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Abstract: The association between leukemic stem cells (LSCs) and leukemia development has been
widely established in the context of genetic alterations, epigenetic pathways, and signaling pathway
regulation. Hematopoietic stem cells are at the top of the bone marrow hierarchy and can self-renew
and progressively generate blood and immune cells. The microenvironment, niche cells, and complex
signaling pathways that regulate them acquire genetic mutations and epigenetic alterations due to
aging, a chronic inflammatory environment, stress, and cancer, resulting in hematopoietic stem cell
dysregulation and the production of abnormal blood and immune cells, leading to hematological
malignancies and blood cancer. Cells that acquire these mutations grow at a faster rate than other cells
and induce clone expansion. Excessive growth leads to the development of blood cancers. Standard
therapy targets blast cells, which proliferate rapidly; however, LSCs that can induce disease recurrence
remain after treatment, leading to recurrence and poor prognosis. To overcome these limitations,
researchers have focused on the characteristics and signaling systems of LSCs and therapies that
target them to block LSCs. This review aims to provide a comprehensive understanding of the
types of hematopoietic malignancies, the characteristics of leukemic stem cells that cause them,
the mechanisms by which these cells acquire chemotherapy resistance, and the therapies targeting
these mechanisms.
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1. Introduction

The development of red blood cells, which are responsible for oxygen exchange and
iron metabolism in the body, and immune cells, which mount the inflammatory response
to pathogens and cancers, is regulated by hematopoietic stem cells (HSCs) maintained in
the bone marrow [1]. HSCs are characterized by their ability to self-renew and differentiate
into blood and immune cells [2]. HSCs are highly regulated by their niches, such as the
osteoblastic niche, vascular niche, and complex signaling pathways [3].

Hematological malignancies, also known as blood cancers, can arise from the abnor-
mal differentiation of HSCs, affecting the development of white blood cells, red blood
cells, or platelets [4]. These cancers disrupt normally regulated hematopoiesis, caus-
ing an uncontrollable increase in abnormally differentiated cells that outnumber normal
HSCs. Genetic and epigenetic mutations; exposure to environmental toxins; and chronic
inflammatory responses such as stress, inflammation, and cancer therapy can lead to
the development of blood cancer [5,6]. Hematological malignancies are classified into
three categories: leukemia, lymphoma, and multiple myeloma. Leukemia includes acute
myeloid leukemia, chronic myeloid leukemia, acute lymphocytic leukemia, and chronic
lymphocytic leukemia. Acute myeloid leukemia and chronic myeloid leukemia are the
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most common hematological malignancies in adults [7,8]. Acute lymphocytic leukemia and
chronic lymphocytic leukemia are characterized by abnormal growth and the accumulation
of immature lymphocytes [9,10]. Lymphoma has two subcategories: Hodgkin lymphoma
and non-Hodgkin lymphoma. Hodgkin lymphoma is the most common of the lymphomas.
It is derived from B cells that have lost their phenotype, affecting peripheral lymph nodes
and the liver, lung, and bone marrow organs [11]. Non-Hodgkin lymphoma includes highly
heterogeneous cancer and is mostly derived from B lymphocytes. Some are derived from
T lymphocytes and NK lymphocytes. Non-Hodgkin’s lymphomas include diffuse large
B-cell lymphoma (DLBCL), follicular lymphoma (FL), mantle cell lymphoma, and Burkitt’s
lymphoma [12].

