Heliyon 9 (2023) e13012

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Review article :.) |

Check for

Bladder cancer-associated microbiota: Recent advances and | Copdaies
future perspectives

Wentao Zhang "', Fuhan Yang >"', Shiyu Mao *"", Ruiliang Wang *",

Haotian Chen ", Yuefei Ran*"°, Shenghua Liu ""b, Pengfei Wu™", Yang Yan™",

40" "Xudong Yao®""

Wei Li™"™""", Junfeng Zhang

@ Department of Urology, Shanghai Tenth People’s Hospital, School of Medicine, Tongji University, Shanghai, China
® Urologic Cancer Institute, School of Medicine, Tongji University, Shanghai, China
¢ Shanghai Clinical College, Anhui Medical University, Hefei, China

ARTICLE INFO ABSTRACT

Keywords: Recent evidence suggests that the human genitourinary microbiome plays a significant role in
Bladder cancer mediating the development and progression of urological tumors, including bladder cancer (BC).
Microbiota

Clinicians widely recognize the role of Bacille Calmette Guérin (BCG), an attenuated Mycobac-

Ere;u;zes?:e terium tuberculosis vaccine, in the management of intermediate- and high-risk NMIBC. However,
Thegrapeutics compared to the large body of evidence on the gut microbiota and gastrointestinal tumors, limited

information is available about the interaction between BC and the genitourinary microbiome.
This is an expanding field that merits further investigation. Urologists will need to consider the
potential impact of the microbiome in BC diagnosis, prevention of recurrence and progression,
and treatment prospects in the future. This review highlights the approaches adopted for
microbiome research and the findings and inadequacies of current research on BC.

1. Introduction

In the past decades, the urine of healthy individuals was considered to be sterile, based on findings from traditional bacterial
culture experiments. However, traditional microbiological methods cannot be used to isolate or characterize all urinary bacterial
species owing to the limitations of the culture medium. In the past decade, this view has been challenged by the development of next-
generation sequencing technologies. Researchers believe that urine has a unique microbiota, even that of healthy individuals [1]. The
microbiota of healthy individuals and patients with urological diseases have significant differences. Alterations in the urinary
microbiota have been identified in association with many urological diseases, such as interstitial cystitis, urinary incontinence, and
neurogenic bladder dysfunction [2-5].

Bladder cancer (BC) is one of the most common tumors of the urological tract, and in Europe and the US, the incidence of BC is
second only to that of prostate cancer [6]. BC can be categorized as non-muscle-invasive bladder cancer (NMIBC) and muscle-invasive
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bladder cancer (MIBC) based on the different histological manifestations and biological characteristics. Approximately 70% of BC are
NMIBC, whereas 30% are MIBC with potential for invasion and metastasis [7]. Most patients with NMIBC undergo transurethral
resection of the bladder (TURBT), but the recurrence rates are as high as 40%-80%. Twenty-five percent of NMIBC cases progress to
MIBC or even distant tumor metastases. MIBC has few early symptoms, progresses rapidly, and has a poor prognosis [8].

Although BC is a common urinary tract tumor in clinical practice, there is a lack of sufficient insights into the occurrence, diagnosis,
and treatment of BC. In addition to genetic factors, environmental factors play a key role in the development of BC, such as smoking
and occupational exposure [9-11]. Interestingly, these factors can also affect changes in the microbiota (Fig. 1). Increasing evidence
indicates that the microbiota is strongly associated with human cancers, such as schistosomes and bladder squamous cell carcinoma
[12]. Bucevi¢Popovic et al. showed that 20% of malignant tumor tissues were infiltrated with microbes. This indicated the possibility
of bacterial infiltration in BC tissues [13]. Bacteria, fungi, or viruses in the genitourinary tract may be a causative factor or cofactor in
the progression of urological tumors. The microbiota may also play an important role in BC treatment. For example, the Bacille
Calmette Guérin (BCG) vaccine is widely used to prevent the recurrence of high-risk NMIBC via the induction and enhancement of
immune responses [14].

Therefore, the potential role of microbiota is only being elucidated in the tumorigenesis, progression, immunomodulation, and
drug efficacy of BC. Here, we aim to summarize findings on the role of the microbiota in BC in the last decade (Table 1).

