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human microbiota and probiotics
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Zhengzhou Children’s Hospital, Zhengzhou University, Zhengzhou, China

The human gut microbiota is a complex ecosystem that plays a crucial role
in promoting the interaction between the body and its environment. It has
been increasingly recognized that the gut microbiota has diverse physiological
functions. Recent studies have shown a close association between the gut
microbiota and the development of certain tumors, including leukemia. Leukemia
is a malignant clonal disease characterized by the uncontrolled growth of one
or more types of blood cells, which is the most common cancer in children.
The imbalance of gut microbiota is linked to the pathological mechanisms of
leukemia. Probiotics, which are beneficial microorganisms that help maintain
the balance of the host microbiome, play a role in regulating gut microbiota.
Probiotics have the potential to assist in the treatment of leukemia and improve
the clinical prognosis of leukemia patients. This study reviews the relationship
between gut microbiota, probiotics, and the progression of leukemia based
on current research. In addition, utilizing zebrafish leukemia models in future
studies might reveal the specific mechanisms of their interactions, thereby
providing new insights into the clinical treatment of leukemia. In conclusion,
further investigation is still needed to fully understand the accurate role of
microbes in leukemia.
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1 Introduction

Hematopoiesis is a tightly regulated process that involves the differentiation and
maturation of stem cells into various types of blood cells, including red blood cells,
megakaryocytes, and immune cells of different lineages (Ribatti and d’Amati, 2023). However,
genetic errors, such as cross-chromosome transfer, chromosome deletion, point mutation,
and epigenetic changes, can disrupt the normal maturation of stem cells during hematopoiesis.
This can lead to uncontrolled proliferation of immature leukemic cells, resulting in leukemia
(Lin and Aplan, 2004). Therefore, leukemia is characterized by the clonal proliferation of the
leukemic cells in the bone marrow. It often leads to an increased number of affected cells in
the blood circulation, and in some cases, abnormal proliferation of lymphoid tissue may
occur in lymphoid malignancies (Bispo et al., 2020). Leukemia is a type of Cancer that affects
hematopoietic stem cells, which disrupts the production of normal blood cells. Leukemia can
be divided into four main subgroups of acute myeloid leukemia (AML), acute lymphoblastic
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leukemia (ALL), chronic myeloid leukemia (CML), and chronic =~ The Philadelphia (Ph) chromosome is a result of a reciprocal
lymphoblastic leukemia (CLL) (Wang et al., 2019). translocation involving chromosome 9 and is now denoted as t (9; 22)
Leukemia affects white blood cells. There are two main types of  (q34; q11). This abnormality carries a unique fusion gene known as
white blood cells: lymphoid cells and myeloid cells. Lymphocytic =~ BCR-ABL, which is currently considered a significant factor
leukemia occurs when a lymphocyte becomes cancerous, and when  contributing to the chronic phase of CML (Goldman and Melo, 2003).
bone marrow cells become cancerous, it is classified as myelocytic
leukemia. Leukemia can be categorized as acute and chronic based on
the growth rate of the cancer cells (Abhishek et al., 2023) (Figure 1). 2 Leukemia treatment
Acute leukemia refers to a fast-growing leukemia, while chronic
leukemia refers to a slower-growing leukemia. Acute leukemias are Conventional treatment approaches for leukemia include
more common and can occur at any age (Tebbi, 2021). In acute ~ chemotherapy, radiotherapy, and immunotherapy (Ci et al., 2022)
leukemia, the normal function of the bone marrow is disrupted,  (Table 1). Chemotherapy aims to kill leukemia cells and stop their
leading to the abnormal maturation and proliferation of immature  proliferation, but it can harm the bone marrow and immune system
cells. In acute leukemia, this can result in a decrease in the number of ~ due to its toxicity (McNeer et al., 2019; Gavillet et al., 2020; Alexander
mature white blood cells, such as neutrophils, and impaired immune  and Krull, 2021). Chemotherapy drugs encompass several classes of
responses. Immature bone marrow cells may inhibit the function of ~ drugs, each with distinct mechanisms of action. Alkylating agents,
antigen-specific T cells. such as bendamustine, play a pivotal role in leukemia therapy due to
The humoral immune system is affected by the leukemia and the  their ability to bind to DNA sites, inducing DNA double-strand breaks
treatment, specifically for immunoglobulin G (IgG) and  more effectively compared to other agents (Mahbub et al., 2019; Ci
immunoglobulin M (IgM) which are the most affected etal,2022; Lalic etal, 2022). A study comparing bendamustine with
immunoglobulins. It is also possible for patients in complete remission ~ phenylbutyrate mustard in Chinese CLL patients found that
to have humoral deficits (Hansen et al., 2020). Chronic leukemia refers ~ bendamustine had better therapeutic efficacy and significantly longer
to a group of hematological malignant diseases characterized by a  progression-free survival (Zhou D. et al, 2022). Additionally,
gradual onset, slow progression, and relatively well-differentiated  antimetabolic drugs like thiopurines (e.g., 6-mercaptopurine) and
naive cells in the peripheral blood and/or bone marrow. CLL is the ~ cytarabine interfere with DNA replication and transcription,
most prevalent type of leukemia in adults. It is a lymphoproliferative  ultimately impeding tumor cell growth. Although 6-mercaptopurine
disease marked by the proliferation of CD5(+) CD23(+) B cells, which  is well tolerated, it may cause gastrointestinal (GI) toxicity in some
are monoclonal and mature, in the peripheral blood, secondary  patients, including hepatitis, hypoglycemia, nausea, and pancreatitis
lymphoid tissue, and bone marrow (Bosch and Dalla-Favera, 2019).  (Conneely et al., 2020). Cytarabine undergoes phosphorylation within
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FIGURE 1

The pathogenesis and leukemia classification. (A) The development of leukemia involves various genetic abnormalities, including chromosome
crossovers, deletions, and point mutations. (B) Abnormal proliferation of hematopoietic stem cells can lead to leukemia. Leukemia is divided into
chronic leukemia and acute leukemia. Chronic leukemia is characterized by slow onset of peripheral blood or bone marrow cells, which can be divided
into CML and CLL. A decrease in mature leukocytes and an impaired immune response may result in acute leukemia. Acute leukemia can be divided
into AML and ALL.
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TABLE 1 Leukemia treatment strategies and their characters.

