Kit receptor (CD117) are both required by HSCs
for their maintenance. SCF is an important soluble cytokine for hematopoiesis, and THE c-Kit receptor is

expressed on the HSCs surface; altered forms of this receptor have been associated with several types of cancer
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(241251 Thrombopoietin (TPO) and its MPL ligand are also important soluble factors necessary for the maintenance
of HSCs in their niche. TPO is a primary physiological regulator responsible for the stimulation of platelet
production, a primary dominant factor and megakaryocytopoiesis stimulator. In addition, recent in vitro studies have
shown that TPO alone or in combination with growth factors, such as a c-Kit ligand, IL-3, or even Flt-3, stimulates
the proliferation of hematopoietic progenitor cells 28127, Many other factors also modulate the function of HSCs but

are not necessarily required, such as angiogenin, angiopoietin-1, G-CSF, IL-6, and TGFp, among others [23],

| 3. 3D Hematopoietic Stem Cell Culture

Cell culture in 2D format is simple and provides excellent material for studying homogeneous populations 28],
However, it does not consider several other important parameters of cell physiology, such as cell—cell
communication or communication between the cell and microenvironment or adjacent molecules 22, Therefore, the
major problem with 2D cell culture is its limits 2%, One of the main criticisms of this study format is that animal
physiology cannot be mimicked using only one layer of cells, which certainly does not correspond to the original

tissue considering the complexity of the cellular microenvironment in the tissue of origin 311,

As an alternative to the technical limitations of 2D cell culture, 3D cell culture allows a better simulation of the in
vivo structural complexity, replicating several characteristics present in tissues (Figure 2B,D), not only the
interaction of cells with their microenvironment, but also morphology, differentiation, polarity, proliferation rate, gene
expression profiles, and cell heterogeneity [32I33134135] | fact, 3D culture has proven to be a realer model for

translating research results into in vivo applications.

Current 3D cell culture models and methods include spheroids, organoids, microcarrier cultures, organs-on-chips,
and 3D bioprinting [B8B7. Organotypic explant culture methods are used mostly when a technical/specific
requirement of the tissue is to be studied and mimicked [28l. However, although the complexity of the 3D system is
evident, some criteria must be considered and cannot be disregarded, such as the choice of material for the

scaffold and hydrogels and cell type and culture methods, which vary considerably according to the tissue studied
)

Organoid culture is most commonly used to describe constructs derived from pluripotent stem cells (embryonic or
induced cells) or adult stem cells from various organs, including the hematopoietic tissue 2. Organoid culture is
classified as either tissue organoids (i.e., organotypic) or stem cells depending on how the cell layers are formed
(491 Organotypic tissue refers to free stromal cells without parenchyma, and its application is mainly with epithelial
cells because of their high intrinsic ability to self-organize. With this method, it is possible to study HSCs, and
Christopher et al. 1 were able to produce mature T cells from stem cells and hematopoietic progenitors in a

thymus organoid culture.

Spheroid culture models simulate the microenvironment conditions of a living cell. Compared to the classic 2D
model, the spheroid culture model emphasizes the interactions between cells and their relationship to the

extracellular matrix (ECM) 4243l Tissues are not composed of a homogeneous population of cells; they are
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complex structures formed by several different components, with an intricate relationship such as vessels, nerves,
and stroma, which should be considered in any kind of tissue engineering. This complex interaction between cells

and the extracellular compartment requires a 3D environment to best represent these interactions 44143],

Spheroid cell culture can be used in scaffold and scaffold-free models. The scaffold methods comprise hydrogel
support, decellularized extracellular matrix, and resistant polymeric material support. Hydrogel consists of
polymeric groups with a water-swollen hydrophilic structure 481, Depending on their nature, these compounds are
classified into different categories, including ECM protein—containing hydrogels (ECMPs), natural hydrogels, or
synthetic hydrogels, each one with its own properties 4748 The decellularization technique consists of removing
cells from the native tissue by chemical treatment, preserving the ECM. The tissue can then be replenished with
cultured cells and grafted in vivo or used for ex vivo cell differentiation. In contrast to artificial scaffolds,
decellularized scaffolds preserve the vascular structure, tridimensional niches, and chemical composition of bone
marrow. Extracellular matrix components are directly related to several important factors for cell survival support,
including cell behavior, signaling for survival, and proliferation, among others. Resistant polymeric material
supports are structures similar to fibers or sponges. Cells maintained in this type of support exhibit a physiological
behavior close to that of native tissue (such as those of cartilaginous tissue). Regarding the polymeric support, the
most commonly used material is polystyrene, but biodegradable supports such as polycaprolactone have also

been employed.

