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Abstract

Hematopoietic stem cell (HSC) therapy remains essential in treating blood disorders, au-
toimmune diseases, neurodegenerative conditions, and cancers. Despite its potential,
challenges arise from the inherent heterogeneity of HSCs and the complexity of their regula-
tory niche. Recent advancements in single-cell RNA sequencing and chromatin accessibility
sequencing have provided deeper insights into HSC markers and chromatin dynamics,
highlighting the intricate balance between intrinsic and extrinsic regulatory mechanisms.
Zebrafish models have emerged as valuable tools in HSC research, particularly through
live imaging and cellular barcoding techniques. These models have allowed us to describe
critical interactions between HSCs and embryonic macrophages, involving reactive oxygen
species and calreticulin signaling. These are essential for ensuring HSC quality and proper
differentiation, with implications for improving HSC transplant outcomes. Furthermore,
the review examines clonal hematopoiesis, with a focus on mutations in epigenetic reg-
ulators such as DNMT3A, TET2, and ASXL1, which elevate the risk of myelodysplastic
syndromes and acute myeloid leukemia. Emerging technologies, including in vivo cel-
lular barcoding and CRISPR-Cas9 gene editing, are being investigated to enhance clonal
diversity and target specific mutations, offering potential strategies to mitigate these risks.
Additionally, macrophages play a pivotal role in maintaining HSC clonality and ensuring
niche localization. Interactions mediated by factors such as VCAM-1 and CXCL12/CXCR4
signaling are crucial for HSC homing and the stress response, opening new therapeutic
avenues for enhancing HSC transplantation success and addressing clonal hematopoiesis.
This review synthesizes findings from zebrafish models, cutting-edge sequencing technolo-
gies, and novel therapeutic strategies, offering a comprehensive framework for advancing
HSC biology and improving clinical outcomes in stem cell therapy and the treatment of
hematologic diseases.
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1. Introduction

Hematopoietic stem cells (HSCs) have become a cornerstone in the treatment of
various blood disorders, autoimmune diseases, neurodegenerative conditions, and cancers.
These multipotent cells are characterized by their ability to self-renew and differentiate into
various blood lineages, which is facilitated by niche cells, including endothelial and stromal
cells. However, the complex regulatory networks governing HSCs, involving transcription
factors, microRNAs, cytokines, and growth factors, present significant challenges for
therapy development. This review aims to explore the advancements in HSC research,
particularly focusing on zebrafish models for HSC quality assessment, the implications
of clonal hematopoiesis in stem cell behavior, and emerging therapeutic strategies. Each
section contributes to a holistic understanding of HSC regulation, highlighting the latest
technologies and research findings that inform future therapeutic applications.

Research on HSCs focuses on their formation within the bone marrow, the primary
site of blood cell production [1]. HSCs are distinguished by their capacity for self-renewal
and their ability to differentiate into a variety of blood cell types, processes facilitated by
niche cells, such as endothelial and stromal cells. Hematopoiesis, the formation of blood
cells, is a tightly regulated process influenced by a network of transcription factors (TFs),
microRNAs (miRNAs), epigenetic modifications, cytokines, and growth factors. These
regulatory elements maintain a delicate balance between self-renewal and differentiation
to sustain a stable hematopoietic pool. Misregulation of these processes can lead to var-
ious hematologic malignancies, including acute lymphoblastic leukemia (ALL), chronic
lymphocytic leukemia (CLL), acute myeloid leukemia (AML), chronic myeloid leukemia
(CML), multiple myeloma, and lymphoma. External factors, such as ionization, obesity,
and oxidative stress, also impair the hematopoietic niche, affecting HSC longevity and
functionality [1].

Technological advancements like single-cell RNA sequencing, multiphoton intravi-
tal microscopy, and zebrafish models have significantly enhanced our understanding of
hematopoietic development [2,3]. Zebrafish models, in particular, offer unique insights into
HSC regulation through live imaging and genetic manipulation. The use of these models
in research has shed light on the interactions between HSCs and their microenvironment,
providing valuable knowledge about stem cell quality and differentiation.

Bone marrow (BM) tissues are distributed throughout the body, occupying bone cavities
that vary in developmental origin, morphology, and the proportion of cortical and trabecular
bone. In cortical regions, such as femoral shafts, marrow fills elongated cavities, whereas
in trabecular bone, it is interspersed among bony trabeculae [2]. Despite these structural
differences, the hematopoietic and immune content across various bones and regions remains
remarkably homogeneous, indicating finely tuned systemic regulatory mechanisms that main-
tain hematopoietic tissue composition [3]. HSCs, although present in low frequencies, along
with progenitor cells, generate billions of mature cells daily. The BM serves as a major reservoir
for immune regulation, housing mature cells of both the innate and adaptive immune systems,
including dendritic cells, macrophages, neutrophils, and various lymphoid cells [2]. The
dynamic hematopoietic landscape is organized around a stromal compartment composed of
mesenchymal, endothelial, and neural cells. These stromal cells provide structural support
and regulate hematopoiesis and bone metabolism [2]. An original theory of niches conceptu-
alized them as discrete anatomical domains within the bone marrow (BM) tissue ecosystem,
consisting of highly specialized, interacting cell types that nurture HSCs [3,4]. These niches
act as deterministic regulators of cell fate, where stem cell identity is maintained through
cellular anchorage, while detachment leads to differentiation or loss of stemness. This frame-
work implies that the number of HSCs in the BM is limited by the availability of niches [4,5].
Advances in immunohistological techniques, 3D microscopy, genetic labeling, and single-cell
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technologies have revealed the complexity of BM stromal cell biology, highlighting their
critical role in hematopoietic regulation [6,7].