Leukemic stem cells (LSCs) represent a minority population with chemoresistance
and the potential to initiate leukemia [13]. The LSCs that cause leukemia are characterized
by excessive proliferation and self-renewal, outpacing normal HSCs in replenishing the
cell population [14–20]. In 1994, CD34+CD38− cells like HSCs were identified in NOD-
SCID mice, demonstrating their ability to induce leukemia [21]. CD34 is expressed on
HSCs, LSCs, and bone marrow progenitor cells. CD38 is widely recognized as a marker
of myeloid differentiation and is also present on various non-myeloid cell types [22–24].
However, relying solely on the described cell surface markers proves challenging due
to the heterogeneous nature of leukemic stem cells. Furthermore, additional identifying
markers are necessary for monitoring changes in LSC phenotype during and after patient
treatment. LSCs are also associated with abnormal signal pathways and dysregulated
cytokines. Activation of the Wnt signaling pathway induces the proliferation of LSCs [25].
CXCL12, which plays a role in maintaining homeostasis of HSCs, and its receptor, CXCR4,
are excessively expressed on the surface of LSCs [26–28]. This maintains LSCs in a quiescent
state and confers chemoresistance [29]. Overexpression of CXCR4 can also be induced by
HIF-1α (hypoxia-inducible factor 1 subunit alpha), induced by hypoxia in leukemia [30].
Increased production of nitric oxide by LSCs leads to vascular damage [31]. VEGF signaling
also contributes to vascular damage, where downstream effectors such as NF-κB, Akt, Erk,
HSP90, and Bcl-2 influence the proliferation and survival of leukemia cells [32–34]. These
signaling pathways and cytokines that are activated or dysregulated in LSCs are associated
with immune evasion, proliferation, and chemoresistance of LSCs.

Standard therapy for acute myeloid leukemia (AML) is chemotherapy with cytara-
bine and anthracycline to treat malfunctioning DNA and RNA production [35]. Various
signaling systems are dysregulated in LSCs and are treated with chemotherapeutic agents
that target them. To inhibit signaling pathways in LSCs, drugs that target cell surface
markers on LSCs and inhibit their function have been approved and are currently used in
therapy [36]. However, relapses are frequent because of the resistance and evasion of LSCs.
Indeed, in patients with AML who achieve complete remission after drug administration,
LSCs that are not eliminated multiply again and cause leukemia to recur [37]. Therefore,
to eradicate LSCs that are refractory to standard therapies, a profound understanding of
their characteristics and the signaling systems involved in their recurrence and survival
is needed. We synthesized the latest research trends regarding LSCs and hematological
malignancies to overcome these challenges.

2. Hematological Malignancies

Hematological malignancies originate in the bone marrow at the site of hematopoiesis [18].
During viral infection, chronic inflammation, and cancer, the development of aberrant blood
cells disrupts the growth and functioning of regular blood cells [18]. Hematological cancer, often
known as blood cancer, is distinct from solid cancer because it does not form tumors in organs.
Instead, the cancer cells spread throughout the body via the bloodstream. Hematological
malignancies can be categorized as leukemia, lymphoma, or multiple myeloma [19] (Figure 1).
Leukemia is a type of cancer that affects the blood cells and threatens the regulation of
homeostasis [20]. Certain leukemic cells exhibit a rapid growth rate compared to that of
other cells [21]. Lymphoma is a condition that arises when lymphocytes undergo aberrant
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development and transform into lymphoma cells [22]. These cells proliferate rapidly in
lymph nodes and other tissues. Typical types of lymphomas include Hodgkin lymphoma,
non-Hodgkin lymphoma, AIDS-related lymphoma, and primary central nervous system
lymphoma [23,24]. Multiple myeloma is a malignancy that originates from plasma cells [25]. In
their normal state, plasma cells generate antibodies. Nevertheless, atypical myeloma disrupts
the process of antibody generation and diminishes the immunological response [26].
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Figure 1. Subtypes of hematological malignancies. Graphical overview of hematological malignancy
subtypes according to the HSC hierarchy. HSCs are differentiated into two types of progenitor cells,
lymphoid progenitor cells and myeloid progenitor cells [38]. When HSCs are affected by stressors,
genetic mutations, viral infections, or cancer therapy which induces abnormal hematopoiesis, they un-
dergo aberrant differentiation, producing abnormal blood cells and hematological malignancies [39].
HSC: hematopoietic stem cell.

2.1. Leukemia

Leukemia is a hematological disorder characterized by the malfunction and excessive
growth of leukocytes [40]. The classification of this condition is based on the level of cell
differentiation, with two main categories: acute and chronic [41]. They can be further
classified as myeloid or lymphoid [42].

