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Background
A biofilm is a community of microorganisms, including 
bacteria, fungi, protozoa, and algae, that attaches to sur-
faces, typically at solid-liquid interfaces [1]. Unlike the 
planktonic state, where free-floating microorganisms 
are highly vulnerable to environmental pressures, these 
microorganisms are encased and protected by a matrix of 
highly hydrated extracellular polymeric substances (EPS), 
which consist primarily of polysaccharides, proteins, 
extracellular DNA (eDNA), lipids and water. The EPS 
provides structural integrity, keeping cells in close prox-
imity, fostering interaction, and creating a cooperative 
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Abstract
Human-resident microbes typically cluster into biofilms - structurally organized communities embedded within a 
matrix of self-produced extracellular polymeric substance (EPS) that serves as a protective shield. These biofilms 
enhance microbial survival and functional adaptability, favoring a symbiotic relationship with the host under 
physiological conditions. However, biofilms exhibit a dual role in modulating the immune response. If their ability 
to promote tolerance is key to safeguarding homeostasis, by contrast, their persistence can overcome the cutting-
edge balance resulting in immune evasion, chronic inflammation and development of numerous diseases such 
as cancer. Recent evidence highlights the significance of cancer-associated microbiota in shaping the tumor 
microenvironment (TME). These microbial inhabitants often exhibit biofilm-like structures, which may protect 
them from host immune responses and therapeutic interventions. The presence of biofilm-forming microbiota 
within the TME may promote chronic inflammation, and release of bioactive molecules that interfere with immune 
surveillance mechanisms, thereby enabling cancer cells to evade immune destruction. This review delves into the 
complex interplay between biofilms and cancer, with particular focus on the tumor-associated microbiota and the 
implications of biofilm involvement in modulating the immune landscape of the TME. Addressing this intricate 
relationship holds promises for innovative therapeutic approaches aimed at reprogramming the microbiota-cancer 
axis for better clinical outcomes.
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microenvironment [2]. Indeed, the biofilm represents 
the predominant mode of bacterial growth and offers 
significant survival advantages to bacterial cells [3].
The human body harbors a multikingdom community 
of microorganism comprising both prokaryotic and 
eukaryotic organisms - collectively known as the micro-
biota - that are widespread along almost all the mucosal 
surfaces and cavities, including sites thought to be ster-
ile (e.g. lung, breast, liver and pancreas) [4]. Microbes 
in the human body can be broadly categorized as com-
mensals, opportunists, or pathogens [5]. Commensal 

bacteria coexist peacefully with the host and support 
vital functions, such as Lactobacillus that helps maintain-
ing vaginal health [6]. Under certain conditions, such as 
immune suppression or dysbiosis - an imbalance in the 
microbiota linked to numerous human diseases - some 
commensals may become opportunistic pathogens, capa-
ble of causing infections. For instance, Staphylococcus 
aureus (S. aureus) can shift from harmless skin resident 
to pathogenic if it enters wounds [7]. In contrast, true 
pathogens can cause disease even in healthy individu-
als and typically originate from external sources, such 
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as Helicobacter pylori (H. pylori), responsible for gastri-
tis and ulcers [8]. Consequently, the impact of biofilms 
within the human body can vary significantly depend-
ing on the composition of the microbiota. In a balanced 
microbial environment and under normal immune func-
tion, biofilms formed by commensal bacteria play a pro-
tective role, acting as a physical barrier that prevents 
colonization by pathogenic organisms and contributing 
to the maintenance of tissue homeostasis [9]. However, 
when the microbial equilibrium is disrupted due to fac-
tors such as antibiotic use, immune suppression, or epi-
thelial damage, biofilms can become pathogenic adopting 
more virulent behaviours, resisting clearance by the host 
immune system, and contributing to chronic or recurrent 
infections [10]. Therefore, biofilms are not inherently 
harmful or beneficial; their effects are highly context-
dependent, shaped by the host environment and the 
dynamic interactions within the microbial community.

Being an active compartment of our body, the human 
microbiota contributes to vital functions that the host 
organism alone cannot perform, thereby supporting the 
maintenance of homeostasis. In return, the host immune 
system has evolved multiple means to maintain a sym-
biotic relationship with the microbiota. Perturbations 
of this mutually beneficial interplay have been exten-
sively studied for their detrimental effects on human 
health, with dysbiosis recognized as key factor in various 
pathogenetic conditions, including chronic inflamma-
tory diseases of the digestive system, such as Inflamma-
tory Bowel Disease (IBD) and Irritable Bowel Syndrome 
(IBS), metabolic disorders, cardiovascular diseases, 
asthma and Chronic Obstructive Pulmonary Disease 
(COPD), atherosclerosis, immune-related conditions, 
such as allergies and autoimmune diseases, and cancer 
[11]. The overgrowth of potentially pathogenic commen-
sals (pathobionts), the loss of commensal bacteria, or the 
reduced microbial diversity can drive harmful changes in 
the microbiota composition. This altered microbiota can 
trigger tumorigenesis and play a role in tumor progres-
sion by producing genotoxins or carcinogenic metabo-
lites, and by interfering with immune system activity, 
inducing both pro- and anti- inflammatory phenotypes 
[12]. Given these crucial effects, the study of the bacterial 
community associated with tumor has become a major 
focus of the scientific research in recent years.

Emerging findings suggest that the biofilm structure, 
by creating a specialized microenvironment that directly 
influences microbial growth and metabolism, can con-
tribute to pathogenic mechanisms in cancer [13]. In this 
review, we present novel evidence on host-microbe inter-
actions, mainly focusing on the impact of the biofilm 
phenotype on immune system responses during cancer 
initiation and progression.

Biofilm: a survival strategy of human-associated 
bacteria
Biofilm formation and adaptation
In the human body, resident bacteria typically adopt a 
three-dimensional organization, forming complex multi-
cellular communities, termed biofilms, that occupy spe-
cific sites across various mucosal surfaces including the 
gut, oral cavity, skin and respiratory tract. Current esti-
mates suggest that up to 80% of bacterial and archaeal 
cells reside in biofilms. Within biofilms, microbes create 
microenvironments with distinct gradients of nutrients, 
oxygen, and other factors, allowing different species to 
colonize tailored ecological niches [14]. Biofilm forma-
tion is highly regulated through a multi-step process 
initiated by the reversible adherence of free-swimming 
planktonic microorganisms to a surface. In this stage, 
various mechanisms, including Brownian motion, active 
motility (e.g., flagella or pili-driven movement), as well 
as passive transport such as convection and sedimenta-
tion, allow microbial cells to reach the surface. The initial 
adhesion is weak and transient, governed by non-specific 
physical forces, like van der Waals interactions, hydro-
phobic effects and electrostatic forces. Once microor-
ganisms sense favourable environmental conditions, 
intracellular signalling pathways are activated, inducing 
the accumulation of a small, cyclic nucleotide signalling, 
the bis-(3ʹ-5ʹ)-cyclic dimeric guanosine monophosphate 
(c-di-GMP), which triggers a phenotypic switch from a 
motile to a sessile lifestyle in microbial cells. This shift 
involves the downregulation of flagella-mediated motility 
and the upregulation of bacterial surface organelles, such 
as adhesins, pili/fimbriae and surface-associated proteins 
that are projected towards the surrounding environ-
ment, promoting a strong, specific binding to the surface. 
Upon the transition from weak-to-covalent attachment is 
achieved, cells start to proliferate, leading to microcolony 
formation [15, 16]. This event is coupled to in situ self-
production of EPS that forms multilayered matrix scaf-
folds in which a plethora of densely packed microbes 
are embedded. The EPS matrix production is crucial for 
biofilm maturation, as it provides structural integrity, 
stabilizes the microbial biomass, and facilitates bacterial 
adhesion to both tissue surfaces in the body and neigh-
bouring cells. As biofilm matures, it develops a sophisti-
cated architecture that includes nutrient gradients, water 
channels and distinct regions of metabolic activity, allow-
ing bacterial cells to exhibit various interactive behav-
iours. The final stage of biofilm lifecycle involves the 
dispersal of cells from the mature community, allowing 
them to colonize new locations and initiate new biofilms 
(Fig.  1). This highly organized process confers survival 
advantages to bacterial communities, enhancing their 
resilience and persistence in both natural environments 
and pathologic condition [17].
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Microbial dynamics in biofilms: balancing cooperation, 
competition and communication
The spatial stratification of biofilm-forming bacteria 
enables diverse populations to coexist and operate as 
a coordinated consortium, performing complemen-
tary metabolic functions. This intricate organization is 
primarily supported by various communication forms 
between microbial cells, with quorum-sensing (QS) being 
one of the most critical mechanisms [18]. QS allows bac-
teria to sense the population density through the release 
and detection of signaling molecules called autoinducers 
(such as acylated homoserine lactones (AHL) for Gram-
negative and processed oligopeptides for Gram-positive 
bacteria) that tune biofilm behaviors and regulate the 
community composition. QS also enables microbes to 
gather information from the environment to govern 

other essential activities, such as resource sharing and 
cooperation in defense mechanisms that help biofilm-
embedded microorganisms to thrive in diverse and often 
hostile milieu [18]. It has been observed that S. aureus 
produces 8-amino acid cyclic short peptides as a QS sig-
naling molecules which accumulate around the bacterial 
cells, activate membrane-bound receptor proteins finally 
inducing the expression of virulence genes [19]; Pseudo-
monas aeruginosa (P. aeruginosa) communicates through 
the QS to change the state of free-living plankton cells 
to form biofilms and enable them to become resistant to 
applied antibiotics [20]. Bacteria within biofilms establish 
synergistic relationships that enhance their survival and 
functional efficiency. One of the most prominent forms 
of cooperation is metabolic cross-feeding, where differ-
ent bacterial species exchange metabolic byproducts 

Fig. 1  The Biofilm Life Cycle. The biofilm formation is a dynamic and adaptive process involving four key stages that enables microbial communities to 
develop and propagate on various surfaces. In the initial phase, bacteria shift from a planktonic to a sessile lifestyle by adhering to a surface (1, “bacteria 
attachment”). Once adhered, microbes start to multiply and aggregate, forming microcolonies encased in a self-produced extracellular polymeric sub-
stance (EPS) matrix (2, “microcolony formation”). As the biofilm grows, it develops a mature three-dimensional structure with distinct microenvironments. 
The EPS matrix components (polysaccharides, proteins, extracellular DNA and enzymes) play critical roles in the biofilm architecture, stability, resistance 
to antimicrobials, and establishment of cooperative behaviours among the microbial community (3, “maturation”). In the final stage, bacteria are released 
in the surrounding environment, facilitating the spread of biofilm-forming cells and their colonization of new locations (4, “dispersal”)
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to optimize resource usage, thereby creating a network 
of metabolic interdependencies. For example, a study 
showed that Enterococcus faecalis (E. faecalis) growth 
is sustained by S. aureus-derived heme which is essen-
tial to activate the aerobic respiration of Enterococcus 
species which cannot synthetize heme themselves [21]. 
Moreover, spatial proximity enhances defense strategies 
within biofilms. The EPS matrix facilitates the diffusion 
of nutrients and signals while acting as a physical barrier 
that shields the community from external attacks such as 
antibiotics or host immune responses [22]. Even bacteria 
lacking intrinsic resistance can become less susceptible 
to antimicrobials when grown in biofilms. This biofilm-
mediated resistance has been recognized as an adaptive 
mechanism, as the antibiotic efficacy is restored when 
the matrix protection is lost. Several factors account 
for biofilm resistance to antibiotics, generally includ-
ing restricted agent penetration through the EPS barrier, 
reduced antibiotic uptake due to lower microbial growth 
rates, and increased horizontal gene transfer which pro-
motes the proliferation and survival of persister cells, 
which are dormant and highly tolerant to antibiotics, but 
repopulate the biofilm once the antibiotic is removed 
[23].

