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Abstract: Despite significant advances in the treatment of Chronic Myeloid and Acute Lymphoblastic
Leukaemia (CML and ALL, respectively), disease progression and relapse remain a major problem.
Growing evidence indicates the loss of immune surveillance of residual leukaemic cells as one of the
main contributors to disease recurrence and relapse. More recently, there was an appreciation for
how the host’s gut microbiota predisposes to relapse given its potent immunomodulatory capacity.
This is especially compelling in haematological malignancies where changes in the gut microbiota
have been identified after treatment, persisting in some patients for years after the completion
of treatment. In this hypothesis-generating review, we discuss the interaction between the gut
microbiota and treatment responses, and its capacity to influence the risk of relapse in both CML and
ALL We hypothesize that the gut microbiota contributes to the creation of an immunosuppressive
microenvironment, which promotes tumour progression and relapse.

Keywords: gut microbiota; dysbiosis; chronic myeloid leukaemia; acute lymphoblastic leukaemia;
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1. Introduction

Chronic Myeloid and Acute Lymphoblastic Leukaemia (CML and ALL) are clonal
haematological malignancies affecting the blood and bone marrow. Despite enormous
progress in treatment regimens, disease relapse is still a major problem. The treatment of
CML with Tyrosine Kinase Inhibitors (TKIs), targeting the BCR-ABL oncoprotein, has been
paradigm shifting; they converted CML from a fatal to a chronic disease for most patients [1].
However, this is only partially successful with many patients needing continued, life-
long therapy that come with physical, psychological, and financial costs which impair
quality of life [2,3]. About 20% of CML patients do not respond to frontline therapy,
with approximately half of them dying due to the disease progressing toward its final
stage called “blast crisis”, or to complications post-allogeneic haematopoietic stem cell
transplantation (HSCT) [4]. The discovery in 2006 that patients with exceptional responses
to TKI therapy, can cease their life-long treatment, achieving a long-term remission in the
absence of therapy (“treatment-free remission”) revolutionised the management of CML [4–7].
Treatment-free remission is now the therapeutic goal for CML patients. However, only
~25% of CML patients achieve treatment-free remission and maintain it for years. About
50% of patients who attempt therapy cessation relapse, generally after 3–6 months, and
need to restart their TKI [5,6].

ALL is the most frequent cause of cancer-related death in childhood [8,9]. Whilst the
understanding of the genomic alterations in ALL has allowed the development of new
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therapies, disease recurrence is observed in approximately 15–20% of paediatric and in
40–75% of adult patients [10–13]. Additional therapies are available for patients who failed
chemotherapy or had suboptimal responses. They include HSCT, and immunotherapy
targeting B-cells specific antigens such as CD19, CD20, and CD22 [14,15]. Monoclonal
antibodies and their derivatives, and cellular immunotherapy using patient-derived T cells,
modified with chimeric antigen receptors (CAR-T cells) are available for the treatment
of relapsed and refractory leukaemia ALL [16]. Despite a successful initial response, the
overall survival of patients treated with CART-T cells reaches only 13 months [17].

The gut microbiota, which comprises the metropolis of bacteria, fungi, viruses, ar-
chaea, and protozoa living in the gastrointestinal tract, affects human health, existing
in a multi-layered symbiosis with the host. The host offers a vital habitat for these mi-
croorganisms, and in counterpart, the gut microbiota regulates the host metabolism, and
contributes to shape the host’s immune and neuronal system [18–21]. While highly robust,
the gut microbiota is extremely plastic and easily modified both beneficially and detrimen-
tally. Environmental incursions such as use of antibiotics, changes in diet or geography,
stress, medications, and co-morbidities all influence the composition of the gut microbiota,
changing its metabolic profile and impacting on the host physiology. In the context of
cancer therapy, chemotherapy, radiotherapy, and TKIs have all been reported to change
the composition of the gut microbiota inducing a dysbiosis phenotype [22–25]. While the
specific microbial phenotypes differ across different treatment modalities, they are gener-
ally characterised by a reduction in microbial diversity, a loss of beneficial bacteria and
concomitant increase in pathological bacteria. These changes are associated with altered
immune responses, emphasising the immunomodulatory capacity of the microbiota, which
were already implicated in disease progression and relapse [19–21,23]. In this hypothesis-
generating review we describe how residual leukaemic cells escape from the control of
the immune system, and we focus on how the gut microbiota contributes to create an
immunosuppressive microenvironment which is favourable to cancer progression and
relapse in both CML and ALL.

2. Gut Microbiota and Regulation of the Host Immune System in Homeostasis

A healthy gut microbiota is mainly composed by the phyla of Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobi, with the two phyla of Firmi-
cutes and Bacteroidetes representing 90% of gut microbiota [26]. The gut microbiota exerts
considerable immunomodulatory effects on the host, dictating the fine balance between re-
sponse and tolerance. Importantly, this potent immunomodulation can be observed locally
at the site of the intestinal mucosa, and systemically with changes in circulating cytokines
linked with the gut microbiota [27]. For example, studies performed using germ-free mice
(mice devoid of a microbiota) demonstrate that the absence of commensal microbes was as-
sociated with: (i) an altered gene expression profile of the intestinal epithelium, (ii) defects
of lymphoid tissue architecture and immune function, (iii) a reduction in Immunoglobulin
A (IgA)-plasma cells [28], and an imbalanced ratio of T-helper 17 (Th17) and Regulatory T
(Treg) cells [29,30]. Germ-free mice are also characterised by smaller hematopoietic stem
and progenitor cell populations and by a reduced number of myeloid cells compared with
their specific non-germ-free counterparts [31].

The interactions between the microbiota and the host’s immune system are strictly
compartmentalised at the level of the intestinal epithelium (Figure 1A). The epithelium
acts as a barrier between the microbial content of the intestinal lumen and the underlying
mucosal immune system, and it is also referred to as the “intestinal barrier”, or epithelial
mucus layer. It consists of glycoproteins, mucins, immunoglobulins, and butyrate. The
microbiota contributes to maintain this barrier [32]. To prevent the intestinal barrier func-
tion from being breached, Lactobacillus (Firmicutes phylum) forms a biofilm covering the
enterocytes, and in this way isolates the pathogen-associated receptors here located [33].
The host innate immune system cells interact with the microbial metabolites at the level
of the intestinal barrier, at the host-microbiome interface, “sensing” the microorganisms.
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They translate the microbial signals into host physiological responses and, at the same time,
regulate the microbial ecology [19]. The bidirectional dialogue between the gut microbiota
and the host normally occurs through the production and regulation of metabolites, includ-
ing essential amino acids, vitamins, hormones, and short chain fatty acids (SCFAs), derived
from the fermentation of non-digestible substrates, including fibres [34]. SCFAs are satu-
rated organic aliphatic acids, including acetate, propionate, and butyrate. They are not only
involved in the maintenance of the intestinal epithelial barrier, but also directly modulate
the host immune function and inflammatory responses [34]. It was proposed that SCFAs
have anti-inflammatory effects through direct activation of free fatty acid receptors (G-
proteins coupled receptors, GPRs) [35]. SCFAs suppress the secretion of pro-inflammatory
cytokines, such as Interleukin (IL)-1β, IL-6 and IL-8, by inhibiting the Nuclear Factor-kB
(NF-kB) signalling pathway, and regulate several intracellular signalling pathways includ-
ing Mitogen-Activated Protein Kinases (MAPKs: ERK, c-Jun N-terminal kinase (JNK) and
p38 MAPK)) [36]. Additionally, pattern recognition receptors, including Toll-Like Recep-
tors (TLRs), have an important role in sensing the microbial signals. Initially described
for their key role in infections, they are also produced by the microbiota during the host
colonization. TLRs initiate the host innate immune response in response to pathogens,
regulate the microbial homeostasis, and maintain tissue integrity (Figure 1A) [37].
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gut microbiota, and a stratified adherent inner mucus layer essentially sterile. The microbiota pro-
duces metabolites, including Short Chain Fatty Acids (SCFAs). They are involved in the mainte-
nance of the intestinal epithelial barrier, suppress inflammatory cytokines, and control host immun-
ity through epigenetic changes. SCFAs can inhibit the Histone Deacetylase Activity (HDAC) induc-
ing the differentiation of Forkhead box protein P3 (FOXP3)+ Regulatory T cells (Tregs), and main-
taining a balance between Tregs and T-helper 17 (Th17) cells. Tregs produce the anti-inflammatory 
cytokines Interleukin (IL)-10 and Transforming Growth Factor beta (TGF-β). (B) Dysbiosis. Altera-
tions of this delicate balance can induce disease progression. Antibiotics, a conditioning regimen, as 
well as a change in diet or medication, can induce a loss of beneficial bacteria, with increase in 
pathological bacteria. Lipopolysaccharide (LPS)-producing bacteria are increased, inducing mucosi-
tis, disruption of the mucus layer, and break of the epithelial barrier. Pathogens can therefore invade 
the lamina propria and activate immune responses, with imbalance of Treg and Th17 cells, and se-
cretion of proinflammatory cytokines, such as IL-1β, IL-6, TNF-α. They in turn stimulate the 