Acute lymphoblastic leukemia (ALL) is a manifestation of the abnormal prolifera-
tion of white blood cells originating from lymphoid cells, deviating from their typical
differentiation pathways into T or B cells [43]. This type of leukemia is prevalent among
younger individuals, making up 76% of cases in children. ALL is characterized by chromo-
somal abnormalities and genetic alterations linked to the development and proliferation
of lymphoid progenitor cells. Representative genetic mutations such as the Philadelphia
chromosome-positive ALL in B-cell acute leukemia is a type of leukemia characterized by
the presence of the Philadelphia chromosome, which includes the BCR::ABL1 fusion protein
formed by the t(9;22)(q34;q11) translocation [44]. The Philadelphia chromosome is found
in patients with CML (chronic myeloid leukemia) and ALL. In ALL, the mRNA encoding
the P185BCR::ABL protein is expressed [45]. Chromosome translocation of ETV6::RUNX1
also induces the ALL [46]. Among adults, 75% of cases originate from progenitors of B-cell
lineage, whereas the remaining cases are composed of malignant T-cell progenitors [47].

Acute myeloid leukemia (AML) is defined as the rapid growth of immature myeloid
cells and is the most prevalent type of leukemia, making up 31% of leukemia cases in
adults [48,49]. This leads to the proliferation of undifferentiated blast cells in the bone
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marrow, resulting in the development of aberrant progenitors of bone marrow-lineage
stem cells (such as red blood cells, platelets, white blood cells, B cells, and T cells) and
subsequent bone marrow dysfunction. The identification of cells unable to reconstitute
the HSC pool in immunodeficient mice proved the existence of LSCs [21,50,51]. Through
this, it was discovered that AML arises from a pool of LSCs possessing a self-renewal
capability [18]. AML is characterized by genetic alterations associated with blood cell
formation [48]. These genetic changes lead to the growth of identical undifferentiated
bone marrow cells in the blood and bone marrow, causing the generation of aberrant red
blood cells and bone marrow failure. A recent study indicated that this may result from a
sequence of recurring genetic alterations in HSCs that develop over time [49].

Chronic lymphocytic leukemia (CLL) is a gradually advancing condition in which
mature aberrant lymphocytes infiltrate healthy cells in the lymph nodes [52–54]. CLL, which
accounts for about 30% of leukemia diagnosed in Europeans and North Americans, is more
rarely seen among East Asians, Africans, and Latin Americans, exhibiting a racial bias in
its occurrence [55]. The lymphocyte count increases in the bloodstream, bone marrow, and
lymph nodes, with accumulating CD5+ B cells [52] spreading the disease to the liver and
spleen, causing their enlargement [53]. Most cases typically manifest in individuals aged
60–70 years. Most patients have 13q14.3 chromosome mutations, including the deletion
of 13q, 11q, or 17p [56]. Recent whole-exome sequencing studies have identified mutated
genes in CLL, including NOTCH1, MYD88, TP53, and ARID1A [54].

Chronic myeloid leukemia (CML) is a type of leukemia characterized by the excessive
growth of myeloid cells in the bone marrow and buildup in the blood [57]. About 30% of
cases are diagnosed in adults [8]. This condition is caused by the malfunction of HSCs,
which leads to the overproduction of mature granulocytes. Specifically, the ABL gene
located on chromosome 9 and the BCR gene on chromosome 22 undergo translocation,
forming BCR::ABL [58]. Unlike in ALL, the transcript encoding the P210BCR::ABL tyrosine
kinase is expressed [45]. BCR::ABL regulates the cell cycle, promotes cell division, and
hinders DNA repair, resulting in CML development. BCR::ABL exhibits tyrosine kinase
activity; therefore, the tyrosine kinase inhibitor imatinib is a therapeutic intervention for
CML, primarily affecting individuals aged 25–60 [59].