In a clinical context, the regulation and application of HSCs have undergone recent
advancements, mainly focusing on engineered HSCs, ex vivo expansion, and extracellular
vesicles (EVs) [8]. Engineered HSCs aim to achieve sustained self-renewal and controlled
differentiation for therapeutic purposes. Efforts include modulating heterochronic genes
and utilizing transcription factor (TF) regulation, with promising avenues like LIN28/let-7
miRNA families and small molecules as cost-effective alternatives to cytokines [8]. Ze-
brafish models offer insights into hematopoiesis, highlighting chromatin modifiers such as
Bmi-1 and Ezh1, crucial for HSC maintenance. Despite gene therapy’s success in treating
immunodeficiencies like X-SCID and ADA-SCID, the risk of mutagenesis underscores
the need for stable, clinically viable HSCs [8]. Ex vivo HSC expansion faces challenges
in mimicking the in vivo environment, with Notch signaling and hypoxic conditions im-
proving long-term engraftment [9,10]. Notably, AhR antagonists like SR1 and UM171
show the potential to enhance HSC numbers and maintain a primitive phenotype [10].
Epigenetic modifiers and control of mitochondrial activity further support HSC quiescence
and self-renewal. EVs, integral to the hematopoietic niche, contribute to homeostasis and
offer biomarkers for diseases like chronic lymphoid leukemia, AML, and myelodysplastic
syndromes. Autologous EVs from MSCs, T, and NK cells exhibit therapeutic potential,
particularly in immunomodulation and inflammatory disease management. However,
further research is needed to optimize organ-specific EV loading and ensure effective clini-
cal application. Overall, a deeper understanding of HSC biology and EV interactions is
essential for advancing these therapeutic strategies [8]. Engineered HSCs and controlled ex
vivo expansion using EVs could create non-immunogenic HSCs, suitable for therapeutic
purposes across histocompatibility barriers without rejection risk. Further comprehension
of inflammation-upregulated HSCs and extracellular vesicle (EV) trafficking could reveal
new therapies for organ-specific HSC homing.

In recent years, extracellular vesicles (EVs) derived from mesenchymal stromal cells
(MSCs) have emerged as promising candidates for cell-free regenerative therapies, espe-
cially in the domain of hematopoietic support and immune modulation. These vesicles,
which include exosomes and microvesicles, carry a rich cargo of signaling molecules such as
proteins, cytokines, mRNAs, and microRNAs, many of which reflect the regenerative and
immunoregulatory profile of their parent MSCs [11,12]. Accumulating evidence suggests
that MSC-EVs play an essential paracrine role in hematopoietic stem and progenitor cell
(HSPC) maintenance, influencing survival, proliferation, and differentiation [11]. In preclin-
ical models, they have been shown to mitigate hematopoietic injury following high-dose
irradiation, enhance bone marrow recovery, and reduce inflammatory responses, making
them an attractive alternative to whole-cell transplantation, which carries risks such as
graft-versus-host disease and ectopic tissue formation [13]. Simultaneously, the zebrafish
model system has provided invaluable insights into the real-time behavior of HSPCs within
their native niche. Pioneering work by Dr. Leonard Zon and colleagues has demonstrated
how embryonic hematopoietic stem cells emerge from the ventral wall of the dorsal aorta
and migrate to secondary hematopoietic organs such as the caudal hematopoietic tissue,
which is an analog of the fetal liver in humans, before seeding permanent niches in the
kidney marrow (Figure 1) [14]. Live imaging and cellular barcoding techniques have elu-
cidated the interactions between HSPCs and neighboring niche cells, such as endothelial
cells, stromal fibroblasts, and embryonic macrophages, which regulate stem cell quality
and expansion [14]. Given the conservation of hematopoietic signaling pathways between
zebrafish and humans, this model is particularly well suited for studying how EVs may be
integrated into or influence these microenvironments.
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Clonal Hematopoiesis and Therapeutic Approaches
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Figure 1. The figure highlights zebrafish as a model for hematopoietic stem cell (HSC) therapy,
showecasing key advancements like single-cell RNA sequencing and chromatin accessibility (ATAC-seq).
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It emphasizes zebrafish’s roles in HSC-macrophage interactions, reactive oxygen species (ROS),
and calreticulin signaling. The figure also explores therapeutic approaches, including epigenetic
mutations, stem cell tagging (TWISTR), in vivo cellular barcoding, and CRISPR-Cas9 potential.

The combination of zebrafish in vivo imaging with the therapeutic potential of MSC-
EVs opens a novel translational window. MSC-EVs may be further engineered to enhance
their regenerative efficacy, for example, by enriching their cargo with antioxidant enzymes
to regulate reactive oxygen species (ROS) levels or by targeting niche cells to facilitate
HSPC homing and engraftment (Figure 1) [12,13]. This strategy offers a refined approach to
hematologic regeneration: one that leverages the molecular specificity of vesicles without
the complexity and risk profile of live cell infusion. As the field progresses, integrating these
two platforms, zebrafish-based mechanistic studies and MSC-EV-based therapies, may
pave the way for optimized treatments in bone marrow failure syndromes, post-transplant
recovery, and immune-related hematologic disorders.

Stem cell therapy offers potential for treating various conditions, including blood
diseases, autoimmune disorders, neurodegeneration, and cancer [15]. Despite over 30 years
of clinical use, HSC transplants remain highly risky. Recent single-cell RNA sequencing
(scRNA-Seq) efforts aim to identify novel markers to enrich functional HSCs, but consensus
on optimal marker combinations remains elusive due to HSC heterogeneity [16]. Both
intrinsic and extrinsic factors regulate HSC function. The stem cell niche, an extrinsic
regulator, anchors HSCs and balances self-renewal and differentiation. Soluble signals
from the niche, such as interferons, prostaglandins, and growth factors like SCF and G-
CSF, influence HSC function during homeostasis and injury (Figure 1) [17]. However, the
specificity and heterogeneity of HSC responses to these stimuli are not well understood.
Intrinsic regulation also plays a role, with chromatin state being crucial for cell identity
and behavior. Hematopoietic differentiation involves significant epigenetic remodeling.
Despite knowledge of HSC fate regulators, studies on chromatin states in purified, in vivo-
derived HSCs are limited due to technical challenges. Advances in single-cell chromatin
accessibility sequencing (scATAC-Seq) now offer a framework to study the diversity and
uniqueness of HSC chromatin features at homeostasis and upon external stimulation [17].