Means of
treatment

Medicine

Treatment process

Advantage

Limits

References

Chemotherapy Bendamustine Improved DNA penetration and localization, as well as more DNA Better anti-tumor efficacy than classic products; Causes deep and prolonged Ci et al. (2022), Lalic
double-strand breaks lasting longer Alkylating agent does not increase toxicity. Relatively well | lymphopenia, affecting both T and etal. (2022)
tolerated, and does not cause hair loss B-cell lineages
6-mercaptopurine | Disruption of DNA replication and transcription processes induces Well tolerated Gastrointestinal (GI) toxicity, Conneely et al. (2020)
cytotoxicity in cancer cells including hepatitis, hypoglycemia,
nausea, and pancreatitis
Cytarabine It activates intracellular metabolism through continuous phosphorylation | It can cross the blood-brain barrier, or it can be injected Myelosuppression; Leukopenia; Di Francia et al. (2021)
to generate active triphosphate, which is incorporated into DNA as a intrathecally Thrombocytopenia; allergy
pseudoprecursor instead of deoxycytidine triphosphate. It leads to cell
cycle arrest from G1 phase to S phase and death of tumor cells
Daunorubicin Induced apoptotic and necrotic death of acute leukemia cells through High dose of daunorubicin significantly improved the Chemotherapy resistance Al-Aamri et al. (2019),
changes in mitochondrial membrane potential (Aym) and ROS survival rate of patients; Long-term effectiveness Dolatkhah et al. (2019),
generation, which promoted mitochondria membrane permeabilization Al-Aamri et al. (2021),
and subsequent induction of apoptosis Jaime-Pérez et al. (2023)
Doxorubicin Causes DNA repair or induces cell death Killing rapidly dividing cells and delaying the progression =~ Cumulative dose can induce Caru et al. (2019), Naci
of solids and liquids cardiotoxicity. Cardiac autonomic etal. (2019)
nervous system (ANS) dysfunction
Vincristine Interferes with the assembly of microtubules in the mitotic spindle, Alkaloids have been developed for various diseases such Neurotoxicity; Hematological Yang et al. (2021a),
leading to mitotic disruption and intermediate cell death as anti-inflammatory, antibacterial and anti-tumor. It is toxicity Dhyani et al. (2022)
injected in the form of intravenous fluids and can be used
for various chemotherapy programs
Dexamethasone | Influencing specific transcriptome programs and/or modulating early Improving disease-free and overall survival in Affecting children’s sleep and Bertoli et al. (2018),
inflammatory responses associated with chemotherapy resistance may sensitize | hyperleukocytic AML patients behavior Chougule et al. (2019),
AML cells to chemotherapy-induced cell death; It has cytoplasmic and nuclear Rensen et al. (2020)
activity and can interfere with signal transduction or transcription factors
Asparaginase Consuming circulating asparagine and depriving cancer cells of amino Asparaginase activity can measure be regularly monitored | Hepatotoxicity; Hyperammonemia; Salzer et al. (2018), Juluri
acids throughout the course of asparaginase therapy and can Hyperglycemia; Hypersensitivity etal. (2022)
be a valuable tool to guide treatment management reaction; Hypertriglyceridemia;
decisions Coagulation diseases and
thrombosis; pancreatitis
Radiotherapy / It uses ionizing radiation (such as alpha, beta, or gamma rays) to kill Reducing the size of the tumor Relieve compressive nerve | Drowsiness, headache, fever, vomiting, | Michaelidesovi et al.
cancer cells by directly irradiating malignant tissue pain caused by the tumor exacerbation of pre-existing defects, (2019), Li et al. (2024)
dementia, leukoencephalopathy,
secondary brain tumors
Immunotherapy | / Active immune effector cells recognize appropriate tumor antigens and Patients who do not qualify for alloSCT and are in MRD Harm the nervous system Beyar-Katz and Gill
kill tumor cells status can be treated; Improved response rates and (2018), Przespolewski
outcomes in patients with relapsed/refractory B-ALL etal. (2018), Inaba and
Pui (2019)
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cells, generating active triphosphate metabolites. These metabolites are
then incorporated into DNA, disrupting cell cycle progression and
triggering tumor cell death, particularly during the G1 to S phase
transition (Di Francia et al., 2021).

Daunorubicin, classified as an anthracycline antibiotic, operates
by inducing apoptosis and necrosis in acute leukemia cells through
modulation of mitochondrial membrane potential and reactive
oxygen species (ROS) production. While high doses of daunorubicin
have shown significant improvements in patient survival, they carry
the risk of inducing chemotherapy resistance (Al-Aamri et al., 2019;
Dolatkhah et al., 2019; Al-Aamri et al., 2021; Jaime-Pérez et al., 2023).
Similarly, doxorubicin, another anthracycline antibiotic, functions by
either prompting DNA repair mechanisms or triggering cell death
pathways. Its efficacy lies in targeting the rapidly dividing cells, thereby
impeding the progression of both solid tumors and leukemias.
However, prolonged use can lead to cardiotoxic effects, particularly in
cumulative doses (Caru et al., 2019; Naci et al., 2019). Vincristine,
classified as a vinca alkaloid, is widely utilized in leukemia treatment.
It disrupts mitotic spindle assembly by interfering with microtubule
formation, consequently inducing cell death (Yang Q. Y. et al., 2021;
Dhyani et al., 2022).

Dexamethasone, recognized for its anti-inflammatory properties,
exerts influence over specific transcriptome programming and early
inflammatory responses implicated in chemotherapy resistance. It has
demonstrated potential in sensitizing AML cells to chemotherapy-
induced cell death by interfering with signal transduction pathways or
transcription factors. While effective in managing inflammation-
related conditions, its usage may impact children’s sleep patterns and
behavior (Bertoli et al., 2018; Chougule et al., 2019; Rensen et al.,
2020). A randomized controlled trial has shown that dexamethasone
is more effective in treating children with ALL (Teuffel et al., 2011).
Asparaginase constitutes a pivotal component of multidrug
chemotherapy regimens for ALL in pediatric and young adult patients.
By depleting circulating asparagine, it disrupts essential amino acid
supplies to cancer cells. Monitoring asparaginase activity levels
throughout treatment facilitates informed management decisions
(Salzer et al., 2018; Juluri et al., 2022).

