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Abstract: Extensive research has explored the functional correlation between stem cells and progenitor
cells, particularly in blood. Hematopoietic stem cells (HSCs) can self-renew and regenerate tissues
within the bone marrow, while stromal cells regulate tissue function. Recent studies have validated
the role of mammalian stem cells within specific environments, providing initial empirical proof
of this functional phenomenon. The interaction between bone and blood has always been vital to
the function of the human body. It was initially proposed that during evolution, mammalian stem
cells formed a complex relationship with the surrounding microenvironment, known as the niche.
Researchers are currently debating the significance of molecular-level data to identify individual
stromal cell types due to incomplete stromal cell mapping. Obtaining these data can help determine
the specific activities of HSCs in bone marrow. This review summarizes key topics from previous
studies on HSCs and their environment, discussing current and developing concepts related to HSCs
and their niche in the bone marrow.

Keywords: hematopoietic stem cells; hematopoietic progenitor cells; bone marrow microenviron-
ment; niche

1. Introduction

Blood is a bodily fluid that delivers oxygen and nutrients to cells while collecting
and transporting carbon dioxide and waste products produced by cellular metabolism [1].
Blood consists of plasma (a liquid component), red blood cells, white blood cells, and
platelets. Hematopoiesis is the biological process through which blood and immune cells
are produced [2] (Figure 1). Hematopoietic stem cells (HSCs) in the bone marrow are
responsible for continuously replenishing these cells due to their limited lifespan [3]. HSCs
occupy the highest position in the hierarchy of hematopoietic cells. The HSC niche in bone
marrow is a specialized microenvironment that regulates the maintenance and activity
of HSCs [4]. This niche governs self-renewal and differentiation of HSCs, ensuring the
continual maintenance of hematopoiesis [5]. The bone marrow microenvironment was first
introduced as a niche for HSCs in the 1970s [6]. The niche supplies the necessary compo-
nents for the self-renewal and differentiation of HSCs. Additionally, the niche controls the
states of rest and progression at various stages of the cell cycle in stem cells [6] (Figure 2).
It also communicates crucial information to stem cells regarding the surrounding tissue,
influences the development of stem cell offspring, and helps prevent genetic mutations [7].
Numerous studies have revealed the significance of HSCs and their niche, leading to a
better understanding of their relationship [7–11].
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Figure 1. Hematopoietic stem cell (HSC) regulation in steady-state and hematological malignancies. 
This image shows the features of HSC regulation between normal conditions and hematological 
malignancy. In normal hematopoiesis, HSCs are activated in response to signals from the bone mar-
row microenvironment. Upon activation, HSCs undergo proliferation to increase their numbers and 
develop into multipotent progenitors (MPPs). MMPs can evolve into more committed lym-
phoid/myeloid progenitors and their respective sub-progenitors (e.g., GMP, MEP, etc.). These pro-
genitor cells undergo further differentiation and maturation to give rise to the diverse range of blood 
cell types found in circulation. Each cell in the hematopoietic process can be distinguished by dif-
ferentiation markers. This tightly regulated process of activation, proliferation, and differentiation 
ensures the continuous replenishment of blood cells to maintain homeostasis. When the HSCs and 
the progenitors within the developing HSCs become damaged, they can transform into leukemic 
stem cells (LSCs). LSCs possess self-renewal capabilities and aberrant differentiation, giving rise to 
leukemic blasts that result in leukemia. CLP: Common lymphoid progenitor. CMP: Common mye-
loid progenitor. GMP: Granulocyte–Macrophage progenitor. MEP: Megakaryocyte–erythrocyte 
progenitor. Pro-B: Progenitor cell-B. Pro-T: Progenitor cell-T. Pro-NK: Progenitor cell-NK. Pro-DC: 
Dendritic progenitor cell. MncP: Monocyte progenitor. GrP: Granulocytic progenitor. EryP: Eryth-
rocytic progenitor. MkP: Megakaryocyte progenitor. NK cells: Natural killer cells. 

 

Figure 1. Hematopoietic stem cell (HSC) regulation in steady-state and hematological malignancies.
This image shows the features of HSC regulation between normal conditions and hematological
malignancy. In normal hematopoiesis, HSCs are activated in response to signals from the bone
marrow microenvironment. Upon activation, HSCs undergo proliferation to increase their num-
bers and develop into multipotent progenitors (MPPs). MMPs can evolve into more committed
lymphoid/myeloid progenitors and their respective sub-progenitors (e.g., GMP, MEP, etc.). These
progenitor cells undergo further differentiation and maturation to give rise to the diverse range of
blood cell types found in circulation. Each cell in the hematopoietic process can be distinguished by
differentiation markers. This tightly regulated process of activation, proliferation, and differentiation
ensures the continuous replenishment of blood cells to maintain homeostasis. When the HSCs and
the progenitors within the developing HSCs become damaged, they can transform into leukemic
stem cells (LSCs). LSCs possess self-renewal capabilities and aberrant differentiation, giving rise to
leukemic blasts that result in leukemia. CLP: Common lymphoid progenitor. CMP: Common myeloid
progenitor. GMP: Granulocyte–Macrophage progenitor. MEP: Megakaryocyte–erythrocyte progeni-
tor. Pro-B: Progenitor cell-B. Pro-T: Progenitor cell-T. Pro-NK: Progenitor cell-NK. Pro-DC: Dendritic
progenitor cell. MncP: Monocyte progenitor. GrP: Granulocytic progenitor. EryP: Erythrocytic
progenitor. MkP: Megakaryocyte progenitor. NK cells: Natural killer cells.

Due to global advancements in aging research and the increase in life expectancy
over the past 150 years, studies on the physiological changes that occur in organisms as
they age have made substantial progress [12,13]. Aging is characterized by a progressive
decline in the function of many organs and tissues that, in some cases, can contribute to
the development of cancer [14]. The hematopoietic system undergoes alterations with
age, which affects the performance and number of HSCs and the composition of blood
cells [15], increasing the likelihood of acquiring age-related blood illnesses such as anemia,
a weakened immune response, and blood cancer. After a defined period, blood cells
undergo differentiation and maturation and are eventually destroyed, preserving the
equilibrium state. Hematological disorders are medical ailments characterized by an
imbalance in homeostasis [10]. Hematopoietic tissue cancer (blood cancer) is a malignancy
that originates in bone marrow [8] and is characterized by the excessive growth of abnormal
blood cells [16]. These disorders are due to abnormalities in HSCs, the initiating cells in the
hematopoietic system. Therefore, targeting only specific cells while minimizing damage to
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normal cells remains challenging [17,18]. Consequently, stem cell therapy is emerging as a
promising alternative for treating hematological diseases, including those related to aging.
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Figure 2. An image showing bone marrow microenvironment with their components. It shows two
BM niches, two bone marrow niches, and the endosteal and vascular niches. The endosteal niche and
vascular niche are two crucial microenvironments within the BM. The endosteal niche, located near
the bone surface, provides a specialized environment for hematopoietic stem cells (HSCs) to reside
and self-renew. The osteoblast is considered the most important cell in the endosteal niche; hence, it
is also referred to as the osteoblastic niche. In contrast, the vascular niche, adjacent to blood vessels,
supports HSCs by supplying nutrients and signaling molecules necessary for their proliferation and
differentiation. It is composed of endothelial cells lining the blood vessels, as well as pericytes and
smooth muscle cells surrounding them. Together, these niches play integral roles in regulating the
maintenance and function of HSCs in the bone marrow. CAR cell: CXCL12-abundant reticular cell.
OPN: Osteopontin. ANG1: Angiopoietin-1, SCF: Stem cell factor.

Stem cell therapy is highly regarded for its potential in treating not only blood-related
diseases but also for regenerating damaged tissues and organs. Stem cells used in related
research encompass various types, including adult stem cells such as HSCs and mesenchy-
mal stem cells (MSCs), embryonic stem cells (ESCs), and induced pluripotent stem cells
(iPSCs) created by reprogramming somatic cells back to a pluripotent state [19,20]. MSCs,
being multipotent stromal cells, exhibit the capacity to differentiate into a variety of cell
types, including bone, cartilage, and adipocytes [20–23]. Consequently, numerous research
findings have suggested their therapeutic potential in diverse diseases such as cartilage
regeneration [24,25] and neurological disease recovery [25–28]. ESCs present immense ther-
apeutic promise, as they can differentiate into all cell types in the body [29,30]. However,
research in this domain is constrained by ethical dilemmas surrounding the extraction
of stem cells from embryos [19]. iPSCs are anticipated to circumvent these ethical issues
while offering utility akin to ESCs. Nonetheless, challenges persist in the reprogramming
process, and uncertainties exist regarding their stability [19]. Despite active research and
reporting on the therapeutic potential of stem cell therapy, many facets of stem cell biology
remain unexplored, including fundamental mechanisms governing stem cell behavior and
their interactions with the host environment. Consequently, stem cell therapy has not
yet attained widespread adoption as a standard treatment. This review focuses on HSCs
and their microenvironment to enhance our understanding of stem cell therapy, especially
hematopoietic stem cell therapy.
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2. Hematopoietic Stem/Progenitor Cells

HSCs are a rare population of multipotent cells, responsible for replenishing all blood
cell types throughout an individual’s lifetime. They have the unique ability to self-renew
and differentiate into several types of blood and immune cells. This process, which pro-
duces all types of blood cells, is called ‘hematopoiesis’ (Figure 1) [9]. HSCs produce
hematopoietic progenitor cells through differentiation, which differentiate further to pro-
duce blood and immune cells [1]. However, hematopoiesis is a highly regulated process
and typically unidirectional; once HSCs differentiate into hematopoietic progenitor cells,
they cannot regenerate into HSCs [1]. Additionally, HSCs are used in transplantation
therapy after irradiation to treat patients with blood cancer [19]. Unlike solid cancers,
which can be selectively targeted and treated, blood cancers present significant challenges
for treatment with conventional chemotherapy and radiation. For this reason, HSC trans-
plantation remains one of the most effective and promising approaches, with significant
ongoing research focusing on its potential [10].