In addition to cooperative behaviors, microbial inter-
action modes also involve antagonism and competition 
that frequently arise when space or resources become 
limited. In such cases, microorganisms within biofilms 
can alter the fitness of neighboring cells and facilitate 
their detachment by manipulating the local environment, 
such as pH or oxygen levels, to create unfavorable condi-
tions for competitors. Alternative mechanisms of inter-
ference also include the production of toxic byproducts 
and antimicrobial substances that inhibit the growth of 
competing bacteria [24]. These processes are fundamen-
tal to maintain eubiosis, as seen in the oral cavity where 
commensal streptococci regulate the composition of the 
tissue microbiota by antagonizing and preventing colo-
nization of cariogenic and periodontal pathogens [25]. 
Collectively, the ability to dynamically shift between 
cooperation and competition reflects the remarkable 
adaptability of biofilm communities to changing environ-
ments, underscoring their role in human health. How-
ever, the same traits can become harmful, contributing to 
dysbiosis and driving the pathogenicity of biofilms, which 
are increasingly recognized as a global health threat in 
clinical settings.

The dual role of biofilms in the host: from 
beneficial to pathogenic effects
As discussed, biofilms possess unique properties that 
offer significant advantages to resident microbial com-
munities, allowing them to survive and thrive in diverse 
environments. Biofilm formation primarily acts as a 

natural barrier, creating inhospitable niches that pre-
vent pathogen colonization, reduce infection risk, and 
limit the growth of invasive species, thereby helping to 
maintain community equilibrium. These mechanisms are 
crucial for supporting population balance and preserv-
ing long-term stability of a healthy microbiota, fostering 
a symbiotic relationship with the host [9]. Nevertheless, 
biofilms exhibit a dual nature: they can both safeguard 
favorable human-microbe interactions, and disrupt this 
harmony, depending on specific circumstances. As such, 
they can act as gatekeepers to homeostasis or, conversely, 
become sources of disease. Different mechanisms have 
been proposed to explain the pathogenicity of biofilms 
[10], one of which is the increased bacterial density 
resulting from the aggregation of FadA within the EPS 
matrix. This dense clustering often leads to a reduction 
in microbial diversity which contributes to dysbiosis. For 
instance, Gardnerella vaginalis (G. vaginalis), a member 
of the healthy vaginal microbiota, is thought to trigger 
bacterial vaginosis by initiating a polymicrobial biofilm 
that colonizes the vaginal epithelium. In this environ-
ment, beneficial lactobacilli are outnumbered by other 
virulent micro-aerophilic and anaerobic organisms that 
promote biofilm maturation and contribute to infection 
[26]. Therefore, biofilms can harbor pathogenic or oppor-
tunistic bacteria that overgrow and persist chronically on 
body surfaces, causing local infections. At the same time, 
the periodic release of bacterial cells from the mature 
niche during the biofilm lifecycle, enables microbes’ 
migration and colonization of distant anatomic loca-
tions [27]. This dispersal mechanism, a key pathogenic 
feature of polymicrobial populations, allows potentially 
harmful pathogens to establish new biofilms elsewhere 
in the host, facilitating infection dissemination in previ-
ously unaffected tissues and making biofilm-associated 
diseases more challenging to treat. Many studies have 
shown that the oral microbiota is a major endogenous 
source of pathogenic species involved in the development 
of extra-oral conditions, with specific oral biofilm strains 
such as Fusobacterium nucleatum (F. nucleatum), Por-
phyromonas gingivalis (P. gingivalis), and Aggregatibacter 
actinomycetemcomitans (A. actinomycetemcomitans) 
being able to translocate to the gut, leading to intesti-
nal dysbiosis and systemic inflammatory responses [28]. 
Notably, it has been documented that F. nucleatum exerts 
its pathogenic activity in the colon through the produc-
tion of Fusobacterium adhesion A (FadA), a protein with 
amyloid properties [29]. FadA plays a crucial role in the 
bacterium’s ability to adhere to host tissues, facilitating 
the spread of infections and influencing various cellular 
processes. A well-characterized mechanism involves the 
FadA binding to E-cadherin, a transmembrane protein 
found on epithelial cells that mediates cell-cell adhesion. 
This interaction not only facilitates the initial attachment 
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of F. nucleatum to the epithelium but also promotes 
the disruption of epithelial cell-cell junction, leading to 
bacterial persistence and invasion in the human colon. 
Furthermore, FadA contributes to tissue inflammation 
through the activation of the NF-kB intracellular sig-
naling pathway and is implicated in cancer cell trans-
formation and proliferation processes by triggering the 
Wnt/β-catenin pathway [30]. In addition to mediating 
direct interactions with host cells, FadA also contributes 
to biofilm formation, particularly in the gastrointestinal 
tract. This biofilm helps F. nucleatum persist in the colon 
while altering the local microbiota in favor of patho-
genic species. Although evidence of a direct correlation 
between biofilm formation and increased FadA secre-
tion is still limited, it is well understood that biofilm-
associated bacteria typically exhibit enhanced virulence 
by locally accumulating microbial toxins at higher con-
centrations as part of their survival and defense mecha-
nism [30]. From the human perspective, one of the most 
alarming consequences of biofilm formation is the devel-
opment of tolerance to existing antibiotics and immune 
system attacks. The EPS architecture provides protec-
tion and enhances microbial resistance to exogeneous 
stressors at multiple levels. The self-generated matrix 
limits drug penetration at bactericidal concentrations, 
particularly into deeper biofilm layers, both by physically 
slowing the diffusion of antimicrobial agents through the 
multicellular surface and by enabling enzymatic inactiva-
tion or degradation of drugs [31]. As a result, only a lim-
ited amount of killing agents reaches inner bacterial cells, 
which often lie in a slow-growing or dormant state, mak-
ing them less susceptible to external insults [2].

Furthermore, the proximity of biofilm-embedded 
bacteria fosters horizontal gene transfer, accelerating 
exchanges of genetic material among microbial commu-
nities. The high frequency of this process significantly 
contributes to the pathogenicity of biofilms in clini-
cal settings, as it allows the rapid acquisition of survival 
traits like antibiotic resistance which further complicates 
eradication efforts [32]. This is particularly relevant in 
cystic fibrosis patients, where P. aeruginosa, a common 
opportunistic pathogen, typically produces biofilms on 
lung epithelial cells. Within the biofilm environment, this 
bacterium can acquire several antibiotic resistance genes, 
including those encoding drug-neutralizing enzymes or 
efflux pumps that actively expel antibiotics from bacte-
rial cells. The emergence of these withstands mechanisms 
coupled with the co-occurrence of multidrug-tolerant 
persister cells, usually found in biofilms, frequently leads 
to treatment failures and recurrent infections [33].

The role of biofilms in disease is gaining increasing 
recognition. The spread of persistent and drug-resistant 
bacteria is posing a major challenge in clinical settings, 
calling for deeper exploration of underlying mechanisms 

and highlighting the urgent need for innovative thera-
peutic strategies that can effectively disrupt and target 
biofilm-associated pathogens to mitigate their adverse 
effects on human health.

Microbial biofilms: a complex relationship with host 
immune system
Biofilm formation represents a protected mode of growth 
employed by microorganisms not only to reduce their 
susceptibility to antimicrobials but also to evade host 
immune responses. The relationship between host immu-
nity and microbiota biofilms is complex and inherently 
contradictory, embodying both shielding and pathogenic 
roles [34]. During homeostasis, biofilm-forming com-
mensals play a crucial role in maintaining a balanced 
interaction between host immunity and the microbiota 
by (i) supporting immune tolerance towards commen-
sal organisms while ensuring that the immune system 
can still mount an effective response against invading 
pathogens; (ii) protecting epithelial tissues from patho-
gen colonization by forming a physical barrier on muco-
sal surfaces; (iii) preventing excessive immune activation 
through the secretion of signaling molecules or metabo-
lites with anti-inflammatory effects [35].

From birth to death the human body is continuously 
exposed to beneficial biofilms which the immune system 
can recognize and distinguish from opportunistic patho-
gens through specialized pattern recognition receptors 
(PRRs), such as Toll-like receptors (TLRs) and NOD-
like receptors (NLRs) (Fig.  2). These receptors detect 
microbial-associated molecular pattern (MAMPs), aid-
ing to maintain a state of immune tolerance toward ben-
eficial biofilms while enhancing immune activation when 
potential threats arise, ensuring a balanced host-micro-
biota relationship [36]. A well-known commensal spe-
cies with health-promoting effects able to form biofilm 
is Lactobacillus, which plays a crucial role in maintain-
ing vaginal homeostasis. It is involved in the generation 
of T regulatory cells (Tregs), creating a local environ-
ment that improves the fitness of beneficial microbes 
while preventing colonization of pathogens [37]. Biofilm 
matrix components are also involved in host-immu-
nity effects of biofilm. For example, exopolysaccharides 
produced by Lactobacillus plantarum (L. plantarum) 
reduced the production of pro-inflammatory cytokines 
IL-6, IL-8, and MCP-1 (monocyte chemotactic protein-1, 
also known as CCL2) by increasing negative regulators of 
Toll-like receptor-4 (TLR4), such as cell wall-associated 
high molecular mass polysaccharides [38]. A similar 
behaviour is embraced by Bacteroides fragilis (B. fragi-
lis) in the gut, where biofilm-produced polysaccharide A 
(PSA) modulates host immune reactions via stimulating 
Treg development contributing to homeostasis and lim-
iting excessive inflammation [39] (Table 1). Raffatellu et 
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al. showed that capsular exopolysaccharides from Salmo-
nella typhi (S. typhi) biofilm can also reduce IL-8 expres-
sion by human intestinal epithelial cells [40]. Additionally, 
exopolysaccharides from a clinical strain of Burkholderia 
cepacia (B. cepacia) inhibited neutrophil chemotaxis and 
production of reactive oxygen species (ROS) [41]. Bio-
film growth can also become pathogenic, often due to 
species composition changes that favor enrichment of 
harmful strains, loss of gut barrier function, and release 
of microbial toxins. This transition entails an overstimu-
lation of the immune system mediated by the release of 
danger-associated molecular patterns (DAMPs) from 
damaged host cells, leading to the activation of dendritic 
cells, macrophages and adaptive immune responses [22] 
(Fig. 2). For instance, in the gut the loss of B. fragilis and 
its PSA, coupled with the simultaneous overgrowth of 
opportunistic pathogens like F. nucleatum or Enterobac-
teriaceae species, shifts the immune system from a state 
of tolerance to activation. Indeed, this event reduces 
Treg induction while promoting enhanced inflammation 
by triggering macrophages, neutrophils, and Th17 cells 
activity [42] (Table 1).

