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Abstract

The human gut microbiota plays a central role in shaping host immunity, metabolic homeostasis and
resistance to infection. Beyond microbial metabolites, increasing evidence highlights the importance
of microbial and probiotic-derived proteins as key mediators of host-microbe communication. These
proteins participate in immune signalling, epithelial barrier regulation and competitive interactions
with intestinal pathogens. This review synthesizes current knowledge on the protein biochemistry of
gut microbes and probiotics, emphasizing their mechanisms of immune modulation and roles in
host-pathogen interactions. We discuss surface-associated proteins, secreted effectors, peptides and
extracellular vesicle associated proteins that influence innate and adaptive immune responses.
Furthermore, we explore how probiotic strains counteract pathogenic microbes through protein-
mediated mechanisms and immune training. Finally, we highlight translational implications,
emerging technologies and future directions for protein focussed microbiome research. This
integrative perspective aims to advance the mechanistic understanding of gut microbiota-immune
interactions and inform the development of next generation probiotic and therapeutic strategies.
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1. Introduction

The human gastrointestinal tract houses an extraordinarily complex microbial community,
trillions of microorganisms that have co-evolved with their human hosts over millennia [1]. This
ecosystem, collectively termed the gut microbiota, extends far beyond passive residency; it actively
shapes fundamental aspects of human physiology, from nutrient metabolism and vitamin synthesis
to immune system education and pathogenic resistance [2]. When this delicate microbial balance is
disrupted and a state known as dysbiosis occurs. The consequences can be profound, contributing to
inflammatory bowel disease, metabolic disorders, autoimmune disease and increased susceptibility
to infections [3].

Much of the existing literature has focussed on microbial metabolites as the primary mediators
of microbiota-host communication. Short-chain fatty acids like butyrate, secondary bile acids and
tryptophan derivatives have been extensively studied for their immunomodulatory properties [4].
However, this metabolite-centric view, while valuable, overlooks an equally important class of
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effector molecules: proteins. Microbial and probiotic proteins possess unique characteristics that
metabolites simply cannot replicate the structural specificity, enzymatic catalytic activity and the
ability to direct engage host cell receptors with remarkable precision [5]. These properties enable
highly specific, often strain-dependent interactions that can profoundly influence immune outcomes.

Consider that different strains of the same bacterial species can elicit completely different
immune responses, an observation frequently attributed to variations in their repertoires rather than
metabolic outputs [6]. Similarly, heat-killed probiotic preparations often retain beneficial effects,
suggesting that stable proteinaceous components, rather than live metabolic activity, mediate certain
therapeutic outcomes [7]. In the pathogenic realm, bacteria deploy sophisticated protein effector
systems to manipulate host immunity and it stands to reason that commensal and probiotic
organisms may use analogous or antagonistic protein-based strategies [5,8].

This review takes a deliberately protein-centric approach to understanding gut microbiome-host
immune interactions. We will comprehensively examine gut microbiota and probiotics with a
particular focus on protein biochemistry and immune modulation, exploring both microbial and
host-derived proteins, peptides and protein-containing structure that mediate host-pathogen
interactions, along with emerging mechanistic insights and therapeutic implications. By synthesizing
this perspective, we aim to illuminate underappreciated mechanisms of microbiota function and
inspire novel microbiome-based therapeutic approaches.

2. Gut Microbiota and Immune System Crosstalk
2.1. The Intestinal Immune Landscape

The intestinal immune system faces a remarkable challenge: it must maintain tolerance to
trillions of commensal bacteria and harmless dietary proteins while simultaneously defending
against genuine threats [9]. This balancing act occurs within the gut-associated lymphoid tissue
(GALT), the body’s largest immune compartment, which includes organized structures like Peyer’s
patches and isolated lymphoid follicles, as well as diffuse populations of immune cells scattered
throughout the lamina propria [10].

At the frontline site the intestinal epithelium, which is a single-cell-thick barrier serves dual roles
as both physical partition and active immunological interface [11]. Specialized epithelial cells
contribute to this function in distinct ways: enterocytes from tight junction and secrete antimicrobial
peptides, goblet cells produce protective mucus layers, Paneth cells release o-defensins and
lysozyme, and microfold (M) cells actively sample luminal antigens for immune presentation [12].
Beneath this epithelial layer, dendritic cells extend dendrites between epithelial cells to T cell
populations which includes regulatory T cells (Tregs), T helper 17 (Th17) cells and innate lymphoid
cells. They orchestrate context-appropriate responses [13,14].

Critically, the composition and functional output of these immune populations are not
predetermined but rather continuously shaped by microbial signals [15]. Among these signals,
proteins serve as particularly important mediators, capable of delivering specific molecular
information that fine-tunes immune responses.

2.2. Microbial Protein Recognition by Pattern Recognition Receptors

The innate immune system employs pattern recognition receptors (PRRs) to detect conserved
microbial structures known as pathogen-associated molecular patterns (PAMPs) [16]. While much
attention has been paid to lipopolysaccharide (recognized by TLR4), peptidoglycan (sensed by
NOD1/NOD2) and microbial nucleic acids (detected by TLR3, TLR7/8, TLR9 and cytosolic sensors),
bacterial proteins themselves represents important PAMP molecules [17].

Flagellin provides perhaps the clearest example. This structural protein, which forms bacterial
flagella, is recognized by TLR5 on intestinal epithelial cells and immune cells [18]. Upon flagellin
binding by TLR5 activates NF-kB and MAPK signalling cascades, triggering production of pro-
inflammatory cytokines and chemokines [19]. Interestingly, the immunogenicity of flagellin varies
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considerably among bacterial species based on the subtle protein sequence variations, demonstrating
how protein structure dictates immune outcomes [20].

Beyond flagellin, bacterial lipoproteins are sensed by TLR2 in combination with TLR1 or TLR6,
depending on lipid modifications [21]. The protein component of these lipoproteins contributes to
recognition specificity and downstream signalling patterns. Some secreted bacterial proteins can also
activate intracellular inflammasome complexes; for example, certain pore-forming toxins trigger
NLRP3 inflammasome activation through membrane disruption and potassium efflux [22].

Remarkably, commensal and probiotic bacteria express proteins that modulate, rather than
simply activate, PRR signalling. Certain probiotic surface proteins have shown to interface with TLR4
signalling by competing for receptor binding or altering downstream adaptor proteins recruitment
[23]. Others engage alternative receptors that promote anti-inflammatory or tolerogenic signalling
[5]. These molecular details like protein structure, post translational modifications, receptor binding
kinetics ultimately helps to determine whether a microbial encounter promotes inflammation,
tolerance or balanced immunity.

2.3. Shaping Adaptive Immunity Through Protein Antigens

Microbial proteins also function as antigens that fundamentally shape adaptive immune
responses in the gut [24]. Dendritic cells constitutively sample intestinal contents, processing
microbial proteins and presenting resulting peptides on MHC class Il molecules to naive CD4* T cells
in mesenteric lymph nodes [13]. The nature of the presenting dendritic cell, the costimulatory signals
provided and the cytokine milieu all influence whether T cells differentiate into effector or regulatory
phenotypes [25].

Under homeostatic conditions, presenting of commensal bacterial protein antigens
predominantly induces regulatory T cells, which suppress inflammatory responses and promote
tolerance [26]. This retinoic acid, drive Foxp3* Treg differentiation [27]. Remarkably, certain
commensal species have been shown to express particular proteins that preferentially induce Treg
responses, representing an apparent evolutionary adaptation to peaceful coexistence [28].

The antigen-specific nature of these responses has important implications. Different bacterial
strains expressing distinct surface protein repertories will induce different T cell clones, potentially
explaining strain-specific immunological effects observed with probiotics [6]. Moreover, the gut
contains population of effector memory T cells specific for commensal bacterial antigens, maintained
in a state of controlled immune activation, allowing rapid response to epithelial barrier breaches
without pathological inflammation [24].

B cells and antibody responses represent another dimension of protein antigen-driven
immunity. The gut produces vast quantities of secretory IgA, much of it specific for commensal
bacterial surface proteins [29]. This IgA coating serves multiple functions: it limits bacterial
penetration of the mucus layer, neutralizes bacterial toxins and enzymes and promotes beneficial
bacterial colonization while restricting potential pathogens all through protein-specific recognition
[30]. The specificity of these antibody responses underscores the importance of microbial protein
diversity in shaping personalized immune landscape.

(A) Probiotic bacteria utilize surface proteins including S-layer proteins, pili and adhesins for
epithelial adhesion and deliver secreted proteins (p40, proteases) and extracellular vesicle-packaged
protein cargo to modulate epithelia and immune cell function. Surface proteins engage pattern
recognition receptors (TLR2, TLR5, DC-SIGN) on epithelial cells, triggering intracellular signaling
cascades (NF-kB, MAPK) that enhance barrier integrity, promote antimicrobial peptide production
and create a tolerogenic immune environment. Dendritic cells sample bacterial protein antigens by
extending dendrites between epithelial cells and present them to T cells, inducing regulatory T cell
(Treg) differentiation. B cells produce secretory IgA that coats bacteria and limits their penetration of
the mucus layer (Figure 1). (B) Pathogenic bacteria deploy adhesins such as intimin for epithelial
attachment and inject effector proteins (SopE, SopB, OspG) via type III secretion systems (T3SS) to
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manipulate host cell cytoskeleton, disrupt tight junctions and suppress inflammatory signaling
pathways including NF-kB. This enables bacterial invasion and survival while evading initial
immune response. Probiotics can completely exclude pathogens through superior binding affinity or
steric hindrance at epithelial attachment sites. Pathogen presence triggers recruitment of pro-
inflammatory immune cells (neutrophils, M1 macrophages) and production of inflammatory
cytokines (TNF-a, IL-1p3, IL-6) (Figure 1). (C) Net immune outcomes depend on the balance between
regulatory and inflammatory signals. Probiotic protein exposure (left) promotes Treg expansion, anti-
inflammatory cytokine production (IL-1011, TGF-$ 1), epithelial barrier integrity and mucosal IgA
responses, establishing homeostasis. Pathogen protein exposure (right) triggers pro-inflammatory
cytokine production (TNF-a111, IL-1811, IL-611), barrier compromise with bacterial translocation,
neutrophil infiltration and tissue inflammation. The balance scale represents the shift in immune tone
from anti-inflammatory (homeostasis) to pro-inflammatory (inflammation) based on microbial
protein signals (Figure 1).

A Probiotic Protein Interactions B Pathogen Protein Mechanisms |C Immune Outcomes
Probiotic Exposure Pathogen Exposure
Crystalline lattice Secretory  Adhesin . P o4 po
= S-layer vesicles ° patw Flagellin
@ = ~— (5
£ P‘hﬂ f . X
3 chac ~P0 (g ((ESET :
E Adhesins m % pvo(ease;,&i = S5 Anti-inflammatory Pro-inflammatory
= \ :,‘) (&) Extracellular N
g = vesicles i Tre Effector
E N:ngeurs j Lz ~—— Glycoprotein o < < Tcells i
S \n age“m glycoprotein | . T3SS N oo Ci;
IlpB::rl:lr:r'\s ?: SI(;:::ﬂ ) W ecrr adhesins e s \ + v O
type lectin) :
T W @ T .4 ) @ Treg 4 ;s ,)\, /
] Claudin &2 02,/ /,é\\ st \ % T i Y }a ., @<
E Occludin & \1 - e e FaarcasYins seans
3 201 "= s % oo il N | (U
5 NF-kB MAPK PN 0spG | Competitive brd b b e 1. 8
g \ "/B. =~ \.\{ blNo:.;gg Exclusion ,‘ »
ier proteins changes
S wﬁlﬁ,’.‘é’kﬁ.«mmm & o & @ 1! 1 ®
Cytokines N 5 1
0 Barrier Integrity  Barrier c )
B\J / L] \I ® T @ Maintained ' Disruption o7
Dendritic \@ o) e ia0® \\)/ ° o JTNFa e D Lo SE¥ [ , ( \4,, 4
o Cel %7‘ C~ presentation 1GE3 ® (T 1gA c.’ o S (Foxpay) ] ( )
& (@R
[ < ( Neutrophlls . B
& / 4 & '> 1118 T e 2;’ °: IL-10 high TNF-a very high
g 8 cell o ' —_° @29, TGF-B elevated IL1g high
E = @O TNF-a low IL-6 [ high
s ° @ IL-6 low 110 low
Regulatory T cell Edema i
Macroph: Cellular debris
Antsifammatony markers ¢ O00") 7 Inflammatory Response HOMEOSTASIS ' INFLAMMATION

Figure 1. Protein-mediated interactions between gut microbiota and host immune system.