HSCs predominantly reside in a specialized microenvironment within the bone mar-
row, known as the endosteum [2,9]. In this niche, HSCs remain dormant under stable
conditions. When blood cells decrease due to stressors, such as bleeding, illness, or ra-
diation, HSCs activate and reorganize the hematopoietic system by proliferating and
differentiating into new cell types [1]. The equilibrium between the quiescent state and the
division of HSCs is crucial for maintaining normal hematopoiesis. If this equilibrium is not
adequately regulated, HSCs may decrease in number or give rise to blood malignancies
such as leukemia (Figure 1). Thus, the equilibrium between the dormant and active phases
of HSCs is tightly controlled by both internal and external mechanisms.

3. The Relationship between Hematopoietic Stem/Progenitor Cells and Aging
3.1. The Quantity and Role of Hematopoietic Stem/Progenitor Cells in Aging

Blood is an essential regenerating tissue that is susceptible to changes and deteriora-
tion with age [12,13,31]. Aging is accompanied by various clinically significant conditions
that affect the hematopoietic system [14], including a decline in the adaptive immune
system, an increased occurrence of specific autoimmune diseases, a higher prevalence
of hematological malignancies, and an increased likelihood of age-related anemia [32].
An age-related decline in the functional capacity of HSCs has been widely recognized in
studies conducted on mouse models [33]. When comparing young HSCs to old ones, the
latter exhibit a preference for the myeloid lineage and have a reduced ability to regenerate
when transplanted [33]. In addition, like many other tissues, the hematopoietic system is
more likely to develop cancer with age, including a higher incidence of chronic and acute
leukemia [14]. Given that myeloid leukemia is more common in older individuals and ju-
venile leukemia typically affects the lymphatic system, age-related alterations in HSCs may
directly influence the development of disorders associated with blood cell formation [15].
Aged HSCs show increased expressions of genes implicated in the progression of myeloid
leukemia, such as AML, PML, and ETO. Alternation of these gene expressions during
normal hematopoiesis can result in impaired self-renewal capacity of HSC, heightened
susceptibility to DNA damage, and aberrant differentiation potential. These alternations
on HSCs are characteristic features of aged HSCs. Consequently, they are deemed suit-
able targets for investigating HSC aging and comprehending the molecular mechanisms
underlying age-related hematopoietic dysfunction and leukemogenesis [32,34–38].

3.2. Heterogeneity of Hematopoietic Stem/Progenitor Cell Aging

Multiple studies have documented the deterioration of HSCs in older mice, although the
specific molecular processes responsible for this aging phenomenon remain unclear [14,15,31–33].
The aging of HSCs is limited by their diversity. The purity of HSCs isolated using flow cytometry
has consistently been poor, indicating that the population becomes more heterogeneous as
individuals age [15]. Ongoing research aims to identify specific subsets of HSCs that contribute
to the aging phenotype [11]. This is achieved through the examination of age-dependent
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diverse pools of HSCs using single-cell bone marrow transplantation, flow cytometry, and
single-cell transcriptome sequencing [15,32,39]. Specifically, HSC clones that undergo myeloid
differentiation progressively occupy the HSC reservoir with age [39]. In this aspect, multiple
research findings have been reported concerning the correlation between clonal hematopoiesis
and aging [40]. Clonal hematopoiesis (CH) is a condition characterized by the expansion of
specific HSC clones that acquire somatic mutations (e.g., DNMT3A, TET2, and ASXL) [41,42].
These mutations are thought to confer a selective advantage to HSCs, leading to the predominance
of these clones in the blood system and allowing them to outcompete normal HSCs and expand
clonally. While the specific signaling pathways involved in this process may vary depending
on the gene and context, some common themes have emerged. For example, mutations in
DNMT3A [43,44], TET2 [45–47], and ASXL1 [48] are known to affect epigenetic regulation,
leading to alterations in gene expression patterns and cellular differentiation pathways [42,49].
Additionally, these mutations may impact other signaling pathways related to cell survival,
proliferation, and self-renewal [48]. However, the exact signaling pathways or mechanisms
through which these mutations lead to clonal expansion are still under investigation and continue
to be an active area of research. This phenomenon becomes increasingly common with age and is
associated with a higher risk of hematologic malignancies and cardiovascular diseases [41,50,51].
Research indicates that approximately 10–20% of individuals over 70 years old exhibit clonal
hematopoiesis, highlighting its prevalence in the elderly population.

CH not only alters the composition of the hematopoietic system but also impacts the
bone marrow microenvironment, known as the niche, which is crucial for maintaining
HSC function and homeostasis. Aging induces significant changes in the bone marrow
niche, including a decline in the number and function of MSCs, osteoblasts, and endothelial
cells [41,52]. These alterations, coupled with the production of elevated levels of inflam-
matory cytokines such as IL-6 and TNF-α by mutant HSCs and the aging niche, create a
pro-inflammatory and oxidative stress environment [47,53,54]. This environment promotes
the expansion of CH, impairs normal HSC function, and decreases the secretion of essential
factors for HSC maintenance, thus exacerbating the proliferation of clonal HSCs and di-
minishing the niche’s ability to support normal hematopoiesis. Although there have been
numerous reports on the heterogeneity of HSCs associated with aging, our understanding
of the effects of aging remains uncertain, and requires further investigation.

3.3. Regeneration of Aged/Mature Hematopoietic Stem or Progenitor Cells

A recent study investigated the functional alterations that occur in aged HSCs within
the mitochondrial metabolic milieu [12–14]. Specifically, the properties and roles of young
and aged HSCs are influenced by the mitochondrial membrane potential within these
cells [55]. Researchers reversed aging in old mice by manipulating the mitochondrial
membrane potential of aged HSCs using the antioxidant Mito-Q [31]. Clinical utilization of
Mito-Q is a possible preventative measure and treatment for age-related blood disorders.

4. Bone Marrow Microenvironment

HSCs typically reside in the bone marrow (BM), which is composed of various com-
ponents, including bone, blood vessels, and other cells and substrates filling the spaces
between them [2]. This BM microenvironment, known as a “Niche”, provides a structural
framework and communication networks to HSCs [2,7].

This microenvironment can control the state of HSCs by direct or indirect interactions
and safeguard them from sustaining their undifferentiated state [2,7,9]. It engages HSCs
to control their growth and specialization through distinct signal transduction processes,
resulting in regular hematopoiesis [7]. Recent advancements in single-cell analysis tech-
niques have revolutionized our understanding of the BM niche, shedding light on its
cellular composition, spatial organization, and dynamic interactions with HSCs. One of the
key insights gleaned from single-cell analysis is the dynamic nature of the BM niche [56].
Studies have revealed the presence of specialized niches within the BM, each tailored
to support specific stages of hematopoietic development [57,58]. Moreover, single-cell
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analysis has unveiled the plasticity of niche cells, demonstrating their ability to dynami-
cally respond to extrinsic signals and adapt to changing physiological conditions [59,60].
Furthermore, single-cell analysis has provided insights into the spatial organization of the
bone marrow niche, uncovering intricate spatial relationships between niche components
and HSCs. Spatial transcriptomics techniques have revealed specialized niches localized
within specific anatomical regions of the BM, highlighting the importance of spatial context
in regulating hematopoietic function [58,61–63].

Depending on their spatial location, niches can be divided into an “osteoblastic niche”,
which is the area near the endosteum, and a “vascular niche”, where blood vessels and
surrounding matrix exist in the BM [58]. In addition, various immune cells derived from
HSCs (including T/B lymphocytes, macrophages, natural killer cells, and dendritic cells) or
the stromal cells contribute to configuring the BM microenvironment. These cells interact
with HSCs, participating in the regulation of their state. Non-cellular substances can also
serve as nutrients for HSCs, providing essential support for their growth and maintenance.
These substances may include growth factors, cytokines (e.g., SCF, interleukins, CXCL12),
and extracellular matrix components present in the BM microenvironment. By interacting
with HSCs, these non-cellular factors play a crucial role in regulating hematopoiesis and
maintaining stem cell homeostasis.

5. Vascular Niche

The vascular niche is composed of endothelial cells and perivascular stromal cells (such
as pericytes and smooth muscle cells) that make up blood vessels [64–66]. They provide
structural support and produce niche factors essential for HSC maintenance, proliferation,
and differentiation. Additionally, the extracellular matrix surrounding these niche cells
serves as a dynamic scaffold that facilitates cellular interactions and regulates the release
and localization of signaling molecules [67,68].

Vasculogenesis can be categorized into two stages: the embryonic and adult stages [2,9].
During the embryonic stage, there is a significant level of contact between HSCs and en-
dothelial cells [69]. Hematopoietic and endothelial cells are derived from hemangioblasts,
multipotent progenitor cells, during the embryonic stage [70]. Endothelial cells expressing
RUNX1 can produce HSCs in the aorta, gonad, mesonephros, and placenta [71]. Both en-
dothelial and hematopoietic stem cells co-express CD31, CD34, CD133, FLK1, and TIE2 [72].
HSCs release angiopoietin-1 (ANG1), which stimulates the growth of new blood vessels dur-
ing angiogenesis [73]. Additionally, endothelial cells provide a similar microenvironment
for HSCs as well as neural stem cells. In the hippocampus, neural stem and endothelial cells
that generate fibroblast growth factor (FGF), another angiogenesis-promoting substance,
are close to each other [74].

However, the precise nature of the interaction between endothelial cells and bone
marrow HSCs in the adult stage remains unclear. BM-derived endothelial progenitor cells
participate in postnatal angiogenesis [75]. A conceptual framework for the vascular envi-
ronments in bone marrow has been suggested, wherein the activation of MMP9 expressed
in the osteoblast region results in the separation of the Kit ligand from the cell membrane
of stromal cells in the BM. Subsequently, the soluble Kit ligand stimulates the initiation
of the cell cycle and enhances the activity of HSCs [76]. Thus, HSC activity, proliferation,
and differentiation occur in the vascular niche within the BM [69]. Vascular endothelial
growth factor (VEGF) and ANG1 are angiogenic factors that play crucial roles in preserv-
ing HSCs [77]. VEGF controls the development of blood vessels and hematopoiesis and
regulates hematopoietic stem cells through an internal autocrine loop [78]. HSCs remain
inactive in osteoblastic niches, whereas both hematopoietic stem and progenitor cells un-
dergo division in vascular habitats. Hematopoietic cell migration commences in stem cells
located in the osteoblast niche where they then proliferate, differentiate, and ultimately
mature [7]; cells migrate toward the vascular niche via this process.

