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Microbiota modulation for
infectious complications
following allogeneic
hematopoietic stem cell
transplantation in pediatric
hematological malignancies

Wei Dai', Xiaofan Chen', Huanhuan Zhou', Ning Liu', Mengdi Jin*
and Zhi Guo*

Department of Hematology, Huazhong University of Science and Technology Union Shenzhen
Hospital, Shenzhen, China

The intervention of microbiota modulation in the treatment of infection
complications after allogeneic hematopoietic stem cell transplantation in
pediatric patients with hematological malignancies has shown potential
benefits. Through the use of probiotics, prebiotics, synbiotics, and fecal
microbiota transplantation (FMT), these interventions modulate the gut
microbiota and enhance immune function to prevent and treat infections.
They have been shown to reduce the incidence of diarrhea and intestinal
infections, mitigate the issue of antibiotic resistance, and promote the
recovery of gut microbiota. Future research is needed to further assess the
safety and efficacy of these interventions and to establish standardized
treatment protocols.

KEYWORDS

microbiota modulation, gut microbiota, pediatric hematological malignancies,
allogeneic hematopoietic stem cell transplantation, infection complications

1 Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is one of the effective
therapeutic strategies for pediatric hematological malignancies, particularly for high-risk
conditions such as acute leukemia. Despite the maturation of transplantation
techniques, infections following allo-HSCT remain a primary factor affecting patient
prognosis and survival rates. These complications not only increase the complexity and
economic burden of treatment but also pose a serious threat to patients’ lives. The
extensive use of traditional anti-infective treatments, such as antibiotics, although
effective in controlling infections in the short term, has led to long-term issues such as
antibiotic resistance and dysbiosis of the gut microbiota. The gut microbiota, which
refers to the collective of various microorganisms residing in the gut and their genomes,
plays a crucial role in maintaining host immune balance, metabolic regulation, and
defense against pathogen invasion. A healthy gut microbiota is characterized by high
diversity and stability, effectively resisting the colonization and proliferation of
pathogens. However, during the allo-HSCT process, due to high-dose chemotherapy
and radiotherapy conditioning, the use of broad-spectrum antibiotics, and the
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application of immunosuppressive agents, the gut microbiota of
patients is often severely disrupted, leading to a significant
decrease in microbial diversity and an increased susceptibility to
pathogen colonization and infection (1).

In recent years, microbiota modulation, as a novel therapeutic
strategy, has gradually attracted the attention of researchers and
clinicians. Microbiota modulation primarily includes probiotics,
prebiotics, synbiotics and fecal microbiota transplantation (FMT),
aiming to regulate and restore the balance of the gut microbiota,
enhance the host’s immune function, and prevent and treat
infectious complications. Numerous studies have demonstrated
that probiotics have

and prebiotics significant effects in

preventing and  treating  antibiotic-associated  diarrhea,
Clostridium difficile infection, and acute graft-versus-host disease
(GVHD) (2). EMT can rapidly restore the diversity of the gut
microbiota by transplanting the fecal microbiota from healthy
donors into the patient’s gut, which is considered an effective
method for treating recurrent Clostridium difficile infection (3).
The application prospect of microbiota modulation is broad in
pediatric patients with hematological malignancies after allo-
HSCT. Pediatric patients’ immune systems are not fully mature
and are more susceptible to the threat of infection; therefore, it is
particularly important to effectively prevent and treat infectious
complications. Microbiota modulation can not only serve as an
auxiliary means of anti-infective treatment but also may improve
the overall prognosis of patients by modulating the host’s immune
response and reducing the incidence of acute GVHD (4, 5).

Although progress has been made in the study of microbiota
modulation in adult patients, their application in pediatric
patients is still in the exploratory stage. Pediatric patients have
unique characteristics of the gut microbiota (6), and their
response to microbiota modulation may differ from that of
adults. During infancy, particularly in the first two years after
birth, the composition and diversity of the gut microbiota
undergo significant changes, but this variation tends to stabilize
after the age of three, and gradually approaches the microbial
community structure of adults (7, 8). Therefore, more clinical
studies are needed to evaluate the safety and efficacy of
microbiota modulation after allo-HSCT in pediatric patients with
hematological malignancies. In addition, the optimal timing,
dosage, and regimen need to be explored to achieve personalized
treatment. This article reviews the application of microbiota
modulation in infection complications after allo-HSCT in
pediatric patients with hematological malignancies.

2 Infections following allo-HSCT
2.1 Common types of infections

Infections following allo-HSCT are a major clinical issue in
pediatric patients with hematological malignancies. Common
types of infections include bacterial, fungal, and viral infections.
Bacterial infections are primarily caused by Gram-negative and
Gram-positive organisms, with common pathogens including
Escherichia coli, and Pseudomonas

Staphylococcus  aureus,
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aeruginosa (9). Fungal infections commonly involve Candida
species, Aspergillus species, and Cryptococcus species (10). Viral
infections are mainly caused by human herpesviruses,
Cytomegalovirus (CMV), and adenoviruses (11). The infection
rates of various pathogens differ significantly between children
and adults after allogeneic transplantation. Regarding viral
infections, the rate of CMV infection in children varies widely
across studies. Some studies report a CMV infection rate of
28.9% in children compared to 24.7% in adults (12), while
prospective studies have shown that the CMV infection rate in
children can be as high as 61.3% (13). High viral load (>10,000
copies/ml) is more common in children and is significantly
associated with reduced overall survival (14). Similarly, the
Epstein-Barr virus (EBV) infection rate is significantly higher in
children than in adults (19.4% vs. 1.9%) (12), and the incidence
of EBV-associated post-transplant lymphoproliferative disorder
in children is as high as 2.6% (15). The adenovirus infection rate
in children ranges from 7.4% to 36.7%, which is only 2.9% in
adults. The BK virus is 21.0%
significantly higher than the 5.2% rate observed in adults (12). In

infection rate in children,
terms of fungal infections after allogeneic transplantation,
children are at higher risk of late-onset fungal infections due to
stronger immunosuppression. The fungal infection rate in
children is 28.3%, compared to 14.0% in adults. Invasive
aspergillosis and candidiasis are the primary types of fungal
infections in children (12, 16). Regarding bacterial infections,
although the overall infection rate in pediatric patients is slightly
lower than that in adults (36.9% vs. 41.1%) (12), the cumulative
incidence of Clostridium difficile infection (CDI) is higher in
children than in adults (17% vs. 11%) (17). There are also
significant differences in the distribution of pathogens and
After
hematopoietic stem cell transplantation (allo-HSCT), Gram-

antibiotic  resistance  patterns. pediatric  allogeneic
negative bacteria, such as Escherichia coli and Pseudomonas

aeruginosa, account for approximately 60% of bacterial
infections, compared to 50% in adults (9). In contrast, infections
caused by Gram-positive bacteria, such as Staphylococcus aureus,
are less common in children (25% vs. 35%) (12). Moreover,
(MDR)

carbapenem-resistant Enterobacteriaceae (CRE) and vancomycin-

multidrug-resistant bacterial infections, including
resistant Enterococcus (VRE), are increasingly prevalent in
children. A multicenter study showed that 18% of pediatric allo-
HSCT recipients had MDR infections, compared to 12% in
adults, which may be attributed to prolonged antibiotic use and
immature immune systems in children (18, 19). These differences
highlight the necessity of developing infection control strategies

tailored to different age groups.

2.2 Mechanisms of infection

The susceptibility to infection is multifactorial, primarily
driven by immunosuppression, neutropenia, and epithelial barrier
disruption (20). Immunosuppression, induced by chemotherapy
and conditioning regimens, compromises both cellular and
humoral immunity, increasing vulnerability to pathogens. Risk
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variability arises from factors such as underlying malignancies,
(21).
Neutropenia, a hallmark of post-transplant immune depletion,

treatment intensity, and genetic predispositions
directly impairs the innate defense against bacterial and fungal
infections, as neutrophils constitute two-thirds of circulating
leukocytes (22). Finally, epithelial barrier damage caused
by procedures

facilitates pathogen invasion. Notably, pediatric patients,

chemotherapy, radiation, or invasive
particularly neonates, face heightened risks due to immature
barrier integrity (23).

During the process of allo-HSCT, patients undergo high doses
of chemotherapy and radiotherapy as conditioning to eradicate
tumor cells and immune cells within the body. This procedure
not only kills tumor cells but also severely disrupts normal
immune cells and the gut microbiota. The immunosuppressed
state following conditioning makes patients highly susceptible to
infections. Moreover, the use of broad-spectrum antibiotics
further disrupts the gut microbiota, leading to a decrease in
beneficial bacteria and allowing pathogenic bacteria to colonize
and proliferate (24, 25). The gut microbiota plays a crucial role
in maintaining the integrity of the intestinal barrier and immune
balance. A healthy gut microbiota, characterized by high diversity
and stability, can resist the invasion of pathogenic bacteria
through various mechanisms, including competitive inhibition of
pathogen colonization, production of antimicrobial substances,
and regulation of the host’s immune response (26, 27). However,
the gut microbiota is destructed during allo-HSCT, which
weakens these defense mechanisms and allow pathogenic
bacteria to breach the intestinal barrier and cause systemic
infections (28). As illustrated in Figure 1, the combined effects of
antibiotics, and

conditioning regimens, immunosuppression

disrupt the gut microbiota and epithelial barrier, which creates

10.3389/fped.2025.1509612

an environment conducive to pathogen colonization and systemic
dissemination (24, 29).