3. Protein Biochemistry of Gut Microbes
3.1. Surface-Associated Proteins: Adhesins and S-Layer Proteins

The bacterial cell surface represents the primary interface for host interactions and surface-
displayed proteins play crucial roles in colonization, immune recognition and signalling [31]. Among
probiotic lactobacilli and bifidobacteria, surface-layer (S-layer) proteins from crystalline arrays that
cover the cell wall, serving both structural and functional roles [32]. S-layer proteins exhibit
remarkable diversity in structure and function across different strains. In Lactobacillus acidophilus, the
S-layer proteins (SLPs) mediates adherence to intestinal epithelial cells through interactions with
glycoproteins and glycolipids on the cell surface [33]. This adhesion is not merely mechanical; it
triggers intracellular signalling cascades in epithelial cells that modulate tight junction permeability,
cytokine secretion and antimicrobial peptide production [34]. Interestingly, SLPs from different L.
acidophilus strains can exhibit significant sequence variation, correlating with differential
immunomodulatory properties such strains with certain SLPs variants preferentially induce anti-
inflammatory cytokine profiles [35].

Pili and fimbriae represents another important class of surface proteins, particularly in
bifidobacteria [36]. These hair-like proteinaceous appendages extend from the bacterial surface,
mediating adhesion to mucin, epithelial cells and extracellular matrix components. Bifidobacterium
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bifidum express multiple types of pili, each composed of distinct pilin protein subunits with different
binding specificities [36]. Some pili preferentially bind to mucin MUC?2, facilitating colonization of
the mucus layer, while others interact directly with epithelial cell surface receptors, triggering
immunomodulatory responses [37].

Adhesins represents a broader category of surface proteins specialized for binding host
structure. The sortase-anchored adhesins found in many lactobacilli contain specific domains that
recognize and bind to extracellular matrix proteins like fibronectin, collagen and laminin [38]. Beyond
simple adhesins, these protein-protein interactions can initiate bidirectional signalling where the
bacteria sense their local environment and modify gene expression accordingly, while host cells
respond to bacterial binding with altered cytoskeletal organization, signalling pathway activation
and changes in genes transcription [5].

3.2. Secreted Proteins and Enzymatic Effectors

While surface proteins mediate contact-dependent interactions, secreted proteins extend
bacterial influence into the surrounding microenvironment and beyond [39]. Probiotic bacteria
secrete a diverse array of proteins, including enzymes, chaperons and regulatory factors that can
modulate host physiology (Table 1).

Extracellular proteases and peptides represent an important functional class. Lactobacillius
species secrete various peptidases capable of degrading dietary proteins, generating bioactive
peptides and processing bacterial surface proteins [40]. Some of these peptidases have been shown
to cleave host inflammatory mediators or active latent anti-inflammatory molecules, contributing to
the amelioration of intestinal inflammation [41]. For example, certain probiotic-derived proteases can
degrade pro-inflammatory chemokines, reducing neutrophil recruitment to inflamed tissue [42]
(Table 1). This table summarizes key bacterial proteins from both probiotic and pathogenic organisms
that modulate host immune responses. Probiotic proteins generally promote anti-inflammatory
responses and barrier protection, while pathogenic proteins facilitate invasion and immune evasion.

Table 1. Key microbial and probiotic proteins involved in immune modulation.

Bacterial

Protein/protein

. . Function Immune Effect Reference
Species/strains class
. Induces Treg
. ) Adhesion to . .. .
Lactobacillus S-layer protein epithelial differentiation: anti- [35]
acidophilus NCFM  (SIpA) cglls inflammatory cytokine
production
Adhesi Enh i
Lactobacillus Pili (SpaA, SpaB, d eSI,O nto n al.flCQS barrier
epithelial function; reduces [43]
rhamnosus GG SpaC) . . )
binding inflammation
Lactobacillus P40 (secreted EGFR Epithelial cell survival;
proteins) — . . [42]
rhamnosus GG activation barrier protection
Bifdoacterum - Sortase bindimg function promotes (36
bifidium PRL2010  dependent pili 6 ‘P
colonization  tolerance
MAM (microbial
Feacalibacterium anti- NF-xB Potent anti-
o . s . . [44]
praunsniizii inflammatory inhibition inflammation effects
molecule)
Antimicrobial Microbiota
Lactobacillus spp. ~ Bacteriocins . modulation; indirect [45]
activity

immune effects

Pathogenic Bacteria
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6
Bactefrlal . Protein/protein Function Immune Effect Reference
Species/strains class
SopE, SopB Cytoskeleton Invasion; immune
. 4
Salmonella spp (T35S effectors) manipulation evasion [46]
Suppresses
Shigella spp. OSPG, (effector NF_KB pathway inflammatory
protein) interference [47]
responses
Intimin Intimate Facilitates
E. coli (EHEC) . colonization and [8]
(adhesins) attachment )
T3SS delivery
C.lo'st.rldzozdes Toxins A and B Cytotoxicity Eplthehal (.iamage; [48]
difficile inflammation

Bacteriocins, antimicrobial peptides synthesized ribosomally by bacteria, represent another
important class of secreted proteins [45] (Table 1). While classically viewed as weapons for inter-
bacterial competition, bacteriocins also interact with host cells. Some of them can modulate host
immune responses by binding to cell surface receptors or by altering the composition of the local
microbiota, indirectly influencing immune signalling [49] (Table 1). The narrow or broad spectrum
of bacteriocin activity determines their impact on microbial community structure, which in turn
shapes immune responses.

Probiotic bacteria also secrete molecular chaperons and stress response proteins, particularly
under environmental stress condition [50]. Heat shock proteins (HSPs) and chaperonins secreted by
Lactobacillus and Bifidobacterium species have been shown to interact with host immune cells, in some
cases promoting anti-inflammatory cytokine production and Treg induction [51]. The
immunomodulatory properties of bacterial HSPs appear context-dependent, with outcomes
influenced by concentration, cellular localization and the presence of other microbial components.

3.3. Microbial Peptides and Post Translational Modifications (PTMs)

Beyond full-length proteins, bacterial-derived peptides generated through proteolysis or
specialized biosynthetic pathways can exert profound biological effects [52]. These bioactive peptides
may originate from dietary protein degradation by bacterial proteases, from processing of bacterial
proteins or from dedicated biosynthetic machinery for non-ribosomal peptides.

Certain probiotic lactobacilli produce peptides with opioid like activity through fermentation,
which can influence intestinal motility and secretion [53]. Other bacterial peptides possess anti-
hypertensive, immunomodulatory or antioxidant activities, generated through strain-specific
proteolytic systems [54]. The peptide sequences, length and amino acid composition all contribute to
biological activity, making this a highly structure dependent phenomenon.

The gut microbiota also produces enzymes capable of modifying host proteins through PTMs.
Bacterial proteases can cleave or modify host receptors, signalling molecules and structural proteins,
while bacterial kinases and phosphates can alter phosphorylation states of host protein involved in
signalling cascades [55]. These modifications represent direct biochemical mechanisms by which
microbial proteins reshape host cell function.

3.4. Bacterial Extracellular Vesicles and Protein Cargo

Extracellular vesicles (EVs) released by gut bacteria have emerged as important vehicles for
protein delivery and intracellular communication [56]. Both Gram-negative and Gram-positive
bacteria produces EVs from outer membrane and membrane vesicles respectively, that packages
proteins, nucleic acids, lipids and metabolites into membrane-enclosed particles [57].

The protein cargo of bacterial EVs is highly diverse and functionally significant. EVs from
probiotic bacteria contain immunomodulatory proteins, adhesins, enzymes and toxins that can be
delivered to host cells, sometimes crossing epithelial barriers to underlying immune cells [56]. For
example, EVs from Lactobacillus plantarum carry surface-layer proteins and adhesins that maintain
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immunomodulatory activity when separated from the parent bacterium [58]. These vesicles-
associated proteins can engage in host cell receptors, be internalized through endocytosis and
influence intracellular signalling pathways. Importantly, EVs may protect protein cargo from
proteolytic degradation in the harsh intestinal environment, extending the functional range and
stability of microbial proteins [59]. They also enable bacteria to deliver proteins across physical
barriers, potentially reaching the immune cells in the lamina propria that would otherwise be
inaccessible to intact bacteria. The biogenesis, composition and uptake mechanisms of bacterial EVs
remain areas of active investigation, but their role as protein delivery vehicles is increasingly
recognized.

4. Probiotics as Immunomodulatory Agents
4.1. Protein-Based Mechanisms of Probiotic Action

Probiotics are defined as live microorganisms that, when administered in adequate amounts,
confer health benefits to the host [60]. While much research has focused on probiotics metabolism
and metabolites production, protein-mediated mechanisms are equally central to probiotic function.

Probiotic surface proteins facilitate colonization through adhesion to intestinal epithelium,
mucus and extracellular matrix, a prerequisite for exerting local effects [61]. Lactobacillus rhamnosus
GG, one of the most extensively studied [43]. Deletion of pilus genes significantly reduces the strain’s
ability to adhere and to exert immunomodulatory effects, demonstrating the functional importance
of these protein structure [62].

Probiotic-derived soluble proteins also contribute significantly to health effects. Culture
supernatant from various Lactobacillus and Bifidobacterium strain contain secreted proteins that, when
isolated and purified, retain anti-inflammatory or immunoregulatory activities [63]. These include
secreted enzymes that degrade inflammatory mediators, chaperons that modulate immune cell
function and as yet uncharacterized proteins that influence epithelial barrier integrity [23].

One well-characterized example is p40, a soluble protein secreted by Lactobacillus rhamnosus GG
that activates EGFR (epidermal growth factor receptor) in intestinal epithelial cells [42]. This
activation promotes cell survival, enhances barrier function and protects against cytokine-induced
apoptosis. The protective effects of p40 have been demonstrated in multiple models of intestinal
injury and inflammation, highlighting the therapeutic potential of individual probiotic proteins [64].

4.2. Strain-Specific Protein Profiles and Differential Effects

A remarkable feature of probiotics is that even closely related strains can exhibit dramatically
different health effects as a phenomenon largely attributable to variations in proteins repertoires [6].
Comparative genomics and proteomics have revealed that strains within the same species often differ
substantially in their surface protein genes, secreted protein profiles and protein modification
systems [65]. For instance, different Lactobacillus plantarum strains possess distinct combinations of
surface adhesins, resulting in variable adhesion capabilities to different intestinal cell types and
differential abilities modulate immune responses [66]. Some strains preferentially induce anti-
inflammatory IL-10 production by dendritic cells, while others more strongly activate pro-
inflammatory pathways which differences that map to specific surface protein variants [67].
Similarly, Bifidobacterium species and strains vary considerably in their exopolysaccharide
biosynthesis and surface protein expression, which influence both immune recognition and
functional outcomes [68]. Strains with certain pili variants show enhanced ability to adhere to mucus
and to persist in the gut, while others excel at immunomodulation despite lower colonization
efficiency [37].

This strain specificity has important practical implications: probiotic selection for specific
applications must consider the protein-level characteristics of candidate strains, not just their
taxonomic identity. Mechanistic understanding of which proteins drive which effects enables rational
probiotic selection and potentially, engineering of improved strains with optimized protein profiles.
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4.3. Interactions with Epithelial Cells: Barrier Function and Signalling

The intestinal epithelium serves as the primary interface between probiotic and the host, and
protein-mediated interactions at this barrier are fundamental to probiotic function [69]. Probiotic
adhesion to this epithelial cells, mediated by surface proteins, initiates a cascade of cellular responses
that extend far beyond simple attachment.