2.2. Lymphoma

Lymphoma is characterized by the aberrant development of lymphocytes, resulting
in the formation of lymphoma cells [12,60–62]. These cells cluster together in the lymph
nodes or other organs. A lymphoma is a neoplasm that arises in the craniofacial region
and originates from the lymphocytic system. Malignant lymphomas are categorized as
Hodgkin lymphoma and non-Hodgkin lymphoma. Hodgkin lymphoma is a hematopoietic
neoplasm, also known as B-cell lymphoma [60]. Hodgkin lymphoma is characterized by
Reed–Sternberg cells, which are derived from abnormal B cells and have acquired im-
munoglobulin variable chain gene mutations. Classical Hodgkin lymphoma has four sub-
types: nodular sclerosis classical Hodgkin lymphoma, mixed cellularity, lymphocyte-rich
classical Hodgkin lymphoma, and lymphocyte-depleted classical Hodgkin lymphoma [61].
This classification is associated with Epstein–Barr virus infection. Non-Hodgkin lymphoma
represents approximately 5% of malignant tumors that develop in the head and neck
region [62]. Non-Hodgkin lymphoma arises from diverse differentiation stages of lym-
phocytes and is a subtype of B-cell, T-cell, and NK-cell lymphomas. The risk factors for
non-Hodgkin lymphoma have been widely studied and are thought to include genetic mu-
tations, immune disorders, viral and bacterial infections, and obesity [12]. While research
on the contribution of LSCs to the onset and formation of lymphoma is not well-established,
it is known that, in an abnormal environment where the expression of key transcription
factors such as GATA2 (GATA-binding factor 2) is not regulated in HSCs, reprogramming of
Hodgkin lymphoma, a type of lymphoma, can be induced by Hodgkin and Reed–Sternberg
(HRS) cells [60].
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The treatment for lymphoma consists of hematopoietic stem cell transplantation; ra-
diation therapy; chemotherapies; and targeted drug therapy, such as immune checkpoint
inhibitors [63]. The standard treatment for lymphoma combines radiation therapy and
chemotherapy. For Hodgkin lymphoma, regimens such as ABVD (doxorubicin, bleomycin,
vinblastine, and dacarbazine) and BEACOPP (bleomycin, etoposide, doxorubicin, cy-
clophosphamide, vincristine, procarbazine, and prednisone) are used [64]. The addition
of methotrexate to CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone)
for non-Hodgkin lymphoma is associated with a high failure rate, and treatments such as
rituximab are ineffective for relapsed and refractory patients [65]. Therefore, chemothera-
peutic drugs targeting relapsed and refractory patients, such as Zanubrutinib, are being
researched, and alternative treatment modalities besides chemotherapy are also being
explored [66]. CAR (Chimeric antigen receptor) T cells and bispecific antibodies are being
applied to lymphoma treatments. Axicabtagene ciloleucel, used in CAR T-cell therapy, has
been effective in refractory B-cell lymphoma patients [67].

2.3. Multiple Myeloma

Plasma cells generate antibodies that target and combat antigens [68]. Multiple myeloma
is a hematological malignancy characterized by the aberrant differentiation and proliferation
of plasma cells [68]. Myeloma cells proliferate, leading to the formation of tumors, infiltration
of the bone marrow, and subsequent depletion of red and white blood cells. Genetic anomalies
in oncogenes such as CMYC, NRAS, and KRAS may affect the growth of plasma cells; however,
the specific cause remains unclear [69–71]. Multiple myeloma stem cells, like cancer stem
cells or leukemic stem cells, are functionally and phenotypically heterogeneous and induce
resistance to chemotherapy and radiation therapy [72]. CAR T-cell or bispecific-antibody
therapy is also being applied to treat multiple myeloma. A recent study shows that GPRC5D
is a G protein-coupled receptor and a target for multiple myeloma treatment. Talquetamab
targets GPRC5D and has shown efficacy in refractory multiple myeloma patients [73].

3. LSCs and Phenotype

Leukemia is defined as an aggressive hematologic malignancy, and LSCs can con-
tribute to relapse [18]. AML is characterized by the excessive production of dysfunctional
leukemic cells replenished by LSCs [13]. Leukemia cells, particularly AML cells, represent
an LSC subtype that originates from hematopoietic stem and progenitor cells (HSPCs).
LSCs share functional and molecular properties with HSPCs [74]. Leukemia cells arise from
a pool of LSCs with the potential for rapid proliferation. Thus, LSCs have the potential for
self-renewal and imperfect differentiation, leading to leukemia recurrence. In the 1990s,
cells expressing CD34 and lacking CD38, like HSCs, were discovered in NOD-SCID mice,
demonstrating their capacity to induce leukemia [18,21]. CD34 is present in HSCs, LSC,
and bone marrow progenitor cells. CD38 is a common marker for myeloid differentiation
and is also expressed in several types of non-myeloid cells [22–24]. Compared with normal
HSCs, LSCs are enriched in the CD34+CD38− population [75]. However, relying solely on
these surface markers poses challenges due to the heterogeneous nature of leukemic stem
cells. For instance, LSCs derived from NPM-mutated AML often exhibit low CD34 expres-
sion, with certain samples containing CD34− LSCs, while others display a combination of
CD34+ and CD34− cells [76,77]. Stem cell activity is also detected within the CD34+CD38+