2.3 The impact of infection on transplant
success rates and patient survival rates

Infectious complications significantly impact the success rate of
allo-HSCT and the survival rate of patients. Infections not only
increase the risk of transplant failure but also markedly reduce
the overall survival rate of patients. Studies have indicated that
infections are one of the primary causes of early mortality
following allo-HSCT, particularly within the first 100 days post-
transplantation (30). It is critical to control infections in post-
transplant management in the case of the high incidence and
case fatality rate of bacterial and fungal infections. Bacterial
infections typically occur early after allo-HSCT, manifesting
mainly as bacteremia and sepsis. The high incidence of bacterial
infections is closely associated with the use of broad-spectrum
antibiotics, leading to the emergence of an increasing number of
drug-resistant strains (31). Fungal infections are more likely to
occur in the middle to late post-transplant period, presenting
mainly as invasive fungal diseases, which are usually difficult to
treat and have high mortality rates. For instance, the cumulative
incidence of invasive aspergillosis in allo-HSCT patients can
reach 9.6%, with a mortality rate as high as 20.7% (32).

Viral infections are also very common in allo-HSCT recipients,
particularly CMV infection. CMV infection not only directly leads
to viral pneumonia, gastroenteritis and hepatitis, but also increases
the risk of acute GVHD by activating the host’s immune
response (33). Studies have shown that CMV infection is closely
related to the incidence and severity of acute GVHD, and the
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FIGURE 1
Mechanisms of gut barrier disruption post-allo-HSCT. High-dose chemotherapy and radiotherapy damage intestinal epithelial cells and reduce mucus
production.Broad-spectrum antibiotics deplete commensal bacteria (e.g., Bifidobacterium and Lactobacillus), impairing microbial diversity and SCFA
synthesis. Loss of tight junction proteins (e.g., ZO-1, occludin) and dysregulated immune responses (e.g., reduced Tregs, increased pro-inflammatory
cytokines) further compromise barrier integrity. Pathogens (e.g., E. coli, S. aureus, Candida) exploit these vulnerabilities to translocate across the
barrier, leading to systemic infections. TcdA and TcdB: Toxins A and B of Clostridium difficile are key virulence factors contributing to epithelial
damage and inflammatory responses.
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presence of CMV infection significantly reduces the long-term
survival rate of patients (34). Therefore, to improve the success
rate of allo-HSCT and the survival rate of patients, it is key to
effectively preventing and treating infectious complications.
Microbiota modulation, as an emerging therapeutic strategy, is
gradually receiving attention in the prevention and treatment of
infectious complications.

3 The relationship between the
microbiota and the immune system

3.1 The definition and composition of the
microbiota

The gut microbiota refers to the collective sum of various
their that
gastrointestinal tract, including bacteria, fungi, viruses and

microorganisms and genomes reside in the
archaea (35). The gut microbiota plays a significant role in the
health and disease of the host, and the stability of its
composition and function is crucial for maintaining the host’s
physiological balance (36). The gut microbiota from a healthy
human is characterized by high diversity and stability, primarily
composed of four bacterial phyla: Bacteroidetes (23%), Firmicutes
(64%), Actinobacteria (3%), and Proteobacteria (8%) (37). The
with the host

mechanisms, including the production of metabolic byproducts,

gut microbiota interacts through various
absorption of nutrients, regulation of the immune system, and
defense against pathogens (38). The gut microbiota is capable of
breaking down complex carbohydrates in food, producing short-
chain fatty acids (SCFAs) such as acetate, propionate, and
butyrate (39), which not only provide energy for intestinal
epithelial cells but also play an important role in regulating the
host’s immune response (40).

3.2 The role of the microbiome in immune
regulation

The impact of the microbiota on the immune system,
particularly its role in the balance of cytotoxic CD8+ cells and
Tregs, has been mentioned in numerous studies. For example,
the microbiota plays a role by regulating the
differentiation of Th17 cells and the function of CD8+ T cells in
the gut and skin, which are central to the pathophysiology of
GVHD (41, 42). In addition, research has shown that the
microbiota influences immune balance by regulating specific

crucial

immune responses, including the effector function and memory
potential of CD8+ T cells (43).

The gut microbiota plays a pivotal role in modulating the host’s
immune system. Initially, the gut promote the development and
maturation of the immune system through interactions with
intestinal epithelial cells and immune cells (44). Studies have
shown that the gut microorganism can activate innate immune
responses by recognizing pattern recognition receptors such as
Toll-like receptors and NOD-like receptors, and regulate adaptive
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immune responses by producing cytokines and chemokines (45).
Secondly, the gut microorganism can modulate host immune
responses through its metabolic products, such as SCFAs and
secondary bile acids (46). SCFAs can suppress inflammatory
responses by binding to G protein-coupled receptors, promoting
the differentiation of regulatory T cells, thereby maintaining
immune tolerance and balance (47). Secondary bile acids, on the
other hand, can regulate intestinal barrier function and immune
responses by binding to the farnesoid X receptor and G protein-
coupled bile acid receptor 1 (48). Indole and its derivatives are
tryptophan metabolites derived from the gut microbiota, possessing
a range of biological activities closely associated with the gut flora.
They not only promote the proliferation and repair of intestinal
epithelial cells but also enhance mucosal immune function,
facilitating the secretion of antimicrobial peptides and mucus.
Indole compounds have also been found to regulate intestinal
barrier function and inhibit inflammatory responses (49). As
depicted in Figure 2, SCFAs exert multifaceted immunoregulatory
effects. Butyrate binds to GPR43 on epithelial cells, inhibiting NF-
kB and reducing IL-6 production (47). Concurrently, it activates
the NLRP3
18-mediated mucosal repair (40). SCFAs also suppress neutrophil

inflammasome in macrophages, enhancing IL-
migration via histone deacetylase (HDAC) inhibition, preventing
tissue damage from excessive inflammation. Furthermore, DCs
exposed to propionate upregulate RA and IL-10, which promote
FoxP3+ Treg differentiation while inhibiting Th17 pathways,
thereby maintaining immune tolerance (46, 47).

3.3 The impact of post-transplant
microbiota dysbiosis

Post-transplant microbiota dysbiosis exacerbates infection risks
and disrupts immune homeostasis. Reduced microbial diversity
impairs intestinal barrier integrity through diminished tight
junction protein expression and epithelial cell function, enabling
pathogen translocation and systemic inflammation (29, 50).
Concurrently, the loss of beneficial taxa (e.g., Bifidobacterium)
further
microbiota. Critically, dysbiosis correlates with acute GVHD

promotes pathogenic overgrowth, destabilizing the
severity; low microbial diversity is linked to a 3-year survival rate
of 36% vs. 67% in high-diversity cohorts (51). Mechanistically,
dysbiosis disrupts immune tolerance by skewing Treg/Th17
balance and elevating proinflammatory cytokines (e.g., IL-6,
TNF-0), as evidenced by reduced GVHD incidence in patients

with restored microbiota (52).
4 The application of microbiota

modulation in pediatric HSCT

4.1 The theoretical basis of microbiota
modulation

Microbiota modulation is a method that aims to improve
health status and treat diseases by modulating and restoring the
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Immunomodulatory effects of SCFAs on intestinal homeostasis. SCFA signaling via GPCRs (e.g., GPR43) suppresses NF-kB activation, reducing pro-
inflammatory cytokines (e.g., IL-6, TNF-a). NLRP3 inflammasome modulated by butyrate enhances IL-18 secretion, promoting epithelial repair.
Neutrophil chemotaxis is regulated through HDAC inhibition, limiting excessive infiltration. Dendritic cells (DCs) exposed to SCFAs upregulate
retinoic acid (RA) and IL-10, driving Treg differentiation and suppressing Th17 responses.

balance of the host’s microbiome (53). The gut microbiota plays a
crucial role in the host’s immune regulation, nutrient absorption,
and pathogen defense. The core concept of microbiota
modulation is to restore and maintain the diversity and stability
of the gut microbiota by using beneficial microorganisms,
substances that promote the growth of beneficial microorganisms
(prebiotics), and combinations of both (synbiotics), thereby
enhancing the host’s immune function and preventing and
treating infectious complications (54).

The immune system of children is not yet fully mature, making
them more susceptible to infection compared to adults. Therefore,
when using microbiota modulation (such as FMT or live bacterial
preparations), several aspects need to be particularly considered.
Firstly, there are differences in the immune system: children’s
immune systems are in a developmental stage, relying on innate
immunity rather than mature adaptive immunity. This makes
their defense against foreign pathogens weaker and also results in
different responses to vaccines and treatments (55). The immune
system of children is more sensitive to pathogens, but its
regulatory mechanisms are not yet fully developed (56).
Secondly, there is an increased risk of infection. Due to the
immaturity of the immune system, children undergoing immune
reconstitution (such as allogeneic hematopoietic stem cell
transplantation) have a significantly higher risk of infection
complications, including pulmonary infections (57). Therefore,
children may be more prone to infections when using
microecological agents. Finally, regarding the impact of the
microbiota: early exposure to microorganisms has a long-term

positive effect on the child’s immune system, enhancing the
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function of natural killer cells and reducing the incidence of
inflammatory diseases. However, if the composition of the child’s
microbiota is not yet stable, it may affect the efficacy of
microbiota modulation (58).

Probiotics refer to live microorganisms that confer health
benefits to the host. Common types of probiotics include lactic
acid bacteria such as Lactobacillus (LGG) and Bifidobacterium, as
well as yeast (e.g., Saccharomyces boulardii) (59). Probiotics exert
their beneficial effects through various mechanisms, including
competitive inhibition of pathogen colonization, enhancement of
of host
responses, and production of antimicrobial substances (60). For

intestinal barrier function, modulation immune
instance, Lactobacillus rhamnosus can inhibit the growth of
pathogens through competitive inhibition and production of
lactic acid, and also reduce inflammatory responses by regulating
immune reactions (61). Prebiotics refer to indigestible food
components that beneficially affect the host’s health by selectively
promoting the growth and/or activity of one or a few
beneficial microorganisms. Common  prebiotics include
Fructooligosaccharide (FOS), inulin, and Galacto-oligosaccharides
(GOS) (62). Prebiotics indirectly inhibit the colonization and
proliferation of pathogens by promoting the growth of beneficial
bacteria. For example, FOS can selectively promote the growth of
Bifidobacterium and increase the production of SCFAs, thereby
enhancing intestinal barrier function and immune regulation
(63). Synbiotics refer to the combination of probiotics and
prebiotics, which enhance the beneficial effects on host health
through actions. only provide

synergistic Synbiotics not

probiotics but also provide nutritional support for them,
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promoting their colonization and growth in the intestine, thereby
enhancing their anti-infective and immune-modulating effects.
For example, synbiotic formulations containing LGG and FOS
can significantly reduce the incidence of intestinal infections and
enhance the host’s immune function by regulating the intestinal
microbiota (64).