Upon binding, probiotic proteins can trigger activation of epithelial cell signalling pathways
including MAPK, PI3K/Akt and NF-kB cascades [70]. Depending on the specific proteins involved
and receptors engaged, these pathways can promote epithelial cell survival, enhance tight junction
integrity, stimulate mucin production or induce secretion of antimicrobial peptides and cytokines
[71]. For example, certain Lactobacillus surface proteins activate PKC and MAPK pathways that
increase expression of tight junction proteins ZQ-1, occluding and claudins thereby strengthening
the epithelial barrier [72].

Probiotic proteins can also modulate epithelial cell pattern recognition receptor signalling. Some
probiotic surface proteins have been shown to interact with TLR2, triggering the cytoprotective heat
shock protein expression and anti-apoptotic signalling [73]. Others influence TLR signalling
indirectly by modulating receptor trafficking, adaptor protein recruitment or downstream
transcription factor activation [74].

Beyond signalling, probiotic proteins influence epithelial cell gene transcription. Microarray and
RNA-seq studies have revealed that probiotic exposure alters expression of hundreds of genes in
intestinal epithelial cells many involved in immune regulation, barrier function and stress responses
[5]. While metabolites contribute to these transcriptional changes, protein-protein interactions and
receptor engagement by probiotic properties are critical initiating events [75].

4.4. Modulation of Immune Cell Populations

Probiotics shape not only epithelial cell responses but also the composition and function of
intestinal immune cell population, with proteins playing central roles in these interactions [76].
Dendritic cells, as professional antigen-presenting cells (APCs) and key orchestrates of adaptive
immunity, are major targets of probiotic immunomodulation.

Probiotic bacteria and their surface proteins can be sampled by dendritic cells through multiple
mechanisms: direct uptake of bacteria that have breached the epithelium, sampling of bacterial
components transported across M cells or interaction with dendritic cell dendrites extended between
epithelial cells [13]. Once internalized or engaged, probiotic proteins influence dendritic cell
maturation and cytokine production. Many probiotic strains bias dendritic cells towards a tolerogenic
phenotype characterized by low expression of costimulatory molecules and high production of IL-10
and TGF-f [77].

The molecular details matter: specific surface proteins from Lactobacillus and Bifidobacterium
strains have been shown to engage DC-SIGN, a C-type lectin receptor on dendritic cells or to
modulate TLR signaling in dendritic cells, skewing their functional phenotype [78]. These protein-
primed dendritic cells subsequently induce regulatory T cell differentiation when presenting antigens
to naive T cells, establishing a tolerogenic immune environment [79].

Probiotic protein also directly influences macrophage polarization. In vitro studies have
demonstrated that probiotic surface proteins can shift macrophages from a pro-inflammatory M1
phenotype towards an anti-inflammatory M2 phenotype, characterized by IL-10 production and
tissue repair functions [80]. This reprogramming involves changes in TLR signaling, altering in
intracellular metabolic pathways and epigenetic modifications as they all initiated by protein-protein
interactions at the cell surface.

Regulatory T cells, crucial mediators of intestinal immune homeostasis, are expanded and
activated by many probiotic strains through protein-dependent mechanism [26]. Specific bacterial
protein antigens presented by dendritic cells can induce antigen-specific Treg populations, while
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probiotic surface proteins that engage epithelial or immune cell receptors promote production of
Tregs-inducing factors like TGF-{3 and retinoic acid [81].

4.5. Clinical Applications and Evidence

The protein-mediated immunomodulatory mechanisms of protein translate into clinical benefits
across diverse condition. In inflammatory bowel disease, certain probiotic strains have demonstrated
efficacy in maintaining remission of ulcerative colitis, with mechanistic studies revealing that their
surface proteins and secreted factors reduce inflammatory cytokine productive cytokine production,
enhance barrier integrity and promote mucosal healing [82]. The VSL#3 probiotic mixture, for
example, exerts anti-inflammatory effects partly through secreted proteins that modulate NF-kB
signaling in intestinal epithelial cells [83].

In allergic diseases, oral administration of specific probiotic strains has been associated with
reduced allergic sensitization and symptoms, effects linked to their ability to promote Th1 responses
and induce regulatory T cells through protein-mediated interactions [84]. Lactobacillus rhamnosus GG
proteins, for instance, have been shown to modulate dendritic cell function in ways that reduce Th2-
biased allergic responses [74].

Probiotic proteins may also contribute to protection against infection. By competitively
excluding pathogens through surface protein-mediated adhesion, secreting bacteriocins that inhibit
pathogen growth and enhancing host immune defences through immunostimulatory proteins,
probiotics can reduce infection incidence and severity [5,85].

5. Host-Pathogen Interactions in the Gut
5.1. Pathogenic Protein Effectors and Immune Evasion

Intestinal pathogens have evolved sophisticated protein-based strategies to colonize the gut,
evade immune defences and causes diseases [55]. Understanding these pathogenic mechanisms
provides context for appreciating how probiotics and commensals counteract them through their
own protein effectors.

Enteric pathogens such as Salmonella, pathogenic Escherichia coli and Shigella utilize type III
secretion systems (T3SS) to inject effector proteins directly to host cells [86]. These effectors
manipulate virtually every aspect of the host cell biology: they remodel the cytoskeleton to promote
bacterial invasion, interfere with vesicular trafficking, modulate inflammatory signaling and disable
antimicrobial defences [87]. For example, Salmonella SopE and SpoB proteins activate Rho GTPases
to induce membrane ruffling and bacterial uptake, while SptP subsequently reverses these changes,
erasing evidence of invasion [46].

Pathogenic bacteria can also deploy proteins that directly target immune signaling. Shigella
OspG protein interferes with ubiquitin-dependent NF-«xB activation, dampening inflammatory
responses during early infection [47]. Yesrinia Yop] is an acetyltransferase that inactivates MAPK and
NF-kB pathway components, suppressing cytokine production [88]. These examples illustrate how
pathogens use protein effectors to create permissive environments for colonization and replication.

Surface-exposed pathogen protein also enable immune evasion. Some pathogens express
proteins that bind complement regulators, preventing complement-mediated killing [89]. Others
produce proteases that cleave immunoglobulins, antimicrobial peptides or cytokines, disabling
humoral and innate defences [90]. The molecular arms race between pathogen proteins and host
immune defences has driven remarkable evolutionary innovations on both sides.

5.2. Competitive Exclusion: Probiotic vs Pathogen Adhesion

One important mechanism by which probiotics protect against the pathogen is competitive
exclusion by occupying ecological niches and binding sites that would otherwise be exploited by
pathogens [91]. This competition often occurs at the molecular level through protein-protein and
protein-glycan interactions.
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Probiotic and pathogenic surface proteins frequently compete for the same host cell receptors or
extracellular matrix binding sites. For example, both Lactobacillus and enteropathogenic E. coli bind
to fibronectin through specific adhesins and probiotic pre-colonization can block subsequent
pathogen attachment [92]. Similarly, probiotic pili that bind mucus glycoproteins can prevent
pathogen access to the epithelial surface, creating a protective microbial lever [36].

The molecular basis of competitive exclusion has been elucidated for several probiotic-
pathogens pairs. Lactobacillus acidophilus surface proteins block adhesions of exterotoxigenic E. coli to
intestinal epithelial cells through steric hindrance and competition for binding sites [93]. Some
probiotics secrete proteins that aggregate pathogens, preventing their adherence and promoting their
clearance through peristalsis [94].

Beyond simple competition, probiotic proteins can actively displace already-adhered pathogens.
Certain probiotic surface proteins bind more strongly that pathogen adhesins, enabling probiotics to
outcompete and displace pathogens from epithelial surfaces [95]. The kinetics and thermodynamics
of these protein-mediated adhesion process determine competitive outcomes, with higher-affinity
binding generally conferring advantage.

5.3. Immune Training and Enhanced Pathogen Resistance

Probiotic exposure can enhance host resistance to subsequent pathogen challenge through a
process sometimes termed “immune training” [96]. This phenomenon involves probiotic proteins
priming immune cells in ways that accelerate or enhance responses to future threats, without
necessarily inducing classical immunological memory.

Probiotic proteins can enhance innate immune cell function through epigenetic programming.
Exposure to certain probiotic surface proteins has been shown to induce chromatin remodeling and
histone modification in monocytes and macrophages, rendering these cells more responsive to
subsequent pathogen encounters [97]. This This “trained immunity” involves enhanced cytokine
production, improved phagocytosis and more efficient pathogen killing upon re-stimulation which
effects that can persist for weeks or months after the initial probiotic exposure [98].

The molecular mechanisms underlying immune training involve metabolic reprogramming
triggered by probiotic protein-receptor interactions. Engagement of specific PRRs by probiotic
proteins shifts cellular metabolism towards glycolysis and increases production of metabolic
intermediates that serve as substrates for histone-modifying enzymes [99]. These metabolic and
epigenetic changes create a cellular “memory” of probiotic exposure that enhances subsequent
responses to pathogens, even though classical adaptive immune memory is not involved.

Probiotic proteins can also enhance adaptive immune responses to the pathogens. By promoting
development of robust Th17 and Th1 responses while maintaining regulatory T cell population,
certain probiotics create a balanced immune environment capable of mounting effective anti-
pathogen responses without excessive inflammation [14]. The protein antigens from probiotics may
also elicit cross-reactive antibody responses that recognize and neutralized pathogenic organisms,
providing a form of molecular mimicry-based protection [100].

5.4. Pathogen-Specific Examples: Molecular Mechanisms

Examining specific pathogen-probiotic interactions at the molecular level reveals the
sophistication of protein-mediated competition and protection. In the case of Clostridiodes difficile
infection, a leading cause antibiotic-associated diarrhea, several mechanisms involving probiotic
proteins have been identified [48]. Certain Lactobacillus and Saccharomyces boulardii strains produce
proteases that degrade C. difficle toxins A and B which are the primary virulence factors, thereby
neutralizing their cytotoxic effects [101]. Additionally, probiotic surface proteins can bind to the same
intestinal epithelial receptors targeted by C. difficle toxins, providing competitive protection.

In enterohemorrhagic E. coli (EHEC) infection, the pathogen’s primary virulence mechanism
involves intimate attachment to intestinal epithelium mediated by intimin, a surface adhesins protein
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and injection of effector proteins via T3SS [8]. Several Lactobacillus species interfere with this process
through multiple protein-mediated mechanisms: their surface proteins compete for epithelial
bindings sites, their secreted proteins modulate epithelial cell signaling to reduce expression of EHEC
receptors and their bacteriocins directly inhibit EHEC growth [102]. Some probiotics also secrete
proteins that aggregate EHEC bacteria, preventing their dispersal and attachment.

Salmonella enterica invasion of intestinal epithelium relies on T3SS effector proteins SopE, SopB
and others that manipulate host cell cytoskeleton and signaling [103]. Probiotic interference with this
invasion process can occur through several protein-independent mechanisms. Lactobacillus rhamnosus
GG secretes soluble factors, including protein that stabilize the epithelial cytoskeleton and make cells
more resistant to pathogen-induced rearrangements [104]. Additionally, probiotic activation of
epithelial innate immune responses upregulates expression of antimicrobial peptides such as (-
defensins which exerts direct bactericidal activity against invading enteric pathogens including
Salmonella [105].

These pathogen-specific examples demonstrate that probiotics employ diverse, protein-mediate
strategies tailored to the particular virulence mechanisms of different pathogens. Understanding
these molecular interactions enables rational selection of probiotic strains for prophylaxis or
treatment of specific infections.

Table 2. Comparison of Metabolite Vs Protein-mediated immune modulation. Microbial metabolites and
proteins represent complementary mechanisms of host-microbe communication, with distinct physicochemical
properties and biological functions. Both contribute synergistically to microbiota effects on host immunity and

health.