Figure 1. Involvement of the gut microbiota on leukaemia progression. (A) Eubiosis. Pre-leukaemic
clones can arise in genetically predisposed individuals (for example Pax5 heterozygosity and the
ETV6-RUNX1 fusion in acute lymphoblastic leukaemia, ALL), but an intact microbiota can protect
from the development of leukaemia. The gut microbiota can modulate the host metabolism, inflam-
mation, and immune responses, and it is involved in the maintenance of the intestinal barrier. Here is
represented the distal colon containing two mucus layers: the outer mucous layer containing the gut
microbiota, and a stratified adherent inner mucus layer essentially sterile. The microbiota produces
metabolites, including Short Chain Fatty Acids (SCFAs). They are involved in the maintenance
of the intestinal epithelial barrier, suppress inflammatory cytokines, and control host immunity
through epigenetic changes. SCFAs can inhibit the Histone Deacetylase Activity (HDAC) inducing
the differentiation of Forkhead box protein P3 (FOXP3)+ Regulatory T cells (Tregs), and maintaining
a balance between Tregs and T-helper 17 (Th17) cells. Tregs produce the anti-inflammatory cytokines
Interleukin (IL)-10 and Transforming Growth Factor beta (TGF-β). (B) Dysbiosis. Alterations of this
delicate balance can induce disease progression. Antibiotics, a conditioning regimen, as well as a
change in diet or medication, can induce a loss of beneficial bacteria, with increase in pathological
bacteria. Lipopolysaccharide (LPS)-producing bacteria are increased, inducing mucositis, disruption
of the mucus layer, and break of the epithelial barrier. Pathogens can therefore invade the lamina
propria and activate immune responses, with imbalance of Treg and Th17 cells, and secretion of
proinflammatory cytokines, such as IL-1β, IL-6, TNF-α. They in turn stimulate the production of
reactive oxygen species (ROS), nitrogen and sulphur, causing oxidative damage, and leading to
cancer progression. Created with BioRender.com. Licence obtained on 14 March 2022.
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The gut microbiota further controls host immunity through epigenetic changes which
can ultimately alter the Th17/Treg balance [38,39]. SCFAs can inhibit histone deacetylase
activity and promote histone acetylation at the promoter of Signal Transducer and Activator
of Transcription 3 (STAT3), NF-kB and Forkhead box protein P3 (FOXP3), thereby enhancing
the number of Treg and decreasing the number of Th17 cells [36,40,41]. Of note, uncon-
trolled Th17 cells can induce severe autoimmune diseases, including inflammatory bowel
disease, rheumatoid arthritis, multiple sclerosis, psoriasis [42]. On the other hand, Treg are
immunosuppressors, and therefore maintain homeostasis and are involved in self-tolerance
preventing autoimmune disease [43]. They produce the anti-inflammatory cytokines IL-10
and Transforming Growth Factor beta (TGF-β) and inhibit immune responses. Importantly,
dysregulated Treg are involved in in cancer progression, infiltrating the tumour and in-
hibiting antitumour immunity [44,45]. This intense ability of the microbiota to control the
fine balance that exists between tolerance and response is of particular relevance in CML
and ALL relapse, as dysregulated immune surveillance is known to impair recognition and
eradication of residual leukemic cells that evaded initial treatment [46–50].

3. Immune-Mediated Mechanisms That Drive Relapse in CML and ALL

Dysregulation of the immune system was reported during the progression of both
CML and ALL, with an immune suppressive phenotype associated with relapse. Recent
data indicate that failure of immunological surveillance of the residual leukemic cells was
associated with relapse after TKI therapy cessation in CML. Several studies have reported
that a lower absolute number of immune effectors (natural killer, NK cells), and higher
number of immune suppressors (FOXP3+ Treg+ cells and monocytic myeloid-derived
suppressor cells, mo-MDSCs) measured at the time of TKI therapy discontinuation was
associated with subsequent relapse (Figure 2) [51–55]. An analysis of quiescent CML
stem cells, persisting despite TKI therapy, identified markers of inflammation, including
overexpression of IL-6, TGF-β, and Tumour Necrosis Factor alpha (TNF-α) [46,47,56,57].
Following therapy cessation, without the selective pressure induced by TKIs and in the
presence of an immune compromised immune system, these residual leukaemic stem cells
can exit quiescence and drive a relapse (Figure 2).

In a similar mechanism to CML, ALL recurrence is thought to be caused by the
expansion of treatment resistant cells which evade initial treatment, later progressing
to relapse. An important factor in the aetiology of ALL is the way in which leukemic
cells interact with the microenvironment and reshape the bone marrow niche to create
an immunosuppressive microenvironment and subsequent leukaemia progression [10].
Growing data indicate an impairment in function and number of effector immune cells,
including NK cells, T cells, and macrophages, and an increase in immunosuppressors,
such as Treg and granulocytic-myeloid derived suppressor cells (G-MDSCs). Tregs secrete
inhibitory cytokines, suppressing the cytotoxic activity of T cells and reducing macrophage
phagocytosis [10]. G-MDSCs produce Reactive Oxygen Species (ROS) and inhibits NK cells
activity [58]. In the bone marrow niche mesenchymal stromal cells additionally sustain the
growth of the leukaemic clones, through secretion of chemokines, NF-kB and metabolites
such as asparagine, which suppresses the cytotoxicity of the L—asparaginase [59]. High-
risk ALL subtypes also have an increased number of immune-checkpoint molecules, and
correlate with decreased relapse-free survival.

These findings underscore the critical role that the immune system plays in regulating
CML and ALL development and risk of relapse. With the growing appreciation for the
bidirectional communication between the immune system and gut microbiota, this also
prompted interest in how dysbiosis may contribute to failed immune surveillance and thus
relapse. In addition, evidence also exists highlighting the carcinogenic effects of the gut
microbiota (described in detail in the following section). When considering the dysbiotic
changes in the gut microbiota in CML/ALL patients, it is therefore reasonable to suggest
that persistent changes in the gut microbiota contribute to disease progression and relapse.
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Figure 2. Molecular relapse in Chronic Myeloid Leukaemia (CML) after cessation of the Tyrosine
Kinase Inhibitor (TKI) therapy. The response to TKI therapy is assessed by measuring the levels of
BCR-ABL1 transcript in the blood by a conventional real-time quantitative reverse transcription PCR
and through the achievement of molecular milestones over the time of therapy. Major molecular
response (in red) is defined by BCR-ABL1 ≤ 0.1% and deep molecular response (in green) is defined by
BCR-ABL1 ≤ 0.01% or lower. Samples with BCR-ABL1 mRNA levels less than 0.001% are considered
undetectable (in grey), and this is the limit of detection of the method. With prolonged TKI therapy
some patients have no longer detectable BCR-ABL1 mRNA. Patients under TKI therapy for at least
3 years and in deep molecular response (green) for at least 2 years can cease their TKI to attempt
treatment-free remission (black line). About 50% of patients who cease TKI therapy have a rapid
molecular relapse, defined as loss of major molecular response (red line) and need to resume their
TKI. More than 90% of them achieve again deep molecular response (green). Disease recurrence
may be explained by the persistence of residual leukaemia cells not eradicated by the therapy, which
provide a source of relapse and a bottleneck to cure. Growing evidence indicates the failure of
the immunological surveillance of the residual CML cells associated with relapse. Gut dysbiosis is
hypothesized to be involved in the creation of the immunosuppressive microenvironment which
sustains cancer progression and relapse. NK cells: natural killer cells; T regs: FOXP3+ Regulatory
T cells; mo-MDSCs: monocytic myeloid-derived suppressor cells. Created with BioRender.com.
Licence obtained on 14 March 2022.

4. Gut Microbiota and Carcinogenesis

To live in harmony with the metropolis of microorganisms that inhabit our guts,
the host immune system works to ensure commensal bacteria are tolerated, and harmful
species are eliminated. People with chronic diseases, such as inflammatory bowel disease,
type 2 diabetes, obesity, and cardiovascular disease, have been widely identified as having
an altered gut microbiota [19,60]. These patients often lack bacteria populations required to
activate the immune cells that in turn block the response against harmless bacteria. Cancer
itself is also associated with differences in the composition of the gut microbiota, with
unique microbial phenotypes reported in people with colorectal cancer [38] breast, [61,62]
pancreas, [63] and hepatocellular carcinoma [64]. In the context of haematological malig-
nancies, differences in the composition of the microbiota have been identified in CML and
ALL patients, hypothesised to dictate the risk of disease and treatment efficacy [23,65–69].
Yu D et al., reported changes in the microbiota of 17 CML patients compared to normal
health control, with higher relative abundances of genus Streptococcus and Ruminococcus
torques group, and decrease in the relative abundance of genus Bacteroides, Ruminococ-
caceae, Megamonas, Lachnospiraceae, and Prevotella [68]. An interesting study performed by
Rajagopala SV et al. showed a reduction in microbial diversity in paediatric and adoles-
cent patients with ALL at the time of disease diagnosis in comparison with their healthy
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siblings [70]. Butyrate-producing Lachnospiraceae (which comprises the Clostridium XIVa
and IV and Roseburia) were greatly reduced, but the Bacteroidaceae were increased, with
authors suggesting these changes were involved in disease development [70]. This was
also investigated experimentally, with an intact gut microbiota hypothesised to protect
genetically predisposed mice from developing ALL [71]. Mice carrying Pairing box 5 (Pax5)
heterozygosity and the ETV6-RUNX1 fusion, which predispose to ALL, did not develop
leukaemia in a specific pathogen-free environment, in comparison with mice raised in a
conventional facility where exposure to environmental pathogens is high. Additionally,
haematopoietic cells carrying a genetic predisposition shaped a “genotype-specific” gut
microbiota, affected B cells maturation, and altered the plasma metabolome. Interest-
ingly, B-ALL development was also triggered by transient depletion of the microbiota
through antibiotics. This indicates that is the alteration of the bacterial composition, in the
presence of genetic predispositions, to trigger ALL, even in the absence of an infectious
environment [71].

Although it remains debated as to whether the changes in the gut composition are
causally involved in cancer, or simply a consequence of a disease process, it was identified
that certain microorganisms promote carcinogenesis directly, by secreting metabolites that
damage the host’s DNA [72]. For example, Helicobacter hepaticus, Enterococcus faecalis, and
Bacteroides fragilis trigger the release of nitric oxide from immune cells, [73] ROS [74] and
enterotoxin which activates the oncogenic driver c-MYC, [75] respectively. Because of this
inflammatory status and enhanced microbial translocation, T cells become activated and
differentiate into an inflammatory phenotype, resulting in Th17/Treg cells imbalance, with
an increased number of immune suppressors Tregs (Figure 1B) [30]. This underscores
the microbiota’s capacity to influence carcinogenesis through modulation of the immune
system, and thus the potential to influence disease progression and relapse.