4.2 The application of microbiota
modulation in the management of different
types of infections

Bacterial infections are one of the common complications
following allo-HSCT in pediatric hematological malignancy
patients. The use of broad-spectrum antibiotics, while effective in
controlling bacterial infections, can also disrupt the gut
microbiota, leading to issues such as antibiotic-associated
and CDI (65). The application

and prebiotics is gaining increasing attention in the prevention

diarrhea of probiotics
and treatment of bacterial infections. Prebiotics such as FOS and
GOS can indirectly inhibit the colonization and proliferation of
pathogens by selectively promoting the growth of beneficial
bacteria, thereby reducing the incidence of bacterial infections.
Fungal infections are another common complication after allo-
HSCT, with
function. Due to their extremely high mortality rate, the

especially in patients compromised immune
prevention and treatment of fungal infections have become a
focus in clinical practice. Of course, there are notable distinctions
in terms of infection and the microbiome between pediatric and
adult patients with hematological malignancies. To begin with,
children’s immune systems are not yet fully mature, characterized
by reduced thymic function, lower T-cell diversity and maturity,
which predisposes them to infections and leads to a higher rate
of infection-related complications. Furthermore, the intestinal
microbiome in children is more dynamic and unstable than that
in adults, which could influence their susceptibility to infections.
Moreover, interventions such as chemotherapy and antibiotic
therapy have different effects on the microbiota of children and
adults, which further complicates the research. These differences
may affect the efficacy of microecological interventions, such as
the use of probiotics or fecal microbiota transplantation (66-68).

In children under 3 years of age, the composition of gut
microbiota remains in a dynamic state for up to 6 months
following allogeneic transplantation, whereas in adult patients,
microbiota diversity typically stabilizes within 3 months post-
This
colonization efficacy of FMT. Due to the lower resistance of the

transplantation  (58). discrepancy may influence the
pediatric gut environment to donor microbiota colonization,
FMT may require more frequent interventions or adjustments to
the donor microbiota composition. For instance, children exhibit
lower abundances of Bifidobacterium and Lactobacillus, while the
colonization rates of potential pathogens (e.g., Enterococcus) are
higher. Therefore, donor selection should prioritize microbial
communities capable of replenishing specific beneficial bacteria
(8). Additionally, children’s immune systems are more dependent
on microbial metabolites, such as short-chain fatty acids, which
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may necessitate donor microbiota with higher metabolic activity
to support immune regulation (39). Of course, donor screening
for pediatric FMT requires special attention to pathogen risks.
The carrier rates of EBV and adenovirus may be higher in
pediatric donors. These pathogens could be transmitted to
immunocompromised recipients via FMT without rigorously
screened, leading to severe complications (69). Thus, it is
detection

recommended to advanced molecular

(e.g.
screening of donor samples in pediatric FMT. Additionally,

employ

techniques metagenomic sequencing) for pathogen

selecting age-matched donors is preferred to optimize
microbiome compatibility. Pediatric-specific microbial biomarkers
need to be further explored in future research to guide the
development of personalized FMT strategies (70).

The application of probiotics in the prevention and
treatment of fungal infections holds potential. The use of
probiotic formulations can significantly reduce the incidence
of fungal infections and enhance the host’s immune function
by modulating the gut microbiota. Viral infections are another
common complication following allo-HSCT, particularly CMV
infections. CMV infection not only directly leads to viral
pneumonia, gastroenteritis and hepatitis, but also increases the
risk of acute GVHD by activating the host’s immune response.
Probiotics can regulate the gut microbiota and enhance the
host’s immune function, thereby combating viral infections.
Moreover, prebiotics such as FOS and GOS can indirectly
enhance the host’s antiviral capabilities by promoting the
growth of beneficial bacteria, thereby reducing the incidence of
viral infections. For instance, GOS can increase the proportion
of natural killer cells in the spleen and mesenteric lymph
nodes, which is particularly important for antiviral immune

responses (Table 1).

4.3 Microbiota modulation in reducing drug
resistance in post-transplant infections

Research on the application of microbiota modulation in
pediatric allo-HSCT patients is gradually increasing, with
significant effects observed in the prevention and treatment of
post-transplant infectious complications. Microbiota modulation
has shown notable anti-infective efficacy in pediatric patients
undergoing allo-HSCT, effectively preventing and treating post-
transplant infectious complications. In the context of anti-
infective treatment after allo-HSCT, the extensive use of
antibiotics, while effective in controlling infections in the short
term, has also led to the issue of antibiotic resistance. Antibiotic
resistance not only increases the complexity of treatment and
the economic burden, but also poses a serious threat to
patients’ lives. Microbiota modulation, as an emerging
therapeutic strategy, plays a significant role in reducing
antibiotic resistance. Studies have shown that probiotics and
prebiotics can reduce antibiotic resistance through various
mechanisms. Firstly, probiotics have been demonstrated to
inhibit the growth of pathogens by competing for adhesion sites

in the gut, producing antimicrobial substances, and modulating
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TABLE 1 Research on the application of microbiota modulation in the management of infections.

Type of study Number of Research contents Research results Reference
patients
included
An analysis of 31 5,029 An analysis of the efficacy and safety evidence of S.boulardii significantly reduces the incidence of (71)
randomized S.boulardii in the treatment of various types of diarrhea in patients receiving B-lactam antibiotic
controlled trials antibiotic-associated diarrhea in adults. therapy compared to placebo.
Randomized 81 Participants were randomly assigned to receive a dose | The use of probiotic preparations containing (72)
controlled trial. of 6 x 10° colony-forming units of LGG (1 =45) or a | Lactobacillus can significantly reduce the incidence of
similar placebo (n = 36), administered orally twice intestinal infections in pediatric patients undergoing
daily during their hospital stay. allo-HSCT, and by enhancing intestinal barrier
function and immune regulation, it can also decrease
the inflammatory response.
Observational study 1,362 The composition of the microbiota in fecal samples | Two cohorts consisting of 8,767 fecal samples were (73)
from patients undergoing allo-HSCT was analyzed analyzed. In cohort 1, there were 104 deaths among
using 16S rRNA gene sequencing, and the association | 354 patients in the high diversity group, compared to
between microbiota diversity and mortality was 136 deaths among 350 patients in the low diversity
examined using Cox proportional hazards analysis. | group; the adjusted hazard ratio was 0.71. In cohort 2,
there were 18 deaths among 87 patients in the high
diversity group, and 35 deaths among 92 patients in
the low diversity group; the adjusted hazard ratio was
0.49, indicating that a higher diversity of the gut
microbiota is associated with a lower risk of death.
Retrospective study 7 Seven hematopoietic stem cell transplant recipients | Six patients received FMT via the nasojejunal route, (74)
with CDI were treated with FMT, and laboratory and one patient received oral FMT capsules. The
testing for 32 potential pathogens was conducted on | average follow-up duration was 265 days. Minor
both serum and fecal samples. adverse reactions following FMT included self-
limiting bloating and a sense of urgency. No serious
adverse events were identified, and of the seven
patients, six (85.7%) did not experience a recurrence.
Randomized 50 The efficacy of prebiotics in pediatric allo-HSCT was | The gut microbiota diversity significantly increased in (75)
controlled trial assessed, with participants randomly assigned to a the prebiotic group, and the incidence of gut
prebiotic group or a control group. The prebiotic infections was significantly reduced in the prebiotic
group received a prebiotic preparation containing group compared to the control group (15% vs. 35%,
FOS daily for a duration of 4 weeks. p<0.05).

immune responses, thereby reducing the frequency on antibiotic
use (76). For example, Lactobacillus rhamnosus can inhibit the
growth of pathogens by producing lactic acid and hydrogen
peroxide, thereby reducing the use of antibiotics (77).

Prebiotics can indirectly inhibit the colonization and
proliferation of pathogens by selectively promoting the growth
of beneficial bacteria, thereby reducing the frequency of
antibiotic use. For instance, FOS can enhance the growth of
Bifidobacterium and increase the production of SCFAs, which
in turn strengthens the intestinal barrier function and immune
modulation, reducing the colonization and proliferation of
pathogens. Moreover, synbiotics, as a combination of probiotics
and prebiotics, enhance the beneficial effects on host health
through synergistic actions, thus reducing the frequency of
antibiotic use. A study evaluated the effect of microbiota
modulation in reducing antibiotic resistance, which included
100 pediatric
assigned to a microbiota modulation group and a control

patients undergoing allo-HSCT, randomly
group, the intervention group received a synbiotic preparation
containing LGG and FOS daily for 4 weeks (18). The results
showed that the frequency of antibiotic use in the intervention
group was significantly lower than that in the control group
(25% vs. 45%, p<0.05), and the antibiotic resistance in the
intervention group was significantly reduced (10% vs. 30%,
p<0.05). These studies indicate that microbiota modulation
significantly reduces antibiotic resistance, effectively decreasing
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the frequency of antibiotic use and the occurrence of
antibiotic resistance.