In the treatment of leukemia, radiation therapy is a common
method. It uses ionizing radiation (such as alpha, beta, or gamma
rays) to kill cancer cells by directly irradiating malignant tissue. By
harnessing the targeting capabilities of specific materials, the
radioactive isotopes could be direct to leukemia cells (Li et al., 2024).
Antibodies with powerful targeting capabilities have been used to
deliver radioisotopes to leukemia cells through the development
antibody-isotope couplings (Jurcic, 2020). Radiotherapy is associated
with significant side effects and can compromise host immunity (De
Ruysscher et al, 2019). These effects may include drowsiness,
headache, fever, vomiting, exacerbation of pre-existing conditions,
dementia, leukoencephalopathy, and the development of secondary
brain tumors (Michaelidesova et al., 2019). As the therapy outcomes
improves, treatment toxicity becomes a major concern. Future
directions may include reducing or eliminating testicular and
intracranial radiation therapy (CRT) dose, and more effective and less
toxic CNS-targeted drug therapy for patients should be developed
(Chang et al., 2021).

Immunotherapy is a potential treatment for leukemia, and
several forms of the treatment can be administered, including
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allogeneic bone marrow transplantation, therapeutic cancer vaccines,
T-cell therapies, monoclonal antibody therapies, and donor
lymphocyte infusion (Mu et al., 2023). Various immunotherapies
employing T cells against AML encompass bispecific and dual
antigen receptor-targeted antibodies, chimeric antigen receptor
(CAR) T-cell therapy, and T-cell immune checkpoint inhibitors.
These therapeutic strategies are continuously evolving with the goal
of achieving potent anti-leukemic activity while minimizing T-cell
cytotoxicity to healthy tissues (Daver et al., 2021). The mechanism
involves the activation of immune effector cells that recognize tumor
antigens and eliminate tumor cells (Beyar-Katz and Gill, 2018).
Notably, immunotherapy offers advantages in treating patients with
minimal residual disease (MRD) who are ineligible for allogeneic cell
transplantation (Przespolewski et al., 2018). Additionally, it shows
enhanced response rates and prognosis in patients with refractory
B-cell acute lymphoblastic leukemia (B-ALL) (Inaba and Pui, 2019).
To enhance the effectiveness of leukemia treatment, identifying
specific targets and refining treatment regimens to minimize toxic
side effects are essential (Tan et al., 2020).

While current ALL therapy is generally effective in children, it
is highly toxic and might affect the function of various organs and
systems (Ness et al., 2011). Ongoing trials involving new or current
drugs to prevent and repair myocardial damage are developing to
treat ALL disease and minimize drug side effects (Ness et al., 2011).

3 The relationship amon

. MNP gut
microbes, probiotics, an

leukemia

Recently, the alterations in certain species and metabolites of
gut microbiota were identified to contribute to the development of
leukemia (Ma et al., 2021). Gut microbiota consists of a large
number of microorganisms that reside in the human gastrointestinal
tract. They perform various important functions, including
metabolism, immunity, and neural development. Increasingly, gut
microbiota are believed to play a significant role in health and
disease (Zhou Y. et al., 2022). The gut microbiota could possibly
influence the occurrence and development of leukemia by
regulating immune cells, promoting inflammation, causing
infection from pathogenic bacteria, affecting metabolites, and
influencing overall metabolism and gene mutation.

The occurrence, treatment, and prognosis of various tumors are
closely linked to gut microbiota, and gut microbial metabolites often
play a mediating role in this relationship (Jaye et al.,, 2022). Among the
metabolites, bile acids are particularly important as they are key
players in maintaining the normal physiological functions of the
human body. Chenodeoxycholic acid collaboratively promotes the
accumulation of lipid droplets and lipoperoxidation through the ROS/
p38 MAPK/DGAT1 pathway. It also inhibits the polarization of M2
macrophages and suppresses the progression of AML (Liu et al,
2022). Disrupting amino acid metabolism has been an effective
treatment for leukemia. Leukemia cells have a high demand for amino
acids to support their increased biosynthetic needs, making blocking
amino acid uptake and utilization a promising approach in both
preclinical and clinical studies (Chen and Zhang, 2024). In AML cells,
vitamin C has been found to enhance TET?2 activity and mimic its
restoration. Restoring TET2 activity creates a vulnerability in leukemia
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cells, making them more responsive to poly ADP ribose polymerase
inhibitors (PARPi) (Bedhiafi et al., 2022).

When the imbalance of the gut microbiota disrupts the intestinal
epithelial barrier, some gut microbes may enter the bloodstream or
nearby lymph nodes, triggering inflammatory immune responses via
metabolic disturbances, immune cell activation, and alterations in
crucial intracellular signaling pathways, potentially leading to cancer
development. Probiotics offer health advantages to the host by
ameliorating intestinal dysbiosis, enhancing nutrient absorption,
safeguarding the intestinal mucosal barrier, modulating immunity,
and inhibiting intestinal inflammation (Zhou Y. et al., 2022). Prebiotics
and probiotics can modulate gut microbiota which might affect
leukemia. The role of prebiotics in the treatment and development of
leukemia is still uncertain, although inulin has shown promise in
treating leukemia (Martyniak et al., 2023). Certain probiotics, such as
lactic acid bacteria, have demonstrated anti-cancer activity in the
laboratory (Garbacz, 2022). The stability of the gut microbiota is
beneficial for leukemia patients, and it is crucial to explore methods
for maintaining a balanced gut microecology for leukemia patients
(Huang, 2022). Gut microbiota play a significant role in both the
benign and adverse effects linked with the development of
hematological tumors (Table 2).

There exist beneficial bacteria capable of mitigating disease
progression and stabilizing the patient’s immune system. For instance,
lactic acid bacteria enhance intestinal barrier function in vitro by
modulating epithelial tight junction proteins (Uribe-Herranz et al.,
2021; Garbacz, 2022). Faecalibacterium prausnitzii produces butyrate,
which aids in improving the intestinal barrier (He et al., 2021).
Butyrate has anti-inflammatory effects and enhances intestinal barrier
and mucosal immune function by modulating signaling pathways
involved in nuclear NF-kB and inhibiting histone deacetylase (Wang
et al., 2022). Bifidobacterium bifidum has been utilized in leukemia
treatment to sustain and homeostatically modulate the host’s immune
system by promoting the production of Immunoglobulin E (IgE)
(Kazmierczak-Siedlecka et al., 2021; Mandelbaum et al., 2023). In a
study, participants who consumed Bifidobacterium bifidum showed
decreased nitroreductase activity in their feces and increased
B-glucosidase activity. The elevated levels of p-glucosidase could
be seen as a beneficial aspect for health (Wollowski et al., 2001).
Furthermore, Lactobacillus rhamnosus GG (LGG) can prevent local
inflammation by enhancing immunoglobulin A (IgA) production
(Banna et al, 2017; Gu et al, 2021). LGG can promote the

TABLE 2 Effects of gut microbes on leukemia patients.