Acetate residues of the alginate, the exopolysaccha-
ride forming the EPS of P.aeruginosa, are bound to 
hydroxyl groups that can become covalently linked to 

the complement opsonins C3b and C4b to the bacterial 
surface, escaping the macrophage killing by inhibiting 
complement activation [43]. Additionally, P. aeruginosa 
EPS can bind to calcium ions, which are essential second-
ary messengers in various pattern recognition receptor 
(PRR) pathways, impairing the host immune cells’ abil-
ity to effectively respond to the establishment of P. aeru-
ginosa biofilm [44]. eDNA component of P.aeruginosa 
biofilm has also been found to influence immune cells’ 
function. Its degradation by DNAse1 greatly reduced the 
release of neutrophil pro-inflammatory cytokines IL-8 
and IL-1β, suggesting the role of eDNA as an immuno-
modulatory component of the EPS matrix [45]. Addi-
tionally, signaling molecules that are part of the QS of 
bacteria, such as 3-oxododecanoyl homoserine lac-
tone (3OC12-HSL) autoinducer used by P. aeruginosa, 
can regulate the expression of virulence genes, in turn 
modulating the host immunity. It was reported that this 
molecule increased mRNA levels of a common set of 
pro-inflammatory genes (interleukin (IL)-1α, IL-6, IL-8/
KC, and COX-2) in both murine fibroblasts and human 
lung epithelial cells [46]. Additionally, the rhamnolipid, 
a QS regulated virulence factor of P. aeruginosa, has 
been shown to induce lysis of various components of 
the human immune system, including macrophages and 

Fig. 2  The conflicting role of biofilm in host immunity-microbiota interaction. The immune system continuously interacts with beneficial biofilms, rec-
ognizing them through pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs). These receptors detect microbial-associated molecular 
patterns (MAMPs), promoting immune tolerance toward biofilm-forming bacteria while ensuring immune activation against potential pathogens (left 
side). Biofilm overgrowth can lead to pathogenic states, characterized by the release of microbial toxins and overstimulation of the immune system. This 
process is driven by danger-associated molecular patterns (DAMPs) released from damaged host cells, leading to enhanced inflammation through mac-
rophages, neutrophils, T and Th17 cells’ activation (right side)
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polymorphonuclear leukocytes (PMNs) [47]. S. aureus, 
commonly associated with biofilm-mediated infections 
on medical devices, secrete aureolysin, a metallopro-
tease which cleaves components of the complement 
system, aiding in immune evasion [48]; Streptococcus 
pneumoniae (S. pneumoniae) which forms biofilms in the 
respiratory tract can secrete pneumolysin that, in turn, 
modulates cytokine production and reduces immune cell 
function [49] (Table 1). These mechanisms allow patho-
gens to persist in a protected environment without trig-
gering a robust immune reaction. In addition, pathogenic 
biofilms can alter the local microenvironment, creating 
conditions that favor bacterial survival and resistance 
to immune attack. Pathogens such as Clostridium dif-
ficile (C. difficile) and Escherichia coli (E. coli) exemplify 
this ability to evade immune detection and suppress host 
defenses through biofilm formation. C. difficile can pro-
duce toxins that damage intestinal epithelial cells and 
disrupt tight junctions, facilitating its survival within 
biofilms while evading immune recognition [50]. Instead, 
E. coli can form biofilms on urinary tract surfaces, resist-
ing to immune cells clearance and leading to persistent 
urinary tract infections (UTIs) [51] (Table  1). The abil-
ity of certain pathogens to exploit biofilm formation as a 

strategy for immune evasion raises critical implications 
for developing therapies aimed at restoring balance in the 
microbiota while combating infection. Addressing bio-
film-related pathogenicity will be essential for improving 
treatment outcomes and reducing the burden of chronic 
infections.

Dissecting the role of biofilms in cancer
In recent years, an expanding body of research has high-
lighted the influence of microbiota on cancer susceptibil-
ity and progression, particularly emphasizing the impact 
of dysregulated tissue-associated bacterial populations 
on host pathophysiology and immune function. Con-
sequently, dysbiosis has emerged as a critical hallmark 
of cancer, further revolutionizing our understanding of 
microbiota’s role in human diseases [53]. Despite initial 
thoughts that individual bacterial strains could contrib-
ute to tumor promotion, it is becoming more evident that 
tumorigenesis can stem not only from single pathogen 
infections, but largely from widespread shifts in microbi-
ota composition, suggesting a broader role for microbial 
dysbiosis in cancer development and progression. These 
findings underscore how tumor-promoting properties of 
microbes not only rely on their individual virulent capa-
bilities but may be significantly strengthened through 
complex interactions among opportunistic bacteria that 
collectively influence the host environment. H. pylori has 
been demonstrated to be directly involved in neoplastic 
transformation events of gastric epithelial cells by deliv-
ering its virulence factor, the cytotoxin-associated gene A 
(CagA), into the gastric epithelium [54]. However, it was 
subsequently realized that H. pylori does not induce gas-
tric cancer by itself; instead, its infection leads to the dis-
ruption of the gastric microbiome’s balance, by inhibiting 
the colonization of other bacterial and contributing to 
the formation of a microenvironment conducive to car-
cinogenesis [55].

To date, most studies in literature have concentrated 
on pro-tumorigenic effects of individual bacterial spe-
cies in their planktonic form. However, it is important 
to acknowledge that many of these cancer-associated 
species possess the ability to form biofilms, a feature 
that may significantly enhance their tumor-promoting 
potential. The pro-tumorigenic activity of biofilms can be 
manifested through various mechanisms including (i) the 
induction of a persistent inflammation that can exacer-
bate in immunosuppression and (ii) the ability to release 
toxins and/or metabolites, finally fostering a tumor-
friendly environment [56] (Fig. 3).

Biofilm-driven inflammation in cancer
Chronic inflammation is a hallmark of cancer [57], con-
tributing to oxidative stress, DNA damage, and cellular 
transformation, which support cancer initiation [58]. 

Table 1  Table showing the main mechanisms of interactions 
between biofilm-inducing bacteria and host-immunity
Biofilm-inducing 
bacteria

Effects on host immunity Refer-
ences

Lactobacillus 
plantarum

Induction of T regs via IL-10 and TGFβ 
production by DCs
Reduction of pro-inflammatory cyto-
kines, IL-6, IL-8, MCP-1

 [37, 
38]

Bacteroides fragilis Polysaccharide A (PSA) inducing IL-10 
expression from T regs

 [39]

Salmonella typhi Reduction of IL-8 expression by human 
intestinal epithelial cells

 [40]

Burkholderia cepacia Inhibition of neutrophil chemotaxis and 
production of ROS

 [41]

Fusobacterium 
nucleatum

Pro-inflammatory cytokines production  [52]

Pseudomonas 
aeruginosa

Escaping the macrophage killing by 
inhibition of the complement activation
Induction of pro-inflammatory cytokines 
by neutrophils, murine fibroblasts and 
human lung epithelial cells
Lysis of immune cells as macrophages 
and PMN

 [43, 
45, 
46]

Staphylococcus 
aureus

Cleavage of the complement system 
components through metalloprotease 
secretion

 [48]

Streptococcus 
pneumoniae

Cytokine release modulation via pneu-
molysin production in the lung

 [49]

Clostridium difficile Production of toxins (TcdA and TcdB) 
leading to inflammation

 [50]

Escherichia coli Production of toxins leading to urinary 
tract infections (UTI)

 [51]
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Several insights suggest that bacterial biofilm can play 
a significant role in supporting tumorigenesis by trig-
gering chronic inflammation. Tomkovich et al. demon-
strated that tumor-associated biofilms promote colon 
cancer development in genetically engineered mouse 
models prone to develop tumor [59]. The carcinogenic 
potential of these biofilms was attributed to their capac-
ity to recruit myeloid cells and induce IL-17–mediated 
inflammation, thereby facilitating CRC development 
[59]. Furthermore, the presence of bacterial biofilms on 
the colonic epithelium has been linked to elevated levels 
of IL-6 in epithelial cells and enhanced STAT3 activa-
tion, accompanied by a reduction in crypt cell E-cadherin 
expression and increased proliferation [60]. Given the 
role of the IL-6/STAT3 signaling pathway in promoting 
the epithelial-to-mesenchymal transition (EMT) in the 
colon [61], these findings support the link among bio-
films, inflammation and carcinogenesis. The pro-inflam-
matory action of biofilms is not limited to the early stages 

of tumor development but is also evident in established 
neoplastic disease. For instance, high levels of bacte-
rial biofilm, that the authors defined as large patches of 
aggregated bacteria, have been detected in colon cancer 
samples compared to normal tissue counterparts. This 
biofilm, primarily composed of F. nucleatum and B. fragi-
lis, has been associated with increased expression of pro-
inflammatory cytokines, such as IL-8, IL-1β and IL-6, 
and immunomodulatory factors in the tumor specimens 
but not with tumor stage and lymph node or distant 
metastases [62]. Nonetheless, additional studies suggest 
that F. nucleatum, an anaerobic opportunistic pathogen 
frequently detected in colorectal cancer (CRC) samples, 
may contribute to tumor invasion and the development 
of distant metastases [63]. Mechanistically, F. nucleatum 
downregulates miR-5692a, resulting in the upregulation 
of IL-8 in CRC cells. This, in turn, enhances ZEB1 expres-
sion, thereby facilitating CRC metastasis to the liver [64].

Fig. 3  Tumor-promoting effects of biofilms. The figure illustrates key mechanisms by which bacterial biofilms contribute to tumor initiation and progres-
sion. These include: tumor-promoting inflammation, which leads to oxidative stress, DNA damage, epithelial-to-mesenchymal transition (EMT), malignant 
transformation, and immunosuppression; the release of biofilm-derived metabolites, which can promote tumorigenesis, support cancer cell proliferation, 
and modulate immune responses; and biofilm-associated toxins, which contribute to tumor development, induce DNA damage, facilitate metastasis, and 
may directly kill immune cells
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Although many studies investigating the relation-
ship between biofilm-induced chronic inflammation 
and tumor occurrence and progression have primar-
ily focused on the gastrointestinal tract, this interplay 
has also been observed in other tumor types. F. nuclea-
tum and P. gingivalis, an anaerobic bacterium known for 
forming biofilms in the oral cavity [65], have been shown 
to enhance the growth and aggressiveness of oral squa-
mous cell carcinoma (OSCC). This effect is mediated 
through the activation of TLR signaling in the oral cav-
ity, which stimulates IL-6 production and subsequently 
activates the STAT3 pathway, ultimately inducing OSCC 
proliferation and invasiveness [66]. Additionally, a 2014 
case report described a patient who developed esopha-
geal adenocarcinoma five months after a Streptococcus 
suis (S. suis) infection [67]. Although there is no direct 
evidence linking this bacterium to tumor development, 
it has been reported that the bi- and tri-acylated carbo-
hydrates of this bacterium biofilm can be detected by 
monocytes through TLR2 involvement, triggering the 
release of pro-inflammatory cytokines, such as IL-1β, 
IL-6, IL-8, TNFα and MCP-1, that can sustain cancer 
development [67, 68].

In the context of breast cancer, an increased infiltration 
of S. epidermidis, a commensal skin bacterium, has been 
detected in both human and murine tumor mammary 
glands [69, 70]. This microbe, known to form biofilms, 
can exert immunoregulatory functions in the breast 
[71]. We recently reported that the presence of a tumor 
orthotopically implanted in the mouse mammary gland 
modifies the local microbiota composition compared to 
healthy tissue and that peritumoral antibiotic treatment 
reduced breast cancer growth. The anti-tumor effect 
exerted by antibiotics was found to be linked to a reduc-
tion in the abundance of S. epidermidis in tumor lesions. 
In vitro we observed that this bacterial strain polarizes 
macrophages toward a pro-tumor phenotype charac-
terized by the augmented release of pro-inflammatory 
cytokines, such as IL-1β, IL-6, IL-18 and TNFα [70]. 
Therefore, the presence of intratumoral S. epidermidis 
encapsulated in biofilm could foster a highly pro-inflam-
matory microenvironment conducive to tumor progres-
sion. Overall, these findings emphasize the connection 
between biofilm-forming bacteria and cancer develop-
ment and progression, with increasing evidence suggest-
ing that biofilms not only protect bacterial communities 
from host immune responses but also contribute to a 
pro-carcinogenic environment through persistent inflam-
mation and dysregulation of host immune cell signaling.