To maintain hematopoietic homeostasis, the process of homing, wherein hematopoietic
stem and progenitor cells (HSPCs) circulating through the blood return to the BM niche, is
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also essential [79–81]. In this process, HSPCs directly interact with the endothelium via cell–
cell adhesive interaction. Sinusoidal endothelial cells express adhesion molecules, including
P-selectin (CD62P), E-selectin (CD62E), and vascular cell adhesion molecule-1 (VCAM-1 or
CD106). Several receptors for these molecules are expressed in HSPCs, including P-selectin
glycoprotein ligand-1 (CD162) and CD44, along with other less well-defined E-selectin
receptors. Additionally, receptors for VCAM-1, such as integrins α4β1, α4β7, and α9β1,
are also expressed.

The other components such as pericytes and smooth muscle cells also play an im-
portant role in regulating the behavior of HSCs [82,83]. Leptin-receptor-positive (LepR+)
cells and CXCL12-abundant reticular (CAR) [82] cells are well-established cells that secrete
growth factors essential for the maintenance of HSCs. They are located along the blood
vessels of mainly the sinusoids, playing a crucial role in regulating vascular stability and
function. CXCL12 and SCF from them are key factors for HSC proliferation [84]. This
was confirmed through experiments deleting CXCL12 secreted by LepR+ cells and CAR
cells. Deletion of CXCL12 in these cells results in the removal of all quiescent and serially
transplantable HSCs from adult bone marrow. This occurs because signaling with CXCR4,
receptors on HSCs, is reduced, demonstrating that CXCL12 from LepR+ cells and CAR
cells play a central role in the signaling that maintains the pool of HSCs [85].

Conversely, Nestin-positive (Nes+) cells found exclusively around arterioles provide
support, contrasting with perivascular cells around sinusoids [86]. Nes+ cells also secrete
soluble factors like CXCL12 and SCF, which tend to drive quiescent HSCs into early
hematopoietic stages and promote HSC activation, leading to differentiation [87].

6. Osteoblastic Niche

Osteoblasts, layering the endosteal bone surface and providing an osteoblastic niche
to HSCs, regulate hematopoiesis [7,88]. They provide a supportive environment for HSCs,
regulating their self-renewal, differentiation, and quiescence. Osteoblasts produce niche
factors and adhesion molecules that interact with HSCs, influencing the maintenance of
HSCs in a dormant state and their activation in response to hematopoietic demand [89].
Osteoblasts have a critical role in the regulation of the physical location and proliferation of
HSCs by expressing osteopontin (OPN). OPN specifically binds to beta1 integrin expressed
on HSCs [90]. The other key factor expressed in osteoblasts is angiopoietin-1 (ANG1). Inter-
action of Tie2 and ANG1, the receptor of ANG1 expressed on HSCs, vital for maintaining
HSCs in the quiescent state, preserves their long-term self-renewal potential and prevents
exhaustion [39]. This signaling helps to retain HSCs in the bone marrow niche and prevents
their premature differentiation or migration [91–93].

Through long-term in vivo labeling with 5-bromodeoxyuridine (BrdU), most HSCs
divide [94]. However, some HSCs were found to be dormant, retained their labels, and
remained dormant for several months. Therefore, bone marrow cells can be classified into
resting and dividing HSCs. Resting HSCs are located close to osteoblasts [7]. Using Bmpr1a
KO mice, Zhang et al. showed that N-cadherin+ spindle-shaped osteoblasts resemble
HSCs with a slow cell cycle [94]. Their study revealed that osteoblast cells expressing
N-cadherin in the bone marrow act as nests for HSCs, and that an increase in the number
of N-cadherin+ cells is associated with an increase in HSCs. Additionally, Visnjic et al.
showed that hematopoiesis is suppressed in osteoblast-deficient mice [95]. Thus, it was
confirmed that defects in HSC osteoblasts inhibit hematopoiesis. The Notch signaling
pathway, characterized by membrane-bound ligands, regulates cell fate determination
across various systems, including the self-renewal of HSCs [96–100]. In the study by Calvi
et al. [101], they found that PPR-stimulated osteoblasts express a high level of Notch ligand
jagged 1 using the transgenic mouse of PTH/PTHrP receptors (PPRs). In response, the
activation of the Notch1 intracellular domain (NICD) in Lin-Sca-1+c-Kit+ HSCs increased.
Additionally, when HSCs were long-term co-cultured with a Notch cleavage inhibitor, the
support for HSCs observed in transgenic stroma decreased to a similar level to their isotype
control. Another study, using RAG-1-deficient mice essential for V(D)J recombination and
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lymphocyte development, showed that Notch1 activation leads to inhibition of HSC differ-
entiation [98]. This confirms that interaction between osteoblasts and HSCs via the Notch
pathway plays a crucial role in regulating HSC behavior within the bone marrow niche.

7. Other Components of Niche

In addition to spatially distinct osteoblastic and vascular niches, stromal cells and immune
cells play roles within the microenvironments of HSCs in bone marrow [62,63,102–104]. They
can either directly interact with HSCs or regulate them indirectly by secreting soluble factors
such as growth factors, cytokines chemokines, and other signaling molecules.

Macrophages in the bone marrow play a crucial role in the formation of HSCs [63,105–111].
CD169+ macrophages, associated with the clearance of blood-borne pathogens and regulation
of immune responses, play a crucial role in maintaining the quiescent state of HSCs [105]. They
interact with Nestin-positive (Nes+) cells to promote the transcription of CXCL12 and other
factors (such as HSC maintenance and retention factors ANG, KITl, VCAM1) essential for HSC
maintenance. Depletion of macrophages leads to the loss of these factors and subsequent egress
of HSCs from the bone marrow [105,106]. A subset of macrophages called ‘Osteomacs’ reside
adjacent to osteoblasts and megakaryocytes along the bone lining, distinct from osteoclasts. These
osteomas have been identified to play crucial regulatory roles in modulating osteoblast function.
Their interaction with osteoblasts is essential for the low-level activation of nuclear factor κB
(NF-κB) in osteoblasts, enabling them to maintain HSCs through appropriate chemokine signaling.
Furthermore, the presence of megakaryocytes supports the function of osteomacs, and their
synergistic interactions with osteoblasts contribute to the regulation of HSC repopulating potential,
as evidenced by transplantation assays [107–111]. Although significant progress has been made
in understanding the role of macrophages in HSC behavior [106], the specific signaling pathways
and the diverse functions associated with macrophage heterogeneity are not yet fully understood.
Therefore, ongoing additional studies are needed to fully elucidate the multifaceted roles of
macrophages in hematopoiesis and their potential therapeutic applications.

Megakaryocytes also govern the viability of HSCs [112–114]. Megakaryocyte removal
from the bone marrow leads to an increase in the number of HSCs. HSCs exhibited a com-
pensatory increase in mice experiencing bleeding. However, this compensatory increase is
restricted when blood cells are introduced into the bloodstream [113]. Megakaryocytes have
been suggested to restrict the proliferation of HSCs in two ways. The first mechanism in-
volves the production of CXCL4 by megakaryocytes, which inhibits HSC proliferation [112].
The second mechanism involves the action of TGFβ, which controls the inactive state
of the HSCs [113]. Additionally, megakaryocytes influence myeloid-biased HSC activity
and act as a physical barrier to HSC migration. Thrombopoietin (TPO) production by
megakaryocytes further regulates hematopoietic activity. Depletion of megakaryocytes
in mice resulted in decreased megakaryopoiesis, alongside lower numbers of HSCs and
reduced HSC quiescence [115–118].

Chemokines, also known as chemo-attractant proteins, play crucial roles in regulating
the movement of HSCs and facilitating their contact with stromal cells [119]. CXCL12, also
known as SDF1, is a chemokine involved in cell homing. Deletion of SDF1 or its recep-
tor CXCR4 leads to normal fetal heart hematopoiesis; however, there is a failure of bone
marrow engraftment by hematopoietic cells [120,121]. Upregulation of CXCR4 in human
hematopoietic progenitor cells results in enhanced engraftment in nude mice, whereas
the use of CXCR4-neutralizing antibodies demonstrates an inhibitory effect on engraft-
ment [122]. However, CXCR4 is not typically found in HSCs that are not actively dividing.
This identifies the factors for successful HSC attachment and the molecules responsible
for binding to osteoblasts. Osteoblasts express the adhesion molecules ALCAM and os-
teopontin, which may play a role in the interaction between HSCs and osteoblasts [123].
Furthermore, it is assumed that external factors such as BMPs, NOTCH ligands, and
angiopoietins in bone marrow niches play a role in the interaction between HSCs and
osteoblasts [94,101]. In some research, depletion of CXCL12 in osteoblasts resulted in the
selective loss of B-lymphoid progenitors. Studies have shown that acute inflammation
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can inhibit osteoblastic bone formation, leading to T and B lymphopenia due to decreased
production of interleukin-7 (IL-7). This suggests that osteoblasts may regulate common
lymphoid progenitors by supplying IL-7 [124–126].

Myeloid lineage cells, including granulocytes and dendritic cells, also impact the HSC
niche [127]. Granulocytes produce factors like G-CSF (granulocyte colony-stimulating
factor), which promotes HSC mobilization from the bone marrow into the bloodstream.
Dendritic cells contribute to HSC maintenance by modulating the expression of adhesion
molecules and cytokines within the niche.

8. Stem Cell Therapy

Due to the characteristics of HSCs, their self-renewal, multiple differentiation, and in-
teractions with niche components, they can be used for the therapy of some blood-related
diseases. Transplanting HSCs can restore patients’ HSC pools and also regenerate immune
cell populations, which means that abnormal hematopoiesis has been replaced with normal
hematopoiesis [128]. Hematopoietic stem cell transplantation (HSCT), also known as bone
marrow transplantation, is utilized as a therapeutic approach for various blood-related dis-
eases. HSCT offers a powerful therapeutic option by essentially resetting the hematopoietic
and immune systems, allowing for the restoration of normal function and providing a poten-
tial cure for many serious conditions. It can be applied to patients as a therapeutic approach
for various blood-related diseases, including malignant blood disorders such as lymphoma,
multiple myeloma, and leukemia, as well as aplastic anemia and immunodeficiency disorders.
It is especially considered in relapsed or refractory cases that do not respond to conventional
chemotherapy or radiotherapy and in aggressive forms (e.g., diffuse large B-cell lymphoma,
mantle cell lymphoma, and follicular lymphoma) [22,129–131].