2. Urinary microbiota and its characterization

The human body contains trillions of microbes, which include bacteria, archaea, fungi, and viruses that constitute the human
microbiome [30]. These microbes host the human body and form different micro-ecologies in different parts of the body, including the
gastrointestinal tract, skin, oral cavity, and genitourinary tract. The host and its microbiota collectively form a superorganism. The
dysbiosis or disruption of the human microbiome has several consequences for human health and can lead to disease [31]. Changes in
microbial composition may be influenced by genetic and environmental factors, including diet, geographic location, metabolites, and
carcinogens, among others [32]. The microbiota can induce tumorigenesis/or promote tumor development through various mecha-
nisms: (i) direct DNA-damaging effects of bacterial toxins, (ii) microbial metabolites that may act as potential carcinogens, (iii)
inflammation-cancer transformation owing to bacteria-induced inflammation or invasive biofilm formation, and (iv)
microbiome-mediated driving of the cellular microenvironment [33,34].

The urinary microbiome is defined as the genes and genomes of the microbiota as well as the metabolites of the microbiota and host
environment. Variations in the urinary microbiome are usually characterized in terms of the a diversity (diversity of populations in a
sample) and p diversity (population differences between samples) [35]. The resolution of species composition in microbial commu-
nities relies primarily on two high-throughput tools: amplicon sequencing (16S rRNA sequencing and 18S rRNA sequencing, among
others) and shotgun metagenomic sequencing. These techniques can be used to identify bacteria that have not been detected previ-
ously using traditional culture techniques [36].
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Fig. 1. Alterations in the urinary tract microbiota are associated with multiple factors. Alterations in the urinary tract microbiota, including the
bladder, are closely related to factors such as genetic mutations, gender, age, smoking, occupational exposure, and environmental changes.
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Authors Years  Patient Methods Gender Samples NMIBC vs Microbes showing an Microbes showing a decrease in
(Bca vs MIBC increase in abundance their abundance
Control)
Xu et al. 2014 8vs6 16S Not Urine Not Streptoccocus, Pseudomonas, /
[15] mentioned mentioned Anaerococcus
Wu et al. 2018 31vs18 16S 49 male Urine 26 vs 5 Acinetobacter, Anaerococcus, Serratia, Proteus, Roseomonas and
[16] Sphingobacterium, Ruminiclostridium-6 and
Atopostipes, and Geobacillus Eubacterium-x
Bucevic 2018 12vs 11 16S 33 male Urine 12vs 0 Fusobacterium nucleatum, Veillonella, Streptococcus, and
Popovié¢ Actinobaculum, Facklamia, Corynebacterium
etal. Campylobacter,
[13] Subdoligranulum, and
Ruminococcaceae
Bietal. [17] 2019 29vs 16 16S 35vs 20 Urine 20vs 9 Actinomyces Streptococcus, Bifidobacterium,
Lactobacillus, Veillonella
Liu et al. 2019 22vs 12 16S 22 male Tissue 5vs17 Cupriavidus spp., Lactobacillus, Prevotella, and
[18] Acinetobacter, Ruminococcus
Anoxybacillus, Escherichia-
Shigella,
Geobacillus, Pelomonas,
Raistonia, and Sphingomonas
Mai et al. 2019 24 Bca 16S 18vs 6 Urine Not Enterobacteriaceae, /
[19] mentioned Streptococcus, Lactobacillus,
Ureaplasma,
Corynebacterium,
Stenotrophomonas,
Enterococcus, Staphylococcus
Moynihan 2019 8vs 33 16S 41 male Urine Not No significant differences (24 non-smokers and 17 smokers)
et al. mentioned
[20]
Chipollini 2020 38 vs 10 16S 42vs 6 Urine 22vs 16 Bacteroides and Lachnoclostridium,
et al. Faecalibacterium Burkholderiaceae
[21]
He et al. 2020 26 vs 16 16S 18vs 8 Feces 16 vs 10 / Clostridium XI and Prevotella
[22]
Hourigan 2020 22 Bca 16S 14vs 8 Urine 22vs 0 (Male) Tepidimonas (Male) Prevotella, Veillonella
et al.
[23]
Mansour 2020 10 Beca 16S 5vs5 Urine 6vs 4 Tissue: Akkermansia, /
et al. and Bacteroides,
[24] Tissue Clostridium sensu stricto,
Enterobacter and Klebsiella
Pederzoli 2020 49 vs 59 16S 70 vs 38 Urine Not Tissue: Burkholderia; Urine (Male): Tissierellaceae,
et al. and mentioned Urine (Male): Acidobacteria-  Alphaproteobacteria, Rhizobiales,
[25] Tissue 6, Opitutaceae; Sphingomonadales, Pasteurellales,
Urine (Female): Klebsiella Streptococcaceae,
Corynebacteriaceae,
Patulibaceteraceae;
Urine (Female):
Betaproteobacteria,
Burkholderiales, Pseudomonadales,
Comamonadaceae, Moraxellaceae,
Coriobacteriaceae, Coriobacteriia.
Zeng et al. 2020 62 vs 19 16S Not Urine 51vs11 Micrococcus and /
[26] mentioned Brachybacterium in
recurrence group
Ma et al. 2021 15vs 11 16S Not Urine 7 vs 8 Smoker group: /
[27]1 mentioned bacteroidaceae,
erysipelotrichales and
lachnospiraceae
Hussein 2021 43 vs 10 16S 36 vs 7 Urine 29 vs 14 MIBC: Haemophilus and /
et al. Veillonela
[28] NMIBC: Cupriavidus,
Serratia, Brochothrix,
Negativicoccus,
Escherichia-Shigella, and
Pseudomonas
Qiu et al. 2022 40 Bca 16S and 40 male Urine 40 vs 0 Recurrence group: /
[29] IHC Pseudomonas,