cells [74,78]. Therefore, the phenotype of LSCs varies considerably. Moreover, additional
markers are required to monitor changes in LSC phenotype during and after patient treat-
ment. Some AML LSC surface markers, including CD34, CD38, CD71, and HLA-DR,
overlapped with the normal HSC surface markers [79]. This makes it difficult to distinguish
between normal HSCs and LSCs, hindering the categorization of LSC-targeted therapies.

To facilitate the precise distinction between HSCs and LSCs, additional markers,
including CD25, CD32, CD44, CD96, CD123, G protein-coupled receptor56 (GPR56), IL-1
receptor accessory protein (IL1RAP), T-cell immunoglobulin and mucin domain-containing
protein 3 (TIM3), C-type lectin-like molecule-1 (CLL-1), and CD47, have been identified
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through various studies [19,20,80–85]. Apart from cell surface markers, factors such as
ALDH (aldehyde dehydrogenase), histone deacetylase (HDAC), and HIF-1α can further
enhance the distinction of LSCs [22]. AML relapse is caused by a subclone in which the
LSCs are not eliminated or are not detected at the time of diagnosis. LSCs that relapse and
survive undergo phenotypic changes and acquire additional mutations.

4. Effect of the Hematopoietic Microenvironment on LSCs

Crosstalk between multiple bone marrow cells regulates HSCs [86]. These interaction
mechanisms are essential for retaining HSCs and interrupting malignant cell processes.
Genetic and epigenetic changes in HSCs and bone marrow niche remodeling can cause
hematological malignancy [87,88]. In addition, alterations in bone marrow niches con-
tribute to leukemogenesis and progression. LSCs reside in the bone marrow immune
microenvironment [89]. This microenvironment provides LSCs with protection against
apoptosis, provides resistance to leukemia therapy, and circumvents immune responses [90].
For example, bone marrow stromal cells can stabilize the β-catenin, which is associated
with resistance to tyrosine kinase inhibitors used to treat CML [91]. Wnt signaling main-
tains HSC homeostasis [92]. The activation of the Wnt-ß catenin pathway is related to the
self-renewal capacity of LSCs. In CML, BCR::ABL1 stimulates β-catenin expression [93].
Interference with the BCR::ABL–PI3K–AKT pathway can suppress the transcription of
β-catenin and consequently reduce the occurrence of CML [93]. β-catenin mutation in
osteoblasts activates the Notch signaling pathway [94]. After the progression of leukemia,
LSCs gradually change depending on Wnt signaling [95]. Lower JunB expression has
been detected in many types of leukemia [96]. This suggests that LSCs are attenuated by
Notch and TGF-β [96,97]. Altered microenvironments affect hematological malignancies in
non-mutated hematopoietic cells. The deletion of the ubiquitin E3 ligase Mib1 regulates
Wnt-3A-mediated activation [98], suppresses Notch signaling, and consequently causes
myeloproliferative neoplasms [99].

The FMS-like tyrosine kinase 3–internal tandem duplications (FLT3-ITD) mutation is
common in AML [100]. Remodeling of the hematopoietic niche under hematopoietic malig-
nancy caused by this mutation decreases levels of normal HSCs via tumor necrosis factor
and decreases levels of mesenchymal stem cells (MSCs) and endothelial cells [101]. In one
study, Pim1 kinase activity in FLT-ITD mutants improved CXCR4 and chemokine receptor
signaling [102,103]. Rock1 expression is dysregulated in FLT-ITD+ leukemic cells that mi-
grate to CXCL12, which is highly expressed in the bone marrow niche [104]. A lack of IκBα
dysregulates myelopoiesis [105], which could lead to an increase in colony-forming unit
granulocyte/erythroid/monocyte/macrophage hyper-granulopoiesis and proliferation.