2. Zebrafish as a Model for Hematopoietic Stem Cell Research and
Drug Discovery

Hematopoietic stem cells [HSCs] formed during embryogenesis are crucial for lifelong
tissue homeostasis. Despite their importance, mechanisms for ensuring the quality of
these newly formed stem cells are not well documented. To investigate this, researchers
studied zebrafish embryonic blood development [1,18]. The zebrafish model is particularly
valuable for studying these processes due to its transparent embryos and rapid blood
production, with circulating blood forming within 23 h. Transgenic zebrafish, engineered to
display every blood cell in different colors, provide an excellent genetic system [1]. Each fe-
male zebrafish produces between 100 and 200 offspring weekly, facilitating genetic screens
and gene knockdown experiments. Chemicals added to the water can induce phenotypic
changes, and the blood program is highly conserved across species. In vertebrates, blood
stem cells originate in the dorsal aorta, the largest blood vessel [1,18]. An endothelial cell
undergoes a fate change, becoming a blood stem cell. This cell then enters circulation
and travels to the tail region of the zebrafish, similar to the fetal liver in humans, where it
transmigrates into the niche, doubling the stem cell population. Some stem cells circulate
to colonize the marrow, located in the kidney in zebrafish and the bones in humans [1].
Occasionally, these cells bypass the kidney and reach the thymus, initiating the immune
system and ensuring lifelong blood production. Within these niches, HSPCs interact with
various cell types, including vascular endothelial cells, mesenchymal stromal cells, and
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macrophages. Using live imaging and cellular barcoding, researchers observed specific
interactions between HSCs and embryonic macrophages [1]. These macrophages vet the
quality of newly formed HSPCs through prolonged physical contact, leading to either
expansion or engulfment. This process is mediated by cell surface calreticulin, which is
associated with increased reactive oxygen species (ROS). Elevated ROS levels, while promot-
ing stem cell emergence in the VDA, need to be finely regulated for normal hematopoiesis.
Healthy HSPCs with low-to-moderate ROS and calreticulin avoid complete engulfment
and respond to pro-proliferative interleukin-1 beta, aiding in marrow colonization [1].
Although previous studies indicated a role for macrophages in HSPC homing and
mobilization, some studies found that macrophages in the CHT specifically remove clones
with high calreticulin and ROS [19,20]. Recent research suggests that quality assur-
ance mechanisms for stress levels during development impact the clones contributing
to blood formation in adulthood [1]. Calreticulin functions as an “eat-me” signal, initi-
ating macrophage-HSPC interaction and leading to programmed cell clearance or stem
cell expansion. Interestingly, the orthologs of “don’t-eat-me” signals CD47 and SIRP«
have not been identified in zebrafish, indicating that other primitive signals may influence
macrophage behavior [21-23]. This quality assurance mechanism may also operate in
adulthood, responding to environmental stress, marrow transplantation, or clonal stem cell
disorders such as myelodysplasia and leukemia. Macrophages may selectively expand or
remove clones of tissue-specific stem cells in other systems, similar to the findings in HSPCs.
This mechanism is crucial for adequate tissue regeneration, and manipulating it could have
significant therapeutic implications for stem cell disorders and tissue regeneration [20].
Recent advancements include creating zebrafish with green fluorescent stem cells
using an enhancer from the Runx1 gene, allowing visualization of stem cell origins in the
aorta [1,24]. Upon landing in the niche, the stem cell undergoes transmigration outside the
blood vessels, with blood vessel cells wrapping around the stem cell in a process called
endothelial cuddling. This process is critical for stem cell division, with one stem cell
remaining in the niche while the other enters circulation. Electron microscopy revealed that
the circulating stem cell attaches to a stromal cell, with its divisions perpendicular to the
stromal cell plane [1]. The niche comprises five blood vessel cells, forming a specialized
environment. RNA tomography [Tomoseq] has provided insights into the genes adjacent
to stem cells within the niche. Endothelial-specific genes, identified through this technique,
were predominantly found near the stem cells in the tail region. These endothelial cells form
specialized veins known as venous sinusoids. By using promoters of specific genes, such as
E-selectin and the mannose receptor, researchers drove green fluorescent protein expression
in transgenic fish with red blood vessels, isolating the venous sinusoids. ATAC-seq, a
technique to analyze open chromatin regions, revealed open chromatin specific to venous
sinusoids. This allowed researchers to isolate small DNA segments, such as a 125-base
pair region, responsible for the tissue-specific expression. These findings underscore the
importance of the vascular niche in HSC maintenance and function, contributing to a
deeper understanding of stem cell biology and therapeutic potential [1]. Another study [25]
investigates the transcription factor [TF] code that specifies the vascular endothelial cell
[EC] fate within the hematopoietic stem and progenitor cell [HSPC] niche in the bone
marrow, a key area for supporting blood formation. By comparing ECs from zebrafish
kidney marrow [a primary hematopoietic site] and liver [a non-niche site], the researchers
identified TFs uniquely upregulated in marrow ECs, including the mafbb, foxp4, irf§,
and hoxb8a. Overexpression of tfec (Transcription Factor EC) and mafbb (MAF bZIP
transcription factor B-b, zebrafish paralog of human MAFB) in zebrafish liver sinusoidal
ECs resulted in significant upregulation of HSPC niche-supportive genes, such as mrcla,
lyvelb, and dab2. These findings were validated in human iPSC-derived ECs, where
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overexpression of TFEC (Transcription Factor EC) and MAFB (MAF bZIP transcription
factor B) led to the upregulation of similar niche-supportive genes, including CXCL12
(C-X-C motif chemokine ligand 12), PTN (pleiotrophin), and JAG1 (Jagged canonical Notch
ligand 1). Functional assays demonstrated enhanced HSPC colony-forming ability when
co-cultured with TF-overexpressing ECs. This highlights that a specific TF code that
distinguishes marrow ECs from non-niche ECs can offer potential therapeutic targets to
enhance HSPC (Hematopoietic Stem and Progenitor Cells) support in clinical settings [25].