(continued on next page)
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Table 1 (continued)

Authors Years  Patient Methods Gender Samples NMIBC vs Microbes showing an Microbes showing a decrease in
(Bca vs MIBC increase in abundance their abundance
Control)
Staphylococcus,

Corynebacterium, and
Acinetobacter genera.

Amplicon sequencing is limited by amplification preference, off-target amplification, and low species resolution, and is often
unable to detect bacteria, archaea, and fungi simultaneously [37]. Shotgun metagenomic sequencing can be used for macrogenomic
analysis, in which all DNA for a sample can be sequenced. Although it addresses the issues of amplicon sequencing, it requires
high-quality sample DNA in large quantities, and it is challenging to analyze microscopic, highly degraded, or highly contaminated
samples using this method [38]. Sun et al. developed a new technique known as 2bRAD-M, which can effectively overcome the
shortcomings of amplicon sequencing and shotgun metagenomic sequencing. However, this technique requires higher volumes and
different types of samples to validate its effectiveness [39,40]. In addition, microbiome analyses combined with metabolomics for
studying small molecules produced by host and microbes can be used to explore the interaction between cells and microbiota, reshape
the cellular metabolic microenvironment, and regulate cell proliferation, differentiation, and programmed death [41]. In BC, the
continuous development of emerging technologies can facilitate the characterization of the tumor-related microbiome, thus providing
a basis for the identification of specific microorganisms and exploring the etiology and treatment of BC.

3. Urine or tissues

The bladder is the organ that stores urine. Thus, urine may be the most appropriate sample for identifying the BC microbiome.
Urine contains a high concentration of salts, which allows the urinary microbiome and nucleic acids to be preserved for a longer
period. However, separating the microbial precipitate by centrifugation is more important. Meanwhile, different ways of collecting
urine samples, such as transurethral catheterization, suprapubic aspiration, urina sanguinis, or midstream urine collection, may lead to
differences in the microbiota [42,43]. Hourigan et al. found no differences between the alpha diversities of urine samples collected
from various patients or men and women. Meanwhile, the f3 diversity of the urinary microbiome varied according to the method of
urine collection in males (cystoscopy or midstream urine collection) [23]. Evidence from studies also indicates that midstream urine
may be unsuitable for detecting bacteria in bladder biofilms that adhere to the mucosa, which can directly interact with urothelial cells
[44,45]. However, because catheterization and cystoscopy are invasive methods, midstream urine samples are still used in most
studies on the BC microbiome, which is considered to yield a broader representation of the bladder microbiome.