Biofilm-derived metabolites in cancer
Recent evidence highlights the additional role of bio-
film-associated metabolites in both cancer progres-
sion and immune response regulation [72]. A significant 

upregulation of N1, N12-diacetylspermine, a polyamine 
metabolite associated with tumor-resident bacteria was 
observed in both biofilm-positive CRC tissues and their 
matched normal counterparts. Oral antibiotic treat-
ment in patients undergoing colon cancer therapy led 
to a reduction in N1, N12-diacetylspermine levels, align-
ing them with those observed in biofilm-negative tissues 
[73]. This metabolite has been shown to enhance prolif-
eration and ATP production in CRC cell lines by down-
regulating miR-559, which leads to the upregulation of 
the enzyme cystathionine β-synthase (CBS) [74]. CBS, 
overexpressed in CRC, contributes to tumorigenesis by 
promoting a shift toward anabolic metabolism, thereby 
increasing cellular energy production [75, 76]. It has also 
emerged that metabolites derived from biofilms not only 
have the potential to directly impact tumor cell biology, 
but also profoundly influence immune cells, thereby 
modulating the antitumor immune response. Much of 
current knowledge regarding biofilm’s capacity to shape 
immune cell phenotypes stem from studies conducted in 
the context of infection. For instance, macrophages and 
myeloid-derived suppressor cells (MDSCs) co-cultured 
with biofilm from S. aureus mutant for the alpha sub-
unit of ATP synthase were characterized by an increased 
release of pro-inflammatory cytokines, such as IL-12p70, 
TNFα and IL-6, highlighting the immunomodulatory role 
of ATP [77, 78]. Furthermore, D- and L-lactate produced 
by S. aureus biofilm induced the expression of IL-10 by 
MDSCs and macrophages thus creating an immuno-
suppressive microenvironment and hindering bacterial 
clearance [79]. Since the presence of biofilm has also been 
detected within tumors [13], it is therefore plausible to 
hypothesize that immunomodulatory effects of biofilm-
associated bacterial metabolites may also occur in the 
TME, although direct evidence supporting this remains 
limited. In this regard, a recent study described that Clos-
tridium scindes (C. scindes), belonging to the Clostridium 
species reported to be biofilm-producing bacteria [80], 
is able to negatively impact CD8 + T cell effector func-
tion by producing deoxycholic acid (DCA). By targeting 
plasma membrane Ca²⁺-ATPase (PMCA), DCA inhibitis 
Ca²⁺-dependent activation of the nuclear factor of acti-
vated T cells 2 (NFAT2) signaling pathway, thus attenuat-
ing CD8⁺ T cell responses in both human cancer patients 
and mouse models [81]. Even when encapsulated within 
a biofilm, bacteria are capable of maintaining a dynamic 
dialogue with their surrounding environment, in part 
through the release of metabolites. Notably, the effects of 
individual bacterial metabolites originate from studies on 
single planktonic bacterial species. Moving forward, it is 
crucial to expand our investigations to encompass more 
complex bacterial communities, particularly those resid-
ing within biofilm structures.
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Biofilm-derived toxins in cancer
As already reported for free-floating bacteria [82], bio-
film-enveloped microbial communities can also release 
toxins with cancerogenic properties. Most of the avail-
able data originates from studies pertaining to digestive 
system tumors. In the gallbladder, the presence of bile 
and gallstones facilitates the formation of biofilm by S. 
typhi, leading to chronic infection resistant to antibiotic 
treatment. Upon colonization of the gallbladder mucosa, 
this bacterium starts to release several carcinogenic and 
DNA damaging agents, including cytolethal distend-
ing toxins (CDT), that promote gallbladder cancer onset 
[83]. Furthermore, by analyzing surgical specimens from 
patients with familial adenomatous polyposis (FAP), 
Dejea et al. identified the frequent presence of bacte-
rial biofilms within the majority of the samples. Further 
characterization of these biofilms revealed a predomi-
nant colonization by two bacterial strains implicated 
in colorectal tumorigenesis: enterotoxigenic B. fragilis 
(ETBF) and E. coli harboring the polyketide synthase 
(pks) genotoxic islands (pks⁺ E. coli), known for its abil-
ity to produce the DNA-damaging toxin colibactin [84, 
85]. In vivo studies using mouse models of CRC demon-
strated that robust tumor formation occurred only upon 
co-colonization with both ETBF and pks⁺ E. coli. This 
synergistic effect appears critical, as ETBF degrades the 
colonic mucus layer, thereby facilitating the adherence of 
pks⁺ E. coli to the epithelial surface. This close interaction 
enhances the delivery of colibactin to epithelial cells, sig-
nificantly increasing the possibility of DNA damage and 
subsequent tumor development [86].

The procarcinogenic activity of these bacteria does not 
appear to be limited to the development of tumors in the 
gastrointestinal tract, but may also extend to neoplastic 
diseases in other body regions. Parida et al. demonstrated 
that ETBF colonization of the breast gland induces mam-
mary hyperplasia, tumor growth and metastatization 
through the release of its toxin (BFT) that triggers the 
β-catenin–NOTCH1 axis in cancer cells [87]. Moreover, 
this bacterium can also promote stemness features and 
chemoresistance in breast cancer cells, thus contributing 
to tumor progression [88]. Despite the absence of data on 
the presence of ETBF biofilm in the breast, but consider-
ing the ability of this bacterium to form biofilms in CRC 
[86], it is plausible that a comparable situation may also 
take place within the mammary TME, thereby facilitating 
tumor development and modulating immune signaling 
pathways to support oncogenesis.

It is important to recall that several biofilm toxins 
not only exhibit carcinogenic activity, as previously dis-
cussed, but also directly impact on the immune system. 
S. aureus biofilms release α-hemolysin (α-toxin) and leu-
kocidin AB, both of which suppress phagocytosis and 
induce cellular dysfunction in macrophages [89]. Vibrio 

cholerae (V. cholerae) can form biofilms around differ-
ent types of immune cells, a strategy that promotes the 
localized delivery of hemolysin toxin and significantly 
enhances immune cell killing [90]. Biofilms also produce 
detergent-like molecules with potent cytotoxic effects 
on immune cells, such as rhamnolipids from Pseudomo-
nas biofilms that are cytotoxic for neutrophils [91, 92]. 
Although direct evidence of immune cell-killing effects 
by biofilm-associated toxins within the TME is currently 
lacking, the presence of bacterial biofilms in tumors sug-
gests that these toxins could undermine the anti-tumor 
immune response, contributing to the establishment of 
an immunosuppressive microenvironment.

Impact of biofilm on anticancer therapies
The tumor is supported by a complex and dynamic sys-
tem, the TME, which not only influences its growth 
and metastatic potential but also modulates its suscep-
tibility to various forms of anticancer therapy [93]. It is 
now widely recognized that tumor-associated bacteria 
constitute an integral component of the TME, and that 
their biological activity plays a critical role in shaping the 
outcome of neoplastic disease [94], likely influencing the 
response to different anticancer treatments.

Focus on chemotherapy
In colon cancer, F. nucleatum has been implicated in 
the development of resistance to oxaliplatin and 5-fluo-
rouracil (5-FU). Specifically, this bacterium downregu-
lates miR-18a* and miR-4802 through TLR4 and MYD88 
signaling pathways, promoting autophagy activation 
in tumor cells and contributing to chemotherapy resis-
tance [95]. In breast cancer, Ma et al. identified a corre-
lation between the presence of ETBF within tumors and 
reduced chemotherapy efficacy in breast cancer patients 
[88]. Consistently, 4T1 tumor-bearing mice pre-treated 
with ETBF via intragastric gavage exhibited dimin-
ished responsiveness to docetaxel, a chemotherapeutic 
agent commonly employed in breast cancer treatment 
[96]. Mechanistically, the ETBF-secreted virulence fac-
tor BFT-1 engages the receptor NOD1, particularly 
expressed by breast cancer stem cells (CSCs). Subse-
quently, NOD1 triggers a series of events ultimately lead-
ing to the activation of the NOTCH1–HEY1 signaling 
pathway. This cascade resulted in the enrichment of the 
breast CSCs population by enhancing their self-renewal 
and chemoresistant properties, explaining the initial 
observations in cancer patients and mice [88]. Further-
more, we previously demonstrated that in the 4T1 mouse 
mammary tumor model, the microtubule-targeting agent 
paclitaxel was ineffective when administered as a mono-
therapy, whereas its therapeutic efficacy was significantly 
enhanced when combined with oral ampicillin. This anti-
biotic intervention profoundly reshaped the composition 
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of the tumor-associated microbiota, most notably lead-
ing to a marked reduction of S. epidermidis within the 
TME [70]. These findings underscore the dual role of this 
Gram-positive bacterium, which not only modulates the 
phenotype and function of tumor-infiltrating immune 
cells but also actively influences the response to chemo-
therapy. It is worth emphasizing that these studies have 
focused on the activity of individual planktonic bacterial 
species. To date, only limited evidence exists concerning 
the role of bacterial biofilms in modulating responses to 
anticancer therapies, although preliminary insights are 
progressively emerging. Using an integrated microflu-
idic platform to investigate the impact of intracellular 
and extracellular bacteria on bladder cancer progres-
sion, Deng et al. demonstrated that extratumoral bacte-
ria promoted the formation of a biofilm localized at the 
periphery of cancer cell clusters. Notably, the presence 
of the biofilm enriched a subpopulation of cancer cells 
expressing stemness markers. Given that such cancer 
cell populations are known to exhibit resistance to che-
motherapeutic agents [97], it was hypothesized that the 
bacterial biofilm sustains tumor cells from chemother-
apy. Accordingly, the combination of antibacterial agents 
capable of disrupting the biofilm with doxorubicin, a che-
motherapeutic drug commonly used in the treatment of 
bladder cancer [97], resulted in an increased tumor cell 
killing compared to doxorubicin treatment alone in this 
tumor type [98]. Furthermore, extracellular lipids (ECLs) 
secreted by Candida albicans (C. albicans) biofilm 
resulted in the reduction of the cytotoxic activity of the 
topoisomerase I inhibitor camptothecin against two dys-
plastic and neoplastic oral cell lines. Although ECLs of C. 
albicans biofilms did not interfere with the cellular inter-
nalization of camptothecin, they promoted the formation 
of lipid droplets (LDs) capable of sequestering the drug 
within the cytoplasm, thus preventing its perinuclear 
localization and the possibility to exert its anti-tumor 
activity [99]. While the presence of bacterial biofilms 
can alter the efficacy of chemotherapy, it is also true that 
many chemotherapeutic agents possess antibiotic prop-
erties and can, in turn, influence biofilm development. 
Groizeleau et al. reported that doxorubicin enhanced 
P. aeruginosa biofilm formation, despite a decrease in 
intracellular levels of bis-(3′–5′)-cyclic dimeric gua-
nosine monophosphate (c-di-GMP), a secondary mes-
senger crucial for biofilm development [100], and the 
downregulation of several biofilm-associated genes. The 
authors proposed that biofilm formation was driven by 
the release of extracellular DNA (eDNA) from a popu-
lation of lysed bacteria [101]. Therefore, the interaction 
between chemotherapy and bacterial biofilms is bidirec-
tional, and this relationship must be carefully considered 
in the design of future therapeutic strategies aimed at tar-
geting both biofilms and tumor cells.

Focus on immunotherapy
Given the immunomodulatory properties of biofilms, 
it is plausible that they could influence the response to 
immunotherapy. To date, the most widely employed 
form of immunotherapy in clinical oncology remains the 
immune checkpoint inhibitor-based treatment. It is now 
well established that both gut-resident bacteria and, more 
recently, tumor-infiltrating bacteria represent critical fac-
tors in determining the outcome of this type of therapy. 
A metagenomics study conducted on melanoma cancer 
patients undergoing anti PD-1 immunotherapy revealed 
differences in gut microbiota composition between 
responders and nonresponders [102]. In particular, the 
authors found that the presence of certain biofilm-form-
ing bacteria in the gut, such as Bacteroides species, was 
associated with reduced responsiveness to PD-1 block-
ade. On the contrary, they could enhance its therapeutic 
efficacy. Indeed, Gao et al. found that F. nucleatum levels 
correlate with improved therapeutic responses to PD-1 
blockade in patients with CRC. F. nucleatum enhanced 
the antitumor effects of PD-L1 blockade on CRC in 
mice and prolonged survival [103]. Additionally, it was 
found that a “normal” relative abundance of intestinal 
Akkermansia in NSCLC patients was associated to bet-
ter response to anti-PD1 immunotherapy, while its over-
abundance was linked with a worse overall survival [104]. 
These examples highlight the need to consider the bacte-
rial component in the context of immunotherapy. How-
ever, it is important to emphasize that, although many of 
the bacteria investigated as modulators of the response 
to immune checkpoint inhibitors are capable of produc-
ing biofilms, a direct link between bacterial biofilms and 
the outcome of immune checkpoint therapy has yet to 
be fully elucidated. Emerging data are beginning to shed 
light on this relationship. For instance, oral administra-
tion of smectite, a silicate clay, was found to promote 
Lactobacillus expansion and biofilm formation in the 
colon [105]. In melanoma-bearing mice, treatment with 
smectite resulted in significantly reduced tumor growth 
compared to control animals or those receiving clays 
lacking biofilm-promoting properties. Consistently, the 
combined administration of smectite and Lactobacil-
lus biofilm exhibited superior anti-tumor efficacy rela-
tive to either agent alone. Analysis of the TME revealed a 
marked activation of the T-cell response. Mechanistically, 
the enhanced Lactobacillus biofilm formation driven by 
smectite facilitated the differentiation, maturation, and 
migration of dendritic cells via TLR2 engagement, ulti-
mately leading to T-cell activation. Furthermore, in the 
same melanoma preclinical model, the smectite–Lacto-
bacillus biofilm combination potentiated the anti-tumor 
effects of both doxorubicin and anti-PD-1 antibody ther-
apies [105]. Therefore, a critical next step will be to refine 
the current knowledge regarding the impact of individual 
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tumor-associated bacteria on therapeutic outcomes, by 
integrating these findings within a more complex biologi-
cal system, such as bacterial biofilm.