5 Exploration of microbiota
transplantation

Microbiota transplantation is a method to restore the balance
of the recipient’s gut microbiota by transplanting the intestinal
microbial community from a healthy donor (78). FMT is
the most common form of microbiota transplantation and
has shown significant effects in treating recurrent and
refractory CDI. For instance, a study demonstrated that 81%
of patients who received fecal matter from a donor via
duodenal infusion resolved their CDI-related diarrhea after the
first infusion (79). Another randomized controlled study also
indicated that FMT is more effective in treating CDI than
standard antibiotic therapy (80). Moreover, systematic reviews
and meta-analyses support the efficacy of FMT in treating
recurrent and refractory CDI (81). In recent years, the
application of FMT in the treatment of other infectious and
non-infectious diseases has also gradually attracted attention.
FMT restores the diversity and stability of the recipient’s gut
microbiota by transplanting the fecal microbial community
from a healthy donor, thereby enhancing the host’s immune
function (82). Similarly, FMT can rapidly enhance intestinal
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barrier function, which effectively prevent and treat
infectious complications.
5.1 The application of fecal microbiota
transplantation

The application of FMT includes oral administration,

nasogastric tube delivery, colonoscopy, and enema. Oral FMT is
the most common method, typically in the form of capsules.
Nasogastric tube FMT involves the direct injection of donor fecal
suspension into the gastrointestinal tract to increase its intake.
Colonoscopy FMT involves the direct injection of donor fecal
suspension into the colon to enhance colonization rates. Enema
FMT involves the injection of donor fecal suspension into the
rectum to increase intake. Before FMT, detecting gut microbiota
can timely identify abnormalities in disease-related flora, which is
significant for monitoring the efficacy of FMT. In the field of gut
microbiota research, both basic and clinical, there is a need for
standardized procedures in laboratory testing methods and quality
control measures (70). Although FMT has shown significant
effects in treating recurrent CDI, its application in pediatric
patient undergoing allo-HSCT should be approached with caution
(69). Pediatric patients have unique gut microbiota characteristics,
and their response to FMT may differ from adults. Studies have
that
immunocompromised patients. Therefore, strict donor screening

shown FMT may pose potential infection risks in
and stringent sterile procedures should be implemented before

FMT treatment to reduce the risk of infection (83).

5.2 Safety and efficacy assessment

The application of microbiota modulation in pediatric patients
with hematological malignancies following allo-HSCT shows
promise, but the assessment of its safety and efficacy remains a
those
undergoing immune reconstitution, are at heightened risk of

significant challenge. Pediatric patients, particularly
infections due to their immature immune systems. Therefore,
rigorous donor screening and stringent sterile procedures are
essential before microbiota modulation interventions. For instance,
advanced molecular detection techniques (e.g., metagenomic
sequencing) should be employed to screen donor samples for
pathogens such as EBV and adenovirus, which pose significant
risks to immunocompromised recipients (69). Additionally, while
probiotics and prebiotics are generally considered safe in healthy
populations, their use in immunocompromised patients requires
careful evaluation. Rare cases of Lactobacillus rhamnosus-
associated bacteremia have been reported, underscoring the need
for strict monitoring (84). Despite promising results from clinical
trials, the efficacy of microbiota modulation in preventing and
treating post-allo-HSCT infectious complications still requires
further validation. Large-scale, multicenter randomized controlled
trials are needed to establish standardized protocols and optimize
intervention strategies. Future research should also focus on
modulation

developing personalized microbiota approaches,
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leveraging genomic analysis and machine learning to predict
patient-specific responses (85). By addressing these challenges,
microbiota modulation can become a safer and more effective
therapeutic option for pediatric patients undergoing allo-HSCT.

5.3 The absence of standardized treatment
protocols

Currently, a major issue in the clinical application of microbiota
modulation is the lack of standardized treatment protocols. The
types, dosages, and intervention durations of probiotics, prebiotics,
and synbiotics used in different studies vary widely (86), making it
difficult to compare and generalize the results. Selecting the
appropriate types of probiotics and prebiotics is fundamental
Different
combinations of probiotics and prebiotics may have varying effects

to developing standardized treatment protocols.
on modulating the gut microbiota and enhancing immune
function (87). Therefore, systematic research and clinical trials are
needed to identify the most suitable probiotics and prebiotics for
allo-HSCT and to establish

corresponding standardized treatment protocols. The dosage and

pediatric  patients  following
intervention duration of probiotics and prebiotics are also critical
factors in developing standardized treatment protocols. Different
dosages and durations may have varying impacts on the gut
microbiota and immune function. Higher doses of probiotics and
prebiotics may have more significant anti-infective and immune-
modulating effects, but could also increase the risk of side effects
(19). Thus, systematic research and clinical trials are required to
determine the most appropriate dosages and intervention
durations for pediatric patients undergoing allo-HSCT and to

formulate corresponding standardized treatment protocols (88).

5.4 The requirement for personalized
therapeutic approaches

Although the standardized treatment protocols can improve the
operability and scalability of microbiota modulation to a certain
extent, personalized treatment remains key to enhancing
therapeutic outcomes. There may be significant differences in the
composition of the gut microbiota and the status of immune
patients, thus

formulation of individualized treatment plans based on individual

function among different necessitating  the
differences (89). Formulating a personalized treatment plan
requires the consideration of a multitude of factors, including the
patient’s gut microbiota composition, immune function status,
disease type and severity (90). Consequently, individual differences
in patients can be comprehensively assessed through means such
as gut microbiota testing, immune function evaluation, and clinical
symptom monitoring, to formulate a personalized microbiota
modulation plan. The implementation strategies of personalized
treatment include selecting appropriate combinations of probiotics
and prebiotics, adjusting dosages and intervention durations, and
monitoring therapeutic effects and side effects. By individually
adjusting the types and dosages of probiotics and prebiotics,
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therapeutic effects can be significantly enhanced, and side effects can
be reduced. For instance, for patients with low gut microbiota
diversity, a high dose of probiotics and prebiotics combination can
be selected to rapidly restore the balance of the gut microbiota; for
patients with weakened immune function, a combination of
probiotics and prebiotics with immune-modulating effects can be
chosen to enhance immune function (91).

6 Prospect

In the treatment of pediatric hematological malignancies with
allo-HSCT, haploidentical allo-HSCT is
distinctively Chinese transplantation system. Post-transplant

a common and
infections and GVHD are the most critical causes of patient
mortality (92, 93). The incidence of acute GVHD in pediatric
allogeneic hematopoietic stem cell transplantation ranges from
21.9% to 59.4%, The incidence of severe acute GVHD ranges
from 9% to 15% (94-97). Beyond the impact of complications
on the prognosis of pediatric hematological malignancies after
allo-HSCT, new research has revealed that in the context of
allo-HSCT for pediatric hematological malignancies, the gut
microbiome is associated with varying clinical outcomes.
During childhood, as the immune system matures, the gut
with
fluctuations. Changes in the gut microbiota not only affect

microbiota evolves rapidly, significant  structural
complications such as infections but are also closely related to
disease prognosis (98). The gut microbiota is an essential
modulator of GVHD, which often complicates allo-HSCT. The
use of broad-spectrum antibiotics like carbapenems in the
infection during the allo-HSCT process increases the risk of
GVHD.
antibiotic-mediated damage to the microbiota, thereby reducing
the risk of intestinal GVHD in allo-HSCT patients (99, 100).

One of the primary mechanisms by which the microbiota

Specific microbiota modulation can counteract

affects the host is through its interaction with the host’s

typically
symbiotic or even mutually beneficial with the host, can lead to

immune system. These interactions, which are
severe health impacts in certain circumstances. In the context of
allo-HSCT, the disruption of gut microbiota diversity is
associated with GVHD, which causes inflammation in the liver,
skin, lungs and intestines, indicating the substantial potential of
the gut microbiota to influence host immunity and to alleviate
or even prevent GVHD (101, 102).

The long-term effects and side effects of microbiota
modulation are significant issues in clinical application. The
impact of allo-HSCT and its related procedures on the gut
microbiota is profound, potentially leading to a reduction in
microbial diversity and functional changes. Such alterations may
affect the immune tolerance and overall survival rate of patients,
but the mechanisms by which microbiota modulation can
optimize these outcomes are not yet fully understood (103).
Although short-term

modulation has significant effects in preventing and treating

studies have shown that microbiota

post-allo-HSCT infectious complications, its long-term effects
and side effects still require further research. Before undergoing
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microbiota modulation, patients need to be screened and
monitored strictly to ensure its safety. In addition, the potential
side effects of microbiota modulation, such as bloating, diarrhea
and other gastrointestinal side effects, need to be monitored. To
improve the effectiveness of microbiota modulation in children,
it is necessary to strengthen the education and training of
parents and medical staff. Through popular science publicity and
professional training, the understanding of children’s gut
microbiota and microbiota modulation among parents and
medical staff can be improved, promoting its application in
clinical practice. In addition, the standardization of children’s
microbiota modulation can be promoted by formulating relevant
policies and guidelines.

Current research indicates that the efficacy of single-strain
therapy is significantly less than that of FMT. FMT functions by
restoring the balance of the entire microbial community, an
effect that single-strain therapy may not achieve (104, 105).
Personalized treatment is still in the exploratory stage. Although
research has proposed methods to optimize FMT through
genomic analysis and machine learning, these approaches still
require further validation and standardization (106, 107). In
addition,
multiple factors such as the patient’s genetic background,

personalized treatment requires consideration of
microbiome characteristics, and disease status (108). The next
decade will be a crucial period for defining the conditions
of personalized treatment, which includes the development of
standardized microbiome predictive models, optimization of
FMT protocols, and exploration of new microbiome modulation
technologies (109).

Future progress in the application of microbiota modulation
allo-HSCT

infectious complications requires efforts in developing new

in pediatric hematological malignancies after
microbiota modulation methods, conducting multicenter, large-
sample clinical trials, in-depth study of the interaction between
microbiota and the immune system, and formulating pediatric-
specific microbiota modulation strategies. Through in-depth
research and clinical practice, microbiota modulation is
expected to become an important means of improving the
survival rate and quality of life of pediatric hematological

malignancy patients.

Author contributions

WD: Writing — original draft, Writing — review & editing. XC:
Writing - review & editing. HZ: Data curation, Writing — review &
editing. NL: Methodology, Supervision, Writing - review & editing.
MJ: Conceptualization, Investigation, Writing — review & editing.
Data
Methodology, Supervision, Writing — review & editing.