The CXCL12–CXCR4 axis is also important for maintaining the LSC pool [29,106,107].
CXCL12-deficient MSCs upregulate the LSC cell cycle and are sensitive to tyrosine kinase
inhibitors [106]. CXCL12 receptor and CXCR4 overexpression in CML cells enhances their
proliferation capacity and resistance to chemotherapy [29]. In CML, a reduction in the
homing and retention of long-term HSCs (LTHSCs) in the bone marrow leads to enhanced
LTHSC differentiation and immature progenitor expansion. Additionally, a decrease in
CXCL12, which regulates LTHSC quiescence in the bone marrow, is related to increased
G-CSF production by leukemia cells and alters chemokine and cytokine secretion [107].

LSC senescence and niche remodeling can cause resistance to therapy [108]. Overex-
pression of the RAB27B gene, which regulates exosome expression, is associated with poor
prognosis in AML patients [109]. Alterations in the bone marrow microenvironment can
protect LSCs and allow them to acquire chemotherapy resistance.

5. Role of LSCs in Leukemogenesis and Relapse

The excessive generation of leukemic blast cells is induced by LSCs [110,111]. Rapid
cell proliferation and replenishment cause relapse and chemoresistance. Moreover, t(8;21)
chromosome-translocated AML forms a RUNX1-ETO fusion protein that disrupts normal
RUNX1 activity [110]. Recent studies using t(8;21) AML patient-derived xenograft models



Int. J. Mol. Sci. 2024, 25, 6639 7 of 16

revealed that abnormal vascular endothelial growth factor (VEGF) and IL-5 signaling
promoted LSC proliferation [111].

LSCs can remodel the bone marrow microenvironment via normal hema-
topoiesis [32,33,112–114]. AML induces bone marrow vascular remodeling via nitric oxide
(NO) production. Elevated NO levels can lead to the development of porous vascula-
tures [32]. VEGF can be used to remodel the vascular niche. Compared with normal bone
marrow, VEGF-A and VEGF-C protein levels are higher in the bone marrow of patients
with AML [112]. The activation of factors downstream of VEGF signaling, such as NF-κB,
Akt, Erk, HSP90, and Bcl-2, induces AML cell proliferation and survival [33,113]. LSCs that
interact with vascular niches are associated with AML recurrence [114].

LSCs can affect MSCs and alter the interactions between MSCs and bone marrow
niches [38,115] (Figure 2). MSC maturation occurs more frequently in myeloproliferative
neoplasms than in healthy MSCs [115]. Bone marrow MSCs, CXCR12-abundant reticular
cells, and leptin receptor cells contribute to maintaining HSC homeostasis [26,38]. How-
ever, in the leukemic microenvironment, CXCR4, a CXCL12 receptor that is critical for
maintaining HSCs, is abnormally overactivated by AML cells [116].
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Figure 2. Alteration of MSC function via LSCs in the bone marrow niche. MSC, CXCR12-abundant T
cells (CAR cells), and leptin receptor cells in the bone marrow niche play a role in the maintenance
of HSCs [38]. However, under the influence of leukemia, LSCs can alter MSC function. MSCs,
Nestin+ cells, leptin receptor cells, and CAR cells are dysregulated in leukemia [117,118]. AML
cell-derived HIF-1α induces the secreted factors, including STC1, PDK1, and GLUT1, and can impair
hematopoiesis and protect LSCs [119]. HIF-1α induces increased CXCR4 expression on the surface
of leukemic stem cells and can maintain LSC quiescence and protect LSCs through the CXCR4-
CXCL12 axis [120–122]. Upregulated Notch signals in MSCs suppress apoptosis [123]. Also, the
activation of Notch signals elevates NF-κB activation [124]. IL-1 expression induces inflammatory
environments [125]. IL1RAP is highly expressed in LSCs to elevate proliferation [126]. MSC supports
LSC survival and chemoresistance through upregulated OXPHOS and TCA cycle in mitochon-
dria [127,128]. MSC: mesenchymal stem cell. HSC: hematopoietic stem cell. LSC: leukemic stem cell.
HIF-1α: hypoxia-inducible factor 1 subunit alpha. STC1: stanniocalcin-1. PDK1: phosphoinositide-
dependent protein kinase 1. GLUT1: glucose transporter 1. IL-1: interleukin 1. IL1RAP: IL-1 receptor
accessory protein. VEGF-A: vascular endothelial growth factor A. VEGF-C: vascular endothelial
growth factor C. NF-κB: nuclear factor kappa light-chain enhancer of activated B cells. LepR+ cell:
leptin receptor+ cell. OXPHOS: oxidative phosphorylation.