5. Microbial Dysbiosis in Cancer Progression and Relapse
5.1. Changes in the Gut Microbiota during Treatment and Association with Treatment Toxicity

Whilst cancer itself is associated with changes in the gut microbiota, the treatment
of cancer is undoubtedly more damaging to the microbiota. Chemotherapy, radiotherapy,
TKIs, and immunotherapy have all been shown to detrimentally impact the composition of
the gut microbiota, with changes in its composition identified years after diagnosis [76–81].
These changes are amplified by high rates of antibiotic use, disease-associated stress,
and changes in dietary habits [22,82,83]. These changes in the microbiota caused by
cancer treatments are well-described, and while there are differences in the exact microbial
phenotypes induced by different anti-cancer drugs, they are unified by common traits
including a loss of overall diversity and a decrease in commensal microbes. These changes
impair colonisation resistance, permitting the subsequent expansion of opportunity enteric
pathogens largely belonging to the Proteobacteria phylum. Recent work demonstrated
that butyrate-producing bacteria, such as Roseburia, Coprococcus, and Faecalibacterium are
reduced in patients undergoing radiotherapy or cytotoxic chemotherapy [34]. In parallel,
lipopolysaccharide-producing bacteria are increased, interacting with TLRs to activate
the NF-kB signalling pathway and inducing intense inflammatory reactions in the gut
(“mucositis”) (Figure 1B) [23,84]. This inflammatory injury of the intestinal mucosa disrupts
tight junctions and increases intercellular spaces compromising the epithelial barrier [34,85].
This permits the translocation of pathogenetic bacteria and exacerbate proinflammatory
immune responses and associated oxidative stress [86]. These changes cause several
treatment side effects including infection, cachexia, graft versus host disease and even
cognitive impairment, and are generally associated with poorer treatment outcomes [87–90].
Lipopolysaccharide is a potent inducer of inflammation, as testified by increased levels of
ROS, TLR4, inflammatory cytokines, including IL-10, IL-6, TNF-α, IL-1β, and activation of
the NF-kB pathway in K562 CML cell lines [91]. Interestingly, Takizawa H et al., showed that
lipopolysaccharide, same as well the systemic infection with Salmonella typhimurium, was
able to activate the proliferation of dormant haematopoietic stem cells through activation
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of TLR4-p38 MAPK pathway, and to increase death in mice following treatment with 5-
fluorouracil (a cytotoxic chemotherapeutic agent used in the treatment of colorectal cancer,
targeting proliferating cells). This highlights the ability of haematopoietic stem cells to sense
pathogens and to regulate their proliferation and inflammatory responses accordingly [92].

Changes in the microbiota after treatment were identified after CML/ALL treatment,
and in some cases, reported to persist for years after diagnosis [76–81]. During the first
6 weeks of induction therapy for ALL, the abundance of Streptococcaceae and Enterococcaceae
increases while abundance of Ruminococcacea decreases [77,93,94]. Overall bacterial load
decreases with consolidation and maintenance therapy phase, the abundance of Entero-
coccaceae, Clostridiaceae, and Streptococcaceae families increase while Lachnospiraceae and
Bifidobacteriaceae families decrease [94]. The domination of the luminal environment with
Enterococcaceae and Streptococcaceae was associated with increased risk of subsequent febrile
neutropenia and diarrhoea, or solely diarrhoea, respectively [95]. The reconstitution of gut
microbiota diversity often occurs after chemotherapy cessation and differs to the recovery
of the microbiota’s taxonomic structure, which, instead, may remain altered long term [95].
Chua LL et al. showed that the stool samples of ALL survivors was enriched of Actinobac-
teria and depleted of Faecalibacterium, which produces butyrate and anti-inflammatory
compounds [78]. This dysbiosis led to an increase in plasma levels of C-reactive protein, IL-
6, and HLA-DR+CD4+ effector memory T cells and HLA-DR+CD8+ Treg cells subset [78].
There is some speculation that these chronic microbial changes may drive late effects in
leukaemia survivors, including cardiovascular, metabolic, and neurocognitive diseases, [96]
which have clear immunological drivers. As such, restoring the microbiota after treatment
may offer a new strategy to mitigate the chronic morbidity caused by cancer therapy.

In instances where induction therapy is ineffective, people with ALL/CML may be
offered HSCT [10,97]. This treatment involves the use of exceptionally high-dose chemother-
apy, which due to its highly immunosuppressive nature, is often coupled with intensive
antibiotic prophylaxis and empirical use. Oral intake is often reduced after HSCT, and total
parenteral nutrition provided. As such, the gut microbiota faces numerous insults in HSCT
recipients and undergoes profound, and often detrimental changes broadly characterised by
a loss in commensal microorganisms and luminal domination of enteric pathogens. These
changes were recently described to drive acute infectious complications, e.g., bacteraemia
and fever, as well as chronic consequences including graft versus host disease [98,99]. This
new knowledge prompted enthusiastic investigation of microbiota-targeted interventions,
including faecal microbiota transplant, to prevent graft versus host disease [100].

5.2. Microbial Dysbiosis and Relapse

The events leading to the relapse of ALL and CML, especially in the absence of treat-
ment, remain poorly understood. It is evident that leukaemic cells that persist undetected
during treatment are likely to be the source of relapse, able to evade various treatments
and the host’s immune system. While these cells have certainly developed ways to avoid
immune detection, it is increasingly understood that the host’s immune system is also
dysfunctional, and it is this insight that prompted considerations for how the microbiota
may also contribute to relapse.

In light of the immune system’s important role in tumour surveillance, and the gut
microbiota’s well-described impact on immune function, it is plausible to suggest that
the microbiota is also involved in relapse [23,69,101]. This is especially compelling given
the numerous insults the microbiota faces during ALL/CML treatments which leave the
patient with chronic changes in its composition. The idea that the microbiota may influence
cancer relapse is gaining theoretical and experimental traction. Several reports indicated
the role of microbial metabolites in cancer progression and relapse. Lipopolysaccharide,
for example, increases metastases in the lungs of mice, following activation of the NF-kB
pathway, [102] and to increase malignancy in prostate cancer epithelial cells [103]. On
the other end, the microbial metabolite sodium butyrate, a histone deacetylase inhibitor,
increased the response of CD8+ T cells through IL-12 signalling, improving the efficacy of
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chemotherapy [104]. Propionate, another SCFA, was effective in reducing proliferation in
BCR-ABL-expressing Baf3 cells through the activation of the free fatty acid receptor 2 [105].
This highlights the potential of microbial-derived metabolites in the treatment of cancer,
described more in detail in the conclusive remarks section.

Furthermore, it was reported that antibiotics increase relapse, presumably through
their impact on the microbiota [106,107]. For example, the use of azithromycin during
the early phase of allogeneic-HSCT, to control bronchiolitis obliterans syndrome, is as-
sociated with increased incidence of haematological relapse and death [106]. In fact, the
ALLOZITHRO clinical trial studied the effects of long-term therapy with azithromycin
delivered from the early phases of the allogeneic-HSCT, but the study was prematurely
ceased after 13 months due to an unexpected increased rate of cancer relapse (33.5% with
azithromycin vs 22.3% with placebo; p = 0.002) and death (2-year survival of 56.6% vs 70.1%
in the placebo group; p = 0.02) [106]. A subsequent study, where azithromycin was given
for treating an established bronchiolitis obliterans syndrome many months to years after
the allogeneic-HSCT, did not show increased relapse of the original malignancy but an
increased number of secondary neoplasms; however, the reason of it is unknown [38]. It
was proven that long-term low dose of azithromycin may impair the immune system’s
function in response to antigens, [108–110] and alterations of the gut microbiota within
the first months after allogeneic-HSCT were associated with an increased incidence of
haematological relapse [100]. Gomez J and Duenas V, reported an interesting case of a
CML patient that after an episode of infectious meningoencephalitis developed a rare blast
crisis of the central nervous system, but whether the pathogens were responsible of the
progression of the disease remains to be clarified [111].

Clearly, several questions are still unresolved, and our understanding remains su-
perficial. Most critically, it is imperative that the mechanisms be understood in more
detail, especially in the context of understanding what microbial traits drive an immuno-
suppressed phenotype incapable of detecting persistent leukaemic cells. Certainly, some
microbes induce immunosuppressive responses in their host, creating a microenvironment
favourable to their proliferation. For example, during lung infections, invading bacteria
hijack the immune system by increasing immunosuppressive cell populations, includ-
ing Tregs and MDSCs, and reducing the production of pro-inflammatory cytokines [112].
However, these have not yet been identified in the context of cancer relapse, let alone an
ALL/CML relapse, and remain at odds with the predominantly “immunostimulatory”
changes caused by cancer treatment which tend to drive exaggerated immune responses.
The key to understanding this will be prospective, longitudinal studies that capture dy-
namic changes in the microbiota and immune system throughout and after treatment,
paired with robust clinical and personal data need to account for the numerous confound-
ing variables that affect the microbiota. If robust microbial signals are identified, this would
warrant interventional strategies targeting the microbiota to decrease the risk of relapse.