ZG: Conceptualization, curation, Investigation,

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. Shenzhen Nanshan

frontiersin.org


https://doi.org/10.3389/fped.2025.1509612
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Dai et al.

District Health System Science and Technology Major Project:
Induction of immune tolerance and graft-versus-host disease
control program in allogeneic hematopoietic stem cell
transplantation (No. NSZD2023018). NHC Key Laboratory of
Nuclear Technology Medical Transformation (Mianyang Central
Hospital) (No. 2023HYX034).

Conflict of interest

The authors declare that the research was conducted
the of
relationships that could be construed as a potential conflict

in absence any commercial or financial

of interest.

References

1. Masetti R, Leardini D, Muratore E, Fabbrini M, D’Amico F, Zama D, et al. Gut
microbiota diversity before allogeneic hematopoietic stem cell transplantation as a
predictor of mortality in children. Blood. (2023) 142:1387-98. doi: 10.1182/blood.
2023020026

2. Zama D, Biagi E, Masetti R, Gasperini P, Prete A, Candela M, et al. Gut
microbiota and hematopoietic stem cell transplantation: where do we stand? Bone
Marrow Transplant. (2017) 52:7-14. doi: 10.1038/bmt.2016.173

3. Figueroa Narvdez NS, Torres Jerves JA. Trasplante de microbiota fecal como
alternativa de tratamiento por infecciones de clostridoides difficile. Revistavive.
(2023) 6:66-77. doi: 10.33996/revistavive.v6i16.207

4. Guo Z, He M, Shao L, Li Y, Xiang X, Wang Q. The role of fecal microbiota
transplantation in the treatment of acute graft-versus-host disease. ] Cancer Res
Ther. (2024) 20:1964-73. doi: 10.4103/jcrtjert_33_24

5. Leeuw MAD, Duval MX. The immune profile of the gut microbiome in graft
versus host disease patients. medRxiv [Preprint]. Cold Spring Harbor Laboratory
(2020). doi: 10.1101/2020.04.08.20058198

6. Ringel-Kulka T, Cheng J, Ringel Y, Salojéarvi J, Carroll I, Palva A, et al.
Intestinal microbiota in healthy U.S. young children and adults—a high
throughput microarray analysis. PLoS One. (2013) 8:e64315. doi: 10.1371/
journal.pone.0064315

7. Wernroth M-L, Peura S, Hedman AM, Hetty S, Vicenzi S, Kennedy B, et al.
Development of gut microbiota during the first 2 years of life. Sci Rep. (2022)
12:9080. doi: 10.1038/s41598-022-13009-3

8. Zuffa S, Schimmel P, Gonzalez-Santana A, Belzer C, Knol J, Bolte S, et al. Early-
life differences in the gut microbiota composition and functionality of infants at
elevated likelihood of developing autism spectrum disorder. Transl Psychiatry.
(2023) 13:257. doi: 10.1038/s41398-023-02556-6

9. Puerta-Alcalde P, Cardozo C, Marco F, Sudrez-Lled6 M, Moreno E, Morata L,
et al. Changing epidemiology of bloodstream infection in a 25-years hematopoietic
stem cell transplant program: current challenges and pitfalls on empiric antibiotic
treatment impacting outcomes. Bone Marrow Transplant. (2020) 55:603-12. doi: 10.
1038/541409-019-0701-3

10. Thompson GR, Chen SC-A, Alfouzan WA, Izumikawa K, Colombo AL,
Maertens J. A global perspective of the changing epidemiology of invasive fungal
disease and real-world experience with the use of isavuconazole. Med Mycol. (2024)
62:myae083. doi: 10.1093/mmy/myae083

11. Zhou X, Jin N, Chen B. Human cytomegalovirus infection: a considerable issue
following allogeneic hematopoietic stem cell transplantation (review). Oncol Lett.
(2021) 21:318. doi: 10.3892/01.2021.12579

12. Age-dependent determinants of infectious complications profile in children and
adults after hematopoietic cell transplantation: lesson from the nationwide study—
PubMed. Available online at: https://pubmed.ncbi.nlm.nih.gov/31321454/ (accessed
February 11, 2025)

13. Shi HY, Cheng YF, Huang XJ, Wang Y, Suo P, Xu LP, et al. Clinical analysis of
cytomegalovirus infection after haplotype hematopoietic stem cell transplantation in
children. Zhonghua Xue Ye Xue Za Zhi. (2019) 40:426-8. doi: 10.3760/cma.j.issn.
0253-2727.2019.05.015

14. Szmit Z, Fraczkiewicz J, Salamonowicz-Bodzioch M, Krél A, Ussowicz M,
Mielcarek-Siedziuk M, et al. The impact of high CMV viral load and refractory
CMV infection on pediatric HSCT recipients with underlying non-malignant
disorder. J Clin Med. (2022) 11:5187. doi: 10.3390/jcm11175187

Frontiers in Pediatrics

10

10.3389/fped.2025.1509612

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

15. Abdullatif H, Dhawan A, Verma A. Epidemiology and risk factors for viral
infections in pediatric liver transplant recipients and impact on outcome. Viruses.
(2023) 15:1059. doi: 10.3390/v15051059

16. Pulmonary Complications After Pediatric Stem Cell Transplant—PubMed.
Available online at: https://pubmed.ncbi.nlm.nih.gov/34722309/ (accessed February
11, 2025)

17. Boyle NM, Magaret A, Stednick Z, Morrison A, Butler-Wu S, Zerr D, et al.
Evaluating risk factors for clostridium difficile infection in adult and pediatric
hematopoietic cell transplant recipients. Antimicrob Resist Infect Control. (2015)
4:41. doi: 10.1186/s13756-015-0081-4

18. Taur Y, Xavier JB, Lipuma L, Ubeda C, Goldberg J, Gobourne A, et al. Intestinal
domination and the risk of bacteremia in patients undergoing allogeneic
hematopoietic stem cell transplantation. Clin Infect Dis. (2012) 55:905-14. doi: 10.
1093/cid/cis580

19. Steinbach WJ, Lamoth F, Juvvadi PR. Potential microbiological effects of higher
dosing of echinocandins. Clin Infect Dis. (2015) 61(Suppl 6):5669-77. doi: 10.1093/
cid/civ725

20. Neth OW, Bajaj-Elliott M, Turner MW, Klein NJ. Susceptibility to infection in
patients with neutropenia: the role of the innate immune system. Br ] Haematol.
(2005) 129:713-22. doi: 10.1111/j.1365-2141.2005.05462.x

21. Zheng X, Zhang X, Zhou B, Liu S, Chen W, Chen L, et al. Clinical characteristics,
tolerance mechanisms, and molecular epidemiology of reduced susceptibility to
chlorhexidine among Pseudomonas aeruginosa isolated from a teaching hospital in
China. Int J Antimicrob Agents. (2022) 60:106605. doi: 10.1016/j.ijantimicag.2022.
106605

22.Ye Y, Carlsson G, Karlsson-Sjoberg JMT, Borregaard N, Modéer TU, Andersson
ML, et al. The antimicrobial propeptide hCAP-18 plasma levels in neutropenia of
various aetiologies: a prospective study. Sci Rep. (2015) 5:11685. doi: 10.1038/
srepl1685

23. Lampropoulos PK, Gkentzi D, Tzifas S, Dimitriou G. Neonatal sepsis due to
Bacillus subtilis. Cureus. (2021) 13:€17692. doi: 10.7759/cureus.17692

24. Jones-Nelson O, Tovchigrechko A, Glover MS, Fernandes F, Rangaswamy U, Liu
H, et al. Antibacterial monoclonal antibodies do not disrupt the intestinal microbiome
or its function. Antimicrob Agents Chemother. (2020) 64:e02347-19. doi: 10.1128/
AAC.02347-19

25. Ramirez J, Guarner F, Bustos Fernandez L, Maruy A, Sdepanian VL, Cohen H.
Antibiotics as major disruptors of gut microbiota. Front Cell Infect Microbiol. (2020)
10:572912. doi: 10.3389/fcimb.2020.572912

26. McKenney ES, Kendall MM. Microbiota and pathogen “pas de deux”: setting up
and breaking down barriers to intestinal infection. Pathog Dis. (2016) 74:ftw051.
doi: 10.1093/femspd/ftw051

27. Tacob S, Iacob DG, Luminos LM. Intestinal microbiota as a host defense
mechanism to infectious threats. Front Microbiol. (2018) 9:3328. doi: 10.3389/fmicb.
2018.03328

28. F E. The impact of (mass) tourism on coastal dune pollination networks. Biol
Conserv. (2019) 236:70-8. doi: 10.1016/j.biocon.2019.05.037

29. Khan N, Lindner S, Gomes ALC, Devlin SM, Shah GL, Sung AD, et al.
Fecal microbiota diversity disruption and clinical outcomes after auto-HCT: a
multicenter observational study. Blood. (2021) 137:1527-37. doi: 10.1182/blood.
2020006923

frontiersin.org


https://doi.org/10.1182/blood.2023020026
https://doi.org/10.1182/blood.2023020026
https://doi.org/10.1038/bmt.2016.173
https://doi.org/10.33996/revistavive.v6i16.207
https://doi.org/10.4103/jcrt.jcrt_33_24
https://doi.org/10.1101/2020.04.08.20058198
https://doi.org/10.1371/journal.pone.0064315
https://doi.org/10.1371/journal.pone.0064315
https://doi.org/10.1038/s41598-022-13009-3
https://doi.org/10.1038/s41398-023-02556-6
https://doi.org/10.1038/s41409-019-0701-3
https://doi.org/10.1038/s41409-019-0701-3
https://doi.org/10.1093/mmy/myae083
https://doi.org/10.3892/ol.2021.12579
https://pubmed.ncbi.nlm.nih.gov/31321454/
https://doi.org/10.3760/cma.j.issn.0253-2727.2019.05.015
https://doi.org/10.3760/cma.j.issn.0253-2727.2019.05.015
https://doi.org/10.3390/jcm11175187
https://doi.org/10.3390/v15051059
https://pubmed.ncbi.nlm.nih.gov/34722309/
https://doi.org/10.1186/s13756-015-0081-4
https://doi.org/10.1093/cid/cis580
https://doi.org/10.1093/cid/cis580
https://doi.org/10.1093/cid/civ725
https://doi.org/10.1093/cid/civ725
https://doi.org/10.1111/j.1365-2141.2005.05462.x
https://doi.org/10.1016/j.ijantimicag.2022.106605
https://doi.org/10.1016/j.ijantimicag.2022.106605
https://doi.org/10.1038/srep11685
https://doi.org/10.1038/srep11685
https://doi.org/10.7759/cureus.17692
https://doi.org/10.1128/AAC.02347-19
https://doi.org/10.1128/AAC.02347-19
https://doi.org/10.3389/fcimb.2020.572912
https://doi.org/10.1093/femspd/ftw051
https://doi.org/10.3389/fmicb.2018.03328
https://doi.org/10.3389/fmicb.2018.03328
https://doi.org/10.1016/j.biocon.2019.05.037
https://doi.org/10.1182/blood.2020006923
https://doi.org/10.1182/blood.2020006923
https://doi.org/10.3389/fped.2025.1509612
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Dai et al.