10.3389/fmicb.2024.1423838

differentiation and development of B cells in the lamina propria of the
piglets’ intestine and the production of IgA. Furthermore, LGG
activates the EGFR/AKT/NF-kB pathway via the p40 protein, which
stimulates porcine intestinal epithelial cells (IPEC-J2) to secrete a
proliferation-inducing ligand (APRIL). This process further boosts the
production of IgA by B cells, thereby enhancing intestinal immunity
(Jin et al., 2021). Metabolites produced by Lactobacillus plantarum
were found to have selective, time- and dose-dependent cytotoxic
effects on cancer cells without toxic effects on healthy cells in studies
on leukemia and breast cancer cell lines (Chuah et al., 2019).

Probiotics are therapeutic formulations that contain identified,
propagated, or engineered probiotics, aiming to provide health
benefits or enhance standard care (Singh et al., 2023). Various
beneficial mechanisms of probiotics for the prevention and treatment
of human diseases have been identified, including the regulation of
gut microbiota, strengthening of the intestinal barrier, protection of
the intestinal epithelium from pathogenic invasion, and
enhancement of the immune system (Li et al., 2021; Lu et al., 2021).
Hence, specific probiotic strains may have a significant impact on
cancer prevention, potentially through the regulation of gut
microbiota and immune response, suggesting their potential use in
cancer prevention as well as adjunct therapy alongside anti-cancer
chemotherapy (Slizewska et al., 2020; Liu et al., 2021). The specific
composition of the gut and tumor microbiota may affect the
bioavailability of administered drugs and the hosts immune
environment, thereby influencing patient prognosis. Personalized
therapies that improve treatment efficacy by supporting and
manipulating the microbiota are an emerging area in cancer
treatment (Figure 2).

3.1 Biomarkers associated with leukemia

Leukemia is a group of hematologic malignancies derived from
bone marrow stem cells. Leukemic stem cells undergo abnormal and
poorly regulated proliferative processes, induced by genetic mutations.
It has been shown that CD123 is an important marker for identifying
and targeting refractory or recurrent leukemic stem cells (Shi et al.,
2019). MicroRNAs are considered biomarkers of tumor and disease
in hematologic malignancies. Cyclin-dependent kinase 6 (CDK®6) is
targeted by some miRNAs, such as miR-29b, miR-218, miR-582, and
miR-187. High expression of CDK6 can significantly reduce the

Species Type of Classification Implications in leukemia treatment References
research

Lactic acid in vitro Gram-positive bacteria Regulation of epithelial tight junction protein to improve intestinal Uribe-Herranz et al. (2021),

bacteria barrier function Garbacz (2022)

Faecalibacterium | in vitro Gram-positive bacteria Produces butyrate, improves intestinal barrier He et al. (2021)

prausnitzii

Bifidobacterium in vitro Gram-positive bacteria Modulate the hosts’ immune system via Immunoglobulin E (IgE) Kazmierczak-Siedlecka et al.

production, maintenance and improvement in the Th1/Th2 balance (2021), Mandelbaum et al. (2023)

Lactobacillus in vitro Gram-positive bacteria Increases the production of Immunoglobulin A (IgAs), protects Banna et al. (2017), Gu et al.

rhamnosus against local inflammation (2021)

Lactobacillus in vitro Gram-positive bacteria | Produces metabolites that are selectively cytotoxic to cancer cellsbut | Chuah et al. (2019)

plantarum not to healthy cells
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Personalized
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FIGURE 2

patient’s cancer treatment response to immunotherapy.

The involvement of probiotics in different stages of tumor development helps in personalized treatment and prognosis of the disease. (A) Single strains
or combinations of strains can be used as diagnostic and early-stage biomarkers to help determine the occurrence or development of tumors, and
personalized microbiome therapy can be applied. (B) During the treatment period of leukemia, the beneficial bacteria selected from the bacterial strain
library can not only regulate the proliferation and apoptosis of tumor cells at the cellular level, but can also be used in conjunction with chemotherapy
drugs to improve the effect of chemotherapy and reduce the adverse reactions caused by chemotherapy. Engineered probiotics can improve the
efficacy of immunotherapy in mouse tumor models through metabolic regulation of the tumor microenvironment. Fecal microbiota transfer (FMT) has
been developed to restore diverse microbial communities lost during subsequent treatment in patients with acute myeloid leukemia, thereby
suppressing, reducing or even preventing treatment-related complications. (C) Therapeutic benefits to the prognosis of cancer patients by modulating
dietary and balanced nutritional intake and enhancing the gut microbiota through dietary fiber-gut microbiota related mechanisms affecting the
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overall survival rate of AML patients, which suggests that CDK6 may
have the potential prognosis and treatment value of AML (Liu
et al., 2020).

3.2 Probiotics participate in the body’s
immune response

Probiotics could influence the production of anti-inflammatory
cytokines, activate phagocytosis, and regulate tumor cell proliferation
and apoptosis in the treatment of hematological tumors (Huang et al.,
2023). Bifidobacterium bifidum exhibits a cytotoxic effect on tumor
cells, reducing their proliferation by inhibiting growth factor signaling,
and promoting mitochondria-mediated apoptosis (Badgeley et al.,
2021). Various Lactobacillus species possess different degrees of
antiproliferative activity against the K562 cell line (Tuo et al., 2015).
However, the exact molecular mechanism has not been revealed.
Moreover, metabolites obtained from Streptomyces fermentation broth
can exert cytotoxic effects on the K562 cell line (Zhang et al., 2022).

Probiotics influence cell activity in other human leukemia cell
lines through their impact on cellular metabolism or associated
immune response factors. For example, Levilactobacillus brevis
JCM 1059 binds to CAP-1 in the human leukemia monocytic cell
line THP-1 cells, which plays a crucial role in bacterial uptake and
subsequent production of the pro-inflammatory factor
interleukin-12 (IL-12) in THP-1 cells (Yin et al., 2023). Bacillus
subtilis could induce the production of the anti-inflammatory
factor IL-10 and the pro-inflammatory factor IL-12 in THP-1
dendritic cells (THP-1DC) (Uesugi et al, 2023). Certain
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Lactobacillus plantarum strains could trigger selective cytotoxic
effects and have the ability to induce apoptosis in human leukemia
cells HL60 while preserving normal cells (Chuah et al.,, 2019). In
light of the anti-apoptotic nature of tumor cells and the
inflammatory molecules associated with tumor cell development,
the immune response elicited by probiotics against pathogenic
bacteria or tumor cells has shown a positive impact on the
immune system.