At present, standardized procedures for urine collection, preservation, and storage for microbiome research have not been
established. Researchers studied the effects of different storage conditions (including temperature, storage time and whether pre-
servatives were added) on the microbial diversity of urine. The results showed that lower temperature, shorter storage time and the
addition of preservatives were most beneficial to the reproducibility of the urine microbiome [46,47].

However, can urinary microbes accurately characterize the microbiome in BC tissues? Studies on the BC tissue microbiome are
insufficient. For the first time, Liu et al. used BC tissues for 16S sequencing. In this study, we confirmed the presence of microbiota in
BC tissues [18]. Pederzoli showed that urine collected from patients with BC shares more than 80% of the microbiome with BC tissues.
The findings of this study indicated that the urinary microbiome may appropriately reflect the microbiome in the BC environment [25].
Meanwhile, in another study, the abundance of the microbiome in urine and tissues from four patients with BC was analyzed. The
results indicated a greater abundance of Akkermansia, Bacteroides, Clostridium sensu stricto, Enterobacter, and Klebsiella in tissue samples
than in urine, although the number of samples in this study was small [24].

Another issue to be aware of is the difference between fresh-frozen (FF) tissue and formalin-fixed paraffin-embedded (FFPE) tissue.
FF tissue is considered the “gold standard” for high-throughput sequencing of the microbiome and is advantageous for preserving DNA,
because it can be frozen immediately, causes less fragmentation, and has lower contamination. FFPE tissues can be stored at room
temperature for long periods and can be used in retrospective studies. However, the tissues are not sterile during paraffin embedding,
and DNA degradation may occur within the paraffin-embedded specimens. Therefore, the use of paraffinized tissues for high-
throughput microbiome sequencing requires the elimination of the “noise” from paraffin [48,49]. Studies comparing FF and FFPE
tissues have been performed in other cancer types [50]. However, the quality of FFPE and FF tissues of BC in the analysis of the
difference in microbiota has not been investigated. Thus, this topic warrants investigation. Meanwhile, FFPE tissues can also be
analyzed using new technologies, such as 2bRAD-M and RNA-ISH, to assess the abundance of the microbiome in BC tissues (Fig. 2).

4. Microbiota and bladder tumorigenesis

The association among bladder schistosomiasis infection, inflammation, and BC is well confirmed. Schistosomes were shown to be
associated with a very high incidence of BC in Egypt [51]. Schistosome eggs can colonize the bladder wall and stimulate a host immune
response, causing granulomatous inflammation. Meanwhile, adult schistosomes can parasitize the bladder venous plexus and induce
severe metaplasia [52,53]. A recent study has also shown that the urinary microbiota affects schistosome-induced BC. Adebayo et al.
performed 16S microbiome sequencing using 70 urine samples from schistosome-infected patients in southwestern Nigeria. Patients
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Fig. 2. Bladder cancer-associated microbiota in different sample types. Urine, fresh frozen tissue, and formalin-fixed paraffin-embedded tissue from patients with BC can be used for microbiome
analysis. Meanwhile, with the development of next-generation sequencing (NGS) technology, various methods for microbiome analysis are available: amplicon sequencing (16S, 18S), shotgun met-
agenomic sequencing, 2bRAD-M, and microbiome metabolomics.
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with BC caused by schistosomiasis, patients with only schistosomiasis infection, and healthy individuals could be distinguished based
on the presence of different bacteria, such as Fusobacterium, Sphingobacterium, and Enterococcus [54].

Meanwhile, bacteria can lead to inflammation, which can increase the risk of tumorigenesis. Inflammation triggers the generation
of intracellular reactive oxygen species (ROS), which cause DNA breaks, inhibit DNA damage repair, suppress the expression of related
RNA and proteins, and promote microenvironmental angiogenesis [55,56]. Bacteria also disrupt the extracellular matrix, modulate
cell surface receptors, affect cytokine secretion, and weaken the immune response of the body through its protease activity [57].
Cystitis was shown to be positively associated with the risk of BC, and a history of three or more occurrences of urinary tract infections
(UTIs) was considered a risk factor for BC [58]. In another study, the risk of squamous BC was specifically associated with UTIs and was
strongly dose-dependent with UTI-specific antibiotics [59]. Xu et al. found that the ratio of Pseudomonas to Streptococcus is closely
related to the occurrence of BC [15]. Streptococcus are highly invasive and can produce various enzymes and exotoxins, which
promote inflammation [60].