MSCs acquire chemotherapy resistance by transferring mitochondria and increasing
oxidative phosphorylation (OXPHOS) and the TCA cycle, which can help them manage
increased AML-derived NADPH oxidase 2 (NOX2) and ROS (reactive oxygen species (ROS)
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levels [127,128]. In the leukemic niche, cytokines, chemokines, and inflammatory factors
are aberrantly expressed in LSCs, influencing leukemic cells’ survival and growth [108].
LSCs and MSCs interact via cytokine networks [119,126,129,130]. The overexpression
of STC1, PDK1, and GLUT1 in MSCs impairs hematopoiesis and supports LSCs [119].
MSCs elevate Notch signaling and repress apoptosis to protect AML cells [129]. Notch
activation also contributes to NF-kB activation [130]. IL-1 expression in LSCs constitutes
another pro-inflammatory environment [125,131]. IL1RAP is abnormally expressed in LSCs.
Dysregulated IL1RAP suppresses AML cell proliferation and increases apoptosis [126].

Both LSCs and HSCs reside in the hypoxic bone marrow niche [132]. Hypoxic con-
ditions are favorable for maintaining HSC function to defend the antioxidant and HSC
quiescent state with low ROS levels [133]. LSCs compete with HSCs in the bone marrow
microenvironment. A hypoxic state promotes the production of HIF-1α [134]. This up-
regulates CXCR4 expression on the LSC surface. The CXCR4–CXCL12 axis makes LSCs
quiescent in the bone marrow niche. This provides LSCs with protective shelters and
enhances resistance to chemotherapy. Hypoxia also retains quiescence in LSCs but does
not suppress growth [135]. The mTOR and HIF-1α pathways are correlated with chemore-
sistance by hypoxia [135]. mTORC1 and its downstream 4EBP1 and S6R phosphorylation
are suppressed by HIF-1α in hypoxic T-cell acute lymphoblastic leukemia (T-ALL). T-ALL
cells pretreated with the mTORC1 protein kinase inhibitor rapamycin have low sensitivity
to chemotherapy [135].

6. Clinical Applications of LSCs

Despite achieving complete remission through chemotherapy, patients exhibit high
recurrence rates and poor prognosis. Therefore, novel therapeutic strategies are needed.
Exhausted HSCs can be prevented from maintaining a quiescent state [136]. Similar
to HSCs, leukemic cells, including LSCs, acquire a quiescent state [21]. Indeed, upon
isolating stem cells from patients with AML and implanting them into NOD/SCID mice,
researchers noted that a significant proportion demonstrated the ability to undergo renewed
proliferation [137]. LSCs are highly heterogeneous cells that acquire quiescent, dividing,
and senescent phases. Because chemotherapy targets rapidly proliferating cells, quiescent
LSCs are resistant to therapy. Quiescent LSCs also upregulate Bcl-2 protein expression
and decrease metabolism, leading to drug resistance [138]. Quiescent HSCs depend on
glycolysis [138]. Quiescent LSCs produce energy via OXPHOS. High OXPHOS activity in
LSCs is associated with cytarabine resistance. OXPHOS-derived products such as NADH+
and FADH2 are produced by amino acids or fatty acids that rely on mitochondria. Thus,
interference with mitochondrial homeostasis could attenuate LSC function (e.g., venetoclax;
Bcl-2 inhibitor) [139]. The combination administration of a Bcl-2 inhibitor and a peroxisome
proliferator-activated receptor alpha (PPARα) agonist (chiglitazar) showed an elevated
effect on LSC apoptosis [140].