The gut microbiota is associated with the responses to immune
checkpoint inhibitors (ICIs), anti-PD-1/PD-L1, or anti-CTLA-4
treatments. Probiotics, particularly Lactobacillus and Bifidobacterium,
hold the potential for the prevention and treatment of various cancer
types (Singh et al., 2023). Bifidobacterium longum can activate CD4*
T cells and enhance Thl responses, thereby priming CD8" T cells
upon their interaction with dendritic cells (DCs). The DNA of
B. longum contains immunostimulatory motifs that are capable of
activating innate immunity. Evaluation of three B. longum strains
found their functions in the activation of DCs in Peyer’s patches,
suggesting a potential antigen-independent antitumor activity
mediated through innate immunity. Mice with significantly higher
levels of Bifidobacterium bifidum were found to have slower tumor
progression and better response to anti-PD-1 treatment in a study on
melanoma (Routy et al., 2018). This suggests that modification in the
gut microbiome may improve the efficacy of certain chemotherapy
drugs and reduce their toxicity (Sagi et al., 2022). Lactic acid bacteria
have demonstrated anti-cancer properties through various
mechanisms (Yuan et al, 2023). For example, intra-nasal
administration of live cells of Lactobacillus casei BL23, induced by
human papilloma virus (HPV), led to reduced tumor growth in a
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model. In vitro experiments with Lactobacillus reuteri BCRC14652
showed destruction of the cell membrane of colon cancer HT29 cells,
inhibition of tumor necrosis factor (TNF) induced NF-kB activation,
and suppression of cancer cells growth through apoptosis. The
supernatant of Lactobacillus reuteri ATCC 6475 (Lr-S 6475) can affect
the apoptosis signaling pathway activated by TNF in myeloid leukemia
cells (Iyer et al.,, 2008).

Furthermore, extracellular polysaccharides (EPS), peptidoglycan,
nucleic acid, bacteriocin, and S-lamin produced by lactic acid bacteria
have been shown to inhibit the growth of cancer cells. EPS produced
by Lactobacillus acidophilus and Lactobacillus rhamnosus directly
induce the activity of Beclin-29 (an autophagy protein) and GRP1 (an
endoplasmic reticulum chaperone), resulting in the inhibition of
HT-78 cell growth. They also indirectly regulate apoptosis by
stimulating Bcl-2 (B-cell lymphoma 2) and the pro-apoptotic gene Bak
of the Bcl-2 family. Additionally, the combination of Lactobacillus
acidophilus and Lactobacillus casei with 5-FU induced apoptosis of
LS513 cancer cells, suggesting that these species could be used as
adjuvants for anticancer chemotherapy. Overall, lactic acid bacteria
have displayed enhanced cytotoxicity against human chronic
myelogenous leukemia K562 cells and colorectal tumor HCT116 cells
(Dicks and Vermeulen, 2022), highlighting their potential as an adjunct
to drug treatment of leukemia.

An engineered probiotic Escherichia coli Nissle 1917 has shown
promising results in mouse tumor models by increasing L-arginine
concentrations, enhancing the number of tumor-infiltrating T cells,
and synergistically working with PD-L1 blocking antibodies to clear
tumors. It suggests that the metabolic modulation of the tumor
microenvironment by engineering probiotics could enhance the
efficacy of immunotherapy (Canale et al., 2021). While transgenic
T-cell therapy (CAR-T) has demonstrated significant effectiveness in
treating certain B-cell-driven hematologic malignancies, the complex
immune evasion mechanisms and tumor microenvironment pose
limitations to its efficiency (Huang et al., 2022). However, combining
probiotic therapy with CAR-T cell therapy using synthetic gene
circuits could detect and respond to synthetic CAR targets delivered
by colonizing probiotics in solid tumors. This approach expands the
potential of CAR-T cell therapy (Vincent et al., 2023), which highlights
the potential benefits of combining engineered probiotics with existing
therapeutic approaches to improve treatment outcomes in cancers.

3.3 Probiotics are involved in regulating
homeostasis the of gut microbiota

Gut microbes can participate in stabilizing host immune cell
populations, and interactions between the microbiome and the
immune system contribute to protecting the host against a range of
diseases, including cancer (Sarkar et al., 2024). Probiotics have been
found to have potential benefits for leukemia patients by regulating the
immune stability of the gut microbiota (Figure 3). The relative
abundance of Actinobacteria, Acidobacteria, and Chloroflexi in myeloid
leukemia patients increased at phylum-level, and Streptococcus
increased at genus level. Species enriched in myeloid leukemia patients
comprised Sphingomonas, Lysobacyer, Helicobacter, Lactobacillus,
Enterococcus, and Clostridium sensu stricto (Yu et al., 2021). Children
with leukemia had significantly reduced levels of Lactobacillus and
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Bifidobacterium as well as E. coli strains in the intestinal tract
compared to healthy children (Huang et al., 2012). The impact of
probiotics extends beyond their ability to colonize in the intestine,
they also affect the functional integrity of the mucosal epithelial
barrier and the immune cells responsible for maintaining its integrity
(Wieérs et al., 2019). LGG produces antimicrobial substances that
compete with pathogenic bacteria for adhesion to the epithelium.
Moreover, it increases mucosal IgA production and inhibits toxin
production (Vivarelli et al., 2019). Butyrate produced by Enterococcus
faecalis has been shown to inhibit the absorption of lipopolysaccharide
by epithelial cells and repair the damaged intestinal barrier in mice
with AML, thereby delaying the development of AML (Wang et al.,
2022). Levels of Lacertococcaceae and Peptococcus were correlated with
changes in the levels of intestinal short-chain fatty acids (SCFAs) such
as butyrate. In addition, the levels of both were negatively correlated
with pro-inflammatory factors such as IL-6 and tumor necrosis
factor-a (TNF-a) (Jin et al., 2023). This suggests that probiotic-
induced anti-inflammatory responses play an important role in
maintaining intestinal immune stability and improving ALL
progression. Furthermore, acetate, which is secreted by Escherichia coli
KUB-36 as a major metabolite, exerts anticancer effects by suppressing
IL-6, IL-1pB, and TNF-a. It enhances the anti-inflammatory activity of
macrophages, thus promoting homeostasis in the intestinal internal
environment (Nakkarach et al., 2021).