Feature Microbial metabolites (eg. SCFAs) Microbial proteins

Large macromolecules

Molecular size (10-100+ kDa)

Small molecules (<500 Da)

Limited; primarily local

Diffusion Rapid; systemic distribution possible
pic, 8y P effects
Receptor GPCRs, nuclear receptors, HDAC PRREs, specific protein
interaction inhibition receptors, enzymatic
Strain Moderate (similar metabolite across High (unique protein
specificity strains) repertoires per strain)
Variable (some highly
Stabilit Moderate (pH, temperature sensitive .
Y P P ve) stable, others labile)
. . . . . Enzymatic activity,
Primary Signaling molecules, epigenetic
. . receptor engagement,
mechanism modulation

structural

Primarily local (unless

Range of action  Local + systemic

packaged in EVs)
Heat stability Generally stable .Var1a'ble (many
inactivated by heat)
Th . Reauires li .
etrapeutlc Can be synthesized/administered directly equires ve bacteria or
delivery EVs for delivery
Examples Butyrate, acetate, propionate, secondary P40, SlpA, pili proteins,

bile acids

MAM, bacteriocins
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5.5. Complementary Mechanisms of Action

While this review emphasizes protein-mediated mechanisms, it would be incomplete without
acknowledging that metabolites and proteins often work synergistically rather than independently
to shape host immunity [4]. Short-chain fatty acids (SCFAs), particularly butyrate, acetate and
propionate are produced through bacterial fermentation of dietary fibres and represent the most
extensively studied class of microbiota-derived metabolites [106] (Table 2). SCFAs and microbial
proteins exert immunomodulatory effects through fundamentally different mechanisms. SCFAs
primarily function as signaling molecules that bind to G-protein-coupled receptors (GPR41, GPR43,
GPR109A) on immune and epithelial cells, triggering intracellular signaling cascades [107] (Table 2).
They also serve as histone deacetylase (HDAC) inhibitors, directly influencing gene transcription
through epigenetic mechanisms [108]. In contrast, microbial proteins typically engage specific protein
receptors, possess enzymatic activities or function as structural components that physically interact
with host cells (Table 2).

The kinetics of action also differ. Metabolites like SCFAs can rapidly diffuse through tissues,
even entering systemic circulation to exert effects beyond the gut [106] (Table 2). Proteins, being larger
and less diffusible, generally exert more localized effects, through bacterial EVs enable some protein-
based long-range signaling [56] (Table 2). Metabolites may provide broad, systemic immune
modulation, while proteins deliver more specific, targeted signals.

Importantly, metabolite and protein effects often synergize. For example, butyrate enhances
intestinal barrier function by promoting tight junction assembly and mucin production, while
probiotic surface proteins simultaneously strengthen barriers through direct epithelial cell
engagement and signaling [109] (Table 2). The combination produces more robust barrier
enhancement than either mechanism alone. Similarly, while SCFAs promote Treg differentiation
through HDAC inhibition, bacterial protein antigens provide the specificity that determines which T
cell clones expand and what antigens they recognize [110].

6. Therapeutic and Translational Implications
6.1. Protein-Based Probiotic Therapies

The mechanistic understanding of probiotics opens exciting therapeutic possibilities beyond
traditional whole-organism probiotic supplementation. Purified or recombinant probiotic proteins
could serve as therapeutic agents themselves, offering potential advantages over live bacteria
including improved safety profiles, easier formulation and storage, more precise dosing and
regulatory hurdles [111]. Recent advances in probiotic engineering and delivery systems have further
expanded these possibilities, enabling precise control of protein expression, improved stability in the
GIT and targeted interaction with the host [112].

Several proof of concept studies have demonstrated efficacy of isolated probiotic protein. The
p40 protein from L. rhamnosus GG, when administered as a purified recombinant protein, protects
against intestinal injury and promotes mucosal healing in experimental models, recapitulating key
benefits of the live probiotic [42]. Similarly, purified S-layer proteins from lactobacilli retain
immunomodulatory and barrier-protective properties when administered independently [35].

Protein-based therapeutics could be particularly valuable in clinical situations where live
bacteria pose risks, such as in several immunocompromised patients, critically ill individuals or those
with central venous catheters where bacteremia risk is elevated [113]. Heat-killed or lysed probiotics
preparations that retain protein activity while eliminating viability concerns represents another
application of this principle and several such products are in clinical development.

Bacterial EVs represents another protein-based therapeutic platform with significant recent
momentum. EVs from beneficial bacteria can be purified, standardized and administered to deliver
protein cargo without live organisms [114]. Early studies suggest that probiotic-derived EVs retain
immunomodulatory and protective properties, potentially offering advantages over both purified
individual proteins (which lack the natural protein cocktail) and live bacteria (which carry safety
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concerns). The development of portable microstructure electrochemical devices for EV isolation from
raw samples is making clinical translational more feasible [115]. Furthermore, EVs from minimalistic
bacteria like Mollicutes are revealing new mechanisms of immune modulation and horizontal gene
transfer that could be harnessed therapeutically [116].

6.2. Precision Nutrition and Personalized Probiotic Selection

The protein-centric view of microbiota function also informs precision nutrition approaches the
dietary and probiotic interventions to individual microbiome compositions and host characteristics
[117]. Since different individuals harbor distinct microbial communities with varying protein
expression profiles and since host genetics influence receptor expression and immune
responsiveness, optimal probiotic selection likely varies by individual. Recent comprehensive
reviews and meta-analysis have demonstrated the potential of personalized probiotic approaches for
metabolic health and body weight management [118], while emerging frameworks for personalized
therapeutics based on gut microbiome profiles are being developed [119].

Emerging diagnostic approaches could profile both an individual’s microbiome protein
expression (through metaproteomics) and their host receptor/immune status to identify which
probiotics strains are most likely to successfully colonize and exert desired effects [120]. For instance,
individuals with low baseline expression of certain beneficial microbial proteins might benefit from
supplementation with strains that produce those proteins, while others with adequate expression
might require different interventions.

Host genetic polymorphisms affecting pattern recognition receptors, cytokine receptors and
signaling pathways components influence how individuals respond to specific microbial proteins
[121]. Personalized probiotic selection could account for these genetic factors, matching probiotic
protein profiles to host receptor genotypes to maximize bacterial interactions. While still largely
theoretical, this precision approach represents a logical extension of mechanistic understanding.

6.3. Engineered Probiotics with Enhanced Protein Functions

Synthetic biology approaches enable engineering of probiotic strains with augmented or novel
protein functions, creating “designer probiotics” optimized for specific therapeutics applications
[122,123]. Several strategies are being pursued, each leveraging protein-level modifications, with
significant advances reported in recent years.

One approach involves overexpressing beneficial endogenous proteins. Probiotic strains could
be engineered to produce higher levels of anti-inflammatory proteins, adhesins that enhance
colonization or antimicrobial proteins that more effectively exclude pathogens [124]. For example,
Lactococcus lactis has been engineered to overproduce and secrete human IL-10, demonstrating
therapeutic efficacy in inflammatory bowel disease models [125].

Another strategy introduces heterologous proteins into probiotic chassis organisms. Proteins
could be engineered to produce therapeutic human proteins (growth factors, cytokine, enzymes),
vaccine antigens or proteins from other beneficial microbes [126]. These engineered organisms serve
as living factories that deliver therapeutic proteins directly to the intestinal mucosa, achieving high
local concentrations while minimizing systemic exposure.

Surface display of therapeutic proteins on probiotic cells wells represents yet another approach.
Proteins with antimicrobial, immunomodulatory or protein-binding proteins can be anchored to the
bacterial surface, creating whole-cell biotherapeutics with enhanced functional properties [127]. This
strategy has been used to create probiotics that display pathogenic-binding proteins, effectively
functioning as live “pathogen sponges” that capture and remove pathogens from the gut.

Safety considerations are paramount for engineered probiotics. Strategies to prevent horizontal
gene transfer, ensure biology containment and enable controlled elimination of engineered strains
are essential for clinical translation [128]. Despite these challenges, engineered probiotics with
optimized protein functions represents a promising frontier in microbiome-based therapeutics.
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6.4. Diagnostic and Biomarker Applications

Microbial proteins also hold promise as diagnostic biomarkers and therapeutics targets.
Proteomics analysis of fecal or intestinal samples can identify microbial protein signatures associated
with health or disease states [129]. For instance, elevated levels of certain pathogenic effector proteins
or reduced expression of beneficial commensal proteins might serve as biomarkers for disease risk or
progression.

Antibody responses to specific microbial proteins could also serve as diagnostic indicators.
Individuals with inflammatory bowel disease often exhibit altered antibody profiles commensal
bacterial proteins compared to health controls [130]. These antibody signatures might provide
diagnostic or prognostic information and could potentially guide therapeutic decisions.

Therapeutically targeting pathogenic bacterial proteins represents another translation
opportunity. Small molecules or antibodies that inhibit pathogens adhesins, neutralize toxins or block
effector protein injection could serve as anti-virulence that disarm pathogens without necessarily
killing them [131]. This approach might reduce selection pressure for antibiotic resistance while
preserving beneficial microbiota.

7. Challenges and Future Directions
7.1. Technical and Methodological Challenges

Despite significant advances, several technical challenges limit our understandings of microbial
protein functions in the gut. Metaproteomic analysis reveals the comprehensive characterization of
microbial proteins in complex samples and remains technically demanding due to the enormous
protein diversity, wide dynamic range of protein abundances and presence of host protein that can
mask microbial signals [120]. Advances in mass spectrometry sensitive and bioinformatics tools are
gradually overcoming these limitations, but comprehensive protein-level characterization of the gut
microbiota remains more challenging than metagenomic or metatranscriptomic approaches. Recent
development in extracellular vesicle research have added another layer of complexity, requiring
standard [132,133]

Studying protein post-translational modification in the gut microbiota presents additional
challenges. Many bacterial PTMs are poorly characterized and detection them requires specialized
analytical approaches [134]. Yet these modifications can profoundly influence protein function and
host interactions, making their characterization important for mechanistic can profoundly influence
protein function and host interactions, making their characterization important for PTMs in the gut
microbiota presents additional challenges. Development of enrichment strategies and detections
methods for bacterial PTMs represents an important technical frontier.

Establishing causality between specific microbial proteins and host phenotypes requires
sophisticated experimental approaches. While correlative metaproteomic data can identify can
identify candidate proteins, demonstrating that a specific protein is necessary and sufficient for a
particular effect requires genetic manipulation, protein purification and controlled experimentation
[135]. For fastidious or unculturable gut bacteria, these studies remain extremely challenging.

In vivo imaging and tracking of protein-mediated interactions in the gut represents another
methodological frontier. Observing how specific bacterial proteins interact with host cells in real time,
within the complex three-dimensional architecture of the intestine, could provide insights impossible
to obtain through in vivo studies or endpoint analyses [136]. Development of fluorescent protein
reports, advanced microscopy techniques and appropriate animals” models continues to push this
field forward.

7.2. Knowledge Gaps and Unanswered Questions

Numerous fundamental questions about microbial proteins in the gut remain unanswered.
What is that complete protein repertoire expressed by the gut microbiota under different
physiological and pathological conditions? How do microbial protein expression patterns change
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during development, aging, diet shifts or disease? We have only scratched the surface of this
complexity.

The specificity of host immune responses to microbial proteins deserves deeper investigation.
How many distinct microbial protein antigens do individuals develop immune responses to? What
determines whether a particular bacterial protein induces tolerance, immunity or immunopathology?
How stable are these responses over time and what factors drive their evolution?

The role of microbial proteins in inter-kingdom signaling beyond bacteria-host interactions
merits exploration. Do fungal and archaeal proteins in the gut contribute significantly to immune
modulation? How do bacteriophage proteins influence bacterial protein expression and host
interactions? The multi-kingdom nature of the gut ecosystem likely involves protein-mediated
interactions we have yet to appreciate.

Evolutionary questions also remain. How have microbial proteins coevolved with host immune
systems? Do certain bacterial proteins families show signature of selection for immunomodulatory
properties? How rapidly do bacterial protein sequence and structure of evolve in response to host
immune pressure? Addressing these questions could illuminate the ancient partnership between
microbiota and host.