6. Concluding Remarks and Future Perspectives

The gut microbiota has been studied in enormous detail in the past decades, highlight-
ing its role during carcinogenesis and treatment toxicity. The role of the immune-mediated
control in the progression of both CML and ALL was recently identified, but a direct
link between dysbiosis and the dysregulation of the immune system in these diseases is
missing. Understanding this connection can open the avenue to new therapies aimed to
simultaneously reduce both cancer progression and chronic toxicities. Modulation of the
cancer microbiota is an exciting field of research and potentially very feasible given the ease
at which the microbiota can be modulated. Dietary intervention is able to induce significant
changes in the gut microbiota composition in 24–48 h but can be difficult to implement
in people with cancer due to difficulties eating due to oral mucositis, taste changes, and
anorexia [113]. Pre- and probiotics may offer a more feasible method of intervention, but it
remains unclear if these strategies are sufficiently powerful to support the microbiota after
such profound damage. While there are some guidelines recommending the use of probi-
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otics in specific patients, for example those by the Multinational Association for Supportive
Care in Cancer, [114] probiotics do not have sufficient evidence to support their broad
use [115]. In contrast, faecal microbiome transplantation (FMT) is an attractive strategy for
restoring the gut microbiota composition after cancer therapy. It involves the transplant of
faecal material from a healthy donor to a patient. In the context of cancer therapy, there is
the unique opportunity to collect and bank baseline (pre-treatment) stool before starting
therapy. This can then be used for autologous FMT, increasing the rate of colonisation, and
decreasing the risk of disease transmission from third-party donors. While emerging in its
experimental indications, FMT is currently only approved for Clostiridum difficile infection
and more work is needed to refine the methodological considerations for use in cancer
care [116]. Additionally, there is no general consensus about what a healthy microbiota
is, whether there are risks of reintroducing a pro-carcinogenic microbiota via autologous
FMT and what attributes are important to consider in donor FMT. As such, there are alter-
native methods of intervention including engineered FMT or microbial metabolites called
postbiotics. Postbiotics are bacterial bioactive compounds, such as SCFAs, flavonoids, and
taurine that can be delivered directly to the patient [117]. Screening of the gut microbiota
metabolites is of current interest, in association with the sequencing of the whole micro-
biome and bacterial transcriptome. This will allow the identification of specific compounds
associated to a specific microbiome and may facilitate the identification of postbiotics to be
used in immune-mediated diseases. An increase understanding of the complex interaction
between microbiota, immunity, and cancer relapse, is therefore required for the develop-
ment of these new microbiome-based therapies. A successful clinical translation of these
new finding requires a standardization of the microbiome-based methods for being used as
gold standard practice in the laboratories worldwide.

Funding: This review received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Teresa Sadras, from the Peter MacCallum Centre, for the revision of the paper.

Conflicts of Interest: Authors have no conflict of interest to declare.

References
1. Druker, B.J.; Guilhot, F.; O’Brien, S.G.; Gathmann, I.; Kantarjian, H.; Gattermann, N.; Deininger, M.W.; Silver, R.T.; Goldman, J.M.;

Stone, R.M.; et al. Five-year follow-up of patients receiving imatinib for chronic myeloid leukemia. N. Engl. J. Med. 2006, 355,
2408–2417. [CrossRef] [PubMed]

2. Efficace, F.; Stagno, F.; Iurlo, A.; Breccia, M.; Cottone, F.; Bonifacio, M.; Abruzzese, E.; Castagnetti, F.; Caocci, G.; Crugnola, M.; et al.
Health-related quality of life of newly diagnosed chronic myeloid leukemia patients treated with first-line dasatinib versus
imatinib therapy. Leukemia 2020, 34, 488–498. [CrossRef] [PubMed]

3. Sharf, G.; Marin, C.; Bradley, J.A.; Pemberton-Whiteley, Z.; Bombaci, F.; Christensen, R.I.O.; Gouimi, B.; Deekes, N.B.; Daban, M.;
Geissler, J. Treatment-free remission in chronic myeloid leukemia: The patient perspective and areas of unmet needs. Leukemia
2020, 34, 2102–2112. [CrossRef]

4. Hochhaus, A.; Baccarani, M.; Silver, R.T.; Schiffer, C.; Apperley, J.F.; Cervantes, F.; Clark, R.E.; Cortes, J.E.; Deininger, M.W.;
Guilhot, F.; et al. European LeukemiaNet 2020 recommendations for treating chronic myeloid leukemia. Leukemia 2020, 34,
966–984. [CrossRef] [PubMed]

5. Ross, D.M.; Hughes, T.P. Treatment-free remission in patients with chronic myeloid leukaemia. Nat. Rev. Clin. Oncol 2020, 17,
493–503. [CrossRef]

6. Ross, D.M.; Pagani, I.S.; Shanmuganathan, N.; Kok, C.H.; Seymour, J.F.; Mills, A.K.; Filshie, R.J.; Arthur, C.K.; Dang, P.;
Saunders, V.A.; et al. Long-term treatment-free remission of chronic myeloid leukemia with falling levels of residual leukemic
cells. Leukemia 2018, 32, 2572–2579. [CrossRef]

7. Ross, D.M.; Branford, S.; Seymour, J.F.; Schwarer, A.P.; Arthur, C.; Yeung, D.T.; Dang, P.; Goyne, J.M.; Slader, C.; Filshie, R.J.; et al.
Safety and efficacy of imatinib cessation for CML patients with stable undetectable minimal residual disease: Results from the
TWISTER study. Blood 2013, 122, 515–522. [CrossRef]

8. Hunger, S.P.; Mullighan, C.G. Acute Lymphoblastic Leukemia in Children. N. Engl. J. Med. 2015, 373, 1541–1552. [CrossRef]

http://doi.org/10.1056/NEJMoa062867
http://www.ncbi.nlm.nih.gov/pubmed/17151364
http://doi.org/10.1038/s41375-019-0563-0
http://www.ncbi.nlm.nih.gov/pubmed/31477798
http://doi.org/10.1038/s41375-020-0867-0
http://doi.org/10.1038/s41375-020-0776-2
http://www.ncbi.nlm.nih.gov/pubmed/32127639
http://doi.org/10.1038/s41571-020-0367-1
http://doi.org/10.1038/s41375-018-0264-0
http://doi.org/10.1182/blood-2013-02-483750
http://doi.org/10.1056/NEJMra1400972


Microorganisms 2022, 10, 713 10 of 14

9. Tran, T.H.; Hunger, S.P. The genomic landscape of pediatric acute lymphoblastic leukemia and precision medicine opportunities.
In Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2020. [CrossRef]

10. Pastorczak, A.; Domka, K.; Fidyt, K.; Poprzeczko, M.; Firczuk, M. Mechanisms of Immune Evasion in Acute Lymphoblastic
Leukemia. Cancers 2021, 13, 1536. [CrossRef]

11. Roberts, K.G.; Mullighan, C.G. Genomics in acute lymphoblastic leukaemia: Insights and treatment implications. Nat. Rev. Clin.
Oncol. 2015, 12, 344–357. [CrossRef]

12. Waanders, E.; Gu, Z.; Dobson, S.M.; Antic, Z.; Crawford, J.C.; Ma, X.; Edmonson, M.N.; Payne-Turner, D.; van de Vorst, M.;
Jongmans, M.C.J.; et al. Mutational landscape and patterns of clonal evolution in relapsed pediatric acute lymphoblastic leukemia.
Blood Cancer Discov. 2020, 1, 96–111. [CrossRef] [PubMed]

13. Ottmann, O.G. Management of Philadelphia chromosome-positive acute lymphoblastic leukemia. Leuk. Suppl. 2012, 1, S7–S9.
[CrossRef] [PubMed]

14. Malard, F.; Mohty, M. Acute lymphoblastic leukaemia. Lancet 2020, 395, 1146–1162. [CrossRef]
15. Wei, G.; Wang, J.; Huang, H.; Zhao, Y. Novel immunotherapies for adult patients with B-lineage acute lymphoblastic leukemia. J.

Hematol. Oncol. 2017, 10, 150. [CrossRef] [PubMed]
16. Mueller, K.T.; Waldron, E.; Grupp, S.A.; Levine, J.E.; Laetsch, T.W.; Pulsipher, M.A.; Boyer, M.W.; August, K.J.; Hamilton, J.;

Awasthi, R.; et al. Clinical Pharmacology of Tisagenlecleucel in B-cell Acute Lymphoblastic Leukemia. Clin. Cancer Res. 2018, 24,
6175–6184. [CrossRef]

17. Park, J.H.; Riviere, I.; Gonen, M.; Wang, X.; Senechal, B.; Curran, K.J.; Sauter, C.; Wang, Y.; Santomasso, B.; Mead, E.; et al.
Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia. N. Engl. J. Med. 2018, 378, 449–459. [CrossRef]

18. Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef]

19. Zheng, D.; Liwinski, T.; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492–506.
[CrossRef]

20. Thaiss, C.A.; Zmora, N.; Levy, M.; Elinav, E. The microbiome and innate immunity. Nature 2016, 535, 65–74. [CrossRef]
21. Belkaid, Y.; Hand, T.W. Role of the microbiota in immunity and inflammation. Cell 2014, 157, 121–141. [CrossRef]
22. Dudek-Wicher, R.K.; Junka, A.; Bartoszewicz, M. The influence of antibiotics and dietary components on gut microbiota. Prz.