Probiotics help maintain the immune stabilization of the gut
microbiota and can attenuate the effects of leukemia complications.
As previously described, one common complication of leukemia is
bloodstream infection (BSI) caused by a compromised intestinal
microenvironment (Silva et al., 2022). Changes in the gut and fecal
microbiome in a pediatric T-ALL mouse model, SCFA levels, and the
gut barrier may lead to bacterial translocation and subsequent
BSI. SCFAs supplementation was found to improve the effects of BSIs
indicating that rational probiotic supplementation can help maintain
the stability of the intestinal microenvironment and thus alleviate
leukemia-induced BSI (Song et al., 2022). Graft-versus-host disease
(GVHD) is another common complication of leukemia treatment
(Choe and Ferrara, 2021). Patients with GVHD inhibit the
expression of the antimicrobial peptide alpha-defensin, which leads
to a reduced diversity of the gut microbiota. Evaluation of the
bacterial composition of feces from patients after hematopoietic
stem cell transplantation showed that an increase in bacterial
diversity, particularly in the number of Brunswickia species, was
significantly associated with a reduction in GVDH mortality. This
suggests that supplementation with specific beneficial gut bacteria
could be effective in reducing the impact of GVHD in patients (Jeng
et al., 2015). Probiotics may affect the mechanism of GVHD by
up-regulating genes associated with immune response through the
gut metabolite indole. This can help limit gut epithelial damage,
reduce the production of inflammatory cytokines, and decrease the
severity and mortality of GVHD (Swimm et al., 2018; Ma et al., 2021).

Fecal microbiota transplantation (FMT) and other strategies aim
to restore various microbes that are lost during disease treatment,
which can help prevent complications in AML patients (Malard et al.,
2021). Additionally, ICIs are used to activate the suppressed immune
system and enhance the elimination of cancer cells. Colonization
resistance is a physiological function that defends against colonization
and infection by pathogenic bacteria (Liao et al., 2024). FMT can also
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The anti-inflammatory and anti-proliferative effects of anti-cancer drugs or probiotics. The anti-inflammatory and decreasing cancer cell proliferation
effects of anti-cancer drugs or probiotics on cancer cell. (A) The anti-cancer effect of mercaptopurine potentially functions by reducing IL-6 and
TNF-« levels and increasing short-chain fatty acids (SCFAs) mediated by the gut microbiota. (B) Bacillus subtilis induces both the anti-inflammatory
factor IL-10 and the pro-inflammatory factor IL-12 in THP-1 dendritic cells. (C) Bifidobacterium bifidum reduces cancer cell proliferation by inhibiting
growth factor signaling and promoting mitochondria-mediated apoptosis proliferation

restore colonization resistance and potentially eliminate multidrug-
resistant pathogens, offering promising results in eradicating recurrent
C. difficile infections (van Nood et al., 2013). However, while probiotics
are beneficial for internal gut homeostasis, FMT is more effective as it
re-introduces the entire flora into the gut. It is important to carefully
assess the microbiota beforehand to prevent the spread of pathogens,
especially in immunocompromised individuals. Combining probiotic
therapy with FMT may provide better outcomes for patient recovery.

3.4 Combinational chemotherapy with
probiotics

Chemotherapy is often necessary for leukemia patients, but it can
disrupt the balance of gut microbiota and compromise the protective
function of the intestinal barrier. This disruption of the gut microbiota
can impact the effectiveness of chemotherapy (Cong et al., 2019). Gut
microbes can interact with chemotherapeutic agents through
transport, immunomodulation, metabolism, enzymatic degradation,
reduction of microbial diversity, and ecological changes (Alexander
etal, 2017). The disturbance of the gut microbiota can lead to various
inflammatory reactions, which in turn can affect cell and immune
function, ultimately resulting in weakened immunity (Huang, 2022).
Therefore, it is crucial to maintain the balance of gut microbiota in
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chemotherapy patients to improve efficacy and reduce its toxicity. One
approach is to target the gut microbiota by supplementing with
intestinal probiotics or using probiotic drugs. This can play an
important role in improving the effectiveness of chemotherapy and
alleviating its adverse effects (Reyna-Figueroa et al., 2019).
Cyclophosphamide is a commonly used drug in leukemia
chemotherapy regimens. Antibiotics targeting gram-positive bacteria
significantly reduce the efficacy of CP (Wang et al., 2019), suggesting
that gram-positive bacteria, such as Enterococcus and Lactobacillus,
are key in modulating the anti-tumor efficacy of CP against
hematological tumors. These bacteria have the capacity to enhance the
anti-tumor effect of CP by modulating the CP-mediated aggregation
of Thl and Th17 cells (Viaud et al., 2013). Oral mucositis and oral
health are prevalent side effects of treatment. Specific probiotics can
lower the occurrence of severe oral mucositis by enhancing the growth
and safeguarding bacterial populations, leading to a decrease in
adverse reactions, severity, and frequency (Rodriguez-Arrastia et al.,
2021). Probiotics supplementation can alleviate symptoms of
chemotherapy-induced chronic gastrointestinal inflammation and
diarrhea (Reyna-Figueroa et al., 2019). 5-Fluorouracil (5-FU) is one
of the most widely used chemotherapies for the treatment of malignant
tumors (Gibson et al., 2013). However, some patients treated with this
drug experience gastrointestinal side effects. 5-FU induces apoptosis
and inhibits enterocyte proliferation via TNF-q, resulting in the
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weakening of the epithelial barrier function and subsequent
inflammation. A combination of a broad-spectrum antimicrobial,
ampicillin, and a gram-negative bacteria antibiotic drug, aztreonam,
can significantly reduce the severity of intestinal mucositis and inhibit
the influx of inflammatory factors (Hamouda et al., 2017).

Probiotics can enhance the effectiveness of chemotherapy when
used in combination with chemotherapeutic agents for the treatment
of malignant tumors. For example, oral administration of Lactobacillus
acidophilus along with cisplatin to lung cancer mice reduced tumor
volume and increased survival time in the mice. This suggests that
supplementation with probiotics could enhance the anti-tumor
response by up-regulating the expression of IFN-y and Prfl (Bingula
etal., 2018). Similarly, in a rat model of colorectal cancer, a probiotic
mixture containing Lactobacillus lactis and two B. bifidum strains
improve the therapeutic effectiveness of 5-FU chemotherapy,
potentially reducing tumor malignancy (Sivan et al, 2015).
Furthermore, the insight into the relationship between the
chemotherapeutic drug irinotecan and the gut microbiota reveals how
the microbiota affects chemotherapy efficacy and toxicity through
microbial ecological leapfrogging, microbial enzyme catalysis, and
immunomodulation (Yue et al., 2021). Probiotics and their engineering
interventions, other microbial strategies, and dietary interventions
have been used to enhance chemotherapy efficacy and decrease toxicity
(Yue et al,, 2021). The efficiency of cyclophosphamide is significantly
influenced by gut microbiota. Lactobacillus johnsonii and Enterococcus
sheila have the ability to migrate to the spleen, where they activate the
helper T cell 1 (Th1) and helper T cell (Th17) immune responses,
thereby enhancing the treatment responses to cyclophosphamide
(Chrysostomou et al., 2023). These findings highlight the potential for
microbiota manipulation as a personalized approach to cancer therapy.
However, more in-depth studies are needed to explore the use of
probiotics in combination with chemotherapeutic agents for mitigating
disease progression in leukemia models.