7.3. Integration with Multi-Omics Approaches

Future progress will require integration of protein-level data with other omics layers like
genomics, transcriptomics, metabolomics and host immunophenotype [137]. While genomics reveals
potential, what proteins could theoretically be proved, proteomics reveals reality of what proteins
are actually present. Transcriptomics bridges these, showing what proteins are being synthesized,
though with imperfect correlation to final protein abundance.

Metabolomics complements proteomics by revealing the functional consequences of enzymatic
protein activities. Integration protein data expression with metabolite profiles can illuminate which
proteins are functionally active and what metabolic transformations they catalyze [138]. Such
integration helps distinguish proteins that are merely present from those actively shaping the
biochemical environment.

Host transcriptomic and immunophenotyping data contextualize microbial protein effects.
Correlating microbial protein expression with host gene transcription, immune cell populations,
cytokine levels and antibody response levels which microbial proteins associate with particular host
states [139]. Machine learning approaches can identify complex multivariate patterns across these
data layers that would be impossible to discern through univariate analyses. Temporal multi-omics
profiling captures dynamic changes in microbiota-host interactions. Following microbial protein
expression, metabolite production and host responses over time during interventions or disease
progression levels causal and time-dependent interactions [140]. Such longitudinal designs are
essential for distinguishing drivers from passengers in complex microbiota-associated phenotypes.

7.4. Regulatory and Clinical Translation Challenge

Translating protein-based microbiome therapeutics to clinical practice faces regulatory
challenges. Purified microbial proteins may be regulated as biologics, requiring extensive safety and
efficacy testing. Engineered probiotics face even more stringent oversight due to genetic modification
concerns. Developing regulatory frameworks that appropriately balance innovation with safety is
essential for advancing this field [141].

Manufacturing and quality control challenges also exist. Producing microbial proteins at scale
with consistent quality or culturing engineered probiotics under GMP conditions while maintaining
genetic stability, requires significant investment and expertise. Developing efficient production
platforms and robust quality assurance methods will be necessary for commercial viability.

Intellectual property considerations influence development incentives. Naturally occurring
microbial proteins may be difficult to patent, potentially limiting industry investment despite
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therapeutic promise. Engineered or novel formulations may be more protectable, potentially skewing
development toward modified rather than natural products. Balancing open science with commercial
incentives remain an ongoing challenge in microbiome research.

8. Conclusion

The protein biochemistry of gut microbes and probiotics represents a rich and underexplored
dimensions of host-microbe interactions with profound implications for immunity, health and
disease. While metabolites have dominated microbiome research discourse, proteins serve as equally
important and in many cases more specific and potent mediators of microbiota-host communication.
Recent advances, particularly in understanding bacterial extracellular vesicles and their protein
cargo, has revealed previously unappreciated mechanisms by which microbiota influence not only
gut immunity but also systemic and even neurological health [142,143]

This review has synthesized current understandings of protein-mediated mechanisms
underlying gut microbiota and probiotic effects on host immunity. We have explored how surface-
associated proteins, secreted factors, peptides and extracellular vesicle cargo engage pattern
recognition receptors, modulate epithelial barrier function, shape immune cell differentiation and
influence host-pathogen interaction. Emerging technologies for personalized probiotic selection
based on individual microbiome protein profiles and host immunogenetics promise to revolutionize
therapeutic approaches [119].

From a translational perspective, protein-focused research opens exciting therapeutic avenues.
Purified probiotic proteins, protein-enriched bacterial lysates, engineered probiotics with enhanced
protein functions and small molecules targeting pathogen proteins all represent potential next-
generation therapeutics [123,144] Bacterial extracellular vesicles loaded with therapeutic protein
cargo represent a particularly promising platform, with applications ranging from gut health to
cancer immunotherapy and neurological disorders [143,145,146]. As our mechanistic understanding
deepens and technical capabilities advance, the protein dimension of microbiome research will likely
yield novel diagnostic and therapeutic tools that complement and extend traditional probiotic
approaches. Ultimately, a comprehensive understanding of gut microbiota-host interactions requires
embracing complexity where recognizing that bacteria communicate with hosts through diverse
molecular languages including small molecules, proteins, nucleic acids and lipids, all operating
within intricate ecological network. By illuminating the protein dimension of this communication,
we gain critical insights into mechanisms underlying microbiota effects on health and disease, paving
the way for more sophisticated, mechanistically grounded approaches to microbiome-based
medicine.
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AMP Antimicrobial Peptide
DC Dendritic Cell
EGFR Epidermal Growth Factor Receptor
EPS Extracellular Polymeric Substance
EV Extracellular Vesicle
GALT Gut-Associated Lymphoid Tissue
HDAC Histone Deacetylate
HSP Histone Shock Protein
IBD Inflammatory Bowel Disease
IgA Immunoglobulin A
IL Interleukin
MAPK Mitogen-Activated Protein Kinase
MAM Microbial Anti-Inflammatory Molecule
MUC2 Mucin 2
NF-xB Nuclear Factor Kappa B
NOD Nucleotide-Binding Oligomerization Domain
PAMP Pathogen-Associated Molecular Patterns
PRR Pattern Recognition Receptor
PTM Post-Translational Modification
SCFA Short-Chain Fatty Acid
TGF-3 Transforming Growth Factor Beta
TLR Toll-Like Receptor
TNF-« Tumor Necrosis Factor Alpha
Treg Regulatory T cells
T3SS Type III Secretion Systems
References

1.  Sender, R; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body.
PLoS Biol. 2016, 14, €1002533, d0i:10.1371/journal.pbio.1002533.

2. Belkaid, Y.; Harrison, O.]. Homeostatic Immunity and the Microbiota. Immunity 2017, 46, 562-576,
doi:10.1016/j.immuni.2017.04.008.

3.  Petersen, C.; Round, J.L. Defining Dysbiosis and Its Influence on Host Immunity and Disease. Cell.
Microbiol. 2014, 16, 1024-1033, d0i:10.1111/cmi.12308.

4. Levy, M,; Kolodziejczyk, A.A.; Thaiss, C.A.; Elinav, E. Dysbiosis and the Immune System. Nat. Rev.
Immunol. 2017, 17, 219-232, doi:10.1038/nri.2017.7.

5. Lebeer, S.; Vanderleyden, J.; De Keersmaecker, S.C.J. Host Interactions of Probiotic Bacterial Surface
Molecules: Comparison with ~Commensals and Pathogens. Nat. Rev. Microbiol. 2010, 8, 171-184,
d0i:10.1038/nrmicro2297.

6.  Taverniti, V.; Guglielmetti, S. The Immunomodulatory Properties of Probiotic Microorganisms beyond
Their Viability (Ghost Probiotics: Proposal of Paraprobiotic Concept). Genes Nutr. 2011, 6, 261-274,
doi:10.1007/s12263-011-0218-x.

7.  Adams, C.A. The Probiotic Paradox: Live and Dead Cells Are Biological Response Modifiers. Nutr. Res.
Rev. 2010, 23, 3746, doi:10.1017/50954422410000090.

8.  Kaper, ].B,; Nataro, J.P.; Mobley, H.L. Pathogenic Escherichia Coli. Nat. Rev. Microbiol. 2004, 2, 123-140,
doi:10.1038/nrmicro818.

9. Hooper, L. V; Littman, D.R.; Macpherson, A]. Interactions between the Microbiota and the Immune
System. Science 2012, 336, 1268-1273, doi:10.1126/science.1223490.

10. Mowat, A.M.; Agace, W.W. Regional Specialization within the Intestinal Immune System. Nat. Rev.
Immunol. 2014, 14, 667-685, doi:10.1038/nri3738.

11. Peterson, L.W.; Artis, D. Intestinal Epithelial Cells: Regulators of Barrier Function and Immune
Homeostasis. Nat. Rev. Immunol. 2014, 14, 141-153, d0i:10.1038/nri3608.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1070.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2026 d0i:10.20944/preprints202605.1070.v1

18

12.  Allaire, ].M.; Crowley, SM.; Law, H.T.; Chang, S.-Y.; Ko, H.-].; Vallance, B.A. The Intestinal Epithelium:
Central Coordinator of Mucosal Immunity. Trends Immunol. 2018, 39, 677-696, doi:10.1016/.it.2018.04.002.

13. Rescigno, M.; Urbano, M.; Valzasina, B.; Francolini, M.; Rotta, G.; Bonasio, R.; Granucci, F.; Kraehenbubhl,
J.P.; Ricciardi-Castagnoli, P. Dendritic Cells Express Tight Junction Proteins and Penetrate Gut Epithelial
Monolayers to Sample Bacteria. Nat. Immunol. 2001, 2, 361-367, doi:10.1038/86373.

14. Ivanov, LI.; Atarashi, K.; Manel, N.; Brodie, E.L.; Shima, T.; Karaoz, U.; Wei, D.; Goldfarb, K.C.; Santee,
C.A.; Lynch, S. V; et al. Induction of Intestinal Th17 Cells by Segmented Filamentous Bacteria. Cell 2009,
139, 485-498, d0i:10.1016/j.cell.2009.09.033.

15. Honda, K;; Littman, D.R. The Microbiota in Adaptive Inmune Homeostasis and Disease. Nature 2016, 535,
75-84, d0i:10.1038/nature18848.

16. Takeuchi, O.; Akira, S. Pattern Recognition Receptors and Inflammation. Cell 2010, 140, 805-820,
doi:https://doi.org/10.1016/j.cell.2010.01.022.

17. Kawai, T.; Akira, S. The Role of Pattern-Recognition Receptors in Innate Immunity: Update on Toll-like
Receptors. Nat. Immunol. 2010, 11, 373-384, doi:10.1038/ni.1863.

18. Hayashi, F.; Smith, K.D.; Ozinsky, A.; Hawn, T.R.; Yi, E.C.; Goodlett, D.R.; Eng, ].K.; Akira, S.; Underhill,
D.M.; Aderem, A. The Innate Immune Response to Bacterial Flagellin Is Mediated by Toll-like Receptor
5. Nature 2001, 410, 1099-1103, doi:10.1038/35074106.

19. Yoon, S.; Kurnasov, O.; Natarajan, V.; Hong, M.; Gudkov, A. V; Osterman, A.L.; Wilson, L. A. Structural
Basis of TLR5-Flagellin Recognition and Signaling. Science 2012, 335, 859-864, doi:10.1126/science.1215584.

20. Andersen-Nissen, E.; Smith, K.D.; Strobe, K.L.; Barrett, S.L.R.; Cookson, B.T.; Logan, S.M.; Aderem, A.
Evasion of Toll-like Receptor 5 by Flagellated Bacteria. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 9247-9252,
doi:10.1073/pnas.0502040102.

21. Takeuchi, O.; Sato, S.; Horiuchi, T.; Hoshino, K; Takeda, K.; Dong, Z.; Modlin, R.L.; Akira, S. Cutting Edge:
Role of Toll-like Receptor 1 in Mediating Immune Response to Microbial Lipoproteins. . Immunol. 2002,
169, 10-14, doi:10.4049/jimmunol.169.1.10.

22. Mufioz-Planillo, R.; Kuffa, P.; Martinez-Colén, G.; Smith, B.L.; Rajendiran, T.M.; Nufez, G. K* Efflux Is the
Common Trigger of NLRP3 Inflammasome Activation by Bacterial Toxins and Particulate Matter.
Immunity 2013, 38, 1142-1153, doi:10.1016/j.immuni.2013.05.016.

23. Yan, F; Polk, D.B. Probiotics and Immune Health. Curr. Opin. Gastroenterol. 2011, 27, 496-501,
doi:10.1097/MOG.0b013e32834baa4d.

24. Macpherson, A.].; Uhr, T. Induction of Protective IgA by Intestinal Dendritic Cells Carrying Commensal
Bacteria. Science 2004, 303, 1662-1665, doi:10.1126/science.1091334.

25. Coombes, J.L.; Powrie, F. Dendritic Cells in Intestinal Immune Regulation. Nat. Rev. Immunol. 2008, 8, 435
446, doi:10.1038/nri2335.