Gastroenterol. 2018, 13, 85–92. [CrossRef] [PubMed]
23. Allegra, A.; Innao, V.; Allegra, A.G.; Ettari, R.; Pugliese, M.; Pulvirenti, N.; Musolino, C. Role of the microbiota in hematologic

malignancies. Neth. J. Med. 2019, 77, 67–80. [PubMed]
24. Secombe, K.R.; Van Sebille, Y.Z.A.; Mayo, B.J.; Coller, J.K.; Gibson, R.J.; Bowen, J.M. Diarrhea Induced by Small Molecule

Tyrosine Kinase Inhibitors Compared With Chemotherapy: Potential Role of the Microbiome. Integr. Cancer Ther. 2020, 19,
1534735420928493. [CrossRef] [PubMed]

25. Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Cheng, J.; Duncan, A.E.; Kau, A.L.; Griffin, N.W.; Lombard, V.; Henrissat, B.; Bain, J.R.; et al.
Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science 2013, 341, 1241214. [CrossRef] [PubMed]

26. Ley, R.E.; Hamady, M.; Lozupone, C.; Turnbaugh, P.J.; Ramey, R.R.; Bircher, J.S.; Schlegel, M.L.; Tucker, T.A.; Schrenzel, M.D.;
Knight, R.; et al. Evolution of mammals and their gut microbes. Science 2008, 320, 1647–1651. [CrossRef] [PubMed]

27. Schirmer, M.; Smeekens, S.P.; Vlamakis, H.; Jaeger, M.; Oosting, M.; Franzosa, E.A.; Ter Horst, R.; Jansen, T.; Jacobs, L.;
Bonder, M.J.; et al. Linking the Human Gut Microbiome to Inflammatory Cytokine Production Capacity. Cell 2016, 167, 1125–1136.
[CrossRef] [PubMed]

28. Pabst, O.; Slack, E. IgA and the intestinal microbiota: The importance of being specific. Mucosal. Immunol. 2020, 13, 12–21.
[CrossRef]

29. Bauer, H.; Horowitz, R.E.; Levenson, S.M.; Popper, H. The response of the lymphatic tissue to the microbial flora. Studies on
germfree mice. Am. J. Pathol. 1963, 42, 471–483.

30. Cheng, H.; Guan, X.; Chen, D.; Ma, W. The Th17/Treg Cell Balance: A Gut Microbiota-Modulated Story. Microorganisms 2019,
7, 583. [CrossRef]

31. Yan, H.; Baldridge, M.T.; King, K.Y. Hematopoiesis and the bacterial microbiome. Blood 2018, 132, 559–564. [CrossRef]
32. Martin, R.; Miquel, S.; Ulmer, J.; Langella, P.; Bermudez-Humaran, L.G. Gut ecosystem: How microbes help us. Benef. Microbes

2014, 5, 219–233. [CrossRef] [PubMed]
33. Yu, Q.; Yuan, L.; Deng, J.; Yang, Q. Lactobacillus protects the integrity of intestinal epithelial barrier damaged by pathogenic

bacteria. Front. Cell Infect. Microbiol. 2015, 5, 26. [CrossRef] [PubMed]
34. Tian, T.; Zhao, Y.; Yang, Y.; Wang, T.; Jin, S.; Guo, J.; Liu, Z. The protective role of short-chain fatty acids acting as signal molecules

in chemotherapy- or radiation-induced intestinal inflammation. Am. J. Cancer Res. 2020, 10, 3508–3531. [PubMed]
35. Macia, L.; Tan, J.; Vieira, A.T.; Leach, K.; Stanley, D.; Luong, S.; Maruya, M.; McKenzie, C.I.; Hijikata, A.; Wong, C.; et al.

Metabolite-sensing receptors GPR43 and GPR109A facilitate dietary fibre-induced gut homeostasis through regulation of the
inflammasome. Nat. Commun. 2015, 6, 6734. [CrossRef]

36. Li, M.; van Esch, B.; Wagenaar, G.T.M.; Garssen, J.; Folkerts, G.; Henricks, P.A.J. Pro- and anti-inflammatory effects of short chain
fatty acids on immune and endothelial cells. Eur. J. Pharmacol. 2018, 831, 52–59. [CrossRef]

37. Rakoff-Nahoum, S.; Paglino, J.; Eslami-Varzaneh, F.; Edberg, S.; Medzhitov, R. Recognition of commensal microflora by toll-like
receptors is required for intestinal homeostasis. Cell 2004, 118, 229–241. [CrossRef]

http://doi.org/10.1016/j.semcancer.2020.10.013
http://doi.org/10.3390/cancers13071536
http://doi.org/10.1038/nrclinonc.2015.38
http://doi.org/10.1158/0008-5472.BCD-19-0041
http://www.ncbi.nlm.nih.gov/pubmed/32793890
http://doi.org/10.1038/leusup.2012.7
http://www.ncbi.nlm.nih.gov/pubmed/27175253
http://doi.org/10.1016/S0140-6736(19)33018-1
http://doi.org/10.1186/s13045-017-0516-x
http://www.ncbi.nlm.nih.gov/pubmed/28821272
http://doi.org/10.1158/1078-0432.CCR-18-0758
http://doi.org/10.1056/NEJMoa1709919
http://doi.org/10.3389/fendo.2020.00025
http://doi.org/10.1038/s41422-020-0332-7
http://doi.org/10.1038/nature18847
http://doi.org/10.1016/j.cell.2014.03.011
http://doi.org/10.5114/pg.2018.76005
http://www.ncbi.nlm.nih.gov/pubmed/30002765
http://www.ncbi.nlm.nih.gov/pubmed/30895929
http://doi.org/10.1177/1534735420928493
http://www.ncbi.nlm.nih.gov/pubmed/32493068
http://doi.org/10.1126/science.1241214
http://www.ncbi.nlm.nih.gov/pubmed/24009397
http://doi.org/10.1126/science.1155725
http://www.ncbi.nlm.nih.gov/pubmed/18497261
http://doi.org/10.1016/j.cell.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/27814509
http://doi.org/10.1038/s41385-019-0227-4
http://doi.org/10.3390/microorganisms7120583
http://doi.org/10.1182/blood-2018-02-832519
http://doi.org/10.3920/BM2013.0057
http://www.ncbi.nlm.nih.gov/pubmed/24583612
http://doi.org/10.3389/fcimb.2015.00026
http://www.ncbi.nlm.nih.gov/pubmed/25859435
http://www.ncbi.nlm.nih.gov/pubmed/33294252
http://doi.org/10.1038/ncomms7734
http://doi.org/10.1016/j.ejphar.2018.05.003
http://doi.org/10.1016/j.cell.2004.07.002


Microorganisms 2022, 10, 713 11 of 14

38. Cheng, Y.; Ling, Z.; Li, L. The Intestinal Microbiota and Colorectal Cancer. Front. Immunol. 2020, 11, 615056. [CrossRef]
39. Chang, P.V.; Hao, L.; Offermanns, S.; Medzhitov, R. The microbial metabolite butyrate regulates intestinal macrophage function

via histone deacetylase inhibition. Proc. Natl. Acad. Sci. USA 2014, 111, 2247–2252. [CrossRef]
40. Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; van der Veeken, J.; deRoos, P.; Liu, H.; Cross, J.R.; Pfeffer, K.; Coffer, P.J.; et al.

Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 2013, 504, 451–455.
[CrossRef]

41. Davie, J.R. Inhibition of histone deacetylase activity by butyrate. J. Nutr. 2003, 133, 2485S–2493S. [CrossRef]
42. Waite, J.C.; Skokos, D. Th17 response and inflammatory autoimmune diseases. Int. J. Inflam. 2012, 2012, 819467. [CrossRef]

[PubMed]
43. Lee, G.R. The Balance of Th17 versus Treg Cells in Autoimmunity. Int. J. Mol. Sci. 2018, 19, 730. [CrossRef] [PubMed]
44. Hatzioannou, A.; Boumpas, A.; Papadopoulou, M.; Papafragkos, I.; Varveri, A.; Alissafi, T.; Verginis, P. Regulatory T Cells in

Autoimmunity and Cancer: A Duplicitous Lifestyle. Front. Immunol. 2021, 12, 731947. [CrossRef] [PubMed]
45. Zhang, S.; Gang, X.; Yang, S.; Cui, M.; Sun, L.; Li, Z.; Wang, G. The Alterations in and the Role of the Th17/Treg Balance in

Metabolic Diseases. Front. Immunol. 2021, 12, 678355. [CrossRef]
46. Soverini, S.; De Santis, S.; Monaldi, C.; Bruno, S.; Mancini, M. Targeting Leukemic Stem Cells in Chronic Myeloid Leukemia: Is It

Worth the Effort? Int. J. Mol. Sci. 2021, 22, 7093. [CrossRef]
47. Bhatia, R. Targeting Leukemia Stem Cell Resistance in Chronic Myelogenous Leukemia. Trans. Am. Clin. Climatol. Assoc. 2019,

130, 246–254.
48. Corbin, A.S.; Agarwal, A.; Loriaux, M.; Cortes, J.; Deininger, M.W.; Druker, B.J. Human chronic myeloid leukemia stem cells are

insensitive to imatinib despite inhibition of BCR-ABL activity. J. Clin. Investig. 2011, 121, 396–409. [CrossRef]
49. Pagani, I.S.; Dang, P.; Saunders, V.A.; Grose, R.; Shanmuganathan, N.; Kok, C.H.; Carne, L.; Rwodzi, Z.; Watts, S.; McLean, J.; et al.