Conclusions
Our understanding of tumor-associated microbiota 
should evolve beyond focusing on single or few microbial 
species to encompass the complex, cooperative bacte-
rial communities that interact synergistically to influence 
several biological processes. Bacteria form structures 
such as biofilms, composed of EPS, that act as a protec-
tive barrier that shields bacteria from immune responses 
and antimicrobial agents. It is becoming evident that, in 
some circumstances, the biofilm matrix can represent 
the primary driver of the biological effects exerted by the 
tumor-associated microbiota. Biofilm-producing bac-
teria have emerged as significant players in the context 
of cancer, as their persistent colonization of tissues and 
resistance to eradication create a microenvironment con-
ducive to carcinogenesis and tumor progression (Fig. 3). 
These conditions, indeed, are sustained by the induction 
of a chronic inflammatory state and the release of metab-
olites or toxins that not only contribute to DNA damage 
and genetic instability, but also foster conditions that 
promote tumor initiation, growth, and metastasis. More-
over, emerging evidence suggests that bacterial biofilm is 
implicated in the resistance to chemotherapy and immu-
notherapy effectiveness via the formation of a protective 
shield and the shaping of the local immune microenvi-
ronment. The intricate interactions between biofilm-
producing bacteria, the host immune system, and cancer 
cells highlight a complex but crucial connection, paving 
the way for innovative therapeutic approaches aimed at 
disrupting these pathological processes. By developing 
strategies to dismantle or inhibit the formation of this 
matrix, it may be possible to mitigate the pro-inflamma-
tory and tumor-promoting effects of biofilm-associated 
bacteria. Such interventions could reduce cancer risk in 
susceptible individuals and enhance the efficacy of exist-
ing treatments, including chemotherapy and immuno-
therapy, thereby expanding the arsenal of therapeutic 
options available for diverse cancer types. However, while 
targeting biofilm-associated bacteria could hold prom-
ising therapeutic advantages, potential limitations and 
risks need to be taken into consideration, such as the dis-
ruption of microbiota homeostasis, off-target effects and 
the alteration of the mucosal integrity. Balancing the ben-
efits of biofilm-targeting therapies with these potential 
risks will require a nuanced approach to ensure effective 
and safe interventions.

Acknowledgements
Not applicable.

Author contributions
EM and GB contributed equally to this work as first authors.MS and LS 
contributed equally to this work as co-last authors.LS and MS had the idea for 
the article and supervised the entire work; EM and GB performed the literature 
search; EM, GB, SM and LS drafted the manuscript; VLN, MA, SMP, ET, MS and LS 
revised the manuscript. All authors read and approved the final manuscript.

Funding
The research leading to this manuscript has received funding from: AIRC 
under IG 2020 – ID. 24718 project - PI Sfondrini Lucia; Ricerca Strategica 
Istituzionale Fondazione IRCCS INT- 5xmille funds for healthcare research 
(Ministry of Health); PRIN: PROGETTI DI RICERCA DI RILEVANTE INTERESSE 
NAZIONALE – Bando 2022 PNRR, Prot. P2022R5TCA – PI Sfondrini Lucia.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Dipartimento di Scienze Biomediche per la Salute, Università degli Studi 
di Milano, Milan, Italy
2Department of Experimental Oncology, Microenvironment and 
Biomarkers of Solid Tumors Unit, Fondazione IRCCS Istituto Nazionale dei 
Tumori di Milano, Milan, Italy

Received: 26 February 2025 / Accepted: 5 May 2025

References
1.	 Kang X, Yang X, He Y, Guo C, Li Y, Ji H, et al. Strategies and materials for the 

prevention and treatment of biofilms. Mater Today Bio. 2023;23:100827. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​t​​b​i​o​​.​2​0​2​​3​.​​1​0​0​8​2​7.

2.	 Rather MA, Gupta K, Mandal M. Microbial biofilm: formation, architecture, 
antibiotic resistance, and control strategies. Braz J Microbiol. 2021;52:1701–
18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​4​2​7​7​0​-​0​2​1​-​0​0​6​2​4​-​x.

3.	 Penesyan A, Paulsen IT, Kjelleberg S, Gillings MR. Three faces of biofilms: a 
microbial lifestyle, a nascent multicellular organism, and an incubator for 
diversity. NPJ Biofilms Microbiomes. 2021;7:80. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​2​
2​-​0​2​1​-​0​0​2​5​1​-​2.

4.	 The Integrative Human Microbiome Project. Nature. 2019;569:641–8. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​8​6​-​0​1​9​-​1​2​3​8​-​8.

5.	 Kennedy MS, Chang EB. The microbiome: composition and locations. Prog 
Mol Biol Transl Sci. 2020;176:1–42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​b​​s​.​p​​m​b​t​​s​.​2​0​​2​0​​.​0​8​.​
0​1​3.

6.	 Chee WJY, Chew SY, Than LTL. Vaginal microbiota and the potential of 
Lactobacillus derivatives in maintaining vaginal health. Microb Cell Fact. 
2020;19:203. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​3​4​-​0​2​0​-​0​1​4​6​4​-​4.

7.	 Linz MS, Mattappallil A, Finkel D, Parker D. Clinical impact of Staphylococcus 
aureus skin and soft tissue infections. Antibiot (Basel). 2023. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​3​3​9​0​​/​a​​n​t​i​​b​i​o​​t​i​c​s​​1​2​​0​3​0​5​5​7.

8.	 Malfertheiner P, Camargo MC, El-Omar E, Liou J-M, Peek R, Schulz C, et al. 
Helicobacter pylori infection. Nat Rev Dis Primers. 2023;9:19. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​3​8​​/​s​​4​1​5​7​2​-​0​2​3​-​0​0​4​3​1​-​8.

9.	 Jefferson KK. What drives bacteria to produce a biofilm? FEMS Microbiol Lett. 
2004;236:163–73. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​5​​7​4​-​​6​9​6​8​​.​2​​0​0​4​.​t​b​0​9​6​4​3​.​x.

10.	 Vestby LK, Grønseth T, Simm R, Nesse LL. Bacterial biofilm and its role in the 
pathogenesis of disease. Antibiot (Basel). 2020. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​n​t​i​b​i​
o​t​i​c​s​9​0​2​0​0​5​9.

https://doi.org/10.1016/j.mtbio.2023.100827
https://doi.org/10.1016/j.mtbio.2023.100827
https://doi.org/10.1007/s42770-021-00624-x
https://doi.org/10.1038/s41522-021-00251-2
https://doi.org/10.1038/s41522-021-00251-2
https://doi.org/10.1038/s41586-019-1238-8
https://doi.org/10.1038/s41586-019-1238-8
https://doi.org/10.1016/bs.pmbts.2020.08.013
https://doi.org/10.1016/bs.pmbts.2020.08.013
https://doi.org/10.1186/s12934-020-01464-4
https://doi.org/10.3390/antibiotics12030557
https://doi.org/10.3390/antibiotics12030557
https://doi.org/10.1038/s41572-023-00431-8
https://doi.org/10.1038/s41572-023-00431-8
https://doi.org/10.1111/j.1574-6968.2004.tb09643.x
https://doi.org/10.3390/antibiotics9020059
https://doi.org/10.3390/antibiotics9020059


Page 14 of 16Montanari et al. Molecular Cancer          (2025) 24:148 

11.	 Hou K, Wu Z-X, Chen X-Y, Wang J-Q, Zhang D, Xiao C, et al. Microbiota in 
health and diseases. Signal Transduct Target Ther. 2022;7:135. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​3​8​​/​s​​4​1​3​9​2​-​0​2​2​-​0​0​9​7​4​-​4.

12.	 Benešová I, Křížová Ľ, Kverka M. Microbiota as the unifying factor behind the 
hallmarks of cancer. J Cancer Res Clin Oncol. 2023;149:14429–50. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​4​3​2​-​0​2​3​-​0​5​2​4​4​-​6.

13.	 Choi E, Murray B, Choi S. Biofilm and cancer: interactions and future direc-
tions for Cancer therapy. Int J Mol Sci. 2023. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​4​1​6​
1​2​8​3​6.

14.	 Perry EK, Tan M-W. Bacterial biofilms in the human body: prevalence and 
impacts on health and disease. Front Cell Infect Microbiol. 2023;13:1237164. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​c​i​m​b​.​2​0​2​3​.​1​2​3​7​1​6​4.

15.	 Guttenplan SB, Kearns DB. Regulation of flagellar motility during biofilm 
formation. FEMS Microbiol Rev. 2013;37:849–71. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​1​​5​7​
4​-​6​9​7​6​.​1​2​0​1​8.

16.	 Muhammad MH, Idris AL, Fan X, Guo Y, Yu Y, Jin X, et al. Beyond risk: bacterial 
biofilms and their regulating approaches. Front Microbiol. 2020;11:928. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​0​.​0​0​9​2​8.

17.	 Sharma S, Mohler J, Mahajan SD, Schwartz SA, Bruggemann L, Aalinkeel R. 
Microbial Biofilm: A Review on Formation, Infection, Antibiotic Resistance, 
Control Measures, and Innovative Treatment. Microorganisms. 2023. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​1​1​0​6​1​6​1​4

18.	 Mukherjee S, Bassler BL. Bacterial quorum sensing in complex and dynami-
cally changing environments. Nat Rev Microbiol. 2019;17:371–82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​7​9​-​0​1​9​-​0​1​8​6​-​5.

19.	 Fuqua C, Greenberg EP. Listening in on bacteria: acyl-homoserine lactone 
signalling. Nat Rev Mol Cell Biol. 2002;3:685–95. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​m​9​
0​7.

20.	 Thi MTT, Wibowo D, Rehm BHA. Pseudomonas aeruginosa biofilms. Int J Mol 
Sci. 2020. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​1​2​2​8​6​7​1.

21.	 Ch’ng J-H, Muthu M, Chong KKL, Wong JJ, Tan CAZ, Koh ZJS, et al. Heme 
cross-feeding can augment Staphylococcus aureus and Enterococcus faecalis 
dual species biofilms. ISME J. 2022;16:2015–26. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​9​
6​-​0​2​2​-​0​1​2​4​8​-​1.

22.	 Cangui-Panchi SP, Ñacato-Toapanta AL, Enríquez-Martínez LJ, Salinas-Delgado 
GA, Reyes J, Garzon-Chavez D, Machado A. Battle Royale: immune response 
on biofilms - host-pathogen interactions. Curr Res Immunol. 2023;4:100057. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​r​​i​m​m​​u​.​2​0​​2​3​​.​1​0​0​0​5​7.

23.	 Shree P, Singh CK, Sodhi KK, Surya JN, Singh DK, Biofilms. Understanding the 
structure and contribution towards bacterial resistance in antibiotics. Med 
Microecology. 2023;16:100084. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​e​​d​m​i​​c​.​2​0​​2​3​​.​1​0​0​0​8​
4.

24.	 Rendueles O, Ghigo J-M. Mechanisms of competition in biofilm communities. 
Microbiol Spectr. 2015. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​i​c​r​​o​b​i​​o​l​s​p​​e​c​​.​m​b​-​0​0​0​9​-​2​0​1​4.