26. Atarashi, K;; Tanoue, T.; Shima, T.; Imaoka, A.; Kuwahara, T.; Momose, Y.; Cheng, G.; Yamasaki, S.; Saito,
T.; Ohba, Y.; et al. Induction of Colonic Regulatory T Cells by Indigenous Clostridium Species. Science 2011,
331, 337-341, d0i:10.1126/science.1198469.

27. Cebula, A.; Seweryn, M.; Rempala, G.A.; Pabla, S.S.; McIndoe, R.A.; Denning, T.L.; Bry, L.; Kraj, P;
Kisielow, P.; Ignatowicz, L. Thymus-Derived Regulatory T Cells Contribute to Tolerance to Commensal
Microbiota. Nature 2013, 497, 258-262, doi:10.1038/nature12079.

28. Sefik, E.; Geva-Zatorsky, N.; Oh, S.; Konnikova, L.; Zemmour, D.; McGuire, A.M.; Burzyn, D.; Ortiz-Lopez,
A.; Lobera, M., Yang, J.; et al. Individual Intestinal Symbionts Induce a Distinct Population of
ROR\ &\ #x3b3;* Regulatory T Cells. Science (80-. ). 2015, 349, 993-997, doi:10.1126/science.aaa9420.

29. Bunker, ].J; Bendelacc A. IgA Responses to Microbiota. Immunity 2018, 49, 211-224,
doi:10.1016/j.immuni.2018.08.011.

30. Bunker, J.J.; Flynn, T.M.; Koval, J.C.; Shaw, D.G.; Meisel, M.; McDonald, B.D.; Ishizuka, L.E.; Dent, A.L,;
Wilson, P.C.; Jabri, B.; et al. Innate and Adaptive Humoral Responses Coat Distinct Commensal Bacteria
with Immunoglobulin A. Immunity 2015, 43, 541-553, doi:10.1016/j.immuni.2015.08.007.

31. Kline, K.A.; Falker, S.; Dahlberg, S.; Normark, S.; Henriques-Normark, B. Bacterial Adhesins in Host-
Microbe Interactions. Cell Host Microbe 2009, 5, 580-592, d0i:10.1016/j.chom.2009.05.011.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1070.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2026 d0i:10.20944/preprints202605.1070.v1

19

32. Avall-]éiéiskeléiinen, S.; Palva, A. Lactobacillus Surface Layers and Their Applications. FEMS Microbiol. Rev.
2005, 29, 511-529, doi:10.1016/j.fmrre.2005.04.003.

33. Johnson, B.R.; Hymes, J.; Sanozky-Dawes, R.; Henriksen, E.D.; Barrangou, R. Klaenhammer, T.R.
Conserved S-Layer-Associated Proteins Revealed by Exoproteomic Survey of  S-Layer-Forming
Lactobacilli. Appl. Environ. Microbiol. 2016, 82, 134-145, doi:10.1128/AEM.01968-15.

34. Sanchez, B.; Delgado, S.; Blanco-Miguez, A.; Lourengo, A.; Gueimonde, M.; Margolles, A. Probiotics, Gut
Microbiota, and Their Influence on Host Health and Disease. Mol. Nutr. Food Res. 2017, 61,
doi:10.1002/mnfr.201600240.

35. Konstantinov, S.R.; Smidt, H.; de Vos, W.M.; Bruijns, S.C.M.; Singh, S.K.; Valence, F.; Molle, D.; Lortal, S.;
Altermann, E.; Klaenhammer, T.R.; et al. S Layer Protein A of Lactobacillus Acidophilus NCFM Regulates
Immature Dendritic Cell and T Cell Functions. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 19474-19479,
do0i:10.1073/pnas.0810305105.

36. Turroni, F.; Serafini, F.; Foroni, E.; Duranti, S.; O’Connell Motherway, M.; Taverniti, V.; Mangifesta, M.;
Milani, C.; Viappiani, A.; Roversi, T.; et al. Role of Sortase-Dependent Pili of Bifidobacterium Bifidum
PRL2010 in Modulating Bacterium-Host Interactions. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 11151-11156,
do0i:10.1073/pnas.1303897110.

37. Turroni, F.; Ventura, M.; Buttd, L.F.; Duranti, S.; O’'Toole, P.W.; Motherway, M.O.; van Sinderen, D.
Molecular Dialogue between the Human Gut Microbiota and the Host: A Lactobacillus and
Bifidobacterium Perspective. Cell. Mol. Life Sci. 2014, 71, 183-203, doi:10.1007/s00018-013-1318-0.

38. Vélez, M.P,; De Keersmaecker, S.C.J.; Vanderleyden, J. Adherence Factors of Lactobacillus in the Human
Gastrointestinal Tract. FEMS Microbiol. Lett. 2007, 276, 140-148, doi:10.1111/j.1574-6968.2007.00908..x.

39. Kainulainen, V.; Korhonen, T.K. Dancing to Another Tune-Adhesive Moonlighting Proteins in Bacteria.
Biology (Basel). 2014, 3, 178-204, doi:10.3390/biology3010178.

40. Savijoki, K.; Ingmer, H.; Varmanen, P. Proteolytic Systems of Lactic Acid Bacteria. Appl. Microbiol.
Biotechnol. 2006, 71, 394-406, doi:10.1007/s00253-006-0427-1.

41. von Schillde, M.-A.; Hérmannsperger, G.; Weiher, M.; Alpert, C.-A.; Hahne, H.; Bauerl, C.; van Huynegem,
K.; Steidler, L.; Hrncir, T.; Pérez-Martinez, G.; et al. Lactocepin Secreted by Lactobacillus Exerts Anti-
Inflammatory Effects by Selectively Degrading Proinflammatory Chemokines. Cell Host Microbe 2012, 11,
387-396, d0i:10.1016/j.chom.2012.02.006.

42. Yan, F,; Cao, H.; Cover, T.L.; Whitehead, R.; Washington, M.K.; Polk, D.B. Soluble Proteins Produced by
Probiotic Bacteria Regulate Intestinal Epithelial Cell Survival and Growth. Gastroenterology 2007, 132, 562—
575, doi:10.1053/j.gastro.2006.11.022.

43. Kankainen, M.; Paulin, L.; Tynkkynen, S.; von Ossowski, I.; Reunanen, ].; Partanen, P.; Satokari, R.;
Vesterlund, S.; Hendrickx, A.P.A.; Lebeer, S.; et al. Comparative Genomic Analysis of Lactobacillus
Rhamnosus GG Reveals Pili Containing a Human- Mucus Binding Protein. Proc. Natl. Acad. Sci. 2009, 106,
17193-17198, doi:10.1073/pnas.0908876106.

44. Quévrain, E.; Maubert, M.A.; Michon, C.; Chain, F.; Marquant, R.; Tailhades, J.; Miquel, S.; Carlier, L.;
Bermudez-Humaran, L.G.; Pigneur, B, et al. Identification of an Anti-Inflammatory Protein from
Faecalibacterium Prausnitzii, a Commensal Bacterium Deficient in Crohn’s Disease. Gut 2016, 65, 415-425,
doi:10.1136/gutjnl-2014-307649.

45. Cotter, P.D.; Ross, R.P.; Hill, C. Bacteriocins - a Viable Alternative to Antibiotics? Nat. Rev. Microbiol. 2013,
11, 95-105, doi:10.1038/nrmicro2937.

46. Hardt, W.D.; Chen, L.M.; Schuebel, K.E.; Bustelo, X.R.; Galdn, J.E. S. Typhimurium Encodes an Activator
of Rho GTPases That Induces Membrane Ruffling and Nuclear Responses in Host Cells. Cell 1998, 93, 815—
826, d0i:10.1016/s0092-8674(00)81442-7.

47. Kim, D.W,; Lenzen, G.; Page, A.-L.; Legrain, P.; Sansonetti, P.J.; Parsot, C. The Shigella Flexneri Effector
OspG Interferes with Innate Immune Responses by = Targeting Ubiquitin-Conjugating Enzymes. Proc. Natl.
Acad. Sci. U. S. A. 2005, 102, 14046-14051, d0i:10.1073/pnas.0504466102.

48. Gerding, D.N.; Johnson, S.; Rupnik, M.; Aktories, K. Clostridium Difficile Binary Toxin CDT: Mechanism,
Epidemiology, and Potential Clinical Importance. Gut Microbes 2014, 5, 1527, d0i:10.4161/gmic.26854.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1070.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2026 d0i:10.20944/preprints202605.1070.v1

20

49. Hegarty, ].W.; Guinane, C.M.; Ross, R.P.; Hill, C.; Cotter, P.D. Bacteriocin Production: A Relatively
Unharnessed Probiotic Trait? F1000Research 2016, 5, 2587, doi:10.12688/f1000research.9615.1.

50. Candela, M.; Perna, F.; Carnevali, P.; Vitali, B.; Ciati, R.; Gionchetti, P.; Rizzello, F.; Campieri, M.; Brigidi,
P. Interaction of Probiotic Lactobacillus and Bifidobacterium Strains with Human Intestinal Epithelial
Cells: Adhesion Properties, Competition against Enteropathogens and Modulation of IL-8 Production. Int.
J. Food Microbiol. 2008, 125, 286-292, doi:10.1016/j.ijfoodmicro.2008.04.012.

51. Borges, T.J.; Wieten, L.; van Herwijnen, M.].C.; Broere, F.; van der Zee, R.; Bonorino, C.; van Eden, W. The
Anti-Inflammatory Mechanisms of Hsp70. Front. Immunol. 2012, 3, 95, d0i:10.3389/fimmu.2012.00095.

52.  Marinelli, L.; Di Stefano, A.; Cacciatore, I. Carvacrol and Its Derivatives as Antibacterial Agents. Phytochem.
Rev. 2018, 17, 903-921, doi:10.1007/s11101-018-9569-x.

53. Teschemacher, H. Opioid Receptor Ligands Derived from Food Proteins. Curr. Pharm. Des. 2003, 9, 1331—
1344, doi:10.2174/1381612033454856.

54. Phelan, M.; Aherne, A.; FitzGerald, R.J.; O'Brien, N.M. Casein-Derived Bioactive Peptides: Biological
Effects, Industrial Uses, Safety Aspects and Regulatory Status. Int. Dairy ]. 2009, 19, 643-654,
doi:https://doi.org/10.1016/j.idairy;j.2009.06.001.

55. Ribet, D.; Cossart, P. Pathogen-Mediated Posttranslational Modifications: A Re-Emerging Field. Cell 2010,
143, 694-702, d0i:10.1016/j.cell.2010.11.019.

56. Kaparakis-Liaskos, M.; Ferrero, R.L. Inmune Modulation by Bacterial Outer Membrane Vesicles. Nat. Rev.
Immunol. 2015, 15, 375-387, doi:10.1038/nri3837.

57.  Schwechheimer, C.; Kuehn, M.]. Outer-Membrane Vesicles from Gram-Negative Bacteria: Biogenesis and
Functions. Nat. Rev. Microbiol. 2015, 13, 605-619, d0i:10.1038/nrmicro3525.

58. Kim, M.H.; Choi, S.J.; Choi, H. II; Choi, J.P.; Park, H.K.; Kim, E.K.; Kim, M.].; Moon, B.S.; Min, T.K.; Rho,
M.; et al. Lactobacillus Plantarum-Derived Extracellular Vesicles Protect Atopic Dermatitis Induced by
Staphylococcus Aureus-Derived Extracellular Vesicles. Allergy. Asthma Immunol. Res. 2018, 10, 516-532,
doi:10.4168/aair.2018.10.5.516.

59. Yanez-M¢6, M.; Siljander, P.R.-M.; Andreu, Z.; Zavec, A.B.; Borras, F.E.; Buzas, E.I; Buzas, K,; Casal, E,;
Cappello, F.; Carvalho, J.; et al. Biological Properties of Extracellular Vesicles and Their Physiological
Functions. |. Extracell. vesicles 2015, 4, 27066, doi:10.3402/jev.v4.27066.

60. Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.].; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.],;
Salminen, S.; et al. The International Scientific Association for Probiotics and Prebiotics Consensus
Statement on the Scope and Appropriate Use of the Term Probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014,
11, 506-514, doi:10.1038/nrgastro.2014.66.