According to a study [26], during development, a specific number of hematopoietic
stem cell [HSC] clones form and expand to create the adult stem cell pool, balancing
self-renewal and differentiation to sustain lifelong hematopoiesis. The transcription factor
RUNX1, crucial for definitive hematopoiesis, relies on the cofactor CBFf3 for DNA binding
stability. Disruptions in RUNX1 or CBFf reduce clonal diversity. Chemical screening
in zebrafish identified Ro5-3335 as a RUNX1 inhibitor that increases HSC divisions and
enhances chimerism upon cell transplantation. In human CD34+ cells, Ro5-3335 remodels
the RUNX1 complex by binding to ELF1 independently of CBFf3, promoting self-renewal
and preventing differentiation by activating specific cell cycles and hematopoietic genes.
This study is the first to demonstrate that pharmacological intervention can increase stem
cell clone numbers in vivo, revealing new potential treatments to enhance clonal diversity
in blood diseases [26].

Drug discovery is costly and laborious, with significant gaps between laboratory
and clinical settings hindering development [27]. Zebrafish, sharing drug responses with
humans, serve as a powerful preclinical model comparable to mammalian models like
mice. This shared pharmacology positions zebrafish as valuable in drug repurposing and
discovering new chemical entities [NCEs], potentially leading to new drug classes. Ze-
brafish can be used to explore drug exposure-response relationships, on-target and adverse
effects, and internal exposure, supporting their scalability to other vertebrates. Develop-
ing zebrafish pharmacology will improve drug screening protocols, provide insights into
drug metabolism, and identify adverse events, enhancing their role in the pharmaceutical
industry [27].

The Role of MicroRNAs in Hematopoietic Stem Cell Regulation and Therapy

MicroRNAs (miRNAs) are essential post-transcriptional regulators that profoundly
influence hematopoietic stem cell (HSC) biology. Several miRNAs are selectively enriched
in long-term HSCs and modulate self-renewal, quiescence, and lineage commitment. For ex-
ample, the miR-125 family (miR-125a/b) enhances HSC repopulation and confers resistance
to apoptosis, although overexpression can predispose to leukemogenesis [28]. miR-126,
highly expressed in primitive HSCs, maintains quiescence by dampening PI3K/AKT
signaling, ensuring long-term engraftment [29]. In contrast, miR-29a promotes myeloid
differentiation and is elevated during HSC aging [30]. Zebrafish models have further
illuminated the role of miRNAs during embryonic HSC emergence: miR-142-3p regu-
lates definitive HSC formation by targeting Irf7, while miR-223 limits the overexpansion
of hemogenic endothelium, preserving proper niche size and HSPC emergence [31,32].
These findings underscore the conserved role of miRNAs in endothelial-to-hematopoietic
transition and niche maintenance.

Beyond development, miRNAs like miR-146a maintain HSC integrity by buffering
inflammatory responses; its loss leads to bone marrow failure and increased inflamma-
tory cytokines [33]. Intriguingly, many miRNAs have therapeutic potential. miR-34a, for
instance, supports DNA damage response and HSC survival following irradiation [34].
Targeting or mimicking such miRNAs offers a potential strategy for modulating HSC
behavior in transplantation, mitigating clonal expansion of mutated HSCs in CHIP, or en-
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hancing hematopoietic recovery. Incorporating miRNA modulation into engineered HSCs
or extracellular vesicle strategies could improve the precision of regenerative therapies.
Collectively, these findings support miRNAs as both biomarkers and therapeutic tools in
HSC-based interventions.

3. Advancements in Understanding Clonality and Hematopoietic Stem
Cell Therapies

Clonality is an important factor to consider when working with stem cells, which
describes how a population of cells is derived from a single progenitor. In the context
of hematopoietic stem cells (HSCs), clonality refers to the expansion of specific HSC
clones, which can influence the effectiveness of stem cell therapies. HSC transplants are
commonly used to treat various blood disorders; however, they come with significant
challenges. One of the primary obstacles is the inflammation of the host niche, which
can cause stress to the transplanted cells, leading to limited engraftment capacity and
transplant rejection [1,35]. Additionally, only some of the clone cells adapt and contribute
to the host following the transplant [1]. Other complications include Graft vs. Host Disease
(GvHD), which can occur when the transplanted cells identify the host’s cells as foreign and
mount an immune response against them [36]; transplant rejection, which occurs when the
host immune system body rejects the transplanted cells and attacks them [37]; and limited
engraftment capacity, meaning that the transplanted stem cells are only able to regenerate
a limited amount of clones [38]. However, in vivo, cellular barcoding is a newly found
research method which could lead to future therapies being investigated. In vivo cellular
barcoding comes with significant advantages, such as the lack of need for a transplant,
the lack of stress on cells, and the stem cells being in their native niche, and it provides
for an accurate assessment of clonality [1]. In vivo, cellular barcoding works by tagging
individual cells through unique DNA or mRNA sequences to effectively track them over
time and allows for the unique DNA or mRNA sequences to be reproduced throughout
the system [39]. To look at and assess these clones, it is required to bleed the specimen or
patient monthly and conduct a marrow analysis for an accurate assessment of clonality [1].