8.1. HSC Transplantation

Unlike solid organ transplantation, where the main goal is organ replacement, allo-
geneic hematopoietic cell transplantation for hematologic malignancies focuses on regulat-
ing the immune response against the underlying cancerous condition [128,132]. In leukemia,
normal hematopoietic microenvironments are transformed into leukemic microenviron-
ments by leukemic stem cells (LSCs). LSCs exhibit a high propensity for proliferation
rather than differentiation into subset populations and possess strong resistance to drugs,
resulting in poor prognosis and leukemia relapse [132–136]. For bone marrow transplanta-
tion, the most important thing is “donor selection” [137]. It is crucial to match the donor’s
human leukocyte antigen (HLA) with the recipient’s as closely as possible to minimize
the risk of graft rejection and graft-versus-host disease (GVHD). GVHD is a significant
complication following HSCT, where donor immune cells attack the recipient’s tissues,
leading to organ damage [138,139]. Immune checkpoint molecules such as TIGIT, PD-1,
CTLA-4, and TIM-3 play pivotal roles in regulating immune responses in GVHD [140,141].
TIGIT and PD-1 inhibit T cell activation and effector functions [140,142–146], while CTLA-
4 competes with CD28 for ligand binding, thereby inhibiting T cell activation [141,147].
TIM-3 regulates T cell exhaustion and tolerance [148,149]. Dysregulation of these markers
can disrupt immune homeostasis, exacerbating GVHD pathology. Understanding the
functions of immune checkpoint molecules is crucial for developing targeted therapies to
mitigate GVHD severity post-HSCT. In a German study, after transplantation, the graft
versus leukemia (GvL) effect in acute myeloid leukemia (AML) was found to significantly
improve the 7-year relapse-free survival of patients with AML in first complete remission
compared to conventional chemotherapy alone. This highlights its efficacy in disease
control. However, transplantation at an advanced disease stage yields lower survival
rates, emphasizing the importance of early consideration and referral for transplantation in
eligible patients [150–152].
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8.2. Immune Recovery after HSCT

For successful transplantation, the recipient’s (patient’s) blood and immune system
must initially be depleted by combinations of chemotherapy and radiotherapy [153]. Drugs
used in conditioning therapy before bone marrow transplantation include cyclophos-
phamide, busulfan, melphalan, and fludarabine. These drugs induce apoptosis by interfer-
ing with DNA replication, transcription, and synthesis, thereby destroying the patient’s
existing cells and suppressing the immune system. This helps prevent transplant rejection
by adequately suppressing the immune system [154–157]. If this pre-HCT conditioning is
performed well, donor HSCs can home to and engraft the recipient’s bone marrow, thereby
reconstituting all the blood cell lineages. Immune recovery after HSCT occurs in phases,
with innate immune cells and platelets generally recovering within weeks after HSCT;
fully complete reconstitution of adaptive immunity may extend over months to even years
(Figure 3) [158–161].
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following hematopoietic stem cell transplantation. In the first few weeks after transplantation, innate
immune cells recover swiftly. Common infections during this phase include bacterial and Candida
infections due to the early deficiency in adaptive immune cells. Meanwhile, adaptive immune
function, including T cells and B cells, exhibits prolonged deficiencies and gradually recovers, taking
over 2 years to fully restore. Viral infections and those caused by non-Candidal molds become more
common during this phase. Various clinical factors, including conditioning regimens, donor sources,
and post-transplant events such as graft-versus-host disease (GVHD) and immunosuppression, exert
influence over the immune reconstitution process, thereby modulating the associated infectious risks.

During this process, various cells within the bone marrow serve as niche components
for donor HSCs. The BM niche provides the microenvironment necessary for hematopoietic
stem cell (HSC) maintenance, differentiation, and proliferation. Endothelial cells play a
significant role in the regulation of various processes, including the quiescence, prolifer-
ation, and mobilization of HSCs. It is anticipated that ECs will aid in the hematopoietic
recovery of donor HSCs following transplantation. Although ECs are often damaged
during conditioning for HCT, when transplanted alongside HSCs, they have been shown
to confer beneficial effects in terms of HSC engraftment, reconstitution, and survival post-
irradiation [162–164]. MSCs, as a rare component of the bone marrow niche, play a crucial
role in regulating HSC homeostasis through the production of key soluble factors. Differ-
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ent subsets of MSCs have distinct impacts on HSC behavior, supporting either quiescent
or proliferative states. Despite surviving conditioning regimens, MSCs may accumulate
damage, potentially affecting their functionality. In clinical contexts, MSCs have shown
promise in enhancing HSC engraftment and treating complications like steroid-resistant
aGvHD, although further research is needed to elucidate their precise mechanisms of
action [165–167].

9. Conclusions

Hematopoietic stem cells (HSCs) possess the remarkable ability to generate all lower
cells of the hematopoietic hierarchy and regulate the entire process of hematopoiesis
through self-renewal and proliferation. The uninterrupted generation of new blood cells
is indispensable for the survival of organisms, underscoring the critical importance of
maintaining the normal function of HSCs throughout life. Normal hematopoiesis involves
maintaining a good balance between activated HSCs that produce blood and quiescent
HSCs that do not function. However, when HSCs are damaged due to various factors,
such as aging, their function is compromised, leading to aberrant hematopoiesis and po-
tentially giving rise to hematological diseases, including aplastic anemia, myelodysplastic
syndromes, and leukemia.

Aging affects the overall functioning of an organism, and blood production is also
strongly affected. Various research results have revealed that aging affects the function of
HSCs, causing their parts to change abnormally. Functional and genomic analysis has been
conducted through mouse experiments, and the phenotype in elderly people is similar.
Aging eventually causes diseases such as immune disorders, lymphoma, and leukemia,
and the prognosis is worse for elderly patients whose hematopoiesis and immune systems
have already collapsed.

The niche of HSCs interacts with cells in various aspects to regulate their functions.
Osteoblast cells in the bone-adjacent area of the bone marrow lumen play a crucial role
in regulating the state of HSCs through various mechanisms. Osteoblasts express Ang1
and OPN, which bind to specific receptors expressed on HSCs, causing them to remain
stationary in a specific area. This interaction helps maintain the quiescent state of HSCs
and regulates their retention within the bone marrow niche.

Vascular tissue refers to vascular components including vascular endothelial cells,
pericytes, and SMCs, as well as stromal cells, which are supporting cells around them.
Endothelial cells (ECs) and pericytes are classified according to the location of blood vessels
(sinusoids or arterioles), and they both regulate HSCs by secreting various chemokines,
including CXCL12 and SCF. These soluble factors perform different functions depending
on their site of secretion, either promoting the quiescence or activation of HSCs.

HSC transplantation is gaining attention as a treatment for diseases stemming from
HSC damage, particularly leukemia. Just as HSCs interact with niche components to
sustain ongoing hematopoiesis, hematopoiesis can be restored by transplanting HSCs
from a healthy donor into patients with HSC or niche defects. However, due to the limited
understanding of the niche in the context of bone marrow transplantation, ongoing research
is crucial to address issues like GVHD.
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60. Bergiers, I.; Andrews, T.; Vargel Bölükbaşı, Ö.; Buness, A.; Janosz, E.; Lopez-Anguita, N.; Ganter, K.; Kosim, K.; Celen, C.;
Itır Perçin, G.; et al. Single-cell transcriptomics reveals a new dynamical function of transcription factors during embryonic
hematopoiesis. eLife 2018, 7, e29312. [CrossRef]

61. Zhang, X.; Han, P.; Qiu, J.; Huang, F.; Luo, Q.; Cheng, J.; Shan, K.; Yang, Y.; Zhang, C. Single-cell RNA sequencing reveals the
complex cellular niche of pterygium. Ocul. Surf. 2024, 32, 91–103. [CrossRef]

62. Bandyopadhyay, S.; Duffy, M.P.; Ahn, K.J.; Sussman, J.H.; Pang, M.; Smith, D.; Duncan, G.; Zhang, I.; Huang, J.; Lin, Y.; et al.
Mapping the cellular biogeography of human bone marrow niches using single-cell transcriptomics and proteomic imaging. Cell
2024, 187, 3120–3140.e3129. [CrossRef]

63. Kucinski, I.; Campos, J.; Barile, M.; Severi, F.; Bohin, N.; Moreira, P.N.; Allen, L.; Lawson, H.; Haltalli, M.L.R.; Kinston, S.J.; et al. A
time- and single-cell-resolved model of murine bone marrow hematopoiesis. Cell Stem Cell 2024, 31, 244–259.e210. [CrossRef]

64. Bergers, G.; Song, S. The role of pericytes in blood-vessel formation and maintenance. Neuro-Oncology 2005, 7, 452–464. [CrossRef]
65. Majesky, M.W. Vascular Development. Arterioscler. Thromb. Vasc. Biol. 2018, 38, e17–e24. [CrossRef]
66. Naito, H.; Iba, T.; Takakura, N. Mechanisms of new blood-vessel formation and proliferative heterogeneity of endothelial cells.

Int. Immunol. 2020, 32, 295–305. [CrossRef]
67. Comazzetto, S.; Shen, B.; Morrison, S.J. Niches that regulate stem cells and hematopoiesis in adult bone marrow. Dev. Cell 2021,

56, 1848–1860. [CrossRef]
68. Doan, P.L.; Chute, J.P. The vascular niche: Home for normal and malignant hematopoietic stem cells. Leukemia 2012, 26, 54–62.