61. Sarah, L.; Jos, V.; J., D.K.S.C. Genes and Molecules of Lactobacilli Supporting Probiotic Action. Microbiol.
Mol. Biol. Rev. 2008, 72, 728-764, doi:10.1128/mmbr.00017-08.

62. Lebeer, S,; Claes, I; Tytgat, H.L.P.; Verhoeven, T.L.A.; Marien, E.; von Ossowski, I.; Reunanen, J.; Palva, A ;
Vos, W.M. de; Keersmaecker, S.C.J. De; et al. Functional Analysis of Lactobacillus Rhamnosus GG Pili in
Relation to Adhesion and Immunomodulatory Interactions with Intestinal Epithelial Cells. Appl. Environ.
Microbiol. 2012, 78, 185-193, d0i:10.1128/AEM.06192-11.

63. Tsilingiri, K.; Barbosa, T.; Penna, G.; Caprioli, F.; Sonzogni, A.; Viale, G.; Rescigno, M. Probiotic and
Postbiotic Activity in Health and Disease: Comparison on a Novel Polarised Ex-Vivo Organ Culture
Model. Gut 2012, 61, 1007-1015, doi:10.1136/gutjnl-2011-300971.

64. Yan, F,;Liu, L.; Dempsey, P.J.; Tsai, Y.-H.; Raines, E.W.; Wilson, C.L.; Cao, H.; Cao, Z.; Liu, L.; Polk, D.B. A
Lactobacillus Rhamnosus GG-Derived Soluble Protein, P40, Stimulates Ligand Release from Intestinal
Epithelial Cells to Transactivate Epidermal Growth Factor Receptor. J. Biol. Chem. 2013, 288, 30742-30751,
doi:10.1074/jbc.M113.492397.

65. O’Flaherty, S.J.; Klaenhammer, T.R. Functional and Phenotypic Characterization of a Protein from
Lactobacillus Acidophilus Involved in Cell Morphology, Stress Tolerance and Adherence to Intestinal
Cells. Microbiology 2010, 156, 3360-3367, d0i:10.1099/mic.0.043158-0.

66. Gabriele, P.; Johannes, S.; Douwe, M.; Anne, W.; A., B.P.; Jolanda, L.; M., de V.W.; Roelof, van der M,;
A., S.M.; Michiel, K. Biodiversity-Based Identification and Functional Characterization of the Mannose-

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1070.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2026 d0i:10.20944/preprints202605.1070.v1

21

Specific Adhesin of Lactobacillus Plantarum. J. Bacteriol. 2005, 187, 6128-6136, doi:10.1128/jb.187.17.6128-
6136.2005.

67. van Baarlen, P.; Wells, ].M.; Kleerebezem, M. Regulation of Intestinal Homeostasis and Immunity with
Probiotic Lactobacilli. Trends Immunol. 2013, 34, 208-215, doi:10.1016/;.it.2013.01.005.

68. Hidalgo-Cantabrana, C.; Delgado, S.; Ruiz, L.; Ruas-Madiedo, P.; Sanchez, B.; Margolles, A. Bifidobacteria
and Their Health-Promoting Effects. Microbiol. Spectr. 2017, 5, d0i:10.1128/microbiolspec.BAD-0010-2016.

69. Bermudez-Brito, M.; Plaza-Diaz, J.; Mufioz-Quezada, S.; Gomez-Llorente, C.; Gil, A. Probiotic Mechanisms
of Action. Ann. Nutr. Metab. 2012, 61, 160-174, doi:10.1159/000342079.

70. Resta-Lenert, S.; Barrett, K.E. Live Probiotics Protect Intestinal Epithelial Cells from the Effects of Infection
with Enteroinvasive Escherichia Coli (EIEC). Gut 2003, 52, 988-997, d0i:10.1136/gut.52.7.988.

71. Anderson, R.C,; Cookson, A.L.; McNabb, W.C.; Park, Z.; McCann, M.].; Kelly, W.].; Roy, N.C. Lactobacillus
Plantarum MB452 Enhances the Function of the Intestinal Barrier by Increasing the Expression Levels of
Genes Involved in Tight Junction Formation. BMC Microbiol. 2010, 10, 316, doi:10.1186/1471-2180-10-316.

72. Miyauchi, E;; O’Callaghan, J.; Buttd, L.F.; Hurley, G.; Melgar, S.; Tanabe, S.; Shanahan, F.; Nally, K,
O'Toole, P.W. Mechanism of Protection of Transepithelial Barrier Function by Lactobacillus Salivarius:
Strain Dependence and Attenuation by Bacteriocin Production. Am. J. Physiol. Gastrointest. Liver Physiol.
2012, 303, G1029-41, doi:10.1152/ajpgi.00003.2012.

73. Tao, Y.; Drabik, K.A.; Waypa, T.S.; Musch, M.W.; Alverdy, J.C.; Schneewind, O.; Chang, E.B.; Petrof, E.O.
Soluble Factors from Lactobacillus GG Activate MAPKs and Induce Cytoprotective Heat Shock Proteins in
Intestinal Epithelial Cells. Am. J. Physiol. Physiol. 2006, 290, C1018-C1030, doi:10.1152/ajpcell.00131.2005.

74. Christensen, H.R.; Frokiaer, H.; Pestka, J.J. Lactobacilli Differentially Modulate Expression of Cytokines
and Maturation  Surface Markers in Murine Dendritic Cells. J. Immunol. 2002, 168, 171-178,
doi:10.4049/jimmunol.168.1.171.

75. van Baarlen, P.; Troost, F.J.; van Hemert, S.; van der Meer, C.; de Vos, W.M.; de Groot, P.J.; Hooiveld,
G.J.E].; Brummer, R.-].M.; Kleerebezem, M. Differential NF-KappaB Pathways Induction by Lactobacillus
Plantarum in the Duodenum of Healthy Humans Correlating with Immune Tolerance. Proc. Natl. Acad.
Sci. U. S. A. 2009, 106, 2371-2376, doi:10.1073/pnas.0809919106.

76. Thomas, C.M.; Versalovic, J. Probiotics-Host Communication: Modulation of Signaling Pathways in the
Intestine. Gut Microbes 2010, 1, 148-163, doi:10.4161/gmic.1.3.11712.

77. Smits, H.H.; Engering, A.; van der Kleij, D.; de Jong, E.C.; Schipper, K.; van Capel, TM.M.; Zaat, B.AJ;
Yazdanbakhsh, M.; Wierenga, E.A.; van Kooyk, Y.; et al. Selective Probiotic Bacteria Induce IL-10-
Producing Regulatory T Cells in Vitro by Modulating Dendritic Cell Function through Dendritic Cell-
Specific Intercellular Adhesion Molecule 3-Grabbing Nonintegrin. J. Allergy Clin. Immunol. 2005, 115, 1260—
1267, d0i:10.1016/j.jaci.2005.03.036.

78. Foligne, B.; Zoumpopoulou, G.; Dewulf, J.; Ben Younes, A.; Chareyre, F.; Sirard, ].-C.; Pot, B.; Grangette, C.
A Key Role of Dendritic Cells in Probiotic Functionality. PLoS One 2007, 2, €313,
doi:10.1371/journal.pone.0000313.

79. Livingston, M.; Loach, D.; Wilson, M.; Tannock, G.W.; Baird, M. Gut Commensal Lactobacillus Reuteri 100-
23 Stimulates an Immunoregulatory Response. Immunol. Cell Biol. 2010, 88, 99-102,
doi:10.1038/icb.2009.71.

80. Jeon, S.G.; Kayama, H.; Ueda, Y.; Takahashi, T.; Asahara, T.; Tsuji, H.; Tsuji, N.M.; Kiyono, H.; Ma, ].S.;
Kusu, T.; et al. Probiotic Bifidobacterium Breve Induces IL-10-Producing Trl Cells in the Colon. PLoS
Pathog. 2012, 8, €1002714, doi:10.1371/journal.ppat.1002714.

81. Round, J.L.; Mazmanian, S.K. Inducible Foxp3+ Regulatory T-Cell Development by a Commensal
Bacterium of the Intestinal Microbiota. Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 12204-12209,
do0i:10.1073/pnas.0909122107.

82. Fedorak, R.N.; Feagan, B.G.; Hotte, N.; Leddin, D.; Dieleman, L.A.; Petrunia, D.M.; Enns, R.; Bitton, A ;
Chiba, N.; Paré, P.; et al. The Probiotic VSL#3 Has Anti-Inflammatory Effects and Could Reduce Endoscopic
Recurrence after Surgery for Crohn’s Disease. Clin. Gastroenterol. Hepatol. Off. Clin. Pract. ]. Am.
Gastroenterol. Assoc. 2015, 13, 928-35.e2, d0i:10.1016/j.cgh.2014.10.031.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1070.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2026 d0i:10.20944/preprints202605.1070.v1

22

83. Patel, RM.; Myers, L.S.; Kurundkar, A.R.; Maheshwari, A.; Nusrat, A.; Lin, P.W. Probiotic Bacteria Induce
Maturation of Intestinal Claudin 3 Expression and Barrier Function. Am. ]. Pathol. 2012, 180, 626-635,
doi:10.1016/j.ajpath.2011.10.025.

84. Kalliomaki, M.; Salminen, S.; Arvilommi, H.; Kero, P.; Koskinen, P.; Isolauri, E. Probiotics in Primary
Prevention of Atopic Disease: A Randomised Placebo-Controlled Trial. Lancet (London, England) 2001, 357,
1076-1079, doi:10.1016/S0140-6736(00)04259-8.

85. Goldenberg, J.Z.; Ma, S.5.Y.; Saxton, ].D.; Martzen, M.R,; Vandvik, P.O.; Thorlund, K,; Guyatt, G.H,;
Johnston, B.C. Probiotics for the Prevention of Clostridium Difficile-Associated Diarrhea in Adults and
Children. Cochrane database Syst. Rev. 2013, CD006095, doi:10.1002/14651858.CD006095.pub3.

86. Galan, J.E.; Collmer, A. Type III Secretion Machines: Bacterial Devices for Protein Delivery into Host Cells.
Science 1999, 284, 1322-1328, doi:10.1126/science.284.5418.1322.

87. Dean, P.; Kenny, B. The Effector Repertoire of Enteropathogenic E. Coli: Ganging up on the Host Cell. Curr.
Opin. Microbiol. 2009, 12, 101-109, doi:10.1016/j.mib.2008.11.006.

88. Mukherjee, S.; Keitany, G.; Li, Y.; Wang, Y.; Ball, H.L.; Goldsmith, E.J.; Orth, K. Yersinia Yop] Acetylates
and Inhibits Kinase Activation by Blocking  Phosphorylation. Science 2006, 312, 1211-1214,
doi:10.1126/science.1126867.

89. Lambris, ].D.; Ricklin, D.; Geisbrecht, B. V Complement Evasion by Human Pathogens. Nat. Rev. Microbiol.
2008, 6, 132-142, doi:10.1038/nrmicro1824.

90. Potempa, J.; Pike, R.N. Corruption of Innate Inmunity by Bacterial Proteases. J. Innate Immun. 2009, 1, 70—
87, doi:10.1159/000181144.

91. Servin, A.L. Antagonistic Activities of Lactobacilli and Bifidobacteria against Microbial Pathogens. FEMS
Microbiol. Rev. 2004, 28, 405-440, d0i:10.1016/j.femsre.2004.01.003.

92. Lorca, G.L.; Barabote, R.D.; Zlotopolski, V.; Tran, C.; Winnen, B.; Hvorup, R.N.; Stonestrom, A.J.; Nguyen,
E.; Huang, L.-W.; Kim, D.S,; et al. Transport Capabilities of Eleven Gram-Positive Bacteria: Comparative
Genomic Analyses. Biochim. Biophys. Acta 2007, 1768, 1342-1366, d0i:10.1016/j.bbamem.2007.02.007.