Hematopoietic stem cells and progenitor cells (HSPCs) are polyclonal, and many hu-
mans, as they age, end up with mutations in epigenetic regulators such as DNMT3A, TET?2,
and ASXL1. This condition, known as Clonal Hematopoiesis of Indeterminate Potential
(CHIP), refers to the presence of these mutations, which do not always lead to immediate
health issues but have the potential to progress into more serious blood disorders [1].
CHIP mutations increase the clonal expansion of mutated cells, which, over time, may
accumulate additional genetic changes that lead to myelodysplastic syndromes (MDS) or
acute myeloid leukemia (AML) [1]. This progression is particularly important for clinicians
to monitor, as identifying patients with CHIP may allow for early intervention before
the onset of these more severe conditions. MDS is a type of blood cancer where the bone
marrow fails to produce healthy, mature blood cells, resulting in a low number of functional
blood cells [40]. AML is another form of blood cancer where the bone marrow produces
abnormal white blood cells, known as myeloblasts, that do not mature, which reduces
space for healthy blood cell development [40,41]. Both of these conditions can develop
due to the CHIP-associated mutations driving the unchecked replication of defective cells,
which outcompete normal blood cells. It was found that approximately 13% of 70-year-olds
have mutated stem cells, a figure that increases with age [1]. Since CHIP is associated
with inflammation, individuals with this condition are at a higher risk of developing blood
clots, heart attacks, or strokes due to the abnormal blood cell shapes impairing normal
circulation [1,40]. Given these risks, studying alternative treatment methods to manage
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CHIP and prevent the progression to MDS, AML, and related cardiovascular issues is
crucial for improving patient outcomes.

While zebrafish models provide invaluable insights into HSC quality, understanding
clonal hematopoiesis is vital for assessing the long-term behavior of these cells. The study
of clonal hematopoiesis offers a lens into stem cell regulation, disease progression, and
therapeutic potential.

The study of clonal hematopoiesis highlights the risk of certain genetic mutations driv-
ing blood disorders. By understanding the mechanisms underlying clonal diversity and
mutation-driven cell expansion, we can inform strategies to mitigate these risks in clinical
settings. Clonal hematopoiesis serves as a key aspect of HSC regulation. Understanding the
balance between self-renewal and differentiation is crucial for developing targeted thera-
pies, as these mechanisms impact HSC quality and long-term health outcomes. Integrating
research on clonal hematopoiesis with insights gained from zebrafish models could help
identify therapeutic targets for improved HSC function.

Several systems allow researchers to properly study stem cells and clones [1,42]. Look-
ing specifically at the Zebrabow system, different stem cells can be marked with different
colors to appropriately track the clones [1,42]. This is achieved through the utilization of
the fluorescent proteins RFP, CFP, and YFP, which are then used to label the stem cells
and see how they combine and multiply throughout the system [42]. As cells multiply
and combine, the different colors are pronounced and reflect how the recombination and
multiplication that has occurred can be viewed using microscopy [42]. The colored stem
cells can be tracked later in the peripheral blood as the cells clone and mutate throughout
the body to many different tissues and organs [1,42]. It was found that just 24 h following
the stem cell barcoding, it was predicted that there would be 21 clones [1]. This system in
particular can be used to study clonal hematopoiesis.

Several studies have found that mutant stem cells create mutant macrophages and
neutrophils. These mutant cells then produce inflammatory cytokines (IL-1, TNF«), which
in turn inflame the bone marrow and ultimately result in preleukemia cells [1,43,44].
One study in particular found that due to the presence of CHIP and these mutated cells
producing the inflammatory cytokines, there was nearly double the risk of coronary heart
disease in humans [43]. This further emphasized the need for a solution to prevent the
further cloning of these CHIP cells [1].

The presence of CHIP and inflammatory cytokines from the mutated cells resulted in
nearly double the risk of coronary heart disease [43]. This further corroborates the need for
a treatment avenue that prevents further cloning of these CHIP cells [1]. One solution is
Tissue Editing With Inducible Stem Cell Tagging Via Recombination (TWISTR). TWISTR
is a method that injects guide RNAs via Crisper Cas9 to prevent clonal hematopoiesis by
knocking down the clonal hematopoiesis-causing genes. When the cells reach adulthood,
the peripheral blood and marrow can be collected and sequenced—which allows for the
dominant clone to be sorted out [1,45]. This study showed that in cases of mutation,
60% of the blood can be monoclonal-dominated (with asx11 being the most dominant
cluster type) [1,45]. This study was able to confirm that mutant cells were producing
inflammatory cytokines. Moreover, it was able to identify that stem cells were producing
anti-inflammatory modulators (soc3sa, nr4al, atf3); these modulators have been shown to
confer a survival advantage for the cell—explaining why CHIP primarily impacts older
individuals [1,45].

Looking at a specific method, Tissue Editing With Inducible Stem Cell Tagging Via
Recombination (TWISTR), guide RNAs are injected with Crisper-Cas9 to initiate a gene
knockout of the genes that cause clonal hematopoiesis in humans [1,45]. Once the cells
reach adulthood, the peripheral blood and the marrow are collected and sequenced, which
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allows for the dominant clone to be sorted out [1,45]. It was found in this process that in
cases of mutation, 60% of the blood was dominated by one stem cell only, which shows
clonal dominance [1,45]. In particular, it was found that typically asxl1 was the dominant
stem cell cluster in these mutant cells [1,45]. This study was able to confirm that the mutant
cells were producing inflammatory cytokines, but it was also able to identify that stem cells
in return were producing anti-inflammatory modulators (socs3a, nr4al, atf3), which was
found to be a survival advantage for the cell, which explains why CHIP tends to impact
primarily older individuals [1,45]. It was further found in this study that by removing nr4al
through knockout, no effect was found on normal stem cells but the size of the clones was
significantly reduced. There is more research to be done, but the current research suggests
that nr4al could be a therapeutic [1,45].