25.	 Baty JJ, Stoner SN, Scoffield JA. Oral commensal Streptococci: gatekeepers of 
the oral cavity. J Bacteriol. 2022;204:e0025722. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​0​0​2​
5​7​-​2​2.

26.	 Hardy L, Cerca N, Jespers V, Vaneechoutte M, Crucitti T. Bacterial biofilms in 
the vagina. Res Microbiol. 2017;168:865–74. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​r​e​​s​m​i​​c​.​2​
0​​1​7​​.​0​2​.​0​0​1.

27.	 Kaplan JB. Biofilm dispersal: mechanisms, clinical implications, and potential 
therapeutic uses. J Dent Res. 2010;89:205–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​7​​/​0​​0​2​2​0​3​
4​5​0​9​3​5​9​4​0​3.

28.	 Koliarakis I, Messaritakis I, Nikolouzakis TK, Hamilos G, Souglakos J, Tsiaoussis J. 
Oral Bacteria and intestinal dysbiosis in colorectal Cancer. Int J Mol Sci. 2019. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​0​1​7​4​1​4​6.

29.	 Meng Q, Gao Q, Mehrazarin S, Tangwanichgapong K, Wang Y, Huang Y, et al. 
Fusobacterium nucleatum secretes amyloid-like FadA to enhance pathoge-
nicity. EMBO Rep. 2021;22:e52891. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​2​5​​2​/​​e​m​b​r​.​2​0​2​1​5​2​8​9​1.

30.	 Rubinstein MR, Wang X, Liu W, Hao Y, Cai G, Han YW. Fusobacterium 
nucleatum promotes colorectal carcinogenesis by modulating E-cadherin/β-
catenin signaling via its FadA adhesin. Cell Host Microbe. 2013;14:195–206. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​h​o​m​.​2​0​1​3​.​0​7​.​0​1​2.

31.	 Karygianni L, Ren Z, Koo H, Thurnheer T. Biofilm matrixome: extracel-
lular components in structured microbial communities. Trends Microbiol. 
2020;28:668–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​t​i​m​.​2​0​2​0​.​0​3​.​0​1​6.

32.	 Davies D. Understanding biofilm resistance to antibacterial agents. Nat Rev 
Drug Discov. 2003;2:114–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​d​1​0​0​8.

33.	 Pang Z, Raudonis R, Glick BR, Lin T-J, Cheng Z. Antibiotic resistance in Pseu-
domonas aeruginosa: mechanisms and alternative therapeutic strategies. 
Biotechnol Adv. 2019;37:177–92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​i​​o​t​e​​c​h​a​d​​v​.​​2​0​1​8​.​1​
1​.​0​1​3.

34.	 Ren A, Zhou Y, Xu Z, Jia T, Yang L. Multiple-species biofilms as structuralized 
microbial communities for modulating microbiota homeostasis in human. 
Curr Med. 2024. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​4​4​1​9​4​-​0​2​4​-​0​0​0​3​9​-​4.

35.	 Motta J-P, Wallace JL, Buret AG, Deraison C, Vergnolle N. Gastrointestinal bio-
films in health and disease. Nat Rev Gastroenterol Hepatol. 2021;18:314–34. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​7​5​-​0​2​0​-​0​0​3​9​7​-​y.

36.	 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;118:229–41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​e​l​l​.​2​0​
0​4​.​0​7​.​0​0​2.

37.	 Vareille-Delarbre M, Miquel S, Garcin S, Bertran T, Balestrino D, Evrard B, Fores-
tier C. Immunomodulatory effects of Lactobacillus plantarum on inflamma-
tory response induced by Klebsiella pneumoniae. Infect Immun. 2019. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​i​​a​i​.​0​0​5​7​0​-​1​9.

38.	 Murofushi Y, Villena J, Morie K, Kanmani P, Tohno M, Shimazu T, et al. The 
toll-like receptor family protein RP105/MD1 complex is involved in the immu-
noregulatory effect of exopolysaccharides from Lactobacillus plantarum N14. 
Mol Immunol. 2015;64:63–75. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​o​​l​i​m​​m​.​2​0​​1​4​​.​1​0​.​0​2​7.

39.	 Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis factor prevents 
intestinal inflammatory disease. Nature. 2008;453:620–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​
3​8​​/​n​​a​t​u​r​e​0​7​0​0​8.

40.	 Raffatellu M, Chessa D, Wilson RP, Dusold R, Rubino S, Bäumler AJ. The Vi 
capsular antigen of Salmonella enterica serotype Typhi reduces Toll-like 
receptor-dependent interleukin-8 expression in the intestinal mucosa. Infect 
Immun. 2005;73:3367–74. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​i​​a​i​.​​7​3​.​​6​.​3​3​​6​7​​-​3​3​7​4​.​2​0​0​5.

41.	 Bylund J, Burgess L-A, Cescutti P, Ernst RK, Speert DP. Exopolysaccharides from 
Burkholderia cenocepacia inhibit neutrophil chemotaxis and scavenge reac-
tive oxygen species. J Biol Chem. 2006;281:2526–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​4​​/​j​​
b​c​.​M​5​1​0​6​9​2​2​0​0.

42.	 Omenetti S, Pizarro TT. The Treg/Th17 axis: A dynamic balance regulated by 
the gut Microbiome. Front Immunol. 2015;6:639. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​i​m​
m​u​.​2​0​1​5​.​0​0​6​3​9.

43.	 Pier GB, Coleman F, Grout M, Franklin M, Ohman DE. Role of alginate O 
acetylation in resistance of mucoid Pseudomonas aeruginosa to opsonic 
phagocytosis. Infect Immun. 2001;69:1895–901. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​i​​a​i​.​​6​9​
.​​3​.​1​8​​9​5​​-​1​9​0​1​.​2​0​0​1.

44.	 Aslam SN, Newman M-A, Erbs G, Morrissey KL, Chinchilla D, Boller T, et al. 
Bacterial polysaccharides suppress induced innate immunity by calcium 
chelation. Curr Biol. 2008;18:1078–83. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​u​b​.​2​0​0​8​.​0​6​.​0​
6​1.

45.	 Fuxman Bass JI, Russo DM, Gabelloni ML, Geffner JR, Giordano M, Catalano M, 
et al. Extracellular DNA: a major Proinflammatory component of Pseudomo-
nas aeruginosa biofilms. J Immunol. 2010;184:6386–95. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​0​4​
9​​/​j​​i​m​m​u​n​o​l​.​0​9​0​1​6​4​0.

46.	 Jahoor A, Patel R, Bryan A, Do C, Krier J, Watters C, et al. Peroxisome 
proliferator-activated receptors mediate host cell Proinflammatory responses 
to Pseudomonas aeruginosa autoinducer. J Bacteriol. 2008;190:4408–15. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​j​​b​.​0​1​4​4​4​-​0​7.

47.	 Alhede M, Bjarnsholt T, Givskov M, Alhede M. Pseudomonas aeruginosa 
biofilms: mechanisms of immune evasion. Adv Appl Microbiol. 2014;86:1–40. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​B​​9​7​8​​-​0​-​​1​2​-​8​​0​0​​2​6​2​-​9​.​0​0​0​0​1​-​9.

48.	 Laarman AJ, Ruyken M, Malone CL, van Strijp JAG, Horswill AR, Rooijakkers 
SHM. Staphylococcus aureus metalloprotease aureolysin cleaves comple-
ment C3 to mediate immune evasion. J Immunol. 2011;186:6445–53. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​4​0​4​9​​/​j​​i​m​m​u​n​o​l​.​1​0​0​2​9​4​8.

49.	 Chao Y, Marks LR, Pettigrew MM, Hakansson AP. Streptococcus pneumoniae 
biofilm formation and dispersion during colonization and disease. Front Cell 
Infect Microbiol. 2014;4:194. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​c​i​m​b​.​2​0​1​4​.​0​0​1​9​4.

50.	 Dicks LMT. Biofilm Formation of Clostridioides difficile, Toxin Production and 
Alternatives to Conventional Antibiotics in the Treatment of CDI. Microorgan-
isms. 2023. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​1​1​0​9​2​1​6​1

51.	 Ulett GC, Totsika M, Schaale K, Carey AJ, Sweet MJ, Schembri MA. Uropatho-
genic Escherichia coli virulence and innate immune responses during urinary 
tract infection. Curr Opin Microbiol. 2013;16:100–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​
m​i​b​.​2​0​1​3​.​0​1​.​0​0​5.

52.	 Wu J, Li Q, Fu X. Fusobacterium nucleatum contributes to the carcinogenesis 
of colorectal Cancer by inducing inflammation and suppressing host immu-
nity. Transl Oncol. 2019;12:846–51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​t​r​​a​n​o​​n​.​2​0​​1​9​​.​0​3​.​0​
0​3.

53.	 Sheflin AM, Whitney AK, Weir TL. Cancer-promoting effects of microbial 
dysbiosis. Curr Oncol Rep. 2014;16:406. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​9​1​2​-​0​1​4​-​0​
4​0​6​-​0.

https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1007/s00432-023-05244-6
https://doi.org/10.1007/s00432-023-05244-6
https://doi.org/10.3390/ijms241612836
https://doi.org/10.3390/ijms241612836
https://doi.org/10.3389/fcimb.2023.1237164
https://doi.org/10.3389/fcimb.2023.1237164
https://doi.org/10.1111/1574-6976.12018
https://doi.org/10.1111/1574-6976.12018
https://doi.org/10.3389/fmicb.2020.00928
https://doi.org/10.3389/fmicb.2020.00928
https://doi.org/10.3390/microorganisms11061614
https://doi.org/10.3390/microorganisms11061614
https://doi.org/10.1038/s41579-019-0186-5
https://doi.org/10.1038/s41579-019-0186-5
https://doi.org/10.1038/nrm907
https://doi.org/10.1038/nrm907
https://doi.org/10.3390/ijms21228671
https://doi.org/10.1038/s41396-022-01248-1
https://doi.org/10.1038/s41396-022-01248-1
https://doi.org/10.1016/j.crimmu.2023.100057
https://doi.org/10.1016/j.crimmu.2023.100057
https://doi.org/10.1016/j.medmic.2023.100084
https://doi.org/10.1016/j.medmic.2023.100084
https://doi.org/10.1128/microbiolspec.mb-0009-2014
https://doi.org/10.1128/jb.00257-22
https://doi.org/10.1128/jb.00257-22
https://doi.org/10.1016/j.resmic.2017.02.001
https://doi.org/10.1016/j.resmic.2017.02.001
https://doi.org/10.1177/0022034509359403
https://doi.org/10.1177/0022034509359403
https://doi.org/10.3390/ijms20174146
https://doi.org/10.3390/ijms20174146
https://doi.org/10.15252/embr.202152891
https://doi.org/10.1016/j.chom.2013.07.012
https://doi.org/10.1016/j.chom.2013.07.012
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.1038/nrd1008
https://doi.org/10.1016/j.biotechadv.2018.11.013
https://doi.org/10.1016/j.biotechadv.2018.11.013
https://doi.org/10.1007/s44194-024-00039-4
https://doi.org/10.1038/s41575-020-00397-y
https://doi.org/10.1038/s41575-020-00397-y
https://doi.org/10.1016/j.cell.2004.07.002
https://doi.org/10.1016/j.cell.2004.07.002
https://doi.org/10.1128/iai.00570-19
https://doi.org/10.1128/iai.00570-19
https://doi.org/10.1016/j.molimm.2014.10.027
https://doi.org/10.1038/nature07008
https://doi.org/10.1038/nature07008
https://doi.org/10.1128/iai.73.6.3367-3374.2005
https://doi.org/10.1074/jbc.M510692200
https://doi.org/10.1074/jbc.M510692200
https://doi.org/10.3389/fimmu.2015.00639
https://doi.org/10.3389/fimmu.2015.00639
https://doi.org/10.1128/iai.69.3.1895-1901.2001
https://doi.org/10.1128/iai.69.3.1895-1901.2001
https://doi.org/10.1016/j.cub.2008.06.061
https://doi.org/10.1016/j.cub.2008.06.061
https://doi.org/10.4049/jimmunol.0901640
https://doi.org/10.4049/jimmunol.0901640
https://doi.org/10.1128/jb.01444-07
https://doi.org/10.1128/jb.01444-07
https://doi.org/10.1016/B978-0-12-800262-9.00001-9
https://doi.org/10.1016/B978-0-12-800262-9.00001-9
https://doi.org/10.4049/jimmunol.1002948
https://doi.org/10.4049/jimmunol.1002948
https://doi.org/10.3389/fcimb.2014.00194
https://doi.org/10.3390/microorganisms11092161
https://doi.org/10.1016/j.mib.2013.01.005
https://doi.org/10.1016/j.mib.2013.01.005
https://doi.org/10.1016/j.tranon.2019.03.003
https://doi.org/10.1016/j.tranon.2019.03.003
https://doi.org/10.1007/s11912-014-0406-0
https://doi.org/10.1007/s11912-014-0406-0


Page 15 of 16Montanari et al. Molecular Cancer          (2025) 24:148 

54.	 Hatakeyama M. Helicobacter pylori CagA and gastric cancer: a paradigm for 
hit-and-run carcinogenesis. Cell Host Microbe. 2014;15:306–16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​h​o​m​.​2​0​1​4​.​0​2​.​0​0​8.