30. Chang ], Vahdani G, Yaghmour G, Weissman A, Lee K-J, Akhtari M.
Increased risk of 100-day and 1-year infection-related mortality in haploidentical
stem cell transplantation patients. Blood. (2018) 132:4630. doi: 10.1182/blood-2018-
99-111404

31. Leone S, Pezone I, Pisaturo M, McCaffery E, Alfieri A, Fiore M.
Pharmacotherapies for multidrug-resistant gram-positive infections: current options
and beyond. Expert Opin Pharmacother. (2024) 25:1027-37. doi: 10.1080/14656566.
2024.2367003

32. Busca A, Cinatti N, Gill J, Passera R, Dellacasa CM, Giaccone L, et al.
Management of invasive fungal infections in patients undergoing allogeneic
hematopoietic stem cell transplantation: the turin experience. Front Cell Infect
Microbiol. (2022) 11:805514. doi: 10.3389/fcimb.2021.805514

33. Sen P, Wilkie AR, Ji F, Yang Y, Taylor IJ, Velazquez-Palafox M, et al. Linking
indirect effects of cytomegalovirus in transplantation to modulation of monocyte
innate immune function. Sci Adv. (2020) 6:eaax9856. doi: 10.1126/sciadv.aax9856

34. Yeh A, Jagasia M, Dahlman K, Irish JM, Reddy A, Barone S, et al.
Cytomegalovirus promotes aberrant memory CD4T cell differentiation and immune
function after allogeneic stem cell transplantation. Blood. (2020) 136:15-6. doi: 10.
1182/blood-2020-134829

35. Vemuri R, Shankar EM, Chieppa M, Eri R, Kavanagh K. Beyond just bacteria:
functional biomes in the gut ecosystem including virome, mycobiome, archaecome
and helminths. Microorganisms. (2020) 8:483. doi: 10.3390/microorganisms8040483

36. Porter NT, Martens EC. The critical roles of polysaccharides in gut microbial
ecology and physiology. Annu Rev Microbiol. (2017) 71:349-69. doi: 10.1146/
annurev-micro-102215-095316

37. Robles-Alonso V, Guarner F. Progress in the knowledge of the intestinal human
microbiota. Nutr Hosp. (2013) 28:553-7. doi: 10.3305/nh.2013.28.3.6601

38. Hooper LV, Midtvedt T, Gordon JI. How host—microbial interactions shape the
nutrient environment of the mammalian intestine. Annu Rev Nutr. (2002) 22:283-307.
doi: 10.1146/annurev.nutr.22.011602.092259

39. Fusco W, Lorenzo MB, Cintoni M, Porcari S, Rinninella E, Kaitsas F, et al. Short-
chain fatty-acid-producing Bacteria: key components of the human gut microbiota.
Nutrients. (2023) 15:2211. doi: 10.3390/nu15092211

40. Yao Y, Cai X, Fei W, Ye Y, Zhao M, Zheng C. The role of short-chain fatty acids
in immunity, inflammation and metabolism. Crit Rev Food Sci Nutr. (2022) 62:1-12.
doi: 10.1080/10408398.2020.1854675

41. Hou K, Wu Z-X, Chen X-Y, Wang J-Q, Zhang D, Xiao C, et al. Microbiota in
health and diseases. Signal Transduct Target Ther. (2022) 7:135. doi: 10.1038/s41392-
022-00974-4

42. Zheng D, Liwinski T, Elinav E. Interaction between microbiota and immunity in
health and disease. Cell Res. (2020) 30:492-506. doi: 10.1038/s41422-020-0332-7

43. Casalegno Garduno R, Dibritz J. New insights on CD8+ T cells in inflammatory
bowel disease and therapeutic approaches. Front Immunol. (2021) 12:738762. doi: 10.
3389/fimmu.2021.738762

44. Kayama H, Okumura R, Takeda K. Interaction between the microbiota,
epithelia, and immune cells in the intestine. Annu Rev Immunol. (2020) 38:23-48.
doi: 10.1146/annurev-immunol-070119-115104

45. De Oliveira LD, De Carvalho LS, Xavier ACC, De Oliveira FE, Leio MVP,
Diamantino MGG, et al. In vitro evaluation of sodium hypochlorite, chlorhexidine,
propolis, and calcium  hydroxide effect on lipoteichoic-acid-induced
proinflammatory cytokines production. Dentistry Journal. (2024) 12:286. doi: 10.
3390/dj12090286

46. Parada Venegas D, De La Fuente MK, Landskron G, Gonzilez MJ, Quera R,
Dijkstra G, et al. Short chain fatty acids (SCFAs)-mediated gut epithelial and
immune regulation and its relevance for inflammatory bowel diseases. Front
Immunol. (2019) 10:277. doi: 10.3389/fimmu.2019.00277

47. Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH. Short-chain fatty acids
activate GPR41 and GPR43 on intestinal epithelial cells to promote inflammatory
responses in mice. Gastroenterology. (2013) 145:396-406.€10. doi: 10.1053/j.gastro.
2013.04.056

48. Yan M, Hou L, Cai Y, Wang H, Ma Y, Geng Q, et al. Effects of intestinal FXR-
related molecules on intestinal mucosal barriers in biliary tract obstruction. Front
Pharmacol. (2022) 13:906452. doi: 10.3389/fphar.2022.906452

49. Fiorucci S, Carino A, Baldoni M, Santucci L, Costanzi E, Graziosi L, et al. Bile
acid signaling in inflammatory bowel diseases. Dig Dis Sci. (2021) 66:674-93. doi: 10.
1007/s10620-020-06715-3

50. Mantziari A, Salminen S, Szajewska H, Malagon-Rojas JN. Postbiotics against
pathogens commonly involved in pediatric infectious diseases. Microorganisms.
(2020) 8:1510. doi: 10.3390/microorganisms8101510

51. Taur Y, Jenq RR, Perales M-A, Littmann ER, Morjaria S, Ling L, et al. The effects of
intestinal tract bacterial diversity on mortality following allogeneic hematopoietic stem cell
transplantation. Blood. (2014) 124:1174-82. doi: 10.1182/blood-2014-02-554725

52. Burgos Da Silva M, Ponce DM, Dai A, Devlin SM, Gomes ALC, Moore G, et al.
Preservation of the fecal microbiome is associated with reduced severity of graft-
versus-host disease. Blood. (2022) 140:2385-97. doi: 10.1182/blood.2021015352

Frontiers in Pediatrics

1

10.3389/fped.2025.1509612

53. Karaduta O, Dvanajscak Z, Zybailov B. Metaproteomics-an advantageous option
in studies of host-microbiota interaction. Microorganisms. (2021) 9:980. doi: 10.3390/
microorganisms9050980

54. Wang X, Zhang P, Zhang X. Probiotics regulate gut microbiota: an effective
method to improve immunity. Molecules. (2021) 26:6076. doi: 10.3390/
molecules26196076

55. Pathania AS. Immune microenvironment in childhood cancers: characteristics
and therapeutic challenges. Cancers (Basel). (2024) 16:2201. doi: 10.3390/
cancers16122201

56. Dietert RR, Etzel RA, Chen D, Halonen M, Holladay SD, Jarabek AM, et al.
Workshop to identify critical windows of exposure for children’s health: immune
and respiratory systems work group summary. Environ Health Perspect. (2000)
108(Suppl 3):483-90. doi: 10.1289/ehp.0010853483

57. Wang D, Wang W, Ding Y, Tang M, Zhang L, Chen J, et al. Metagenomic next-
generation sequencing successfully detects pulmonary infectious pathogens in children
with hematologic malignancy. Front Cell Infect Microbiol. (2022) 12:899028. doi: 10.
3389/fcimb.2022.899028

58. Ingham AC, Kielsen K, Mordhorst H, Ifversen M, Aarestrup FM, Miiller KG,
et al. Microbiota long-term dynamics and prediction of acute graft-versus-host
disease in pediatric allogeneic stem cell transplantation. Microbiome. (2021) 9:148.
doi: 10.1186/540168-021-01100-2

59. Ghasemian A, Eslami M, Shafiei M, Najafipour S, Rajabi A. Probiotics and their
increasing importance in human health and infection control. Rev Med Microbiol.
(2018) 29:153-8. doi: 10.1097/MRM.0000000000000147

60. Dobreva L, Atanasova N, Donchev P, Krumova E, Abrashev R, Karakirova Y,
et al. Candidate-probiotic lactobacilli and their postbiotics as health-benefit
promoters. Microorganisms. (2024) 12:1910. doi: 10.3390/microorganisms12091910

61. Leser T, Baker A. Molecular mechanisms of Lacticaseibacillus rhamnosus, LGG®
probiotic  function.  Microorganisms. ~ (2024)  12:794.  doi:  10.3390/
microorganisms12040794