Bacterial aggregates, also known as biofilms, cause chronic inflammation in the genitourinary system. The interaction of biofilms
with epithelial cells was shown to be associated with a higher risk of bladder tumorigenesis [61,62]. Biofilms often adhere to the apical
epithelial cells of the bladder (also known as umbrella cells), which have a protective layer of sulfated polysaccharide aminoglycans in
their physiological state. The disruption of the protective layer may lead to pathological changes in the bladder and causes chronic
inflammation in the genitourinary system. The interaction of biofilms with epithelial cells has been shown to promote bladder
tumorigenesis [63]. Nadler et al. investigated the presence of biofilms in FFPE tissues from ten patients with BC by FISH. In two
samples, a dense biofilm was observed near the apical surface of the urothelium, and one sample was confirmed to contain spherical
bacteria. Interestingly, both patients had negative preoperative urine cultures [44].

Findings from epidemiological surveys confirmed that the occurrence of BC is closely related to the patients’ age and gender [64].
There are significant differences in urinary microbiota between different age groups. Jonquetella, Parvimonas, Proteniphilum, and
Saccharofermentans were primarily detected in the elderly population aged more than 70 years. Concurrently, men have a much higher
risk of cancer than women, with a ratio of 3:1 (men:women), but women with BC tend to have a more aggressive form of the disease.
These biological characteristics of BC may be attributed to differences in the male and female urinary tract microbiota [65]. Lewis et al.
showed that Actinobacteria, including Mycobacterium and Bacteroidetes, were detected in the female urinary tract. BCG is also prepared
from a species of Mycobacterium. Therefore, Actinobacteria present in the female urinary microbiota may play a role in preventing BC
[66]. Pederzoli et al. described differences in the urinary microbiome of female and male patients with BC. In males, the abundance of
Opitutales and the subordinate family Opitutaceae increased significantly. Klebsiella species among Enterobacteriaceae were more
abundant in females. Klebsiella produces toxins (e.g., colibactin) that directly contribute to bladder tumorigenesis [25].

4.1. Microbiota and the diagnosis of BC

Cystoscopic biopsy with pathological diagnosis remains the gold standard for BC diagnosis, but the method is invasive [67]. DNA
methylation in specific genes extracted from urine samples is also evaluated in clinical applications, but the validity of the results is not
satisfactory [68,69]. With the development of the BC microbiome, differential microbiome analysis of the urine microbiome, a painless
diagnostic method, has garnered the attention of researchers.

At present, most studies on the urine or tissue microbiota of patients with BC are retrospective in nature, with a small sample size
and conducted at a single institution. Wu et al. analyzed the microbiome in the midstream urine of 31 male patients with BC and 18
healthy controls. The results showed that the microbiota abundance increased significantly in patients with BC. The researchers found
that patients with BC had higher abundances of Acinetobacter, Anaerococcus and Sphingobacterium, but lower abundances of Serratia,
Proteus, and Roseomonas. The abundances of microbiota were greater in the urine of patients with a higher risk of clinical progression
and recurrence [16]. Bi et al. showed that the dysbiosis of urinary microbiota may play an important role in BC development. The
researchers found that the abundance of Streptococcus, Bifidobacterium, Lactobacillus, Veillonella, and Actinobacteria differed signifi-
cantly between patients with tumors and healthy controls. Additionally, the abundance of Actinomycetes was higher in patients with
BC. These results suggest that the higher abundance of Actinomycetes may serve as a diagnostic marker for BC [17]. Hussein et al.
compared the differences in the NMIBC and MIBC microbiota. The researchers observed a significant increase in the abundance of
Haemophilus and Veillonella in the urine of patients with MIBC. Meanwhile, Cupriavidus was significantly more abundant in the urine of
patients with NMIBC [28]. Bucevi¢Popovic et al. analyzed the midstream urine of 12 patients with BC and 11 age-matched healthy
controls. They found Fusobacterium nucleatum in 26% of BC samples [13]. These results suggest that a higher microbial load may be a
potential risk factor for BC recurrence or progression.