[CrossRef]
69. He, N.; Zhang, L.; Cui, J.; Li, Z. Bone marrow vascular niche: Home for hematopoietic stem cells. Bone Marrow Res. 2014, 2014,

128436. [CrossRef]
70. Li, H.; Yue, R.; Wei, B.; Gao, G.; Du, J.; Pei, G. Lysophosphatidic acid acts as a nutrient-derived developmental cue to regulate

early hematopoiesis. EMBO J. 2014, 33, 1383–1396. [CrossRef]
71. Ottersbach, K.; Dzierzak, E. The murine placenta contains hematopoietic stem cells within the vascular labyrinth region. Dev. Cell

2005, 8, 377–387. [CrossRef]
72. Rafii, S.; Lyden, D.; Benezra, R.; Hattori, K.; Heissig, B. Vascular and haematopoietic stem cells: Novel targets for anti-angiogenesis

therapy? Nat. Rev. Cancer 2002, 2, 826–835. [CrossRef]
73. Takakura, N.; Huang, X.L.; Naruse, T.; Hamaguchi, I.; Dumont, D.J.; Yancopoulos, G.D.; Suda, T. Critical role of the TIE2

endothelial cell receptor in the development of definitive hematopoiesis. Immunity 1998, 9, 677–686. [CrossRef]
74. Gotohda, N.; Iwagaki, H.; Itano, S.; Horiki, S.; Fujiwara, T.; Saito, S.; Hizuta, A.; Isozaki, H.; Takakura, N.; Terada, N.; et al. Can

POSSUM, a scoring system for perioperative surgical risk, predict postoperative clinical course? Acta Medica Okayama 1998, 52,
325–329. [CrossRef]

75. Asahara, T.; Murohara, T.; Sullivan, A.; Silver, M.; van der Zee, R.; Li, T.; Witzenbichler, B.; Schatteman, G.; Isner, J.M. Isolation of
putative progenitor endothelial cells for angiogenesis. Science 1997, 275, 964–967. [CrossRef]

76. Heissig, B.; Hattori, K.; Dias, S.; Friedrich, M.; Ferris, B.; Hackett, N.R.; Crystal, R.G.; Besmer, P.; Lyden, D.; Moore, M.A.; et al.
Recruitment of stem and progenitor cells from the bone marrow niche requires MMP-9 mediated release of kit-ligand. Cell 2002,
109, 625–637. [CrossRef]

77. Hattori, K.; Dias, S.; Heissig, B.; Hackett, N.R.; Lyden, D.; Tateno, M.; Hicklin, D.J.; Zhu, Z.; Witte, L.; Crystal, R.G.; et al.
Vascular endothelial growth factor and angiopoietin-1 stimulate postnatal hematopoiesis by recruitment of vasculogenic and
hematopoietic stem cells. J. Exp. Med. 2001, 193, 1005–1014. [CrossRef]

78. Gerber, H.P.; Malik, A.K.; Solar, G.P.; Sherman, D.; Liang, X.H.; Meng, G.; Hong, K.; Marsters, J.C.; Ferrara, N. VEGF regulates
haematopoietic stem cell survival by an internal autocrine loop mechanism. Nature 2002, 417, 954–958. [CrossRef]

79. Lévesque, J.P.; Helwani, F.M.; Winkler, I.G. The endosteal ‘osteoblastic’ niche and its role in hematopoietic stem cell homing and
mobilization. Leukemia 2010, 24, 1979–1992. [CrossRef]

https://doi.org/10.1182/blood-2008-04-146480
https://doi.org/10.1182/blood-2017-02-769869
https://doi.org/10.3390/ijms222011117
https://doi.org/10.1038/s41586-019-1104-8
https://doi.org/10.1016/j.cell.2019.04.040
https://doi.org/10.1038/s41556-019-0439-6
https://doi.org/10.1038/nature17624
https://doi.org/10.7554/eLife.29312
https://doi.org/10.1016/j.jtos.2024.01.013
https://doi.org/10.1016/j.cell.2024.04.013
https://doi.org/10.1016/j.stem.2023.12.001
https://doi.org/10.1215/s1152851705000232
https://doi.org/10.1161/atvbaha.118.310223
https://doi.org/10.1093/intimm/dxaa008
https://doi.org/10.1016/j.devcel.2021.05.018
https://doi.org/10.1038/leu.2011.236
https://doi.org/10.1155/2014/128436
https://doi.org/10.15252/embj.201387594
https://doi.org/10.1016/j.devcel.2005.02.001
https://doi.org/10.1038/nrc925
https://doi.org/10.1016/s1074-7613(00)80665-2
https://doi.org/10.18926/amo/31304
https://doi.org/10.1126/science.275.5302.964
https://doi.org/10.1016/s0092-8674(02)00754-7
https://doi.org/10.1084/jem.193.9.1005
https://doi.org/10.1038/nature00821
https://doi.org/10.1038/leu.2010.214


Int. J. Mol. Sci. 2024, 25, 6837 15 of 18

80. Pinho, S.; Frenette, P.S. Haematopoietic stem cell activity and interactions with the niche. Nat. Rev. Mol. Cell Biol. 2019, 20,
303–320. [CrossRef]

81. Whetton, A.D.; Graham, G.J. Homing and mobilization in the stem cell niche. Trends Cell Biol. 1999, 9, 233–238. [CrossRef]
82. Acar, M.; Kocherlakota, K.S.; Murphy, M.M.; Peyer, J.G.; Oguro, H.; Inra, C.N.; Jaiyeola, C.; Zhao, Z.; Luby-Phelps, K.; Morrison,

S.J. Deep imaging of bone marrow shows non-dividing stem cells are mainly perisinusoidal. Nature 2015, 526, 126–130. [CrossRef]
83. Ding, L.; Saunders, T.L.; Enikolopov, G.; Morrison, S.J. Endothelial and perivascular cells maintain haematopoietic stem cells.

Nature 2012, 481, 457–462. [CrossRef]
84. Omatsu, Y.; Sugiyama, T.; Kohara, H.; Kondoh, G.; Fujii, N.; Kohno, K.; Nagasawa, T. The essential functions of adipo-osteogenic

progenitors as the hematopoietic stem and progenitor cell niche. Immunity 2010, 33, 387–399. [CrossRef]
85. Sugiyama, T.; Kohara, H.; Noda, M.; Nagasawa, T. Maintenance of the hematopoietic stem cell pool by CXCL12-CXCR4 chemokine

signaling in bone marrow stromal cell niches. Immunity 2006, 25, 977–988. [CrossRef]
86. Kunisaki, Y.; Bruns, I.; Scheiermann, C.; Ahmed, J.; Pinho, S.; Zhang, D.; Mizoguchi, T.; Wei, Q.; Lucas, D.; Ito, K.; et al. Arteriolar

niches maintain haematopoietic stem cell quiescence. Nature 2013, 502, 637–643. [CrossRef]
87. Ono, N.; Ono, W.; Mizoguchi, T.; Nagasawa, T.; Frenette, P.S.; Kronenberg, H.M. Vasculature-associated cells expressing nestin in

developing bones encompass early cells in the osteoblast and endothelial lineage. Dev. Cell 2014, 29, 330–339. [CrossRef]
88. Le, P.M.; Andreeff, M.; Battula, V.L. Osteogenic niche in the regulation of normal hematopoiesis and leukemogenesis. Haematologica

2018, 103, 1945–1955. [CrossRef]
89. Kim, M.J.; Valderrábano, R.J.; Wu, J.Y. Osteoblast Lineage Support of Hematopoiesis in Health and Disease. J. Bone Miner. Res. Off.

J. Am. Soc. Bone Miner. Res. 2022, 37, 1823–1842. [CrossRef]
90. Nilsson, S.K.; Johnston, H.M.; Whitty, G.A.; Williams, B.; Webb, R.J.; Denhardt, D.T.; Bertoncello, I.; Bendall, L.J.; Simmons, P.J.;

Haylock, D.N. Osteopontin, a key component of the hematopoietic stem cell niche and regulator of primitive hematopoietic
progenitor cells. Blood 2005, 106, 1232–1239. [CrossRef]

91. Zhou, B.O.; Ding, L.; Morrison, S.J. Hematopoietic stem and progenitor cells regulate the regeneration of their niche by secreting
Angiopoietin-1. eLife 2015, 4, e05521. [CrossRef]

92. Arai, F.; Hirao, A.; Ohmura, M.; Sato, H.; Matsuoka, S.; Takubo, K.; Ito, K.; Koh, G.Y.; Suda, T. Tie2/angiopoietin-1 signaling
regulates hematopoietic stem cell quiescence in the bone marrow niche. Cell 2004, 118, 149–161. [CrossRef]

93. Iwama, A.; Hamaguchi, I.; Hashiyama, M.; Murayama, Y.; Yasunaga, K.; Suda, T. Molecular cloning and characterization of
mouse TIE and TEK receptor tyrosine kinase genes and their expression in hematopoietic stem cells. Biochem. Biophys. Res.
Commun. 1993, 195, 301–309. [CrossRef]

94. Zhang, J.; Niu, C.; Ye, L.; Huang, H.; He, X.; Tong, W.G.; Ross, J.; Haug, J.; Johnson, T.; Feng, J.Q.; et al. Identification of the
haematopoietic stem cell niche and control of the niche size. Nature 2003, 425, 836–841. [CrossRef]

95. Visnjic, D.; Kalajzic, Z.; Rowe, D.W.; Katavic, V.; Lorenzo, J.; Aguila, H.L. Hematopoiesis is severely altered in mice with an
induced osteoblast deficiency. Blood 2004, 103, 3258–3264. [CrossRef]

96. Karanu, F.N.; Murdoch, B.; Gallacher, L.; Wu, D.M.; Koremoto, M.; Sakano, S.; Bhatia, M. The notch ligand jagged-1 represents a
novel growth factor of human hematopoietic stem cells. J. Exp. Med. 2000, 192, 1365–1372. [CrossRef]

97. Karanu, F.N.; Murdoch, B.; Miyabayashi, T.; Ohno, M.; Koremoto, M.; Gallacher, L.; Wu, D.; Itoh, A.; Sakano, S.; Bhatia, M.
Human homologues of Delta-1 and Delta-4 function as mitogenic regulators of primitive human hematopoietic cells. Blood 2001,
97, 1960–1967. [CrossRef]

98. Stier, S.; Cheng, T.; Dombkowski, D.; Carlesso, N.; Scadden, D.T. Notch1 activation increases hematopoietic stem cell self-renewal
in vivo and favors lymphoid over myeloid lineage outcome. Blood 2002, 99, 2369–2378. [CrossRef]

99. Varnum-Finney, B.; Brashem-Stein, C.; Bernstein, I.D. Combined effects of Notch signaling and cytokines induce a multiple log
increase in precursors with lymphoid and myeloid reconstituting ability. Blood 2003, 101, 1784–1789. [CrossRef] [PubMed]