55.	 Liatsos C, Papaefthymiou A, Kyriakos N, Galanopoulos M, Doulberis M, 
Giakoumis M, et al. Helicobacter pylori, gastric microbiota and gastric cancer 
relationship: unrolling the tangle. World J Gastrointest Oncol. 2022;14:959–72. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​2​5​1​​/​w​​j​g​o​.​v​1​4​.​i​5​.​9​5​9.

56.	 Upadhyay A, Pal D, Kumar A. Substantial relation between the bacterial bio-
film and oncogenesis progression in host. Microb Pathog. 2023;175:105966. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​i​​c​p​a​​t​h​.​2​​0​2​​2​.​1​0​5​9​6​6.

57.	 Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discov. 2022;12:31–
46. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​2​​1​5​9​​-​8​2​​9​0​.​c​​d​-​​2​1​-​1​0​5​9.

58.	 Mirzaei R, Sabokroo N, Ahmadyousefi Y, Motamedi H, Karampoor S. Immuno-
metabolism in biofilm infection: lessons from cancer. Mol Med. 2022;28:10. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​0​0​2​0​-​0​2​2​-​0​0​4​3​5​-​2.

59.	 Tomkovich S, Dejea CM, Winglee K, Drewes JL, Chung L, Housseau F, et al. 
Human colon mucosal biofilms from healthy or colon cancer hosts are carci-
nogenic. J Clin Invest. 2019;129:1699–712. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​2​​/​j​​c​i​1​2​4​1​9​6.

60.	 Dejea CM, Wick EC, Hechenbleikner EM, White JR, Mark Welch JL, Rossetti 
BJ, et al. Microbiota organization is a distinct feature of proximal colorectal 
cancers. Proc Natl Acad Sci U S A. 2014;111:18321–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​3​​/​
p​​n​a​s​.​1​4​0​6​1​9​9​1​1​1.

61.	 Han C, Sun B, Zhao X, Zhang Y, Gu Q, Liu F, et al. Phosphorylation of STAT3 
promotes vasculogenic mimicry by inducing Epithelial-to-Mesenchymal 
transition in colorectal Cancer. Technol Cancer Res Treat. 2017;16:1209–19. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​7​​/​1​​5​3​3​0​3​4​6​1​7​7​4​2​3​1​2.

62.	 Kvich L, Fritz BG, Zschach H, Terkelsen T, Raskov H, Høst-Rasmussen K, et 
al. Biofilms and core pathogens shape the tumor microenvironment and 
immune phenotype in colorectal cancer. Gut Microbes. 2024;16:2350156. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​9​4​9​​0​9​7​​6​.​2​0​​2​4​​.​2​3​5​0​1​5​6.

63.	 Zhang Y, Zhang L, Zheng S, Li M, Xu C, Jia D, et al. Fusobacterium nucleatum 
promotes colorectal cancer cells adhesion to endothelial cells and facilitates 
extravasation and metastasis by inducing ALPK1/NF-κB/ICAM1 axis. Gut 
Microbes. 2022;14:2038852. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​9​4​9​​0​9​7​​6​.​2​0​​2​2​​.​2​0​3​8​8​5​2.

64.	 Yu Y, Yin H, Wu B, Zhao W, Wang Y, Aili A, et al. Fusobacterium nucleatum pro-
motes colorectal cancer liver metastasis via miR-5692a/IL-8 axis by inducing 
epithelial-mesenchymal transition. J Biomed Sci. 2025;32:5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​1​1​8​6​​/​s​​1​2​9​2​9​-​0​2​4​-​0​1​0​9​7​-​4.

65.	 Zhou Y, Meyle J, Groeger S. Periodontal pathogens and cancer development. 
Periodontol 2000. 2024;96:112–49. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​p​​r​d​.​1​2​5​9​0.

66.	 Binder Gallimidi A, Fischman S, Revach B, Bulvik R, Maliutina A, Rubinstein AM, 
et al. Periodontal pathogens Porphyromonas gingivalis and Fusobacterium 
nucleatum promote tumor progression in an oral-specific chemical carcino-
genesis model. Oncotarget. 2015;6:22613–23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​8​6​3​​2​/​​o​n​c​o​t​
a​r​g​e​t​.​4​2​0​9.

67.	 Gómez-Zorrilla S, Ardanuy C, Lora-Tamayo J, Cámara J, García-Somoza D, Peña 
C, Ariza J. Streptococcus suis infection and malignancy in man, Spain. Emerg 
Infect Dis. 2014;20:1067–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​2​0​1​​/​e​​i​d​2​0​0​6​.​1​3​1​1​6​7.

68.	 Graveline R, Segura M, Radzioch D, Gottschalk M. TLR2-dependent rec-
ognition of Streptococcus suis is modulated by the presence of capsular 
polysaccharide which modifies macrophage responsiveness. Int Immunol. 
2007;19:375–89. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​i​​n​t​i​m​m​/​d​x​m​0​0​3.

69.	 Urbaniak C, Gloor GB, Brackstone M, Scott L, Tangney M, Reid G. The micro-
biota of breast tissue and its association with breast Cancer. Appl Environ 
Microbiol. 2016;82:5039–48. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​a​​e​m​.​0​1​2​3​5​-​1​6.

70.	 Bernardo G, Le Noci V, Ottaviano E, de Cecco L, Camisaschi C, Guglielmetti 
S, et al. Reduction of Staphylococcus epidermidis in the mammary tumor 
microbiota induces antitumor immunity and decreases breast cancer aggres-
siveness. Cancer Lett. 2023;555:216041. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​a​​n​l​e​​t​.​2​0​​2​2​​.​
2​1​6​0​4​1.

71.	 Allen-Taylor D, Boro G, Cabato PM, Mai C, Nguyen K, Rijal G. Staphylococcus 
epidermidis biofilm in inflammatory breast cancer and its treatment strate-
gies. Biofilm. 2024;8:100220. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​i​​o​f​l​​m​.​2​0​​2​4​​.​1​0​0​2​2​0.

72.	 Kushwaha M, Nukala V, Singh AK, Makharia GK, Mohan A, Kumar A, Dalal N. 
Emerging implications of bacterial biofilm in cancer biology: recent updates 
and major perspectives. Gut Microbes Rep. 2024;1:1–20. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​
8​0​​/​2​​9​9​3​​3​9​3​​5​.​2​0​​2​4​​.​2​3​3​9​2​7​0.

73.	 Johnson CH, Dejea CM, Edler D, Hoang LT, Santidrian AF, Felding BH, et al. 
Metabolism links bacterial biofilms and colon carcinogenesis. Cell Metab. 
2015;21:891–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​m​e​t​.​2​0​1​5​.​0​4​.​0​1​1.

74.	 Mu T, Chu T, Li W, Dong Q, Liu Y. N1, N12-Diacetylspermine is elevated in 
colorectal Cancer and promotes proliferation through the miR-559/CBS Axis 

in Cancer cell lines. J Oncol. 2021;2021:6665704. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​5​​/​2​​0​2​1​
/​6​6​6​5​7​0​4.

75.	 Szabo C, Coletta C, Chao C, Módis K, Szczesny B, Papapetropoulos A, Hellmich 
MR. Tumor-derived hydrogen sulfide, produced by cystathionine-β-synthase, 
stimulates bioenergetics, cell proliferation, and angiogenesis in colon cancer. 
Proc Natl Acad Sci U S A. 2013;110:12474–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​3​​/​p​​n​a​s​.​1​3​0​
6​2​4​1​1​1​0.

76.	 Phillips CM, Zatarain JR, Nicholls ME, Porter C, Widen SG, Thanki K, et al. 
Upregulation of Cystathionine-β-Synthase in colonic epithelia reprograms 
metabolism and promotes carcinogenesis. Cancer Res. 2017;77:5741–54. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​0​​0​0​8​​-​5​4​​7​2​.​c​​a​n​​-​1​6​-​3​4​8​0.

77.	 Bosch ME, Bertrand BP, Heim CE, Alqarzaee AA, Chaudhari SS, Aldrich AL et 
al. Staphylococcus aureus ATP Synthase Promotes Biofilm Persistence by 
Influencing Innate Immunity. mBio. 2020. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​B​i​o​.​0​1​5​8​
1​-​2​0

78.	 Feng L-L, Cai Y-Q, Zhu M-C, Xing L-J, Wang X. The Yin and Yang functions 
of extracellular ATP and adenosine in tumor immunity. Cancer Cell Int. 
2020;20:110. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​3​5​-​0​2​0​-​0​1​1​9​5​-​x.

79.	 Heim CE, Bosch ME, Yamada KJ, Aldrich AL, Chaudhari SS, Klinkebiel D, et al. 
Lactate production by Staphylococcus aureus biofilm inhibits HDAC11 to 
reprogramme the host immune response during persistent infection. Nat 
Microbiol. 2020;5:1271–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​6​4​-​0​2​0​-​0​7​5​6​-​3.

80.	 Pantaléon V, Bouttier S, Soavelomandroso AP, Janoir C, Candela T. Biofilms of 
Clostridium species. Anaerobe. 2014;30:193–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​n​​a​e​
r​​o​b​e​.​​2​0​​1​4​.​0​9​.​0​1​0.

81.	 Cong J, Liu P, Han Z, Ying W, Li C, Yang Y, et al. Bile acids modified by the intes-
tinal microbiota promote colorectal cancer growth by suppressing CD8 + T 
cell effector functions. Immunity. 2024;57:876–e88911. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​
6​​/​j​​.​i​m​​m​u​n​​i​.​2​0​​2​4​​.​0​2​.​0​1​4.

82.	 Yang L, Li A, Wang Y, Zhang Y. Intratumoral microbiota: roles in cancer initia-
tion, development and therapeutic efficacy. Signal Transduct Target Ther. 
2023;8:35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​9​2​-​0​2​2​-​0​1​3​0​4​-​4.

83.	 Di Domenico EG, Cavallo I, Pontone M, Toma L, Ensoli F. Biofilm producing 
Salmonella Typhi: chronic colonization and development of gallbladder 
Cancer. Int J Mol Sci. 2017. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​1​8​0​9​1​8​8​7.

84.	 Wu S, Rhee K-J, Albesiano E, Rabizadeh S, Wu X, Yen H-R, et al. A human 
colonic commensal promotes colon tumorigenesis via activation of T helper 
type 17 T cell responses. Nat Med. 2009;15:1016–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​
n​​m​.​2​0​1​5.

85.	 Arthur JC, Perez-Chanona E, Mühlbauer M, Tomkovich S, Uronis JM, Fan T-J, et 
al. Intestinal inflammation targets cancer-inducing activity of the microbiota. 
Science. 2012;338:120–3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​6​​/​s​​c​i​e​n​c​e​.​1​2​2​4​8​2​0.