Meanwhile, Chipollini et al. arrived at a contradictory result. They performed 16S sequencing on samples from 38 patients with BC
and ten healthy controls. The microbial diversity in the urine of patients with BC was significantly lower, and Bacteroides and Fae-
calibacterium were significantly enriched [21]. The results of BC tissue sequencing by Liu et al. [18] also suggested that BC tissues have
a low species richness and diversity. Therefore, based on the varying results reported in different studies, we should conduct pro-
spective studies on different ethnic groups and larger samples.

Smoking is a clear inducer of BC occurrence and development [70,71]. We conducted a retrospective study of 15 patients with BC
and 11 healthy controls. The results showed a significant difference in the abundance of microbiota between smokers and non-smokers
(P < 0.001). The a-diversity in smokers was significantly higher among patients with BC, and the abundance of bacteroidaceae, ery-
sipelotrichales and lachnospiraceae was considerably higher in the urine samples of smokers than in those of non-smokers [27].
However, Moynihan et al. performed a 16S RNA analysis of 43 patients with hematuria in the US, including eight patients diagnosed
with BC. The results indicated no significant difference in microbial diversities between patients with BC and other hematuria patients.
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In a subgroup analysis of eight patients with BC, no significant differences were observed in the urinary microbial diversity among
patients, regardless of the smoking status [20]. Based on these findings, we are conducting more in-depth research on the correlation
between smoking, the bladder microbiome, and BC.

The frequent recurrence of non-muscle-invasive BC and the easy progression of muscle-invasive BC are important biological
characteristics of BC [72]. This is an interesting topic that warrants further investigation: Are there specific microbiotas that influence
BC recurrence and progression? Mai et al. investigated the common core microbiota in the urine of 24 patients with BC in combination
with data from published research datasets. Compared to those of healthy people, the urine samples of patients with BC had signif-
icantly higher abundances of some common core microbes, such as Acinetobacter. Acinetobacter can promote tumor metastasis by
participating in biofilm formation and epithelial cell adhesion and invasion and promoting phospholipid degradation in the mucosal
barrier [19]. Zeng et al. studied 62 patients with BC and conducted 16S rRNA analysis to detect changes in the patient’s microbiome.
Species diversity in the microbiome was significantly higher in patients with BC recurrence after 1-year follow-up, and the abundances
of Micrococcus and Brevibacterium were higher in patients with recurrence [26]. Likewise, an interesting follow-up study was conducted
by Herr et al. They observed 387 cases of low-grade NMIBC and assessed the association of asymptomatic bacteriuria (ABU) with tumor
recurrence. Seventy-five percent of patients with ABU survived tumor-free at 3 years, compared with only 40% of uninfected patients.
This suggests that prolonged asymptomatic bacteriuria may activate the immune system [73]. Another study on Escherichia coli showed
that it can promote the progression of BC T24 cells through epithelial-mesenchymal transformation and metabolic reprogramming
[74]. As our understanding of the molecular subtypes of BC continues to expand, we anticipate a certain correlation between
microbiome composition or diversity and BC molecular subtypes; this theory requires further research.