62. Markowiak P, Slizewska K. Effects of probiotics, prebiotics, and synbiotics on
human health. Nutrients. (2017) 9:1021. doi: 10.3390/nu9091021

63. Csernus B, Czeglédi L. Physiological, antimicrobial, intestine morphological, and
immunological effects of fructooligosaccharides in pigs. Arch Anim Breed. (2020)
63:325-35. doi: 10.5194/aab-63-325-2020

64. Son SJ, Koh JH, Park MR, Ryu S, Lee W], Yun B, et al. Effect of the Lactobacillus
rhamnosus strain GG and tagatose as a synbiotic combination in a dextran sulfate
sodium-induced colitis murine model. J Dairy Sci. (2019) 102:2844-53. doi: 10.
3168/jds.2018-15013

65. Cervantes J. Use your antibiotics wisely. Consequences to the intestinal
microbiome. FEMS Microbiol Lett. (2016) 363:fnw081. doi: 10.1093/femsle/fnw081

66. Gerasimidis K, Gkikas K, Stewart C, Neelis E, Svolos V. Microbiome and
paediatric gut diseases. Arch Dis Child. (2022) 107:784-9. doi: 10.1136/archdischild-
2020-320875

67. Protocol for Fecal Microbiota Transplantation in Inflammatory Bowel
Disease: A Systematic Review and Meta-Analysis—PubMed.Available
online at: https://pubmed.ncbi.nlm.nih.gov/30302341/ (accessed January 27,
2025)

68. Uribe-Herranz M, Klein-Gonzalez N, Rodriguez-Lobato LG, Juan M, de Larrea
CF. Gut microbiota influence in hematological malignancies: from genesis to cure. Int
J Mol Sci. (2021) 22:1026. doi: 10.3390/ijms22031026

69. Rodig NM, Weatherly M, Kaplan AL, Ballal SA, Elisofon SA, Daly KP, et al.
Fecal microbiota transplant in pediatric solid organ transplant recipients.
Transplantation. (2023) 107:2073-7. doi: 10.1097/TP.0000000000004656

70. Guo Z, Lei Y, Wang Q. Chinese expert consensus on standard technical
specifications for a gut microecomics laboratory (review). Exp Ther Med. (2024)
28:403. doi: 10.3892/etm.2024.12692

71. McFarland LV. Systematic review and meta-analysis of Saccharomyces boulardii
in adult patients. World ] Gastroenterol. (2010) 16:2202-22. doi: 10.3748/wjg.v16.i18.
2202

72. Szajewska H, Kotowska M, Mrukowicz JZ, Armanska M, Mikotajczyk W.
Efficacy of lactobacillus GG in prevention of nosocomial diarrhea in infants.
J Pediatr. (2001) 138:361-5. doi: 10.1067/mpd.2001.111321

73. Peled JU, Gomes ALC, Devlin SM, Littmann ER, Taur Y, Sung AD, et al.
Microbiota as predictor of mortality in allogeneic hematopoietic-cell
transplantation. N Engl ] Med. (2020) 382:822-34. doi: 10.1056/NEJMo0a1900623

74. Webb BJ, Brunner A, Ford CD, Gazdik MA, Petersen FB, Hoda D. Fecal
microbiota transplantation for recurrent Clostridium difficile infection in
hematopoietic stem cell transplant recipients. Transpl Infect Dis. (2016) 18:628-33.
doi: 10.1111/tid.12550

75. Simms-Waldrip TR, Sunkersett G, Coughlin LA, Savani MR, Arana C, Kim J,
et al. Antibiotic-induced depletion of anti-inflammatory Clostridia is associated
with the development of graft-versus-host disease in pediatric stem cell
transplantation patients. Biol Blood Marrow Transplant. (2017) 23:820-9. doi: 10.
1016/j.bbmt.2017.02.004

frontiersin.org


https://doi.org/10.1182/blood-2018-99-111404
https://doi.org/10.1182/blood-2018-99-111404
https://doi.org/10.1080/14656566.2024.2367003
https://doi.org/10.1080/14656566.2024.2367003
https://doi.org/10.3389/fcimb.2021.805514
https://doi.org/10.1126/sciadv.aax9856
https://doi.org/10.1182/blood-2020-134829
https://doi.org/10.1182/blood-2020-134829
https://doi.org/10.3390/microorganisms8040483
https://doi.org/10.1146/annurev-micro-102215-095316
https://doi.org/10.1146/annurev-micro-102215-095316
https://doi.org/10.3305/nh.2013.28.3.6601
https://doi.org/10.1146/annurev.nutr.22.011602.092259
https://doi.org/10.3390/nu15092211
https://doi.org/10.1080/10408398.2020.1854675
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.3389/fimmu.2021.738762
https://doi.org/10.3389/fimmu.2021.738762
https://doi.org/10.1146/annurev-immunol-070119-115104
https://doi.org/10.3390/dj12090286
https://doi.org/10.3390/dj12090286
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1053/j.gastro.2013.04.056
https://doi.org/10.1053/j.gastro.2013.04.056
https://doi.org/10.3389/fphar.2022.906452
https://doi.org/10.1007/s10620-020-06715-3
https://doi.org/10.1007/s10620-020-06715-3
https://doi.org/10.3390/microorganisms8101510
https://doi.org/10.1182/blood-2014-02-554725
https://doi.org/10.1182/blood.2021015352
https://doi.org/10.3390/microorganisms9050980
https://doi.org/10.3390/microorganisms9050980
https://doi.org/10.3390/molecules26196076
https://doi.org/10.3390/molecules26196076
https://doi.org/10.3390/cancers16122201
https://doi.org/10.3390/cancers16122201
https://doi.org/10.1289/ehp.00108s3483
https://doi.org/10.3389/fcimb.2022.899028
https://doi.org/10.3389/fcimb.2022.899028
https://doi.org/10.1186/s40168-021-01100-2
https://doi.org/10.1097/MRM.0000000000000147
https://doi.org/10.3390/microorganisms12091910
https://doi.org/10.3390/microorganisms12040794
https://doi.org/10.3390/microorganisms12040794
https://doi.org/10.3390/nu9091021
https://doi.org/10.5194/aab-63-325-2020
https://doi.org/10.3168/jds.2018-15013
https://doi.org/10.3168/jds.2018-15013
https://doi.org/10.1093/femsle/fnw081
https://doi.org/10.1136/archdischild-2020-320875
https://doi.org/10.1136/archdischild-2020-320875
https://pubmed.ncbi.nlm.nih.gov/30302341/
https://doi.org/10.3390/ijms22031026
https://doi.org/10.1097/TP.0000000000004656
https://doi.org/10.3892/etm.2024.12692
https://doi.org/10.3748/wjg.v16.i18.2202
https://doi.org/10.3748/wjg.v16.i18.2202
https://doi.org/10.1067/mpd.2001.111321
https://doi.org/10.1056/NEJMoa1900623
https://doi.org/10.1111/tid.12550
https://doi.org/10.1016/j.bbmt.2017.02.004
https://doi.org/10.1016/j.bbmt.2017.02.004
https://doi.org/10.3389/fped.2025.1509612
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Dai et al.

76. Rozy A, Jagus P, Chorostowska-Wynimko J. Probiotics in the prevention and
treatment of allergic diseases. Pneumonol Alergol Pol. (2012) 80:65-76.

77. Rastogi S, Mittal V, Singh A. In vitro assessment of antioxidant and
antimicrobial potential of Lactobacillus gasseri strains isolated from human milk
and infant faeces. ] Pure Appl Microbiol. (2020) 14:1305-15. doi: 10.22207/JPAM.
14.2.26

78. Soo WT, Bryant RV, Costello SP. Faecal microbiota transplantation: indications,
evidence and safety. Aust Prescr. (2020) 43:36-8. doi: 10.18773/austprescr.2020.014

79. van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG, de Vos WM,
et al. Duodenal infusion of donor feces for recurrent Clostridium difficile. N Engl |
Med. (2013) 368:407-15. doi: 10.1056/NEJMoal205037

80. Jiang ZD, Ajami NJ, Petrosino JF, Jun G, Hanis CL, Shah M, et al. Randomised
clinical trial: faecal microbiota transplantation for recurrent Clostridum difficile
infection—fresh, or frozen, or lyophilised microbiota from a small pool of healthy
donors delivered by colonoscopy. Aliment Pharmacol Ther. (2017) 45:899-908.
doi: 10.1111/apt.13969

81. Quraishi MN, Widlak M, Bhala N, Moore D, Price M, Sharma N, et al.
Systematic review with meta-analysis: the efficacy of faecal microbiota
transplantation for the treatment of recurrent and refractory Clostridium difficile
infection. Aliment Pharmacol Ther. (2017) 46:479-93. doi: 10.1111/apt.14201

82. Ademe M. Benefits of fecal microbiota transplantation: a comprehensive review.
J Infect Dev Ctries. (2020) 14:1074-80. doi: 10.3855/jidc.12780

83. Hourigan SK, Nicholson MR, Kahn SA, Kellermayer R. Updates and
challenges in fecal microbiota transplantation for clostridioides difficile infection in
children. ] Pediatr Gastroenterol Nutr. (2021) 73:430-2. doi: 10.1097/MPG.
0000000000003229

84. Conover KR, Absah I, Ballal S, Brumbaugh D, Cho S, Cardenas MC, et al. Fecal
microbiota  transplantation  for  clostridioides  difficile  infection  in
immunocompromised pediatric patients. ] Pediatr Gastroenterol Nutr. (2023)
76:440-6. doi: 10.1097/MPG.0000000000003714

85. Koh H. Subgroup identification using virtual twins for human microbiome
studies. IEEE/ACM Trans Comput Biol Bioinform. (2023) 20:3800-8. doi: 10.1109/
TCBB.2023.3324139

86. Weizman Z, Vandenplas Y. Why do clinical guidelines for probiotics differ?
Benef Microbes. (2024) 15:411-5. doi: 10.1163/18762891-bja00027