Despite the promise of CRISPR and barcoding techniques, they come with several
limitations and risks that must be carefully considered. CRISPR, while powerful, can lead
to off-target effects, where the Cas9 protein cuts DNA at unintended locations, potentially
causing harmful mutations. Another challenge is the delivery of CRISPR components
(Cas9 protein and guide RNA) into target cells, with methods like viral vectors introducing
additional risks [46,47]. Furthermore, CRISPR raises ethical concerns, particularly regarding
germline editing, which could have long-term, heritable impacts. The immune response
to the Cas9 protein is another risk, as the body might recognize it as foreign, reducing
treatment efficacy and potentially causing side effects.

While these advancements hold great promise, both CRISPR and barcoding techniques
come with limitations. CRISPR, for instance, carries risks such as off-target effects and
immune responses to the Cas9 protein [46,47]. Additionally, barcoding techniques can be
complex and expensive, limiting their scalability [48]. Nonetheless, continued research in
these areas is likely to yield new therapeutic options for managing clonal hematopoiesis
and improving HSC transplant outcomes.

4. Macrophages: Essential Regulators of Tissue Repair, Stem Cell
Clonality, and Hematopoietic Homeostasis

Macrophages are highly versatile immune cells that play a critical role in defending
the body against pathogens and clearing cellular debris. Traditionally recognized for their
capacity to phagocytize harmful particles, recent research has significantly broadened our
understanding of their diverse functions, including maintaining tissue homeostasis, facili-
tating tissue repair, and regulating stem cell clonality [49]. These cells exhibit remarkable
plasticity, adapting their behavior according to the specific needs of the microenvironment
during the tissue repair process. Macrophages progress through distinct phases—initiation,
maintenance, and resolution—during this process [50,51]. For instance, following the subsi-
dence of inflammation, macrophages actively contribute to the resolution of inflammation
by secreting anti-inflammatory cytokines, such as IL-10 and TGF-f3, which promote tissue
healing [52]. Moreover, they release various growth factors that stimulate the proliferation,
differentiation, and activation of epithelial, endothelial, and stem cells, thereby supporting
overall tissue regeneration [50]. A critical aspect of macrophage function is their abil-
ity to adopt different phenotypes, commonly described as M1 and M2 polarization [51].
M1 macrophages, or “classically activated” macrophages, are induced by pro-inflammatory
signals such as IFN-y and lipopolysaccharides (LPS). These cells produce inflammatory
cytokines and reactive oxygen species that aid in combating infections and initiating tissue
repair [53,54]. In contrast, M2 macrophages, or “alternatively activated” macrophages, are
stimulated by anti-inflammatory signals, including IL-4 and IL-13. M2 macrophages play
an essential role in resolving inflammation and promoting wound healing by secreting anti-
inflammatory cytokines and metabolizing arginine, leading to the production of ornithine
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and polyamines, which further encourage cell growth and tissue regeneration [55,56].
Understanding the balance between M1 and M2 macrophages is critical for developing
targeted therapies aimed at modulating immune responses in various diseases. By focusing
on macrophage polarization, researchers aim to devise innovative treatments for conditions
such as chronic inflammation, tissue injury, and cancer.

Clonality is the preservation of a stem cell population that can self-renew and differ-
entiate into progeny. Clonal hematopoiesis (CH) is defined by HSCs and differentiated
progeny spreading into the blood cell population [57]. HSCs and hematopoietic stem and
progenitor cells (HSPCs) are the parent cells that are found in the bone marrow. HSC and
HSPC differentiation is controlled by growth factors and cytokines released by cells in the
bone marrow niche.

HSPCs are cells within the bone marrow that differentiate into various types of blood
cells [58,59]. Macrophages remove material from HSPCs, causing HSPCs to die or divide.
Macrophages phagocytose HSCs that are undergoing apoptosis or have high levels of ROS.
High levels of ROS potentially indicate cellular damage; macrophages remove them to
ensure that only healthy HSCs will differentiate into blood cells [60]. Dysfunctional HSCs
can lead to hematological disorders (e.g., leukemia); macrophages prevent it [61]. On the
other hand, macrophages induce HSC differentiation by remodeling the niche. A stem cell
niche is a specialized microenvironment in which stem cells receive stimuli that determine
their fate: engulfment, differentiation, etc. [62]. Macrophages exist within various bone
marrow niches. CXCL12 transcription is increased when macrophages are present. CXCL12
is crucial for HSC retention in the niche; therefore, if macrophages are not present, then
HSCs will withdraw from their respective niche [63].

One method employed by researchers to study macrophage-HSC interactions is
irf8 knockdown. Irf8 (Interferon Regulatory Factor 8) is a transcription factor that plays
a vital role in the development and function of macrophages and dendritic cells [64].
The irf8 protein has a weak DNA-binding affinity and requires a DNA-binding domain
with an IRF association domain (IAD). Without the TAD, irf8 will be unable to form a
transcription complex. Irf8 is crucial for HSC differentiation of various myeloid cells:
macrophages and dendritic cells. Irf8 function is largely controlled by the expression of
interacting protein counterparts (PU.1). HSC differentiation occurs because irf8 contributes
to dendritic cell or lymphoid differentiation via the creation of distinct heterodimers [65].
The heterodimerization between irf8 and its transcription factors (e.g., PU.1) results in the
upregulation of genes involved in monocyte differentiation [66]. Shia et al. successfully
knocked down irf8 by adding a morpholino (morpholino oligonucleotide that prevents
mRNA translation) into zebrafish [67]. Zebrafish with knocked-down IRFS8 did not have
an embryonic macrophage population. Zebrafish are often chosen as a medium of study
for experiments involving gene knockdown, as Zebrafish DNA can be altered easily via
gene knockdown with morpholinos; they also contain transparent embryos, providing
live imaging of cellular imaging and interactions [68]. When macrophages are removed
via irf8 knockdown, the number of HSCs clones is less than its sibling-control group [69].
The reduction in HSC clones compared to the control group highlights the importance
macrophages play in maintaining stem cell clonality. Also, the reduction reiterates that
macrophages help sustain HSC populations.