Lineage of measurable residual disease in patients with chronic myeloid leukemia in treatment-free remission. Leukemia 2020, 34,
1052–1061. [CrossRef]

50. Dobson, S.M.; Garcia-Prat, L.; Vanner, R.J.; Wintersinger, J.; Waanders, E.; Gu, Z.; McLeod, J.; Gan, O.I.; Grandal, I.;
Payne-Turner, D.; et al. Relapse-Fated Latent Diagnosis Subclones in Acute B Lineage Leukemia Are Drug Tolerant and Possess
Distinct Metabolic Programs. Cancer Discov. 2020, 10, 568–587. [CrossRef]

51. Ilander, M.; Olsson-Stromberg, U.; Schlums, H.; Guilhot, J.; Bruck, O.; Lahteenmaki, H.; Kasanen, T.; Koskenvesa, P.; Soderlund,
S.; Hoglund, M.; et al. Increased proportion of mature NK cells is associated with successful imatinib discontinuation in chronic
myeloid leukemia. Leukemia 2017, 31, 1108–1116. [CrossRef]

52. Irani, Y.D.; Hughes, A.; Clarson, J.; Kok, C.H.; Shanmuganathan, N.; White, D.L.; Yeung, D.T.; Ross, D.M.; Hughes, T.P.; Yong,
A.S.M. Successful treatment-free remission in chronic myeloid leukaemia and its association with reduced immune suppressors
and increased natural killer cells. Br. J. Haematol. 2020, 191, 433–441. [CrossRef] [PubMed]

53. Ohyashiki, K.; Katagiri, S.; Tauchi, T.; Ohyashiki, J.H.; Maeda, Y.; Matsumura, I.; Kyo, T. Increased natural killer cells and
decreased CD3(+)CD8(+)CD62L(+) T cells in CML patients who sustained complete molecular remission after discontinuation of
imatinib. Br. J. Haematol. 2012, 157, 254–256. [CrossRef] [PubMed]

54. Kumagai, T.; Nakaseko, C.; Nishiwaki, K.; Yoshida, C.; Ohashi, K.; Takezako, N.; Takano, H.; Kouzai, Y.; Murase, T.;
Matsue, K.; et al. Silent NK/T cell reactions to dasatinib during sustained deep molecular response before cessation are as-
sociated with longer treatment-free remission. Cancer Sci. 2020, 111, 2923–2934. [CrossRef] [PubMed]

55. Schutz, C.; Inselmann, S.; Saussele, S.; Dietz, C.T.; Mu Ller, M.C.; Eigendorff, E.; Brendel, C.A.; Metzelder, S.K.; Bru Mmendorf,
T.H.; Waller, C.; et al. Expression of the CTLA-4 ligand CD86 on plasmacytoid dendritic cells (pDC) predicts risk of disease
recurrence after treatment discontinuation in CML. Leukemia 2017, 31, 829–836. [CrossRef]

56. Loscocco, F.; Visani, G.; Galimberti, S.; Curti, A.; Isidori, A. BCR-ABL Independent Mechanisms of Resistance in Chronic Myeloid
Leukemia. Front. Oncol. 2019, 9, 939. [CrossRef]

57. Holyoake, T.L.; Vetrie, D. The chronic myeloid leukemia stem cell: Stemming the tide of persistence. Blood 2017, 129, 1595–1606.
[CrossRef]

58. Liu, Y.F.; Chen, Y.Y.; He, Y.Y.; Wang, J.Y.; Yang, J.P.; Zhong, S.L.; Jiang, N.; Zhou, P.; Jiang, H.; Zhou, J. Expansion and activation of
granulocytic, myeloid-derived suppressor cells in childhood precursor B cell acute lymphoblastic leukemia. J. Leukoc. Biol. 2017,
102, 449–458. [CrossRef]

59. Iwamoto, S.; Mihara, K.; Downing, J.R.; Pui, C.H.; Campana, D. Mesenchymal cells regulate the response of acute lymphoblastic
leukemia cells to asparaginase. J. Clin. Investig. 2007, 117, 1049–1057. [CrossRef]

60. Kazemian, N.; Mahmoudi, M.; Halperin, F.; Wu, J.C.; Pakpour, S. Gut microbiota and cardiovascular disease: Opportunities and
challenges. Microbiome 2020, 8, 36. [CrossRef]

61. Lakritz, J.R.; Poutahidis, T.; Mirabal, S.; Varian, B.J.; Levkovich, T.; Ibrahim, Y.M.; Ward, J.M.; Teng, E.C.; Fisher, B.; Parry, N.; et al.
Gut bacteria require neutrophils to promote mammary tumorigenesis. Oncotarget 2015, 6, 9387–9396. [CrossRef]

62. Rao, V.P.; Poutahidis, T.; Ge, Z.; Nambiar, P.R.; Boussahmain, C.; Wang, Y.Y.; Horwitz, B.H.; Fox, J.G.; Erdman, S.E. Innate immune
inflammatory response against enteric bacteria Helicobacter hepaticus induces mammary adenocarcinoma in mice. Cancer Res.
2006, 66, 7395–7400. [CrossRef] [PubMed]

63. Ertz-Archambault, N.; Keim, P.; Von Hoff, D. Microbiome and pancreatic cancer: A comprehensive topic review of literature.
World J. Gastroenterol. 2017, 23, 1899–1908. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2020.615056
http://doi.org/10.1073/pnas.1322269111
http://doi.org/10.1038/nature12726
http://doi.org/10.1093/jn/133.7.2485S
http://doi.org/10.1155/2012/819467
http://www.ncbi.nlm.nih.gov/pubmed/22229105
http://doi.org/10.3390/ijms19030730
http://www.ncbi.nlm.nih.gov/pubmed/29510522
http://doi.org/10.3389/fimmu.2021.731947
http://www.ncbi.nlm.nih.gov/pubmed/34539668
http://doi.org/10.3389/fimmu.2021.678355
http://doi.org/10.3390/ijms22137093
http://doi.org/10.1172/JCI35721
http://doi.org/10.1038/s41375-019-0647-x
http://doi.org/10.1158/2159-8290.CD-19-1059
http://doi.org/10.1038/leu.2016.360
http://doi.org/10.1111/bjh.16718
http://www.ncbi.nlm.nih.gov/pubmed/32352166
http://doi.org/10.1111/j.1365-2141.2011.08939.x
http://www.ncbi.nlm.nih.gov/pubmed/22077498
http://doi.org/10.1111/cas.14518
http://www.ncbi.nlm.nih.gov/pubmed/32614159
http://doi.org/10.1038/leu.2017.9
http://doi.org/10.3389/fonc.2019.00939
http://doi.org/10.1182/blood-2016-09-696013
http://doi.org/10.1189/jlb.5MA1116-453RR
http://doi.org/10.1172/JCI30235
http://doi.org/10.1186/s40168-020-00821-0
http://doi.org/10.18632/oncotarget.3328
http://doi.org/10.1158/0008-5472.CAN-06-0558
http://www.ncbi.nlm.nih.gov/pubmed/16885333
http://doi.org/10.3748/wjg.v23.i10.1899
http://www.ncbi.nlm.nih.gov/pubmed/28348497


Microorganisms 2022, 10, 713 12 of 14

64. Dapito, D.H.; Mencin, A.; Gwak, G.Y.; Pradere, J.P.; Jang, M.K.; Mederacke, I.; Caviglia, J.M.; Khiabanian, H.; Adeyemi, A.;
Bataller, R.; et al. Promotion of hepatocellular carcinoma by the intestinal microbiota and TLR4. Cancer Cell 2012, 21, 504–516.
[CrossRef] [PubMed]

65. Masetti, R.; Muratore, E.; Leardini, D.; Zama, D.; Turroni, S.; Brigidi, P.; Esposito, S.; Pession, A. Gut microbiome in pediatric
acute leukemia: From predisposition to cure. Blood Adv. 2021, 5, 4619–4629. [CrossRef]

66. Liu, X.; Zou, Y.; Ruan, M.; Chang, L.; Chen, X.; Wang, S.; Yang, W.; Zhang, L.; Guo, Y.; Chen, Y.; et al. Pediatric Acute
Lymphoblastic Leukemia Patients Exhibit Distinctive Alterations in the Gut Microbiota. Front. Cell Infect. Microbiol. 2020,
10, 558799. [CrossRef]

67. Chua, L.L.; Rajasuriar, R.; Lim, Y.A.L.; Woo, Y.L.; Loke, P.; Ariffin, H. Temporal changes in gut microbiota profile in children with
acute lymphoblastic leukemia prior to commencement-, during-, and post-cessation of chemotherapy. BMC Cancer 2020, 20, 151.
[CrossRef] [PubMed]

68. Yu, D.; Yu, X.; Ye, A.; Xu, C.; Li, X.; Geng, W.; Zhu, L. Profiling of gut microbial dysbiosis in adults with myeloid leukemia. FEBS
Open Bio 2021, 11, 2050–2059. [CrossRef]

69. Uribe-Herranz, M.; Klein-Gonzalez, N.; Rodriguez-Lobato, L.G.; Juan, M.; de Larrea, C.F. Gut Microbiota Influence in Hematolog-
ical Malignancies: From Genesis to Cure. Int. J. Mol. Sci. 2021, 22, 1026. [CrossRef]

70. Rajagopala, S.V.; Yooseph, S.; Harkins, D.M.; Moncera, K.J.; Zabokrtsky, K.B.; Torralba, M.G.; Tovchigrechko, A.; Highlander, S.K.;
Pieper, R.; Sender, L.; et al. Gastrointestinal microbial populations can distinguish pediatric and adolescent Acute Lymphoblastic
Leukemia (ALL) at the time of disease diagnosis. BMC Genom. 2016, 17, 635. [CrossRef]

71. Vicente-Duenas, C.; Janssen, S.; Oldenburg, M.; Auer, F.; Gonzalez-Herrero, I.; Casado-Garcia, A.; Isidro-Hernandez, M.; Raboso-
Gallego, J.; Westhoff, P.; Pandyra, A.A.; et al. An intact gut microbiome protects genetically predisposed mice against leukemia.
Blood 2020, 136, 2003–2017. [CrossRef]

72. Martinez, I.; Lattimer, J.M.; Hubach, K.L.; Case, J.A.; Yang, J.; Weber, C.G.; Louk, J.A.; Rose, D.J.; Kyureghian, G.;
Peterson, D.A.; et al. Gut microbiome composition is linked to whole grain-induced immunological improvements. ISME J. 2013,
7, 269–280. [CrossRef] [PubMed]

73. Erdman, S.E.; Rao, V.P.; Poutahidis, T.; Rogers, A.B.; Taylor, C.L.; Jackson, E.A.; Ge, Z.; Lee, C.W.; Schauer, D.B.; Wogan, G.N.; et al.
Nitric oxide and TNF-alpha trigger colonic inflammation and carcinogenesis in Helicobacter hepaticus-infected, Rag2-deficient
mice. Proc. Natl. Acad. Sci. USA 2009, 106, 1027–1032. [CrossRef] [PubMed]