The development of a bioprinting system for the bone marrow microenvironment is important since it cannot be
mimicked by methods such as organoids. Advanced 3D bone marrow models could serve for several different
studies, including hematopoietic regulation, BM, MSCs, HSC interaction and expansion, interactions of
hematological cancer cells, and evolution of several hematological diseases. In addition, these models could be
used as a platform for expanding HSCs for transplantation. However, it is difficult to obtain a reliable BM model
because of several critical technical challenges, from currently available 3D printing techniques to the possibility of

precisely mimicking the different BM niches 42,

Relatively few studies have been done using hematopoietic stem cells in these methods. Decellularization of
cartilaginous tissues has been tested for ex vivo culturing of hematopoietic cells BY. A co-culture model of
hematopoietic stem/progenitor cell (HSPC) spheroids using polydimethylsiloxane (PDMS) has shown that the
effectiveness of three-dimensional culture for HSPC expansion for clinical use is still a strategy that needs further

improvement 211,

A three-dimensional collagen-based culture using HSPC, bone-marrow-derived MSCs or the umbilical cord (UC) to
mimic the main compartments of the bone marrow hematopoietic niche has been proposed 2. Data analysis
generated the following compartments: (I) HSPC in suspension above collagen and (1) migratory HSPC in collagen
fiber matrix. The different sites were representative of the distinct microenvironments that make up the bone
marrow and have a significant impact on the fate of HSPC. The authors suggested that this 3D culture system
using collagen and BM-MSC allowed HSPC expansion and provided a potential platform for advanced study of

niches and hematopoiesis and their regulatory mechanisms.
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A bone marrow composed of two compartments, solid and liquid, that act harmoniously, has been proposed B3I, A
bone marrow structure was created using a macroporous PEG hydrogel that resembled the macroporous 3D
architecture of the trabecular bone, site of the red bone marrow, and, therefore, where the HSPC niches are
located. This bone marrow analog was found to be suitable for HSPC culture and for enhancing HSPC expansion
compared to conventional 2D cell culture. The developed model of a perfused 3D bone marrow analogue mimicked
the HSCs niche under steady-state or activated cell conditions that favor the maintenance or differentiation,
respectively, of HSCs and allowed drug testing B3l It was concluded that the system reflected the behavior of

HSPC in the niche under physiological conditions.

Some studies have shown that the interaction of bone marrow stromal cells with leukemic cells increases the
resistance of these leukemic cells. Numerous scaffolds have been created to provide a minimal structure based on
the 3D leukemic microenvironment 44, As 3D culture could result in resistance to drugs, it can be a good screening
tool for drug evaluation prior to the administration of chemotherapic drugs 424 A classic example of scaffolds
used to recreate the leukemic niche is polycaprolactone, which is an aliphatic and biodegradable polyester with
good biocompatibility B8],

Recently, a scaffold of degradable zwitterionic hydrogel was tested for human HSPC expansion B4, A 73-fold
increase of long-term hematopoietic stem cells was observed (LT-HSC). The viscoelasticity and smoothness of the
highly hydrated zwitterionic hydrogels seems to be important for the creation of cell niches, by their unique

mechanical and antifouling properties.

The organs-on-chips technique was developed to study the mechanical and physiological response of a tissue,
combining concepts of tissue engineering and microfluidics 8. A bioelectronic device based on a conductive
polymer scaffold was integrated with an electrochemical transistor configuration that allows 3D cell growth and the

real-time monitoring of cell adhesion and growth.

This technique consists of manipulating small amounts (10™° to 10718 L) of fluids using small openings with
micrometer dimensions. This methodology has been widely reported because it offers several advantages, such as
using small amounts of samples and reagents, performing separations and detections with high resolution, and a
short time for analysis 2. Such techniques allow the precise control of fluids and particles in a given cell culture.
This culture method enables the control of such nanoliter-scale fluids as described above and further enables and
facilitates the simultaneous manipulation of cultured cells from a single cell B3, Through precise manipulation of
the components of the microfluidic culture medium, it is possible to transport nutrients, hormones, and oxygen

growth factors to facilitate homeostasis and recreate mechanical signals that are absent in traditional culture B2,

This cell culture system offers several advantages for basic research applications, including the precision of
micromanufacturing, which allows the presentation of a controllable and reproducible microenvironment (221,
Another advantage of this model is that it provides complete control over the conditions of the cell culture, including
dynamic cell control, nutrient addition, removal of metabolites, stimulation with drugs and proteins, and

simultaneous image and chip format [231601[61]
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The organs-on-chips technique was described in cancer studies (cancer-on-chip), where it can replicate the

microenvironment to achieve robust and reliable results €263 However, up to now, it has been difficult to culture

HSCs in an organs-on-chips model. A device with a central cavity that successfully mimics the bone and bone

marrow has been described. This device is made from polydimethylsiloxane (PDMS) with bone inducers inserted.

The central chamber of this device is composed of porous PDMS membranes, and cytokines are added in the

microfluids 84, Although several methods have been used, results using HSCs are generally poor 2!,
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