Macrophages affect stem cells during mammalian embryogenesis by regulating HSC
and HSPC homing. Vascular cell adhesion molecule-1 (VCAM-1) macrophages are nec-
essary for the HSPC homing to its respective vascular niche [63]. HSPCs that enter from
the intersegmental vessel or caudal venous plexus always flow into caudal hematopoi-
etic tissue while passing the capillary confluence point, leading to frequent interactions
between VCAM-1 macrophages and HSPCs. Li et al. showed that 40% of HSPCs would
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remain in the caudal hematopoietic tissue because of VCAM-1 macrophage assistance;
in other words, macrophages play a vital role in HSPC retention [63]. VCAM-1 assists
with homing by guiding lodged HSPCs from the dorsal venous capillaries to the venous
capillaries. Once HSPCs get to their respective niche, interactions between VCAM-1 and B1
integrin subunits anchor HSPCs to endothelial cells [70]. Potocnick et al. showed that in cell
culture with reduced B1 integrin subunits, fewer HSPCs remained anchored to endothelial
cells [71]. Proper stem cell homing is vital for effective hematopoiesis and immune system
development; if HSPCs cannot get to their specific niche, they cannot receive signals for
maintenance, self-renewal, and differentiation.

Chemokine signaling of CXCL12/CXCR4 exemplifies the importance of HSPC-
macrophage interactions in niche localization. CXCL12 is synthesized in the bone marrow
and creates a gradient that guides HSPCs to their respective niches via the CXCR4 receptor.
CXCR4 activation leads to the recruitment of intracellular G-proteins, initiating several
signaling cascades, including the Akt (also known as Protein Kinase B, PKB) and MAPK
(mitogen-activated protein kinase) pathways [72,73]. These pathways regulate HSPC sur-
vival and polarity. Priming factors (i.e., cationic antimicrobial peptides (CAMPs) such as
C3a, cathelicidin (LL-37), and (32-defensin) activate complement cascades that sensitize
HSPCs to the CXCL12 gradient [59]. HSPCs migrate away from the area of high concentra-
tions (stromal cells in the bone marrow niche) via the extracellular matrix and interstitial
fluid. HSPCs sense the gradient through their CXCR4 receptors; receptor activation is
higher on the side of the cell with a higher CXCL12 concentration [74]. The differential
receptor activation results in HSPC polarization and niche localization. The Golgi appara-
tus plays a vital role in cell polarity as it regulates the centrosome and leading edge of a
migrating HSPC [75]. When CXCL12 binds to CXCR4, Rac1l promotes polymerization of
actin filaments near the cell membrane [76]. The leading edge (lamellipodia and filopodia)
protrudes toward the direction with higher chemokine concentration—concerning the
CXCL12 gradient—and pushes the cell in its respective direction [77]. On the opposite side
of the cell, RhoA forms actin-myosin contractile fibers, which retract the trailing end as
the HSPC moves forward. Deletion of the CXCR4 gene in the bone marrow niche resulted
in loss of HSPC retention, quiescence, and repopulation [78]. Furthermore, Sugiyama
et al. showed that induced deletion of CXCR4 resulted in a drastic reduction in HSC
numbers in the bone marrow niche [79]. If CXCR4 is not present, then the CXCL12 gradient
will have limited effect; without the gradient’s influence, migrating HSPCs will lack a
direction to orient their leading edges and will be unable to localize to their respective
niche. Macrophages release HMGB1, a versatile protein that functions both as a nuclear
protein and an extracellular signaling molecule [80]. HMGB1 forms a heterocomplex with
CXCL12, enhancing CXCL12’s presentation to CXCR4 receptors and enhancing the signal-
ing efficiency of CXCL12 [59]. Increased CXCL12 signaling efficiency would likely lead to
increased HSPC niche localization efficiency [79] (Figure 2).

HMOX1 (heme oxygenase-1) has been clinically proven to be an effective marker for
myeloid cells, especially when they are under oxidative stress [81]. Alaluf et al. showed the
genes that were upregulated in cells that were expressing HMOX1 were APOEI, FTH, or
FTLIL The listed genes are commonly expressed in TAMs (tumor-associated macrophages).
By evaluating the HMOX1 expression, researchers determined that HMOX1 is a crucial
feature of macrophages in the tumor microenvironment [82]. As a cellular adaptive re-
sponse, HMOX]1 is upregulated in the presence of ROS compounds. Thus, HMOX1 as a
marker holds more promise for macrophage populations under oxidative stress: classi-
cally activated macrophages, TAMs, inflammatory macrophages, and monocyte-derived
macrophages [83-86].
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Stromal Cell
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Figure 2. The stromal cells in the bone marrow secrete high concentrations of CXCL12, establishing
a concentration gradient that attracts HSCs via CXCL12/CXCR4 binding. The binding triggers
downstream signaling pathways (i.e., Akt and MAPK). The signaling pathways are vital for HSC
(hematopoietic stem cell) localization, survival, and migration.