74. Strickertsson, J.A.; Desler, C.; Martin-Bertelsen, T.; Machado, A.M.; Wadstrom, T.; Winther, O.; Rasmussen, L.J.; Friis-Hansen, L.
Enterococcus faecalis infection causes inflammation, intracellular oxphos-independent ROS production, and DNA damage in
human gastric cancer cells. PLoS ONE 2013, 8, e63147. [CrossRef]

75. Wu, S.; Morin, P.J.; Maouyo, D.; Sears, C.L. Bacteroides fragilis enterotoxin induces c-Myc expression and cellular proliferation.
Gastroenterology 2003, 124, 392–400. [CrossRef]

76. Bai, L.; Zhou, P.; Li, D.; Ju, X. Changes in the gastrointestinal microbiota of children with acute lymphoblastic leukaemia and its
association with antibiotics in the short term. J. Med. Microbiol. 2017, 66, 1297–1307. [CrossRef]

77. Rajagopala, S.V.; Singh, H.; Yu, Y.; Zabokrtsky, K.B.; Torralba, M.G.; Moncera, K.J.; Frank, B.; Pieper, R.; Sender, L.; Nelson, K.E.
Persistent Gut Microbial Dysbiosis in Children with Acute Lymphoblastic Leukemia (ALL) During Chemotherapy. Microb. Ecol.
2020, 79, 1034–1043. [CrossRef]

78. Chua, L.L.; Rajasuriar, R.; Azanan, M.S.; Abdullah, N.K.; Tang, M.S.; Lee, S.C.; Woo, Y.L.; Lim, Y.A.; Ariffin, H.; Loke, P. Reduced
microbial diversity in adult survivors of childhood acute lymphoblastic leukemia and microbial associations with increased
immune activation. Microbiome 2017, 5, 35. [CrossRef]

79. Rashidi, A.; Kaiser, T.; Shields-Cutler, R.; Graiziger, C.; Holtan, S.G.; Rehman, T.U.; Wasko, J.; Weisdorf, D.J.; Dunny, G.;
Khoruts, A.; et al. Dysbiosis patterns during re-induction/salvage versus induction chemotherapy for acute leukemia. Sci. Rep.
2019, 9, 6083. [CrossRef]

80. Oldenburg, M.; Ruchel, N.; Janssen, S.; Borkhardt, A.; Gossling, K.L. The Microbiome in Childhood Acute Lymphoblastic
Leukemia. Cancers 2021, 13, 4947. [CrossRef]

81. Bhuta, R.; DeNardo, B.; Wang, J.; Atoyan, J.; Zhang, Y.; Nelson, D.; Shapiro, J. Durable changes in the gut microbiome in survivors
of childhood acute lymphoblastic leukemia. Pediatr. Blood Cancer 2021, 68, e29308. [CrossRef]

82. Madison, A.; Kiecolt-Glaser, J.K. Stress, depression, diet, and the gut microbiota: Human-bacteria interactions at the core of
psychoneuroimmunology and nutrition. Curr. Opin. Behav. Sci. 2019, 28, 105–110. [CrossRef] [PubMed]

83. Ramirez, J.; Guarner, F.; Bustos Fernandez, L.; Maruy, A.; Sdepanian, V.L.; Cohen, H. Antibiotics as Major Disruptors of Gut
Microbiota. Front. Cell. Infect. Microbiol. 2020, 10, 572912. [CrossRef] [PubMed]

84. Wardill, H.R.; Gibson, R.J.; Van Sebille, Y.Z.; Secombe, K.R.; Coller, J.K.; White, I.A.; Manavis, J.; Hutchinson, M.R.; Staikopoulos,
V.; Logan, R.M.; et al. Irinotecan-Induced Gastrointestinal Dysfunction and Pain Are Mediated by Common TLR4-Dependent
Mechanisms. Mol. Cancer Ther. 2016, 15, 1376–1386. [CrossRef] [PubMed]

85. Thorpe, D.W.; Stringer, A.M.; Gibson, R.J. Chemotherapy-induced mucositis: The role of the gastrointestinal microbiome and
toll-like receptors. Exp. Biol. Med. Maywood 2013, 238, 1–6. [CrossRef]

86. Sonis, S.T. The pathobiology of mucositis. Nat. Rev. Cancer 2004, 4, 277–284. [CrossRef]
87. Herremans, K.M.; Riner, A.N.; Cameron, M.E.; Trevino, J.G. The Microbiota and Cancer Cachexia. Int. J. Mol. Sci. 2019, 20, 6267.

[CrossRef]

http://doi.org/10.1016/j.ccr.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22516259
http://doi.org/10.1182/bloodadvances.2021005129
http://doi.org/10.3389/fcimb.2020.558799
http://doi.org/10.1186/s12885-020-6654-5
http://www.ncbi.nlm.nih.gov/pubmed/32093640
http://doi.org/10.1002/2211-5463.13193
http://doi.org/10.3390/ijms22031026
http://doi.org/10.1186/s12864-016-2965-y
http://doi.org/10.1182/blood.2019004381
http://doi.org/10.1038/ismej.2012.104
http://www.ncbi.nlm.nih.gov/pubmed/23038174
http://doi.org/10.1073/pnas.0812347106
http://www.ncbi.nlm.nih.gov/pubmed/19164562
http://doi.org/10.1371/journal.pone.0063147
http://doi.org/10.1053/gast.2003.50047
http://doi.org/10.1099/jmm.0.000568
http://doi.org/10.1007/s00248-019-01448-x
http://doi.org/10.1186/s40168-017-0250-1
http://doi.org/10.1038/s41598-019-42652-6
http://doi.org/10.3390/cancers13194947
http://doi.org/10.1002/pbc.29308
http://doi.org/10.1016/j.cobeha.2019.01.011
http://www.ncbi.nlm.nih.gov/pubmed/32395568
http://doi.org/10.3389/fcimb.2020.572912
http://www.ncbi.nlm.nih.gov/pubmed/33330122
http://doi.org/10.1158/1535-7163.MCT-15-0990
http://www.ncbi.nlm.nih.gov/pubmed/27197307
http://doi.org/10.1258/ebm.2012.012260
http://doi.org/10.1038/nrc1318
http://doi.org/10.3390/ijms20246267


Microorganisms 2022, 10, 713 13 of 14

88. Frohlich, E.E.; Farzi, A.; Mayerhofer, R.; Reichmann, F.; Jacan, A.; Wagner, B.; Zinser, E.; Bordag, N.; Magnes, C.; Frohlich, E.; et al.
Cognitive impairment by antibiotic-induced gut dysbiosis: Analysis of gut microbiota-brain communication. Brain Behav. Immun.
2016, 56, 140–155. [CrossRef]

89. Ingham, A.C.; Kielsen, K.; Cilieborg, M.S.; Lund, O.; Holmes, S.; Aarestrup, F.M.; Muller, K.G.; Pamp, S.J. Specific gut microbiome
members are associated with distinct immune markers in pediatric allogeneic hematopoietic stem cell transplantation. Microbiome
2019, 7, 131. [CrossRef]

90. Biagi, E.; Zama, D.; Rampelli, S.; Turroni, S.; Brigidi, P.; Consolandi, C.; Severgnini, M.; Picotti, E.; Gasperini, P.; Merli, P.; et al.
Early gut microbiota signature of aGvHD in children given allogeneic hematopoietic cell transplantation for hematological
disorders. BMC Med. Genom. 2019, 12, 49. [CrossRef]

91. Wang, L.; Wang, M.; Dou, H.; Lin, W.; Zou, L. Sirtuin 1 inhibits lipopolysaccharide-induced inflammation in chronic myelogenous
leukemia k562 cells through interacting with the Toll-like receptor 4-nuclear factor kappa B-reactive oxygen species signaling axis.
Cancer Cell Int. 2020, 20, 73. [CrossRef]

92. Takizawa, H.; Fritsch, K.; Kovtonyuk, L.V.; Saito, Y.; Yakkala, C.; Jacobs, K.; Ahuja, A.K.; Lopes, M.; Hausmann, A.;
Hardt, W.D.; et al. Pathogen-Induced TLR4-TRIF Innate Immune Signaling in Hematopoietic Stem Cells Promotes Proliferation
but Reduces Competitive Fitness. Cell Stem. Cell 2020, 27, 177. [CrossRef] [PubMed]

93. Alou, M.T.; Lagier, J.-C.; Raoult, D. Diet influence on the gut microbiota and dysbiosis related to nutritional disorders. Hum.
Microbiome J. 2016, 1, 3–11. [CrossRef]

94. De Pietri, S.; Ingham, A.C.; Frandsen, T.L.; Rathe, M.; Krych, L.; Castro-Mejia, J.L.; Nielsen, D.S.; Nersting, J.; Wehner, P.S.;
Schmiegelow, K.; et al. Gastrointestinal toxicity during induction treatment for childhood acute lymphoblastic leukemia: The
impact of the gut microbiota. Int. J. Cancer 2020, 147, 1953–1962. [CrossRef] [PubMed]

95. Hakim, H.; Dallas, R.; Wolf, J.; Tang, L.; Schultz-Cherry, S.; Darling, V.; Johnson, C.; Karlsson, E.A.; Chang, T.C.; Jeha, S.; et al. Gut
Microbiome Composition Predicts Infection Risk During Chemotherapy in Children With Acute Lymphoblastic Leukemia. Clin.
Infect. Dis. 2018, 67, 541–548. [CrossRef]

96. Ciernikova, S.; Mego, M.; Chovanec, M. Exploring the Potential Role of the Gut Microbiome in Chemotherapy-Induced Neu-
rocognitive Disorders and Cardiovascular Toxicity. Cancers 2021, 13, 782. [CrossRef]

97. Master, S.; Koshy, N.; Mansour, R.; Shi, R. Effect of Stem Cell Transplant on Survival in Adult Patients With Acute Lymphoblastic
Leukemia: NCDB Analysis. Anticancer Res. 2019, 39, 1899–1906. [CrossRef]