3.5 Probiotics can improve the adverse
effects of treatments

During cancer treatment, it is common for healthy cells, especially
those with a high rate of cell division, to be affected, leading to
undesirable side effects. Many cancer drugs have the unintended effect
of inducing apoptosis in healthy cells in the gastrointestinal tract,
causing mucosal damage. IL-10 is a crucial cytokine that blocks
inflammatory responses and prevents excessive immune responses.
Bifidobacteria not only reduce pro-inflammatory cytokines, but also
increase levels of anti-inflammatory cytokines such as IL-10 (Imaoka
et al., 2008). Probiotics attenuate intestinal histopathologic changes
induced by certain drugs in cancer treatment (Badgeley et al., 2021).
Probiotics can mitigate histopathological changes caused by certain
drugs in cancer treatment. They help restore the normal structure and
function of the gastrointestinal wall in experimental animals, and
alleviate the changes in gastrointestinal permeability that typically
occur during mucositis (Olazagoitia-Garmendia et al., 2024).
Furthermore, probiotics can also counteract the loss of mucin-
secreting goblet cells, or regulate the expression of genes that encode
mucin-secreting, ensuring the proper functioning of these cells. In
addition, probiotic treatment can improve the intestinal immune
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barrier by enhancing the production of intestinal IgA (Lopez-Gomez
etal., 2023).

A study investigated the impact of probiotic supplementation on
chemotherapy-induced gastrointestinal side effects in children with
acute leukemia. The finding revealed that three out of eight
gastrointestinal side effects (nausea, vomiting, and bloating) were
significantly reduced in the acute leukemia patients who received
probiotics. Additionally, daily supplementation with L. rhamnosus
effectively lowered chemotherapy-induced gastrointestinal side effects
in the children (Reyna-Figueroa et al, 2019). In another study
focusing on the effects of lactate synbiotics administration on
chemotherapy-induced diarrhea (CID), nausea, vomiting, and
constipation in children with ALL undergoing maintenance
chemotherapy, the incidence of constipation was significantly lower
in the group that received lactate synbiotics compared to the control
placebo group. The use of synbiotics supplements was found to
effectively reduce CID in patients and can be considered as a simple
and effective approach to alleviate CID in patients with ALL (Eghbali
et al., 2023; Zhang et al, 2023). A meta-analysis on the use of
probiotics for the prevention and treatment of CID found that
probiotics administration can effectively reduce the levels of serum
endothelin (ET), Diamine oxidase (DAQ), D-lactic acid, and TNF-a.
This helps decrease the permeability of the intestinal mucosa and
protect and repair the intestinal mucosal barrier function (Lu
etal., 2019).

The microbiota undergoes changes during the onset and
treatment of leukemia, and these changes may affect anti-leukemia
treatment and prognosis. Restoring the altered microbiota may
improve patient outcomes (Zhou Y. et al., 2022). Probiotics may help
manage the side effects of chemotherapy and radiotherapy for acute
leukemia, especially in reducing the infection risk and promoting
intestinal recovery after treatment-induced injury while restoring
normal function (Martyniak et al., 2023). Probiotics exert their
beneficial effects through four different mechanisms: competing with
pathogens for nutrients and adhesion sites, improving the barrier
function of the intestinal lining, regulating the immune system and
producing neurotransmitters such as gamma-aminobutyric acid
(GABA), and serotonin (Sanchez et al., 2017). The gut microbiota
changes throughout the progression of the disease, and certain
probiotics have been found to have a positive impact (Wieérs et al.,
2019; Huang et al, 2023). For example, Lactobacillus and
Bifidobacterium can interact with proteins that regulate the cell cycle,
thereby inhibiting the proliferation of cancer cells which are often
resistant to apoptosis. Lactobacillus and Bifidobacterium can
overcome this resistance by activating pro-caspase and down-
regulating anti-apoptotic Bcl-2 and up-regulating pro-apoptotic Bax
proteins (Nowak et al., 2019). Modifying diet, probiotic substances,
FMT, and antibiotic restoration can enhance the gut microbiome,
potentially providing therapeutic benefits for the prognosis of cancer
patients (Gately, 2019).

Cancer-induced nutritional deficiencies and nutritional
adverse effects may create a vicious cycle that is detrimental to the
treatment and prognosis of patients (Trujillo et al., 2018). The
influence of dietary intake on the response to cancer treatment,
particularly immunotherapy in melanoma patients, has been
attributed to the mechanisms involving dietary fiber and gut

microbiota (Spencer et al, 2021; Yang Y. et al, 2021).
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Understanding how diet affects the structure and function of
microbiota during cancer treatment, as well as the role of
microbiome modification in nutrient and drug metabolism, can
guide the development of a precise nutritional approach for cancer
treatment (Greathouse et al., 2022; Wei et al., 2022). The gut
microbiota can influence gene—environment interactions,
especially dietary interactions (Org et al., 2015). Furthermore,
prudent dietary patterns can significantly affect the presence of
certain bacteria, such as F nucleatum, which has been shown to
interact with the genetic characteristics of tumors (Hamada et al.,
2018). Therefore, the use of personalized precision nutrition
tailored to each patient’s needs can help regulate the balance of gut
microbiota and minimize the adverse effects of drugs, ultimately
improving patient prognosis. Probiotics have demonstrated
effectiveness in fighting various cancers and lowering the risk of
cardiovascular disease. It is crucial to reveal the complex
interactions among probiotics, the gut microbiota, and diverse
physiological systems, highlighting the importance of conducting
additional clinical trials (Naeem et al., 2024).