87. Williams V, Angurana SK. Probiotics do have a role to play in treating critically
ill children. Acta Paediatr. (2019) 108:180. doi: 10.1111/apa.14510

88. Li X, Wang Q, Hu X, Liu W. Current status of probiotics as supplements in the
prevention and treatment of infectious diseases. Front Cell Infect Microbiol. (2022)
12:789063. doi: 10.3389/fcimb.2022.789063

89. De Filippis F, Vitaglione P, Cuomo R, Berni Canani R, Ercolini D. Dietary
interventions to modulate the gut microbiome-how far away are we from precision
medicine. Inflamm Bowel Dis. (2018) 24:2142-54. doi: 10.1093/ibd/izy080

90. Khosrojerdi M, Azad FJ, Yadegari Y, Ahanchian H, Azimian A. The role of
microRNAs in atopic dermatitis. Noncoding RNA Res. (2024) 9:1033-9. doi: 10.
1016/j.ncrna.2024.05.012

91. Grazul H, Kanda LL, Gondek D. Impact of probiotic supplements on
microbiome diversity following antibiotic treatment of mice. Gut Microbes. (2016)
7:101-14. doi: 10.1080/19490976.2016.1138197

92. Kalwak K, Mielcarek M, Patrick K, Styczynski J, Bader P, Corbacioglu S, et al.
Treosulfan-fludarabine-thiotepa-based ~conditioning treatment before allogeneic
hematopoietic stem cell transplantation for pediatric patients with hematological
malignancies. Bone Marrow Transplant. (2020) 55:1996-2007. doi: 10.1038/s41409-
020-0869-6

93. Guo Z, Gao H-Y, Zhang T-Y, Liu X-D, Yang K, Lou J-X, et al. Analysis of
allogeneic ~ hematopoietic ~ stem  cell  transplantation ~ with  high-dose

Frontiers in Pediatrics

12

10.3389/fped.2025.1509612

cyclophosphamide-induced immune tolerance for severe aplastic anemia. Int
] Hematol. (2016) 104:720-8. doi: 10.1007/s12185-016-2106-z

94. Leimi L, Jahnukainen K, Olkinuora H, Meri S, Vettenranta K. Early vascular
toxicity after pediatric allogeneic hematopoietic stem cell transplantation. Bone
Marrow Transplant. (2022) 57:705-11. doi: 10.1038/s41409-022-01607-8

95. Hooker DS, Grabe-Heyne K, Henne C, Bader P, Toumi M, Furniss SJ. Improved
therapeutic approaches are needed to manage graft-versus-host disease. Clin Drug
Investig. (2021) 41:929-39. doi: 10.1007/540261-021-01087-6

96. Zaidman I, Even-Or E, Aharoni E, Averbuch D, Dinur-Schejter Y, NaserEddin
A, et al. Risk and promise: an 11-year, single-center retrospective study of severe acute
GVHD in pediatric patients undergoing allogeneic HSCT for nonmalignant diseases.
Front Pediatr. (2023) 11:1194891. doi: 10.3389/fped.2023.1194891

97. Miskiewicz-Bujna J, Miskiewicz-Migon I, Szmit Z, Przystupski D, Rosa M, Krol
A, et al. Short- and long-term outcome of allogeneic stem cell transplantation in
infants: a single-center experience over 20 years. Front Pediatr. (2022) 10:956108.
doi: 10.3389/fped.2022.956108

98. Masetti R, Zama D, Leardini D, Muratore E, Turroni S, Prete A, et al. The gut
microbiome in pediatric patients undergoing allogeneic hematopoietic stem cell
transplantation. Pediatr Blood Cancer. (2020) 67:¢28711. doi: 10.1002/pbc.28711

99. Wang Q, Lei Y, Wang J, Xu X, Wang L, Zhou H, et al. Expert consensus on the
relevance of intestinal microecology and hematopoietic stem cell transplantation. Clin
Transplant. (2024) 38:e15186. doi: 10.1111/ctr.15186

100. Hayase E, Hayase T, Jamal MA, Miyama T, Chang C-C, Ortega MR, et al.
Mucus-degrading Bacteroides link carbapenems to aggravated graft-versus-host
disease. Cell. (2022) 185:3705-19.e14. doi: 10.1016/j.cell.2022.09.007

101. Wang Q, He M, Liang J, Tan X, Wu Q, Wang J, et al. Chinese guidelines for
integrated diagnosis and treatment of intestinal microecology technologies in tumor
application (2024 edition). J Cancer Res Ther. (2024) 20:1130-40. doi: 10.4103/jcrt.jert_
3224

102. Noor F, Kaysen A, Wilmes P, Schneider JG. The gut microbiota and
hematopoietic stem cell transplantation: challenges and potentials. J Innate Immun.
(2019) 11:405-15. doi: 10.1159/000492943

103. Chang C-C, Hayase E, Jenq RR. The role of microbiota in allogeneic
hematopoietic stem cell transplantation. Expert Opin Biol Ther. (2021) 21:1121-31.
doi: 10.1080/14712598.2021.1872541

104. Holvoet T, Joossens M, Vazquez-Castellanos JF, Christiaens E, Heyerick L,
Boelens J, et al. Fecal microbiota transplantation reduces symptoms in some
patients with irritable bowel syndrome with predominant abdominal bloating:
short- and long-term results from a placebo-controlled randomized  trial.
Gastroenterology. (2021) 160:145-57.e8. doi: 10.1053/j.gastro.2020.07.013

105. Xu F, Li N, Wang C, Xing H, Chen D, Wei Y. Clinical efficacy of fecal
microbiota transplantation for patients with small intestinal bacterial overgrowth: a
randomized, placebo-controlled clinic study. BMC Gastroenterol. (2021) 21:54.
doi: 10.1186/s12876-021-01630-x

106. Shtossel O, Turjeman S, Riumin A, Goldberg MR, Elizur A, Bekor Y, et al.
Recipient-independent, high-accuracy FMT-response prediction and optimization in
mice and humans. Microbiome. (2023) 11:181. doi: 10.1186/s40168-023-01623-w

107. Innocente G, Patuzzi I, Furlanello T, Di Camillo B, Bargelloni L, Giron MC,
et al. Machine learning and canine chronic enteropathies: a new approach to
investigate FMT effects. Vet Sci. (2022) 9:502. doi: 10.3390/vetsci9090502

108. Guinart D, Fagiolini A, Fusar-Poli P, Giordano GM, Leucht S, Moreno C, et al.
On the road to individualizing pharmacotherapy for adolescents and adults with
schizophrenia—results from an expert consensus following the Delphi method.
Neuropsychiatr Dis Treat. (2024) 20:1139-52. doi: 10.2147/NDT.S456163

109. Gulumbe BH, Abdulrahim A. Pushing the frontiers in the fight against
antimicrobial resistance: the potential of fecal and maggot therapies. Future Sci OA.
(2023) 9:FSO899. doi: 10.2144/fsoa-2023-0089

frontiersin.org


https://doi.org/10.22207/JPAM.14.2.26
https://doi.org/10.22207/JPAM.14.2.26
https://doi.org/10.18773/austprescr.2020.014
https://doi.org/10.1056/NEJMoa1205037
https://doi.org/10.1111/apt.13969
https://doi.org/10.1111/apt.14201
https://doi.org/10.3855/jidc.12780
https://doi.org/10.1097/MPG.0000000000003229
https://doi.org/10.1097/MPG.0000000000003229
https://doi.org/10.1097/MPG.0000000000003714
https://doi.org/10.1109/TCBB.2023.3324139
https://doi.org/10.1109/TCBB.2023.3324139
https://doi.org/10.1163/18762891-bja00027
https://doi.org/10.1111/apa.14510
https://doi.org/10.3389/fcimb.2022.789063
https://doi.org/10.1093/ibd/izy080
https://doi.org/10.1016/j.ncrna.2024.05.012
https://doi.org/10.1016/j.ncrna.2024.05.012
https://doi.org/10.1080/19490976.2016.1138197
https://doi.org/10.1038/s41409-020-0869-6
https://doi.org/10.1038/s41409-020-0869-6
https://doi.org/10.1007/s12185-016-2106-z
https://doi.org/10.1038/s41409-022-01607-8
https://doi.org/10.1007/s40261-021-01087-6
https://doi.org/10.3389/fped.2023.1194891
https://doi.org/10.3389/fped.2022.956108
https://doi.org/10.1002/pbc.28711
https://doi.org/10.1111/ctr.15186
https://doi.org/10.1016/j.cell.2022.09.007
https://doi.org/10.4103/jcrt.jcrt_32_24
https://doi.org/10.4103/jcrt.jcrt_32_24
https://doi.org/10.1159/000492943
https://doi.org/10.1080/14712598.2021.1872541
https://doi.org/10.1053/j.gastro.2020.07.013
https://doi.org/10.1186/s12876-021-01630-x
https://doi.org/10.1186/s40168-023-01623-w
https://doi.org/10.3390/vetsci9090502
https://doi.org/10.2147/NDT.S456163
https://doi.org/10.2144/fsoa-2023-0089
https://doi.org/10.3389/fped.2025.1509612
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Microbiota modulation for infectious complications following allogeneic hematopoietic stem cell transplantation in pediatric hematological malignancies
	Introduction
	Infections following allo-HSCT
	Common types of infections
	Mechanisms of infection
	The impact of infection on transplant success rates and patient survival rates

	The relationship between the microbiota and the immune system
	The definition and composition of the microbiota
	The role of the microbiome in immune regulation
	The impact of post-transplant microbiota dysbiosis

	The application of microbiota modulation in pediatric HSCT
	The theoretical basis of microbiota modulation
	The application of microbiota modulation in the management of different types of infections
	Microbiota modulation in reducing drug resistance in post-transplant infections

	Exploration of microbiota transplantation
	The application of fecal microbiota transplantation
	Safety and efficacy assessment
	The absence of standardized treatment protocols
	The requirement for personalized therapeutic approaches

	Prospect
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