LSC surface markers are potential targets for leukemia treatment [141]. Targeting CD33
using gemtuzumab ozogamicin (GO) decreased relapse and improved the patient survival
rate [142]. However, the efficacy of CD33 detection using GO remains unclear because
excessive CD33 expression reduces the sensitivity of GO. CD123 is a promising target
because of its predominant expression in AML [143]. Anti-CD123 CAR T-cell treatment
after pretreatment with 5′-azacitidine exhibits apoptotic activity toward AML cells and
induces TNF-α production. Also, this usage does not affect the healthy hematopoietic
system [143].

TIM3 is upregulated on the LSCs surface but not in normal HSCs; TIM-3 and galectin
9 (Gal-9), the ligand of TIM3, and the autocrine loop hyperactivate the canonical Wnt
and β-catenin signals in LSCs [84]. The constitutive activity of Wnt signaling induces
LSCs to renew themselves and multiply [84]. TIM3 is a promising candidate for therapeu-
tic intervention in AML and myelodysplastic syndrome. Sabatolimab targets the T-cell
immunoglobulin domain and TIM-3 in LSCs [144]. Sabatolimab is suitable for the treat-
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ment of AML, myelodysplastic syndrome, and CML. This drug has been tested in phase 3
clinical trials.

C-type lectin-like molecule-1 (CLL-1) has been discovered in patients with recurrent
AML [145]. CLL-1 expression is upregulated compared to healthy HSCs. Thus, CLL-1 can
be used as a diagnostic marker and treatment target. Engineering anti-CLL-1 antibodies
such as conjugating antibodies and toxic drugs (e.g., pyrrolobenzodiazepine and isoquino-
lidinobenzodiazepine) or developing chimeric antigen receptors that target CLL-1 may
improve clinical efficacy [146,147].

Hypomethylating agents are commonly administered to elderly or refractory AML
patients [148–150]. In response to hypomethylating agents, LSCs upregulate CD70 expres-
sion, resulting in increased CD70/CD27 signaling [151]. CD70 is a tumor necrosis factor
receptor ligand that is not expressed in normal hematopoietic cells [152]. Treatment with
cusatuzumab, which targets CD70, blocks CD70/CD signaling and has been shown to
reduce the number of LSCs in vitro and in vivo [151].

7. Conclusions

Recent studies have revealed that HSCs interact with various cells in the bone marrow
during proliferation, differentiation, homing, and self-renewal [153,154]. These finely regu-
lated networks are altered by genetic and epigenetic mutations, aging, and environmental
factors and affect the development of hematological malignancies. During the initial phase
of development, LSCs are like normal HSCs. However, in the subsequent phase, LSCs
become home to progenitors and alter bone marrow microenvironment signals.

LSCs are refractory to standard chemotherapy. In 1970, a 7-day course of cytarabine
followed immediately by 3 days of anthracycline was the standard of care for AML [155].
Beyond the “7 + 3” administration, novel drugs have been identified as researchers elucidate
the signaling pathways and characteristics of LSCs. In CML, asciminib, which targets
BCR::ABL1, is used in patients with refractory and tyrosine kinase inhibitor failure [156].
Avelumab and nivolumab target immune checkpoints with high expression on the LSC
surface [157]. Ivosidenib and enasidenib, mutant IDH1 and IDH2 inhibitors, promote
leukemic cell differentiation [158,159]. The combination of a BCL-2 inhibitor and venetoclax
represses the metabolic dependence of OXPHOS [160].

Medications aimed at cell surface markers exhibiting high expression specifically
on LSCs but not HSCs tend to predispose patients to relapse or refractory disease and
are therefore increasingly being used in combination with chemotherapy drugs and by
engineering CAR T cells and antibodies to increase their effectiveness [161,162]. Thus, LSCs
become resistant to traditional treatments for leukemia relapse without achieving complete
remission. The characterization of LSCs, including the signaling pathways involved in
relapse and the altered bone marrow microenvironment in leukemia, may lead to novel
therapeutic strategies.
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