100. Varnum-Finney, B.; Xu, L.; Brashem-Stein, C.; Nourigat, C.; Flowers, D.; Bakkour, S.; Pear, W.S.; Bernstein, I.D. Pluripotent,
cytokine-dependent, hematopoietic stem cells are immortalized by constitutive Notch1 signaling. Nat. Med. 2000, 6, 1278–1281.
[CrossRef] [PubMed]

101. Calvi, L.M.; Adams, G.B.; Weibrecht, K.W.; Weber, J.M.; Olson, D.P.; Knight, M.C.; Martin, R.P.; Schipani, E.; Divieti, P.; Bringhurst,
F.R.; et al. Osteoblastic cells regulate the haematopoietic stem cell niche. Nature 2003, 425, 841–846. [CrossRef]

102. Ghosh, J.; Koussa, R.E.; Mohamad, S.F.; Liu, J.; Kacena, M.A.; Srour, E.F. Cellular components of the hematopoietic niche and their
regulation of hematopoietic stem cell function. Curr. Opin. Hematol. 2021, 28, 243–250. [CrossRef]

103. Pinho, S.; Marchand, T.; Yang, E.; Wei, Q.; Nerlov, C.; Frenette, P.S. Lineage-Biased Hematopoietic Stem Cells Are Regulated by
Distinct Niches. Dev. Cell 2018, 44, 634–641.e634. [CrossRef]

104. Wei, Q.; Frenette, P.S. Niches for Hematopoietic Stem Cells and Their Progeny. Immunity 2018, 48, 632–648. [CrossRef]
105. Chow, A.; Lucas, D.; Hidalgo, A.; Méndez-Ferrer, S.; Hashimoto, D.; Scheiermann, C.; Battista, M.; Leboeuf, M.; Prophete, C.; van

Rooijen, N.; et al. Bone marrow CD169+ macrophages promote the retention of hematopoietic stem and progenitor cells in the
mesenchymal stem cell niche. J. Exp. Med. 2011, 208, 261–271. [CrossRef]

106. Seyfried, A.N.; Maloney, J.M.; MacNamara, K.C. Macrophages Orchestrate Hematopoietic Programs and Regulate HSC Function
During Inflammatory Stress. Front. Immunol. 2020, 11, 1499. [CrossRef]

https://doi.org/10.1038/s41580-019-0103-9
https://doi.org/10.1016/s0962-8924(99)01559-7
https://doi.org/10.1038/nature15250
https://doi.org/10.1038/nature10783
https://doi.org/10.1016/j.immuni.2010.08.017
https://doi.org/10.1016/j.immuni.2006.10.016
https://doi.org/10.1038/nature12612
https://doi.org/10.1016/j.devcel.2014.03.014
https://doi.org/10.3324/haematol.2018.197004
https://doi.org/10.1002/jbmr.4678
https://doi.org/10.1182/blood-2004-11-4422
https://doi.org/10.7554/eLife.05521
https://doi.org/10.1016/j.cell.2004.07.004
https://doi.org/10.1006/bbrc.1993.2045
https://doi.org/10.1038/nature02041
https://doi.org/10.1182/blood-2003-11-4011
https://doi.org/10.1084/jem.192.9.1365
https://doi.org/10.1182/blood.v97.7.1960
https://doi.org/10.1182/blood.v99.7.2369
https://doi.org/10.1182/blood-2002-06-1862
https://www.ncbi.nlm.nih.gov/pubmed/12411302
https://doi.org/10.1038/81390
https://www.ncbi.nlm.nih.gov/pubmed/11062542
https://doi.org/10.1038/nature02040
https://doi.org/10.1097/moh.0000000000000656
https://doi.org/10.1016/j.devcel.2018.01.016
https://doi.org/10.1016/j.immuni.2018.03.024
https://doi.org/10.1084/jem.20101688
https://doi.org/10.3389/fimmu.2020.01499


Int. J. Mol. Sci. 2024, 25, 6837 16 of 18

107. Chang, K.H.; Sengupta, A.; Nayak, R.C.; Duran, A.; Lee, S.J.; Pratt, R.G.; Wellendorf, A.M.; Hill, S.E.; Watkins, M.; Gonzalez-Nieto,
D.; et al. p62 is required for stem cell/progenitor retention through inhibition of IKK/NF-κB/Ccl4 signaling at the bone marrow
macrophage-osteoblast niche. Cell Rep. 2014, 9, 2084–2097. [CrossRef]

108. Chang, M.K.; Raggatt, L.J.; Alexander, K.A.; Kuliwaba, J.S.; Fazzalari, N.L.; Schroder, K.; Maylin, E.R.; Ripoll, V.M.; Hume, D.A.;
Pettit, A.R. Osteal tissue macrophages are intercalated throughout human and mouse bone lining tissues and regulate osteoblast
function in vitro and in vivo. J. Immunol. 2008, 181, 1232–1244. [CrossRef]

109. Mohamad, S.F.; Xu, L.; Ghosh, J.; Childress, P.J.; Abeysekera, I.; Himes, E.R.; Wu, H.; Alvarez, M.B.; Davis, K.M.; Aguilar-Perez,
A.; et al. Osteomacs interact with megakaryocytes and osteoblasts to regulate murine hematopoietic stem cell function. Blood Adv.
2017, 1, 2520–2528. [CrossRef]

110. Winkler, I.G.; Sims, N.A.; Pettit, A.R.; Barbier, V.; Nowlan, B.; Helwani, F.; Poulton, I.J.; van Rooijen, N.; Alexander, K.A.; Raggatt,
L.J.; et al. Bone marrow macrophages maintain hematopoietic stem cell (HSC) niches and their depletion mobilizes HSCs. Blood
2010, 116, 4815–4828. [CrossRef]

111. Wysoczynski, M.; Moore, J.B.T.; Uchida, S. A novel macrophage subtype directs hematopoietic stem cell homing and retention.
Ann. Transl. Med. 2019, 7 (Suppl. S3), S79. [CrossRef]

112. Bruns, I.; Lucas, D.; Pinho, S.; Ahmed, J.; Lambert, M.P.; Kunisaki, Y.; Scheiermann, C.; Schiff, L.; Poncz, M.; Bergman, A.; et al.
Megakaryocytes regulate hematopoietic stem cell quiescence through CXCL4 secretion. Nat. Med. 2014, 20, 1315–1320. [CrossRef]

113. Cheshier, S.H.; Prohaska, S.S.; Weissman, I.L. The effect of bleeding on hematopoietic stem cell cycling and self-renewal. Stem
Cells Dev. 2007, 16, 707–717. [CrossRef]

114. Asquith, N.L.; Carminita, E.; Camacho, V.; Rodriguez-Romera, A.; Stegner, D.; Freire, D.; Becker, I.C.; Machlus, K.R.; Khan, A.O.;
Italiano, J.E. The bone marrow is the primary site of thrombopoiesis. Blood 2024, 143, 272–278. [CrossRef]

115. Decker, M.; Leslie, J.; Liu, Q.; Ding, L. Hepatic thrombopoietin is required for bone marrow hematopoietic stem cell maintenance.
Science 2018, 360, 106–110. [CrossRef]

116. Nakamura-Ishizu, A.; Takubo, K.; Fujioka, M.; Suda, T. Megakaryocytes are essential for HSC quiescence through the production
of thrombopoietin. Biochem. Biophys. Res. Commun. 2014, 454, 353–357. [CrossRef]

117. Qian, H.; Buza-Vidas, N.; Hyland, C.D.; Jensen, C.T.; Antonchuk, J.; Månsson, R.; Thoren, L.A.; Ekblom, M.; Alexander, W.S.;
Jacobsen, S.E. Critical role of thrombopoietin in maintaining adult quiescent hematopoietic stem cells. Cell Stem Cell 2007, 1,
671–684. [CrossRef]

118. Zhang, Y.; Lin, C.H.S.; Kaushansky, K.; Zhan, H. JAK2V617F Megakaryocytes Promote Hematopoietic Stem/Progenitor Cell
Expansion in Mice through Thrombopoietin/MPL Signaling. Stem Cells 2018, 36, 1676–1684. [CrossRef]

119. Broxmeyer, H.E. Chemokines in hematopoiesis. Curr. Opin. Hematol. 2008, 15, 49–58. [CrossRef]
120. Nagasawa, T.; Hirota, S.; Tachibana, K.; Takakura, N.; Nishikawa, S.; Kitamura, Y.; Yoshida, N.; Kikutani, H.; Kishimoto, T. Defects

of B-cell lymphopoiesis and bone-marrow myelopoiesis in mice lacking the CXC chemokine PBSF/SDF-1. Nature 1996, 382,
635–638. [CrossRef]

121. Tokoyoda, K.; Egawa, T.; Sugiyama, T.; Choi, B.I.; Nagasawa, T. Cellular niches controlling B lymphocyte behavior within bone
marrow during development. Immunity 2004, 20, 707–718. [CrossRef]

122. Peled, A.; Petit, I.; Kollet, O.; Magid, M.; Ponomaryov, T.; Byk, T.; Nagler, A.; Ben-Hur, H.; Many, A.; Shultz, L.; et al. Dependence
of human stem cell engraftment and repopulation of NOD/SCID mice on CXCR4. Science 1999, 283, 845–848. [CrossRef]

123. Arai, F.; Ohneda, O.; Miyamoto, T.; Zhang, X.Q.; Suda, T. Mesenchymal stem cells in perichondrium express activated leukocyte
cell adhesion molecule and participate in bone marrow formation. J. Exp. Med. 2002, 195, 1549–1563. [CrossRef]

124. Greenbaum, A.; Hsu, Y.M.; Day, R.B.; Schuettpelz, L.G.; Christopher, M.J.; Borgerding, J.N.; Nagasawa, T.; Link, D.C. CXCL12 in
early mesenchymal progenitors is required for haematopoietic stem-cell maintenance. Nature 2013, 495, 227–230. [CrossRef]

125. Wu, J.Y.; Purton, L.E.; Rodda, S.J.; Chen, M.; Weinstein, L.S.; McMahon, A.P.; Scadden, D.T.; Kronenberg, H.M. Osteoblastic
regulation of B lymphopoiesis is mediated by Gs{alpha}-dependent signaling pathways. Proc. Natl. Acad. Sci. USA 2008, 105,
16976–16981. [CrossRef]