4.2. Microbiota and the treatment of BC

BC is second only to lung cancer with respect to the tumor mutational burden (TMB) [75]. Increasing evidence suggests that the
microbiota and its bioactive metabolites exhibit immunomodulatory functions and may be involved in regulating the immune
microenvironment of solid tumors, including BC [76]. The immune system rarely triggers early carcinogenesis but may promote tumor
progression through the immune surveillance of tumor interstitial feedback loops, inflammation, or dysfunction [77]. Chen et al.
investigated the relationship between urinary microbiota and PD-L1 expression in 28 patients with NMIBC. Urinary microbiota was
shown to exhibit greater species abundance in nine PD-L1-positive patients. The abundance of microbial species gradually increased
with the number of PD-L1-positive cells. The expanded microbiota included Leptotrichia, Roseomonas, and Propionibacterium.
Concurrently, the researchers also observed a decline in the abundance of Prevotella and Massilia. This result showed a significant
correlation between microbiota enrichment and PD-L1 expression in NMIBC [78]. Qiu et al. observed whether the urinary microbiota
influences FoxP3" regulatory T cell infiltration and Ki-67 expression and assessed the impact on clinical recurrence and prognosis in 40
male patients with NMIBC. The results showed that Pseudomonas, Staphylococcus, Corynebacterium, and Acinetobacter were significantly
enriched in patients with tumor recurrence. Patients with lower urinary microbial diversity had longer recurrence-free survival.
FoxP3" T cell infiltration and Ki-67 expression were significantly higher in patients with tumor recurrence. However, this study
revealed that microbial diversity was not associated with the infiltration of FoxP3™1 T cells, and the authors proposed that this finding
could be related to the small cohort size and the recruitment of only patients with NMIBC [29]. However, this result cannot negate the
role of the microbiota in immune regulation in BC. Pederzoli et al. studied the effect of antibiotics on the outcome of immunotherapy in
149 patients with MIBC, the results showed that concurrent use of antibiotics with immunotherapy drugs was associated with lower
complete response rates and relapse-free survival. These results also indirectly support the role of microbiota in the immunotherapy of
BC [79]. Thus, prospective studies with more samples should be conducted.

For nearly 50 years, the intravesical instillation of BCG (attenuated M. tuberculosis vaccine) has been the mainstay for preventing
recurrence in high-risk NMIBC [80]. However, the mechanism by which it prevents tumor recurrence is unclear, and almost 50% of
patients show failure in BCG therapy and may even show progression [81]. Recent studies have shown that the potential mechanism of
action of BCG in BC treatment may involve BCG promoting the expansion of BCG-specific T cells in peri-vesical lymph nodes and
recruiting them to the tumor microenvironment. Meanwhile, BCG can promote the proliferation, activation, and differentiation of
CD4™" T cells (but not CD8™ T cells) [82,83]. Chen et al. proposed that BCG needs to interact with the bladder wall to show effectiveness
in patients. a5p1, fibronectin, and integrin play key roles in this interaction. a5p1 integrin induces tumor cell cycle arrest. BCG binds to
fibronectin through specific binding proteins, thereby inducing NK cells to kill tumors [84,85]. Hussein et al. also assessed differences
in the urinary microbiota of patients with BC who received BCG treatment. The results showed that Serratia, Brochothrix, Neg-
ativicoccus, Escherichia-Shigella, and Pseudomonas were significantly more abundant in patients with NMIBC responsive to BCG [28].

An important factor affecting the therapeutic effect of BCG is that other microbes potentially colonizing the bladder may interact
with the urinary urothelium, thereby affecting the binding of BCG to tumor cells. McMillan et al. observed the enrichment of Lacto-
bacillus iners in urinary microbiota. This bacteria binds to fibronectin with higher affinity than other lactobacilli from vaginal samples
or other probiotic strains [86]. Another study showed that commensals and probiotics in humans could inhibit the NF-kB pathway and
suppress the ability to release cytokines such as IL-6 to reduce mucosal inflammation. However, this interaction may reduce the ef-
ficacy of BCG therapy [87]. It is generally believed that commensal microbiota can protect the host from pathogens, but it may be a
“double-edged sword” in case of BCG regulating the immune microenvironment in patients with BC. In 2022, Bieri et al. initiated a
prospective study to assess differences in the urinary microbiota of patients (BCG responders vs. non-responders) using 16S rRNA
sequencing; the findings of this prospective trial are currently pending [88]. Therefore, in future clinical trials, we should assess the
pre-treatment, on-treatment, and post-treatment microbiome.