4 Application of the zebrafish model
in leukemia treatment

Zebrafish are a valuable animal model for leukemia research due
to their low feeding costs, short spawning cycle, high numbers,
capability of in vitro fertilization, transparent embryos, close
similarity to the human genome, and remarkably conserved blood
system (Robertson et al., 2016; Tanguay, 2018). In contrast to other
animal models, the in vitro fertilization and embryonic transparency
of zebrafish allow for direct use in live imaging and are easily
manipulated. This facilitates the visualization and study of specific
cell lineages and the monitoring of leukemia initiation and
progression in live zebrafish (Harrison et al., 2016). Especially, in the
early stages of development, zebrafish lack a functional adaptive
immune system, thus it is easy to study their innate immune system
in the absence of an adaptive immune system. This feature allows for
the establishment of hematological tumor xenograft models to
explore the efficacy and toxicity of different anti-leukemia drugs
during the zebrafish embryonic period (Page et al., 2013). The optical
transparency of zebrafish enables in vivo imaging, making the reverse
genetic characterization of CRISPR-Cas9 gene editing technology a
widely utilized approach in zebrafish disease models (Cong
et al., 2013).

Human leukemia genes can be integrated into the zebrafish
genome by CRISPR-mediated double-strand breaks and sequence
donors specifically designed based on DNA repair mechanisms
(Haapaniemi et al., 2018). For example, microinjection of the
human mixed lineage leukemia 1 (MLL1)-AF 9 fusion gene
normally results in AML, and microinjection of its mRNA into
zebrafish embryos recapitulates the myeloproliferative disorders
observed in murine models and in human disease (Tan et al.,
2018). A T-ALL transgenic zebrafish model was used to determine
the effectiveness of leukemia in eliminating immature T cells in
developing zebrafish, suggesting the utility of zebrafish models for
antitumor drug candidate identification and providing a new
approach for targeted leukemia treatment (Ridges et al., 2012). Gut
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microbes have the ability to regulate immune cell activity and
inflammation-related factors thereby influencing the immune
system. Similar findings have been observed in zebrafish
experiments, where intestinal microbiota regulates intestinal
tumor necrosis factor receptors and alkaline phosphatase to
maintain normal levels of neutrophils. This will facilitate the
alleviation of intestinal inflammation induced by leukemia
treatment (Bates et al., 2007).

L-asparaginases can be used for consolidation therapy in the
induction phase of ALL. One study revealed very similar activity
to Leucoginase by injecting zebrafish with recombinant
Lactobacillus L-asparaginase 1. Toxicity studies have indirectly
demonstrated that Lactobacillus L-asparaginase is a better choice
for the treatment of ALL (Suresh et al., 2020). Additionally,
supplementation of zebrafish with SCFAs after tail trauma has been
shown to reduce the recruitment of pro-inflammatory cells and
neutrophils to the wound (Cholan et al., 2020). These findings lay
the foundation for further investigation into the association
between gut microbiome dysbiosis and the development of
leukemia. A zebrafish T-ALL model was employed to evaluate
drug-induced cell death in zebrafish ALL using a high-throughput
screening platform. The effectiveness of high-throughput drug
screening in detecting potent synergistic effects between novel
T-ALL drug combinations involving AKT/mTORCI inhibitors and
dasatinib (a broad-spectrum tyrosine kinase inhibitor) (Laukkanen
etal, 2022). The establishment of zebrafish models suggest that the
impact of probiotic drugs on zebrafish leukemia models might
be possible. The exploration of zebrafish models for mimicking
human diseases, leveraging the CRISPR-Cas system and the Tol2
transposon system, has demonstrated the potential of both
genetically engineered and induced zebrafish leukemia models in
studying the genetic heterogeneity of leukemias and advancing
related drug discovery. However, these models remain limited in
their contribution to the future of precision therapy for leukemia
patients, primarily due to the high complexity of recurrent
mutations and the aggressive nature of leukemias (Vi et al., 2022).

The spatial distribution and coherence of bacterial strains in
zebrafish exhibit significant variability, suggesting the potential for
targeted manipulation and control of gut microbiota in specific
regions. This manipulation could potentially help alleviate symptoms
related to leukemia treatment (Zhong et al., 2022). Zebrafish have
become a popular model for studying both normal and malignant
blood cell development in humans, as well as for screening drugs
related to blood disorders (Ye et al, 2019). Modifying the gut
microbial composition in zebrafish can influence the functions of
intestinal cells not only in terms of cellular metabolism but also the
nervous system and bone health (Carnovali et al., 2021). The
leukemia model of zebrafish offers new insights for probiotics-
assisted treatment of leukemia. Additionally, using zebrafish disease
models to understand the relationship between probiotics and the
prognosis of leukemia treatment may help unravel the mysteries of
curing leukemia.

Probiotics can help maintain a healthy balance of microorganisms
in the intestines, which can potentially serve as an auxiliary means to
prevent and alleviate adverse drug reactions (Ren et al., 2022). The gut
microbiome could impact immune regulation, reduce inflammation,
and restore intestinal homeostasis. Monitoring changes in gut
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microbial diversity and composition before and after treatment can
be useful in predicting the occurrence of adverse reactions to
chemotherapy (Xia et al., 2023). Thus, probiotics can be used in
conjunction with anti-cancer drugs to help reduce inflammation levels
(Sharma et al., 2021). Personalized therapeutic strategies should
consider individual variations in gut microbiota, as well as the
phenotypes and genotypes of hematologic malignancies. This approach
involves meticulous drug sensitivity testing and customized nutritional
plans tailored to create optimal conditions for effective dietary and
probiotic supplementation, aiming to reduce gastrointestinal side
effects and reinforce the immune barrier in hematologic malignancies
(Song et al., 2020). A quantitative experimental framework that maps
the human microbiome’s ability to metabolize small molecule drugs,
known as microbiome-derived metabolism-screen, has been
developed (Javdan et al., 2020). This study identifies interactions
between drugs and the microbiome among different individuals,
highlighting the potential for using the gut microbiome in drug
development and personalized medicine. These findings provide new
insights into the role of the microbiome and probiotics in personalized
treatment of leukemia (Wen et al., 2019).

5 Perspectives

Currently, it remains crucial to investigate the underlying
mechanisms through which probiotics can contribute to the
treatment of leukemia. It is important to thoroughly examine the
relationship between probiotics and leukemia. Thus, we can
potentially develop more precise and targeted therapeutic approaches,
such as specific probiotic supplements, microbiome transplants, and
dietary interventions that promote beneficial microbial populations.
This focused approach can be more effective than non-targeted
probiotic supplements and may help reduce leukemia incidence and
eliminate the need for anti-leukemia treatments with long-term
health impacts.
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