126. Terashima, A.; Okamoto, K.; Nakashima, T.; Akira, S.; Ikuta, K.; Takayanagi, H. Sepsis-Induced Osteoblast Ablation Causes
Immunodeficiency. Immunity 2016, 44, 1434–1443. [CrossRef]

127. Terashima, A.; Takayanagi, H. The role of bone cells in immune regulation during the course of infection. Semin. Immunopathol.
2019, 41, 619–626. [CrossRef]

128. Copelan, E.A. Hematopoietic stem-cell transplantation. N. Engl. J. Med. 2006, 354, 1813–1826. [CrossRef]
129. de Witte, T.; Bowen, D.; Robin, M.; Malcovati, L.; Niederwieser, D.; Yakoub-Agha, I.; Mufti, G.J.; Fenaux, P.; Sanz, G.; Martino, R.;

et al. Allogeneic hematopoietic stem cell transplantation for MDS and CMML: Recommendations from an international expert
panel. Blood 2017, 129, 1753–1762. [CrossRef]

130. Duarte, R.F.; Labopin, M.; Bader, P.; Basak, G.W.; Bonini, C.; Chabannon, C.; Corbacioglu, S.; Dreger, P.; Dufour, C.; Gennery, A.R.;
et al. Indications for haematopoietic stem cell transplantation for haematological diseases, solid tumours and immune disorders:
Current practice in Europe, 2019. Bone Marrow Transpl. 2019, 54, 1525–1552. [CrossRef]

131. Sauerer, T.; Velázquez, G.F.; Schmid, C. Relapse of acute myeloid leukemia after allogeneic stem cell transplantation: Immune
escape mechanisms and current implications for therapy. Mol. Cancer 2023, 22, 180. [CrossRef] [PubMed]

132. Thol, F.; Döhner, H.; Ganser, A. How I treat refractory and relapsed acute myeloid leukemia. Blood 2024, 143, 11–20. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.celrep.2014.11.031
https://doi.org/10.4049/jimmunol.181.2.1232
https://doi.org/10.1182/bloodadvances.2017011304
https://doi.org/10.1182/blood-2009-11-253534
https://doi.org/10.21037/atm.2019.04.11
https://doi.org/10.1038/nm.3707
https://doi.org/10.1089/scd.2007.0017
https://doi.org/10.1182/blood.2023020895
https://doi.org/10.1126/science.aap8861
https://doi.org/10.1016/j.bbrc.2014.10.095
https://doi.org/10.1016/j.stem.2007.10.008
https://doi.org/10.1002/stem.2888
https://doi.org/10.1097/MOH.0b013e3282f29012
https://doi.org/10.1038/382635a0
https://doi.org/10.1016/j.immuni.2004.05.001
https://doi.org/10.1126/science.283.5403.845
https://doi.org/10.1084/jem.20011700
https://doi.org/10.1038/nature11926
https://doi.org/10.1073/pnas.0802898105
https://doi.org/10.1016/j.immuni.2016.05.012
https://doi.org/10.1007/s00281-019-00755-2
https://doi.org/10.1056/NEJMra052638
https://doi.org/10.1182/blood-2016-06-724500
https://doi.org/10.1038/s41409-019-0516-2
https://doi.org/10.1186/s12943-023-01889-6
https://www.ncbi.nlm.nih.gov/pubmed/37951964
https://doi.org/10.1182/blood.2023022481
https://www.ncbi.nlm.nih.gov/pubmed/37944143


Int. J. Mol. Sci. 2024, 25, 6837 17 of 18

133. Felipe Rico, J.; Hassane, D.C.; Guzman, M.L. Acute Myelogenous Leukemia Stem Cells: From Bench to Bedside. Cancer Lett. 2013,
338, 4–9. [CrossRef] [PubMed]

134. Méndez-Ferrer, S.; Bonnet, D.; Steensma, D.P.; Hasserjian, R.P.; Ghobrial, I.M.; Gribben, J.G.; Andreeff, M.; Krause, D.S. Bone
marrow niches in haematological malignancies. Nat. Rev. Cancer 2020, 20, 285–298. [CrossRef] [PubMed]

135. Duarte, D.; Hawkins, E.D.; Akinduro, O.; Ang, H.; De Filippo, K.; Kong, I.Y.; Haltalli, M.; Ruivo, N.; Straszkowski, L.; Vervoort,
S.J.; et al. Inhibition of Endosteal Vascular Niche Remodeling Rescues Hematopoietic Stem Cell Loss in AML. Cell Stem Cell 2018,
22, 64–77.e66. [CrossRef] [PubMed]

136. Ross, J.B.; Myers, L.M.; Noh, J.J.; Collins, M.M.; Carmody, A.B.; Messer, R.J.; Dhuey, E.; Hasenkrug, K.J.; Weissman, I.L. Depleting
myeloid-biased haematopoietic stem cells rejuvenates aged immunity. Nature 2024, 628, 162–170. [CrossRef] [PubMed]

137. Kekre, N.; Antin, J.H. Hematopoietic stem cell transplantation donor sources in the 21st century: Choosing the ideal donor when
a perfect match does not exist. Blood 2014, 124, 334–343. [CrossRef] [PubMed]

138. van Lier, Y.F.; Vos, J.; Blom, B.; Hazenberg, M.D. Allogeneic hematopoietic cell transplantation, the microbiome, and graft-versus-
host disease. Gut Microbes 2023, 15, 2178805. [CrossRef]

139. Hu, Y.; Zhang, M.; Yang, T.; Mo, Z.; Wei, G.; Jing, R.; Zhao, H.; Chen, R.; Zu, C.; Gu, T.; et al. Sequential CD7 CAR T-Cell Therapy
and Allogeneic HSCT without GVHD Prophylaxis. N. Engl. J. Med. 2024, 390, 1467–1480. [CrossRef]

140. Zhao, C.; Bartock, M.; Jia, B.; Shah, N.; Claxton, D.F.; Wirk, B.; Rakszawski, K.L.; Nickolich, M.S.; Naik, S.G.; Rybka, W.B.;
et al. Post-transplant cyclophosphamide alters immune signatures and leads to impaired T cell reconstitution in allogeneic
hematopoietic stem cell transplant. J. Hematol. Oncol. 2022, 15, 64. [CrossRef]

141. Hossain, M.S.; Kunter, G.M.; El-Najjar, V.F.; Jaye, D.L.; Al-Kadhimi, Z.; Taofeek, O.K.; Li, J.M.; Waller, E.K. PD-1 and CTLA-4 up
regulation on donor T cells is insufficient to prevent GvHD in allo-HSCT recipients. PLoS ONE 2017, 12, e0184254. [CrossRef]
[PubMed]

142. Zhang, Z.; Hasegawa, Y.; Hashimoto, D.; Senjo, H.; Kikuchi, R.; Chen, X.; Yoneda, K.; Sekiguchi, T.; Kawase, T.; Tsuzuki, H.; et al.
Gilteritinib enhances graft-versus-leukemia effects against FLT3-ITD mutant leukemia after allogeneic hematopoietic stem cell
transplantation. Bone Marrow Transpl. 2022, 57, 775–780. [CrossRef] [PubMed]

143. Senjo, H.; Harada, S.; Kubota, S.I.; Tanaka, Y.; Tateno, T.; Zhang, Z.; Okada, S.; Chen, X.; Kikuchi, R.; Miyashita, N.; et al.
Calcineurin inhibitor inhibits tolerance induction by suppressing terminal exhaustion of donor T cells after allo-HCT. Blood 2023,
142, 477–492. [CrossRef] [PubMed]

144. Cassady, K.; Martin, P.J.; Zeng, D. Regulation of GVHD and GVL Activity via PD-L1 Interaction With PD-1 and CD80. Front.
Immunol. 2018, 9, 3061. [CrossRef] [PubMed]

145. Pan, B.; Shang, L.; Liu, C.; Gao, J.; Zhang, F.; Xu, M.; Li, L.; Sun, Z.; Li, Z.; Xu, K. PD-1 antibody and ruxolitinib enhances
graft-versus-lymphoma effect without increasing acute graft-versus-host disease in mice. Am. J. Transpl. Off. J. Am. Soc. Transpl.
Am. Soc. Transpl. Surg. 2021, 21, 503–514. [CrossRef] [PubMed]

146. Asano, T.; Meguri, Y.; Yoshioka, T.; Kishi, Y.; Iwamoto, M.; Nakamura, M.; Sando, Y.; Yagita, H.; Koreth, J.; Kim, H.T.; et al. PD-1
modulates regulatory T-cell homeostasis during low-dose interleukin-2 therapy. Blood 2017, 129, 2186–2197. [CrossRef] [PubMed]

147. Chen, P.P.; Cepika, A.M.; Agarwal-Hashmi, R.; Saini, G.; Uyeda, M.J.; Louis, D.M.; Cieniewicz, B.; Narula, M.; Amaya Hernandez,
L.C.; Harre, N.; et al. Alloantigen-specific type 1 regulatory T cells suppress through CTLA-4 and PD-1 pathways and persist
long-term in patients. Sci. Transl. Med. 2021, 13, eabf5264. [CrossRef] [PubMed]

148. Leotta, S.; Sapienza, G.; Camuglia, M.G.; Avola, G.; Marco, A.D.; Moschetti, G.; Curto Pelle, A.; Markovic, U.; Milone, G.A.;
Cupri, A.; et al. Preliminary Results of a Combined Score Based on sIL2-Rα and TIM-3 Levels Assayed Early after Hematopoietic
Transplantation. Front. Immunol. 2019, 10, 3158. [CrossRef] [PubMed]

149. Veenstra, R.G.; Taylor, P.A.; Zhou, Q.; Panoskaltsis-Mortari, A.; Hirashima, M.; Flynn, R.; Liu, D.; Anderson, A.C.; Strom, T.B.;
Kuchroo, V.K.; et al. Contrasting acute graft-versus-host disease effects of Tim-3/galectin-9 pathway blockade dependent upon
the presence of donor regulatory T cells. Blood 2012, 120, 682–690. [CrossRef]