98. Wardill, H.R.; de Mooij, C.E.M.; da Silva Ferreira, A.R.; van de Peppel, I.P.; Havinga, R.; Harmsen, H.J.M.; Tissing, W.J.E.;
Blijlevens, N.M.A. Translational model of melphalan-induced gut toxicity reveals drug-host-microbe interactions that drive tissue
injury and fever. Cancer Chemother. Pharmacol. 2021, 88, 173–188. [CrossRef]

99. Taur, Y.; Xavier, J.B.; Lipuma, L.; Ubeda, C.; Goldberg, J.; Gobourne, A.; Lee, Y.J.; Dubin, K.A.; Socci, N.D.; Viale, A.; et al. Intestinal
domination and the risk of bacteremia in patients undergoing allogeneic hematopoietic stem cell transplantation. Clin. Infect. Dis.
2012, 55, 905–914. [CrossRef]

100. Peled, J.U.; Devlin, S.M.; Staffas, A.; Lumish, M.; Khanin, R.; Littmann, E.R.; Ling, L.; Kosuri, S.; Maloy, M.; Slingerland, J.B.; et al.
Intestinal Microbiota and Relapse After Hemato-poietic-Cell Transplantation. J. Clin. Oncol. 2017, 35, 1650–1659. [CrossRef]

101. Chen, Y.; Zhou, J.; Wang, L. Role and Mechanism of Gut Microbiota in Human Disease. Front. Cell Infect. Microbiol. 2021,
11, 625913. [CrossRef]

102. Wu, X.; Qian, S.; Zhang, J.; Feng, J.; Luo, K.; Sun, L.; Zhao, L.; Ran, Y.; Sun, L.; Wang, J.; et al. Lipopolysaccharide promotes
metastasis via acceleration of glycolysis by the nuclear factor-kappaB/snail/hexokinase3 signaling axis in colorectal cancer.
Cancer Metab. 2021, 9, 23. [CrossRef] [PubMed]

103. Tang, S.; Lian, X.; Cheng, H.; Guo, J.; Ni, D.; Huang, C.; Gu, X.; Meng, H.; Jiang, J.; Li, X. Bacterial Lipopolysaccharide Augmented
Ma-lignant Transformation and Promoted the Stemness in Prostate Cancer Epithelial Cells. J. Inflamm. Res. 2021, 14, 5849–5862.
[CrossRef] [PubMed]

104. He, Y.; Fu, L.; Li, Y.; Wang, W.; Gong, M.; Zhang, J.; Dong, X.; Huang, J.; Wang, Q.; Mackay, C.R.; et al. Gut microbial metabolites
facilitate anticancer therapy efficacy by modulating cytotoxic CD8(+) T cell immunity. Cell Metab. 2021, 33, 988–1000.e7. [CrossRef]
[PubMed]

105. Bindels, L.B.; Porporato, P.E.; Ducastel, S.; Sboarina, M.; Neyrinck, A.M.; Dewulf, E.M.; Feron, O.; Lestavel, S.; Cani, P.D.;
Staels, B.; et al. Ffar2 expression regulates leukaemic cell growth in vivo. Br. J. Cancer 2017, 117, 1336–1340. [CrossRef]

106. Bergeron, A.; Chevret, S.; Granata, A.; Chevallier, P.; Vincent, L.; Huynh, A.; Tabrizi, R.; Labussiere-Wallet, H.; Bernard, M.;
Chantepie, S.; et al. Effect of Azithromycin on Airflow Decline-Free Survival After Allogeneic Hematopoietic Stem Cell Transplant:
The ALLOZITHRO Randomized Clinical Trial. JAMA 2017, 318, 557–566. [CrossRef]

107. Cheng, G.S.; Bondeelle, L.; Gooley, T.; He, Q.; Jamani, K.; Krakow, E.F.; Flowers, M.E.D.; de Latour, R.P.; Michonneau, D.;
Socie, G.; et al. Azithromycin Use and Increased Cancer Risk among Patients with Bronchiolitis Obliterans after Hematopoietic
Cell Transplantation. Biol. Blood Marrow. Transplant. 2020, 26, 392–400. [CrossRef]

108. Lin, S.J.; Kuo, M.L.; Hsiao, H.S.; Lee, P.T. Azithromycin modulates immune response of human monocyte-derived dendritic cells
and CD4(+) T cells. Int. Immunopharmacol. 2016, 40, 318–326. [CrossRef]

109. Baines, K.J.; Wright, T.K.; Gibson, P.G.; Powell, H.; Hansbro, P.M.; Simpson, J.L. Azithromycin treatment modifies airway and
blood gene expression networks in neutrophilic COPD. ERJ Open Res. 2018, 4, 00031–2018. [CrossRef]

http://doi.org/10.1016/j.bbi.2016.02.020
http://doi.org/10.1186/s40168-019-0745-z
http://doi.org/10.1186/s12920-019-0494-7
http://doi.org/10.1186/s12935-020-1152-z
http://doi.org/10.1016/j.stem.2020.06.010
http://www.ncbi.nlm.nih.gov/pubmed/32619512
http://doi.org/10.1016/j.humic.2016.09.001
http://doi.org/10.1002/ijc.32942
http://www.ncbi.nlm.nih.gov/pubmed/32115690
http://doi.org/10.1093/cid/ciy153
http://doi.org/10.3390/cancers13040782
http://doi.org/10.21873/anticanres.13298
http://doi.org/10.1007/s00280-021-04273-7
http://doi.org/10.1093/cid/cis580
http://doi.org/10.1200/JCO.2016.70.3348
http://doi.org/10.3389/fcimb.2021.625913
http://doi.org/10.1186/s40170-021-00260-x
http://www.ncbi.nlm.nih.gov/pubmed/33980323
http://doi.org/10.2147/JIR.S332943
http://www.ncbi.nlm.nih.gov/pubmed/34785925
http://doi.org/10.1016/j.cmet.2021.03.002
http://www.ncbi.nlm.nih.gov/pubmed/33761313
http://doi.org/10.1038/bjc.2017.307
http://doi.org/10.1001/jama.2017.9938
http://doi.org/10.1016/j.bbmt.2019.10.025
http://doi.org/10.1016/j.intimp.2016.09.012
http://doi.org/10.1183/23120541.00031-2018


Microorganisms 2022, 10, 713 14 of 14

110. Josefsdottir, K.S.; Baldridge, M.T.; Kadmon, C.S.; King, K.Y. Antibiotics impair murine hematopoiesis by depleting the intestinal
microbiota. Blood 2017, 129, 729–739. [CrossRef]

111. Gomez, J.; Duenas, V. Isolated central nervous system relapse in chronic myeloid leukemia. Case Rep. Med. 2015, 2015, 232915.
[CrossRef]

112. Kelly, A.M.; McLoughlin, R.M. Target the Host, Kill the Bug; Targeting Host Respiratory Immunosuppressive Responses as a
Novel Strategy to Improve Bacterial Clearance During Lung Infection. Front. Immunol. 2020, 11, 767. [CrossRef] [PubMed]

113. Sonnenburg, J.L.; Backhed, F. Diet-microbiota interactions as moderators of human metabolism. Nature 2016, 535, 56–64.
[CrossRef] [PubMed]

114. Bowen, J.M.; Gibson, R.J.; Coller, J.K.; Blijlevens, N.; Bossi, P.; Al-Dasooqi, N.; Bateman, E.H.; Chiang, K.; de Mooij, C.;
Mayo, B.; et al. Systematic review of agents for the management of cancer treatment-related gastrointestinal mucositis and clinical
practice guidelines. Support. Care Cancer 2019, 27, 4011–4022. [CrossRef] [PubMed]

115. Wardill, H.R.; Van Sebille, Y.Z.A.; Ciorba, M.A.; Bowen, J.M. Prophylactic probiotics for cancer therapy-induced diarrhoea:
A meta-analysis. Curr. Opin. Support. Palliat. Care 2018, 12, 187–197. [CrossRef]

116. Secombe, K.R.; Al-Qadami, G.H.; Subramaniam, C.B.; Bowen, J.M.; Scott, J.; Van Sebille, Y.Z.A.; Snelson, M.; Cowan, C.; Clarke,
G.; Gheorghe, C.E.; et al. Guidelines for reporting on animal fecal transplantation (GRAFT) studies: Recommendations from a
systematic review of murine transplantation protocols. Gut. Microbes. 2021, 13, 1979878. [CrossRef]

117. Markey, K.A.; Schluter, J.; Gomes, A.L.C.; Littmann, E.R.; Pickard, A.J.; Taylor, B.P.; Giardina, P.A.; Weber, D.; Dai, A.; Docampo,
M.D.; et al. The microbe-derived short-chain fatty acids butyrate and propionate are associated with protection from chronic
GVHD. Blood 2020, 136, 130–136. [CrossRef]

http://doi.org/10.1182/blood-2016-03-708594
http://doi.org/10.1155/2015/232915
http://doi.org/10.3389/fimmu.2020.00767
http://www.ncbi.nlm.nih.gov/pubmed/32425944
http://doi.org/10.1038/nature18846
http://www.ncbi.nlm.nih.gov/pubmed/27383980
http://doi.org/10.1007/s00520-019-04892-0
http://www.ncbi.nlm.nih.gov/pubmed/31286233
http://doi.org/10.1097/SPC.0000000000000338
http://doi.org/10.1080/19490976.2021.1979878
http://doi.org/10.1182/blood.2019003369

	Introduction 
	Gut Microbiota and Regulation of the Host Immune System in Homeostasis 
	Immune-Mediated Mechanisms That Drive Relapse in CML and ALL 
	Gut Microbiota and Carcinogenesis 
	Microbial Dysbiosis in Cancer Progression and Relapse 
	Changes in the Gut Microbiota during Treatment and Association with Treatment Toxicity 
	Microbial Dysbiosis and Relapse 

	Concluding Remarks and Future Perspectives 
	References