Given the efficiency of BCG treatment, researchers from the “pre-microbiome” era have attempted to use probiotics as an
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alternative to BCG treatment, such as intestinal Lactobacillus casei Shirota strain, to reduce BC recurrence [89,90]. However, further
clinical research was hindered by confounding factors such as high discontinuation rates and ineffective study design. Another
probiotic-based study showed that supplementation with Butyricoccus pullicaecorum, a probiotic that produces butyrate, increased the
anti-inflammatory potential of cells. Butyrate mediates antitumor effects on bladder uroepithelial cells via two short-chain fatty acid G
protein-coupled receptors, GPR43 and GPR109B. However, the limitation of this study was that the findings were only validated in BC
cell lines and mouse models [91]. Meanwhile, He et al. also observed changes in butyrate levels while evaluating the effect of the gut
microbiota in BC. These findings indicated gut dysbiosis, reduction of butyrate concentrations, and impairment of the structural
integrity of the gut in patients with BC [22,92]. The findings from these studies suggest a potential role of butyrate in the treatment of
BC. With the continuous development of microbiome sequencing technologies and advances in basic research, clinical and basic
research on probiotic microorganisms such as Lactobacillus should be emphasized.

In recent years, researchers have explored new ways to use microbes to treat BC. Researchers have used bacterial tumor tropism and
gene editing techniques to achieve the programmed delivery of recombinant bacteria encoding cytotoxic molecules to tumor-homing
bacteria to facilitate their accumulation in tumors [34,93]. Fragelli et al. used recombinant Salmonella to treat BC in mice. The re-
searchers inserted IL-2 or/and TRAIL genes into the genome of attenuated Salmonella strain SL3261 and examined the effect of this
Salmonella strain on BC in mice. The recombinant SL3261 strain caused cell membrane damage, increased NO production, and pro-
moted apoptosis in mouse BC M49 cells [94]. Butler et al. also showed that uropathogenic E. coli degraded c-MYC protein and
attenuated MYC expression in tumor cells. The investigators identified and vernalized the bacterial protease Lon, a c-MYC-specific
protease, in bacterial culture supernatants. They further demonstrated the therapeutic efficacy of recombinant Lon (rLon) protease in a
mouse BC model. Lon protease was found to slow tumor progression and improve the survival of patients with BC. New techniques for
bacterial recombination or the identification of bacteria-derived proteins offer promising approaches for treating BC [95].

5. Perspectives on the BC microbiome

As a “forgotten organ,” the potential role of the microbiota in the development and treatment of BC has only been focused on in the
last 10 years (Fig. 3). Improvements and innovations in methods such as NGS, 2bRAD-M, and metabolomics serve as powerful tools for
research on the bladder microbiome. The composition and function of the microbiota during tumorigenesis and development, as well
as the underlying mechanisms of action, are gradually being elucidated. In the future, with a better understanding of the BC tumor
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Fig. 3. The bladder microbiota is strongly associated with different statuses of bladder cancer. The increased abundance of microbes such as
Schistosoma, Pseudomonas, Streptococcus, Mycobacterium, Bacteroidetes, and Klebsiella was associated with the development of BC during tumori-
genesis. Microbes such as Streptococcus, Bifidobacterium, Lactobacillus, Veillonella, Actinobacteria, and Fusobacterium nucleatum may promote the
recurrence and progression of BC. BCG, Shirota strain, Butyricoccus pullicaecorum, and others can be beneficial for the treatment of BC, e.g., by
preventing recurrence. Recombinant bacteria and bacteria-derived proteins are emerging novel microbiome-based treatment agents for BC.
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microbiome, we can use the urine microbiome to non-invasively and accurately diagnose tumors and detect recurrence as well as to use
and modify the microbiome to treat BC.

However, it is important to note that microbiota alterations in tumors may be obscure owing to tumor heterogeneity or the
complexity of the tumor microenvironment. Concurrently, we should further investigate the effects of smoking, environmental

changes, and antibiotic use on the human microbiome and develop methods to manipulate the urinary microbiome for cancer
treatment and improve patient outcomes.
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Abbreviation
BC bladder cancer
NGS next generation sequencing

NMIBC non-muscle invasive bladder cancer
MIBC muscle invasive bladder cancer

BCG Bacille Calmette Guérin

FF Fresh-Frozen

FFPE Formalin-Fixed Paraffin-Embedded
ABU asymptomatic bacteriuria

ROS reactive oxygen species

UTIs urinary tract infections
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