86.	 Dejea CM, Fathi P, Craig JM, Boleij A, Taddese R, Geis AL, et al. Patients with 
Familial adenomatous polyposis harbor colonic biofilms containing tumori-
genic bacteria. Science. 2018;359:592–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​6​​/​s​​c​i​e​n​c​e​.​a​a​h​
3​6​4​8.

87.	 Parida S, Wu S, Siddharth S, Wang G, Muniraj N, Nagalingam A, et al. A pro-
carcinogenic Colon microbe promotes breast tumorigenesis and metastatic 
progression and concomitantly activates Notch and β-Catenin axes. Cancer 
Discov. 2021;11:1138–57. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​2​​1​5​9​​-​8​2​​9​0​.​C​​D​-​​2​0​-​0​5​3​7.

88.	 Ma W, Zhang L, Chen W, Chang Z, Tu J, Qin Y, et al. Microbiota enterotoxigenic 
Bacteroides fragilis-secreted BFT-1 promotes breast cancer cell stemness 
and chemoresistance through its functional receptor NOD1. Protein Cell. 
2024;15:419–40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​p​​r​o​c​e​l​/​p​w​a​e​0​0​5.

89.	 Scherr TD, Hanke ML, Huang O, James DBA, Horswill AR, Bayles KW, et al. 
Staphylococcus aureus biofilms induce macrophage dysfunction through 
leukocidin AB and Alpha-Toxin. mBio. 2015. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​B​i​o​.​0​1​0​
2​1​-​1​5.

90.	 Vidakovic L, Mikhaleva S, Jeckel H, Nisnevich V, Strenger K, Neuhaus K, et 
al. Biofilm formation on human immune cells is a multicellular predation 
strategy of Vibrio cholerae. Cell. 2023;186:2690–e270420. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​1​6​​/​j​​.​c​e​l​l​.​2​0​2​3​.​0​5​.​0​0​8.

91.	 Jensen PØ, Givskov M, Bjarnsholt T, Moser C. The immune system vs. Pseudo-
monas aeruginosa biofilms. FEMS Immunol Med Microbiol. 2010;59:292–305. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​5​​7​4​-​​6​9​5​X​​.​2​​0​1​0​.​0​0​7​0​6​.​x.

92.	 van Gennip M, Christensen LD, Alhede M, Phipps R, Jensen PØ, Christo-
phersen L, et al. Inactivation of the RhlA gene in Pseudomonas aeruginosa 
prevents rhamnolipid production, disabling the protection against polymor-
phonuclear leukocytes. APMIS. 2009;117:537–46. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​6​​
0​0​-​​0​4​6​3​​.​2​​0​0​9​.​0​2​4​6​6​.​x.

https://doi.org/10.1016/j.chom.2014.02.008
https://doi.org/10.1016/j.chom.2014.02.008
https://doi.org/10.4251/wjgo.v14.i5.959
https://doi.org/10.4251/wjgo.v14.i5.959
https://doi.org/10.1016/j.micpath.2022.105966
https://doi.org/10.1016/j.micpath.2022.105966
https://doi.org/10.1158/2159-8290.cd-21-1059
https://doi.org/10.1186/s10020-022-00435-2
https://doi.org/10.1186/s10020-022-00435-2
https://doi.org/10.1172/jci124196
https://doi.org/10.1073/pnas.1406199111
https://doi.org/10.1073/pnas.1406199111
https://doi.org/10.1177/1533034617742312
https://doi.org/10.1177/1533034617742312
https://doi.org/10.1080/19490976.2024.2350156
https://doi.org/10.1080/19490976.2024.2350156
https://doi.org/10.1080/19490976.2022.2038852
https://doi.org/10.1186/s12929-024-01097-4
https://doi.org/10.1186/s12929-024-01097-4
https://doi.org/10.1111/prd.12590
https://doi.org/10.18632/oncotarget.4209
https://doi.org/10.18632/oncotarget.4209
https://doi.org/10.3201/eid2006.131167
https://doi.org/10.1093/intimm/dxm003
https://doi.org/10.1128/aem.01235-16
https://doi.org/10.1016/j.canlet.2022.216041
https://doi.org/10.1016/j.canlet.2022.216041
https://doi.org/10.1016/j.bioflm.2024.100220
https://doi.org/10.1080/29933935.2024.2339270
https://doi.org/10.1080/29933935.2024.2339270
https://doi.org/10.1016/j.cmet.2015.04.011
https://doi.org/10.1155/2021/6665704
https://doi.org/10.1155/2021/6665704
https://doi.org/10.1073/pnas.1306241110
https://doi.org/10.1073/pnas.1306241110
https://doi.org/10.1158/0008-5472.can-16-3480
https://doi.org/10.1158/0008-5472.can-16-3480
https://doi.org/10.1128/mBio.01581-20
https://doi.org/10.1128/mBio.01581-20
https://doi.org/10.1186/s12935-020-01195-x
https://doi.org/10.1038/s41564-020-0756-3
https://doi.org/10.1016/j.anaerobe.2014.09.010
https://doi.org/10.1016/j.anaerobe.2014.09.010
https://doi.org/10.1016/j.immuni.2024.02.014
https://doi.org/10.1016/j.immuni.2024.02.014
https://doi.org/10.1038/s41392-022-01304-4
https://doi.org/10.3390/ijms18091887
https://doi.org/10.1038/nm.2015
https://doi.org/10.1038/nm.2015
https://doi.org/10.1126/science.1224820
https://doi.org/10.1126/science.aah3648
https://doi.org/10.1126/science.aah3648
https://doi.org/10.1158/2159-8290.CD-20-0537
https://doi.org/10.1093/procel/pwae005
https://doi.org/10.1128/mBio.01021-15
https://doi.org/10.1128/mBio.01021-15
https://doi.org/10.1016/j.cell.2023.05.008
https://doi.org/10.1016/j.cell.2023.05.008
https://doi.org/10.1111/j.1574-695X.2010.00706.x
https://doi.org/10.1111/j.1574-695X.2010.00706.x
https://doi.org/10.1111/j.1600-0463.2009.02466.x
https://doi.org/10.1111/j.1600-0463.2009.02466.x


Page 16 of 16Montanari et al. Molecular Cancer          (2025) 24:148 

93.	 de Visser KE, Joyce JA. The evolving tumor microenvironment: from cancer 
initiation to metastatic outgrowth. Cancer Cell. 2023;41:374–403. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​c​​e​l​l​​.​2​0​2​​3​.​​0​2​.​0​1​6.

94.	 Cao Y, Xia H, Tan X, Shi C, Ma Y, Meng D, et al. Intratumoural microbiota: a new 
frontier in cancer development and therapy. Signal Transduct Target Ther. 
2024;9:15. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​9​2​-​0​2​3​-​0​1​6​9​3​-​0.

95.	 Yu T, Guo F, Yu Y, Sun T, Ma D, Han J, et al. Fusobacterium nucleatum pro-
motes chemoresistance to colorectal Cancer by modulating autophagy. Cell. 
2017;170:548–e56316. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​e​l​l​.​2​0​1​7​.​0​7​.​0​0​8.

96.	 Xiong X, Zheng L-W, Ding Y, Chen Y-F, Cai Y-W, Wang L-P, et al. Breast cancer: 
pathogenesis and treatments. Signal Transduct Target Ther. 2025;10:49. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​9​2​-​0​2​4​-​0​2​1​0​8​-​4.

97.	 Liu S, Chen X, Lin T. Emerging strategies for the improvement of chemo-
therapy in bladder cancer: current knowledge and future perspectives. J Adv 
Res. 2022;39:187–202. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​a​r​e​.​2​0​2​1​.​1​1​.​0​1​0.

98.	 Deng Y, Liu SY, Chua SL, Khoo BL. The effects of biofilms on tumor pro-
gression in a 3D cancer-biofilm microfluidic model. Biosens Bioelectron. 
2021;180:113113. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​i​o​s​.​2​0​2​1​.​1​1​3​1​1​3.

99.	 Marin-Dett FH, Campanella JEM, Trovatti E, Bertolini MC, Vergani CE, Barbugli 
PA. Extracellular lipids of Candida albicans biofilm induce lipid droplet forma-
tion and decreased response to a topoisomerase I inhibitor in dysplastic and 
neoplastic oral cells. J Appl Oral Sci. 2023;30:e20220319. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​
9​0​​/​1​​6​7​8​​-​7​7​​5​7​-​2​​0​2​​2​-​0​3​1​9.

100.	 Banerjee P, Sahoo PK, Sheenu, Adhikary A, Ruhal R, Jain D. Molecular and 
structural facets of c-di-GMP signalling associated with biofilm formation in 

Pseudomonas aeruginosa. Mol Aspects Med. 2021;81:101001. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​1​6​​/​j​​.​m​a​m​.​2​0​2​1​.​1​0​1​0​0​1.

101.	 Groizeleau J, Rybtke M, Andersen JB, Berthelsen J, Liu Y, Yang L, et al. The 
anti-cancerous drug doxorubicin decreases the c-di-GMP content in Pseu-
domonas aeruginosa but promotes biofilm formation. Microbiol (Reading). 
2016;162:1797–807. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​9​​/​m​​i​c​.​0​.​0​0​0​3​5​4.

102.	 Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets TV, 
et al. Gut Microbiome modulates response to anti-PD-1 immunotherapy in 
melanoma patients. Science. 2018;359:97–103. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​6​​/​s​​c​i​e​n​
c​e​.​a​a​n​4​2​3​6.

103.	 Gao Y, Bi D, Xie R, Li M, Guo J, Liu H, et al. Fusobacterium nucleatum enhances 
the efficacy of PD-L1 Blockade in colorectal cancer. Signal Transduct Target 
Ther. 2021;6:398. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​9​2​-​0​2​1​-​0​0​7​9​5​-​x.

104.	 Derosa L, Routy B, Thomas AM, Iebba V, Zalcman G, Friard S, et al. Intestinal 
Akkermansia muciniphila predicts clinical response to PD-1 Blockade in 
patients with advanced non-small-cell lung cancer. Nat Med. 2022;28:315–24. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​1​-​0​2​1​-​0​1​6​5​5​-​5.

105.	 Han C, Song J, Hu J, Fu H, Feng Y, Mu R, et al. Smectite promotes probi-
otic biofilm formation in the gut for cancer immunotherapy. Cell Rep. 
2021;34:108706. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​1​​​6​/​j​​.​c​e​l​​​r​e​p​​.​​​2​0​2​1​.​1​0​8​7​0​6.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1038/s41392-023-01693-0
https://doi.org/10.1016/j.cell.2017.07.008
https://doi.org/10.1038/s41392-024-02108-4
https://doi.org/10.1038/s41392-024-02108-4
https://doi.org/10.1016/j.jare.2021.11.010
https://doi.org/10.1016/j.bios.2021.113113
https://doi.org/10.1590/1678-7757-2022-0319
https://doi.org/10.1590/1678-7757-2022-0319
https://doi.org/10.1016/j.mam.2021.101001
https://doi.org/10.1016/j.mam.2021.101001
https://doi.org/10.1099/mic.0.000354
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1038/s41392-021-00795-x
https://doi.org/10.1038/s41591-021-01655-5
https://doi.org/10.1038/s41591-021-01655-5
https://doi.org/10.1016/j.celrep.2021.108706

	﻿Biofilm formation by the host microbiota: a protective shield against immunity and its implication in cancer
	﻿Abstract
	﻿Background
	﻿Biofilm: a survival strategy of human-associated bacteria
	﻿Biofilm formation and adaptation
	﻿Microbial dynamics in biofilms: balancing cooperation, competition and communication

	﻿The dual role of biofilms in the host: from beneficial to pathogenic effects
	﻿Microbial biofilms: a complex relationship with host immune system

	﻿Dissecting the role of biofilms in cancer
	﻿Biofilm-driven inflammation in cancer
	﻿Biofilm-derived metabolites in cancer
	﻿Biofilm-derived toxins in cancer

	﻿Impact of biofilm on anticancer therapies
	﻿Focus on chemotherapy
	﻿Focus on immunotherapy

	﻿Conclusions
	﻿References