150. Stelljes, M.; Krug, U.; Beelen, D.W.; Braess, J.; Sauerland, M.C.; Heinecke, A.; Ligges, S.; Sauer, T.; Tschanter, P.; Thoennissen,
G.B.; et al. Allogeneic transplantation versus chemotherapy as postremission therapy for acute myeloid leukemia: A prospective
matched pairs analysis. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2014, 32, 288–296. [CrossRef]

151. Fleischhauer, K.; Tran, T.H.; Meisel, R.; Mytilineos, J.; Dreger, P.; Kröger, N. Donor Selection for Allogeneic Hematopoietic Cell
Transplantation. Dtsch. Arztebl. Int. 2023, 120, 261–268. [CrossRef] [PubMed]

152. Gooley, T.A.; Chien, J.W.; Pergam, S.A.; Hingorani, S.; Sorror, M.L.; Boeckh, M.; Martin, P.J.; Sandmaier, B.M.; Marr, K.A.;
Appelbaum, F.R.; et al. Reduced mortality after allogeneic hematopoietic-cell transplantation. N. Engl. J. Med. 2010, 363,
2091–2101. [CrossRef] [PubMed]

153. Sabloff, M.; Tisseverasinghe, S.; Babadagli, M.E.; Samant, R. Total Body Irradiation for Hematopoietic Stem Cell Transplantation:
What Can We Agree on? Curr. Oncol. 2021, 28, 903–917. [CrossRef] [PubMed]

154. O’Donnell, P.V.; Jones, R.J. The development of post-transplant cyclophosphamide: Half a century of translational team science.
Blood Rev. 2023, 62, 101034. [CrossRef] [PubMed]

155. Beelen, D.W.; Trenschel, R.; Stelljes, M.; Groth, C.; Masszi, T.; Reményi, P.; Wagner-Drouet, E.M.; Hauptrock, B.; Dreger, P.; Luft, T.;
et al. Treosulfan or busulfan plus fludarabine as conditioning treatment before allogeneic haemopoietic stem cell transplantation
for older patients with acute myeloid leukaemia or myelodysplastic syndrome (MC-FludT.14/L): A randomised, non-inferiority,
phase 3 trial. Lancet. Haematol. 2020, 7, e28–e39. [CrossRef] [PubMed]

https://doi.org/10.1016/j.canlet.2012.05.034
https://www.ncbi.nlm.nih.gov/pubmed/22713929
https://doi.org/10.1038/s41568-020-0245-2
https://www.ncbi.nlm.nih.gov/pubmed/32112045
https://doi.org/10.1016/j.stem.2017.11.006
https://www.ncbi.nlm.nih.gov/pubmed/29276143
https://doi.org/10.1038/s41586-024-07238-x
https://www.ncbi.nlm.nih.gov/pubmed/38538791
https://doi.org/10.1182/blood-2014-02-514760
https://www.ncbi.nlm.nih.gov/pubmed/24914138
https://doi.org/10.1080/19490976.2023.2178805
https://doi.org/10.1056/NEJMoa2313812
https://doi.org/10.1186/s13045-022-01287-3
https://doi.org/10.1371/journal.pone.0184254
https://www.ncbi.nlm.nih.gov/pubmed/28953925
https://doi.org/10.1038/s41409-022-01619-4
https://www.ncbi.nlm.nih.gov/pubmed/35228711
https://doi.org/10.1182/blood.2023019875
https://www.ncbi.nlm.nih.gov/pubmed/37216687
https://doi.org/10.3389/fimmu.2018.03061
https://www.ncbi.nlm.nih.gov/pubmed/30622541
https://doi.org/10.1111/ajt.16275
https://www.ncbi.nlm.nih.gov/pubmed/32805756
https://doi.org/10.1182/blood-2016-09-741629
https://www.ncbi.nlm.nih.gov/pubmed/28151427
https://doi.org/10.1126/scitranslmed.abf5264
https://www.ncbi.nlm.nih.gov/pubmed/34705520
https://doi.org/10.3389/fimmu.2019.03158
https://www.ncbi.nlm.nih.gov/pubmed/32117211
https://doi.org/10.1182/blood-2011-10-387977
https://doi.org/10.1200/jco.2013.50.5768
https://doi.org/10.3238/arztebl.m2023.0031
https://www.ncbi.nlm.nih.gov/pubmed/36949660
https://doi.org/10.1056/NEJMoa1004383
https://www.ncbi.nlm.nih.gov/pubmed/21105791
https://doi.org/10.3390/curroncol28010089
https://www.ncbi.nlm.nih.gov/pubmed/33617507
https://doi.org/10.1016/j.blre.2022.101034
https://www.ncbi.nlm.nih.gov/pubmed/36435690
https://doi.org/10.1016/s2352-3026(19)30157-7
https://www.ncbi.nlm.nih.gov/pubmed/31606445


Int. J. Mol. Sci. 2024, 25, 6837 18 of 18

156. Takahashi, T.; Jaber, M.M.; Brown, S.J.; Al-Kofahi, M. Population Pharmacokinetic Model of Intravenous Busulfan in Hematopoi-
etic Cell Transplantation: Systematic Review and Comparative Simulations. Clin. Pharmacokinet. 2023, 62, 955–968. [CrossRef]
[PubMed]

157. Epperla, N.; Ahn, K.W.; Armand, P.; Jaglowski, S.; Ahmed, S.; Kenkre, V.P.; Savani, B.; Jagasia, M.; Shah, N.N.; Fenske, T.S.;
et al. Fludarabine and Busulfan versus Fludarabine, Cyclophosphamide, and Rituximab as Reduced-Intensity Conditioning for
Allogeneic Transplantation in Follicular Lymphoma. Biol. Blood Marrow Transpl. J. Am. Soc. Blood Marrow Transpl. 2018, 24, 78–85.
[CrossRef] [PubMed]

158. Mehta, R.S.; Rezvani, K. Immune reconstitution post allogeneic transplant and the impact of immune recovery on the risk of
infection. Virulence 2016, 7, 901–916. [CrossRef] [PubMed]

159. de Koning, C.; Nierkens, S.; Boelens, J.J. Strategies before, during, and after hematopoietic cell transplantation to improve T-cell
immune reconstitution. Blood 2016, 128, 2607–2615. [CrossRef] [PubMed]

160. Lucarelli, B.; Merli, P.; Bertaina, V.; Locatelli, F. Strategies to accelerate immune recovery after allogeneic hematopoietic stem cell
transplantation. Expert Rev. Clin. Immunol. 2016, 12, 343–358. [CrossRef]

161. Velardi, E.; Tsai, J.J.; van den Brink, M.R.M. T cell regeneration after immunological injury. Nat. Rev. Immunol. 2021, 21, 277–291.
[CrossRef] [PubMed]

162. Kim, M.M.; Schlussel, L.; Zhao, L.; Himburg, H.A. Dickkopf-1 Treatment Stimulates Hematopoietic Regenerative Function in
Infused Endothelial Progenitor Cells. Radiat. Res. 2019, 192, 53–62. [CrossRef] [PubMed]

163. Poulos, M.G.; Ramalingam, P.; Gutkin, M.C.; Llanos, P.; Gilleran, K.; Rabbany, S.Y.; Butler, J.M. Endothelial transplantation
rejuvenates aged hematopoietic stem cell function. J. Clin. Investig. 2017, 127, 4163–4178. [CrossRef] [PubMed]

164. Eissner, G.; Multhoff, G.; Gerbitz, A.; Kirchner, S.; Bauer, S.; Haffner, S.; Sondermann, D.; Andreesen, R.; Holler, E. Fludarabine
induces apoptosis, activation, and allogenicity in human endothelial and epithelial cells: Protective effect of defibrotide. Blood
2002, 100, 334–340. [CrossRef] [PubMed]

165. Newell, L.F.; Deans, R.J.; Maziarz, R.T. Adult adherent stromal cells in the management of graft-versus-host disease. Expert. Opin.
Biol. Ther. 2014, 14, 231–246. [CrossRef] [PubMed]

166. Hess, N.J.; Kink, J.A.; Hematti, P. Exosomes, MDSCs and Tregs: A new frontier for GVHD prevention and treatment. Front.
Immunol. 2023, 14, 1143381. [CrossRef]

167. Nicolay, N.H.; Lopez Perez, R.; Saffrich, R.; Huber, P.E. Radio-resistant mesenchymal stem cells: Mechanisms of resistance and
potential implications for the clinic. Oncotarget 2015, 6, 19366–19380. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s40262-023-01275-x
https://www.ncbi.nlm.nih.gov/pubmed/37415003
https://doi.org/10.1016/j.bbmt.2017.10.011
https://www.ncbi.nlm.nih.gov/pubmed/29032272
https://doi.org/10.1080/21505594.2016.1208866
https://www.ncbi.nlm.nih.gov/pubmed/27385018
https://doi.org/10.1182/blood-2016-06-724005
https://www.ncbi.nlm.nih.gov/pubmed/27697775
https://doi.org/10.1586/1744666x.2016.1123091
https://doi.org/10.1038/s41577-020-00457-z
https://www.ncbi.nlm.nih.gov/pubmed/33097917
https://doi.org/10.1667/rr15361.1
https://www.ncbi.nlm.nih.gov/pubmed/31081743
https://doi.org/10.1172/jci93940
https://www.ncbi.nlm.nih.gov/pubmed/29035282
https://doi.org/10.1182/blood.v100.1.334
https://www.ncbi.nlm.nih.gov/pubmed/12070045
https://doi.org/10.1517/14712598.2014.866648
https://www.ncbi.nlm.nih.gov/pubmed/24397853
https://doi.org/10.3389/fimmu.2023.1143381
https://doi.org/10.18632/oncotarget.4358

	Introduction 
	Hematopoietic Stem/Progenitor Cells 
	The Relationship between Hematopoietic Stem/Progenitor Cells and Aging 
	The Quantity and Role of Hematopoietic Stem/Progenitor Cells in Aging 
	Heterogeneity of Hematopoietic Stem/Progenitor Cell Aging 
	Regeneration of Aged/Mature Hematopoietic Stem or Progenitor Cells 

	Bone Marrow Microenvironment 
	Vascular Niche 
	Osteoblastic Niche 
	Other Components of Niche 
	Stem Cell Therapy 
	HSC Transplantation 
	Immune Recovery after HSCT 

	Conclusions 
	References