Calreticulin (CALR) is an endoplasmic reticulum (ER) protein that can migrate to
the cell membrane of stem cells and become an apoptotic cell clearance signal [1,87]. The
calreticulin interacts with LRP1 receptors on macrophages. The CALR KDEL sequence
serves as a retention signal for the ER [88]. Wattrus et al. knocked down calr3a and
cal3b and substantially reduced the amount of HSPC-macrophage interactions. The study
showed that HSPCs with overexpressed CALR had more macrophage interaction than
the control group [58]. Calreticulin, therefore, is an important mediator of the interactions
between HSPC and macrophages.

Reactive oxygen species (ROS) levels can affect HSC niche localization. ROS results in
increased calreticulin levels on the cell membrane of stem cells. When CALR reacts with
LRP1 receptors, it causes macrophages to phagocytose the stem cell. High levels of ROS lead
to a state of “doom” in HSPCs: cytotoxic ROS levels are detrimental to stem cell populations;
thus, the increased CALR marks the ROS-rich cell for phagocytosis. Macrophages produce
and secrete IL-1 when medium ROS levels are detected in stem cells. Interleukin-1 (IL-1)
binds to the IL-1r receptor on HSCs, activating the MAPK pathway [89]. In the context of
quality assurance, MAPK leads to cell proliferation and differentiation [1,90].

With the help of macrophages, quiescent HSCs remain dormant in hypoxic regions
of the bone marrow. Under high-stress conditions within the bone marrow, macrophages
exhibit elevated levels of cyclooxygenase-2 (COX-2), a key regulator of HSC quiescence [88].
COX-2 catalyzes the production of prostaglandin E2 (PGE2), which plays a significant
role in the maintenance of quiescent HSC by inhibiting the Akt pathway and preventing
intracellular ROS production in HSC [60]. Juntilla et al. showed that Aktl- and Akt2-
deficient HSCs had decreased ROS levels [91]. This reduction in ROS impairs the HSC’s
ability to differentiate and maintain HSC quiescence. Increased ROS levels, on the other
hand, lead to activation of the MAPK pathway and increased sensitivity to the previously
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mentioned CXCL12 gradient [92]. Higher levels of ROS lead to increased CXCL12 levels,
which in turn enhances the gradient.

Macrophages are indispensable as they maintain HSC function and homeostasis.
Macrophages modulate inflammation and facilitate tissue repair. Healthy and successful
hematopoiesis cannot be performed without macrophages, as they model niches, secrete
cytokines, and interact with HSCs. Targeting macrophage-HSC/HSPC interaction is a
promising avenue of study that can improve patient outcomes by enhancing cell function
and treating diseases like leukemia.

5. Conclusions and Future Perspectives

HSCs are pivotal for blood formation and offer immense therapeutic potential. This
review has explored the intricate regulatory mechanisms of HSCs, emphasizing their
interactions within the bone marrow niche, and the implications of clonal hematopoiesis
on disease progression. Advances in zebrafish models have deepened our understanding
of stem cell quality control while emerging tools like CRISPR and cellular barcoding pave
the way for enhancing clonal diversity and improving stem cell transplant outcomes.

Despite these advancements, challenges remain. Future research should focus on elu-
cidating the molecular crosstalk between HSCs and their niche, particularly in the context
of inflammation and therapeutic interventions. Additionally, developing pharmacological
strategies to mitigate the expansion of mutant clones, especially those associated with
clonal hematopoiesis, will be key. By addressing these areas, we can advance stem cell
biology, optimizing the therapeutic potential of HSCs for hematologic diseases.

HSCs are fundamental for blood formation and hold immense therapeutic promise.
This review has explored the complex regulatory mechanisms that govern HSC function,
including transcription factors, microRNAs, and epigenetic modifications. The bone mar-
row niche, with its intricate cellular interactions, emerges as a critical environment for
maintaining HSC function, emphasizing the need to decode these dynamics for future
therapeutic applications. Recent technological advancements, such as single-cell RNA
sequencing and multiphoton intravital microscopy, have greatly enhanced our understand-
ing of hematopoiesis, offering new possibilities for targeted therapeutic interventions and
heralding a new era in stem cell research [93,94].

Additionally, the review has underscored the pivotal roles of endothelial and stromal
cells in HSC regulation and the impact of extrinsic factors like ionization and obesity on
HSC function. Zebrafish models have further expanded our insights into blood stem cell
development and macrophage interactions, presenting promising therapeutic avenues for
blood disorders. Emerging findings on clonal hematopoiesis, especially its relationship
with aging and disease progression, provide new opportunities for the development of
therapies aimed at targeting clonal hematopoiesis. Advanced techniques like in vivo
cellular barcoding and CRISPR-mediated gene editing hold vast potential for treating
conditions such as clonal hematopoiesis of indeterminate potential (CHIP), myelodysplastic
syndromes, and leukemia [95,96].

Despite these advancements, significant challenges persist. Our understanding of
the exact roles of transcription factors and microRNAs in HSC regulation—especially in
therapeutic contexts—is still incomplete [97]. Furthermore, the influence of factors such as
inflammation and extracellular vesicle trafficking on HSC behavior and stem cell therapy
outcomes demands deeper investigation. Future research should focus on deciphering the
molecular crosstalk between HSCs and their niche, which will be critical in optimizing
stem cell therapies [98]. Additionally, developing more specific markers for identifying
functional HSCs will enable more accurate targeting and monitoring in both research and
clinical applications.
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Looking ahead, pharmacokinetic models in zebrafish and other systems will be crucial
in addressing the gap between preclinical findings and clinical applications, ensuring that
therapies are both safe and effective. Identifying novel pharmacological targets to mitigate
the expansion of mutant stem cell clones, particularly those associated with inflammatory
conditions like CHIP—which elevate the risk of cardiovascular disease and leukemia—will
also be a key area of future research [99].

By addressing these areas, we can advance the field of stem cell biology and ex-
ploit HSCs” full therapeutic potential. Continued research, together with innovative
technologies, will lead to groundbreaking treatments, revolutionizing hematology and
regenerative medicine.
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