93. Coconnier, M.H.; Lievin, V.; Hemery, E.; Servin, A.L. Antagonistic Activity against Helicobacter Infection
in Vitro and in Vivo by the Human Lactobacillus Acidophilus Strain LB. Appl. Environ. Microbiol. 1998, 64,
4573-4580, doi:10.1128/AEM.64.11.4573-4580.1998.

94. Collado, M.C.; Meriluoto, J.; Salminen, S. Role of Commercial Probiotic Strains against Human Pathogen
Adhesion to Intestinal Mucus. Lett. Appl. Microbiol. 2007, 45, 454-460, doi:10.1111/j.1472-
765X.2007.02212.x.

95. Lee, Y.-K,; Puong, K.-Y.; Ouwehand, A.C.; Salminen, S. Displacement of Bacterial Pathogens from Mucus
and Caco-2 Cell Surface by Lactobacilli. ]. Med. Microbiol. 2003, 52, 925-930, d0i:10.1099/jmm.0.05009-0.

96. Netea, M.G.; Joosten, L.A.B.; Latz, E.; Mills, KH.G.; Natoli, G.; Stunnenberg, H.G.; O'Neill, L.A.].; Xavier,
R.J. Trained Immunity: A Program of Innate Immune Memory in Health and Disease. Science 2016, 352,
aaf1098, doi:10.1126/science.aaf1098.

97. Kleinnijenhuis, J.; Quintin, J.; Preijers, F.; Joosten, L.A.B.; Ifrim, D.C.; Saeed, S.; Jacobs, C.; van Loenhout, J.;
de Jong, D.; Stunnenberg, H.G.; et al. Bacille Calmette-Guerin Induces NOD2-Dependent Nonspecific
Protection from Reinfection via Epigenetic Reprogramming of Monocytes. Proc. Natl. Acad. Sci. U. S. A.
2012, 109, 17537-17542, doi:10.1073/pnas.1202870109.

98. Netea, M.G.; Dominguez-Andrés, J.; Barreiro, L.B.; Chavakis, T.; Divangahi, M.; Fuchs, E.; Joosten, L.A.B,;
van der Meer, ] W.M.; Mhlanga, M.M.; Mulder, W.].M; et al. Defining Trained Immunity and Its Role in
Health and Disease. Nat. Rev. Immunol. 2020, 20, 375-388, d0i:10.1038/s41577-020-0285-6.

99. Arts, RJ.W,; Joosten, L.A.B.; Netea, M.G. Immunometabolic Circuits in Trained Immunity. Semin. Immunol.
2016, 28, 425-430, doi:10.1016/j.smim.2016.09.002.

100. Lycke, N.; Erlandsson, L.; Ekman, L.; Schon, K.; Leanderson, T. Lack of ] Chain Inhibits the Transport of
Gut IgA and Abrogates the Development of Intestinal Antitoxic Protection. J. Immunol. 1999, 163, 913—
919.

101. Castagliuolo, I.; LaMont, ].T.; Nikulasson, S.T.; Pothoulakis, C. Saccharomyces Boulardii Protease Inhibits
Clostridium Difficile Toxin A Effects in the Rat Ileum. Infect. Immun. 1996, 64, 5225-5232,
doi:10.1128/iai.64.12.5225-5232.1996.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1070.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2026 d0i:10.20944/preprints202605.1070.v1

23

102. Carey, C.M.; Kostrzynska, M.; Ojha, S.; Thompson, S. The Effect of Probiotics and Organic Acids on Shiga-
Toxin 2 Gene Expression in Enterohemorrhagic Escherichia Coli O157:H7. |. Microbiol. Methods 2008, 73,
125-132, doi:10.1016/j.mimet.2008.01.014.

103. Galan, J.E. Salmonella Interactions with Host Cells: Type III Secretion at Work. Annu. Rev. Cell Dev. Biol.
2001, 17, 53-86, doi:10.1146/annurev.cellbio.17.1.53.

104. Zhang, L.; Li, N.; des Robert, C.; Fang, M.; Liboni, K.; McMahon, R.; Caicedo, R.A.; Neu, J. Lactobacillus
Rhamnosus GG Decreases Lipopolysaccharide-Induced Systemic Inflammation in a Gastrostomy-Fed
Infant Rat Model. J. Pediatr. Gastroenterol. Nutr. 2006, 42, 545-552, d0i:10.1097/01.mpg.0000221905.68781 .4a.

105. Schlee, M.; Harder, J.; Koten, B.; Stange, E.F.; Wehkamp, J.; Fellermann, K. Probiotic Lactobacilli and VSL#3
Induce Enterocyte Beta-Defensin 2. Clin. Exp. Immunol. 2008, 151, 528-535, doi:10.1111/.1365-
2249.2007.03587.x.

106. Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Backhed, F. From Dietary Fiber to Host Physiology:
Short-Chain Fatty Acids as Key Bacterial Metabolites. Cell 2016, 165, 1332-1345,
doi:10.1016/j.cell.2016.05.041.

107. Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The Role of Short-Chain Fatty
Acids in Health and Disease. Adv. Immunol. 2014, 121, 91-119, doi:10.1016/B978-0-12-800100-4.00003-9.

108. Chang, P. V; Hao, L.; Offermanns, S.; Medzhitov, R. The Microbial Metabolite Butyrate Regulates Intestinal
Macrophage Function via Histone Deacetylase Inhibition. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 2247-
2252, doi:10.1073/pnas.1322269111.

109. Peng, L.; Li, Z.-R.; Green, R.S.; Holzman, LR.; Lin, J. Butyrate Enhances the Intestinal Barrier by Facilitating
Tight Junction Assembly via Activation of AMP-Activated Protein Kinase in Caco-2 Cell Monolayers. J.
Nutr. 2009, 139, 1619-1625, d0i:10.3945/jn.109.104638.

110. Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato,
K. Kato, T.; et al. Commensal Microbe-Derived Butyrate Induces the Differentiation of Colonic
Regulatory T Cells. Nature 2013, 504, 446-450, doi:10.1038/nature12721.

111. Mohamadzadeh, M.; Pfeiler, E.A.; Brown, J.B.; Zadeh, M.; Gramarossa, M.; Managlia, E.; Bere, P.; Sarraj, B.;
Khan, M.W.; Pakanati, K.C.; et al. Regulation of Induced Colonic Inflammation by Lactobacillus
Acidophilus Deficient in Lipoteichoic Acid. Proc. Natl. Acad. Sci. U. S. A. 2011, 108 Suppl, 4623-4630,
do0i:10.1073/pnas.1005066107.

112. Meng, J.; Liu, S.; Wu, X. Engineered Probiotics as Live Biotherapeutics for Diagnosis and Treatment of
Human Diseases. Crit. Rev. Microbiol. 2024, 50, 300-314, doi:10.1080/1040841X.2023.2190392.

113. Didari, T.; Solki, S.; Mozaffari, S.; Nikfar, S.; Abdollahi, M. A Systematic Review of the Safety of Probiotics.
Expert Opin. Drug Saf. 2014, 13, 227-239, d0i:10.1517/14740338.2014.872627.

114. Wu, Q.; Kan, J; Fu, C;; Liu, X,; Cui, Z,; Wang, S.; Le, Y,; Li, Z,; Liu, Q.; Zhang, Y.; et al. Insights into the
Unique Roles of Extracellular Vesicles for Gut Health Modulation: Mechanisms, Challenges, and
Perspectives. Curr. Res. Microb. Sci. 2024, 7, 100301, doi:10.1016/j.crmicr.2024.100301.

115. Mantella, V.; Bienz, S.; Brigger, F.; Baulier, E.; Ramus, M.; Zoratto, N.; Honrath, S.; Naresh, K.; Sander, S.;
Dengjel, J.; et al. Isolation of Bacterial Extracellular Vesicles from Raw Samples Using a Portable
Microstructured Electrochemical Device. Drug Deliv. Transl. Res. 2025, doi:10.1007/s13346-025-01954-1.

116. Wagner, T.M.; Torres-Puig, S.; Yimthin, T.; Irobalieva, R.N.; Heller, M.; Kaessmeyer, S.; Démoulins, T.;
Jores, J. Extracellular Vesicles of Minimalistic Mollicutes as Mediators of Immune Modulation and
Horizontal Gene Transfer. Commun. Biol. 2025, 8, 674, doi:10.1038/s42003-025-08099-4.

117. Zeevi, D.; Korem, T.; Zmora, N.; Israeli, D.; Rothschild, D.; Weinberger, A.; Ben-Yacov, O.; Lador, D.; Avnit-
Sagi, T.; Lotan-Pompan, M.; et al. Personalized Nutrition by Prediction of Glycemic Responses. Cell 2015,
163, 1079-1094, d0i:10.1016/j.cell.2015.11.001.

118. Rasaei, N.; Heidari, M.; Esmaeili, F.; Khosravi, S.; Baeeri, M.; Tabatabaei-Malazy, O.; Emamgholipour, S.
The Effects of Prebiotic, Probiotic or Synbiotic Supplementation on Overweight/Obesity Indicators: An
Umbrella Review of the Trials’ Meta-Analyses. Front. Endocrinol. (Lausanne). 2024, 15, 1277921,
doi:10.3389/fend0.2024.1277921.

119. Abdul Manan, M. The Role of Probiotics in Personalized Therapeutics: Advances in Gut Microbe-Driven
Interventions. The Microbe 2025, 8, 100497, doi:https://doi.org/10.1016/j.microb.2025.100497.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1070.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2026 d0i:10.20944/preprints202605.1070.v1

24

120. Tanca, A.; Abbondio, M.; Palomba, A.; Fraumene, C.; Manghina, V.; Cucca, F.; Fiorillo, E.; Uzzau, S.
Potential and Active Functions in the Gut Microbiota of a Healthy Human Cohort. Microbiome 2017, 5, 79,
doi:10.1186/s40168-017-0293-3.

121. Davenport, E.R.; Cusanovich, D.A.; Michelini, K.; Barreiro, L.B.; Ober, C,; Gilad, Y. Genome-Wide
Association  Studies of the Human Gut Microbiota. PLoS Omne 2015, 10, e0140301,
doi:10.1371/journal.pone.0140301.

122. Riglar, D.T.; Silver, P.A. Engineering Bacteria for Diagnostic and Therapeutic Applications. Nat. Rev.
Microbiol. 2018, 16, 214-225, d0i:10.1038/nrmicro.2017.172.

123. Zhang, L.; Chen, N.; Chen, H.; Tang, C.; Wang, J.; Wang, Y.; Zhang, Y.; Guo, H.; Yuan, J. Recent Advances
of Engineered Probiotics for Therapeutic Applications. BioDesign Res. 2025, 7, 100039,
doi:https://doi.org/10.1016/j.bidere.2025.100039.

124. Steidler, L.; Hans, W.; Schotte, L.; Neirynck, S.; Obermeier, F.; Falk, W.; Fiers, W.; Remaut, E. Treatment of
Murine Colitis by Lactococcus Lactis Secreting Interleukin-10. Science 2000, 289, 1352-1355,
doi:10.1126/science.289.5483.1352.

125. Braat, H.; Rottiers, P.; Hommes, D.W.; Huyghebaert, N.; Remaut, E.; Remon, J.-P.; van Deventer, S.J.H,;
Neirynck, S.; Peppelenbosch, M.P.; Steidler, L. A Phase I Trial with Transgenic Bacteria Expressing
Interleukin-10 in Crohn’s Disease. Clin. Gastroenterol. Hepatol. Off. Clin. Pract. ]. Am. Gastroenterol. Assoc.
2006, 4, 754-759, doi:10.1016/j.cgh.2006.03.028.

126. Landete, ].M. A Review of Food-Grade Vectors in Lactic Acid Bacteria: From the Laboratory to Their
Application. Crit. Rev. Biotechnol. 2017, 37, 296-308, d0i:10.3109/07388551.2016.1144044.

127. Ferrer-Miralles, N.; Domingo-Espin, J.; Corchero, J.L.; Vazquez, E.; Villaverde, A. Microbial Factories for
Recombinant Pharmaceuticals. Microb. Cell Fact. 2009, 8, 17, d0i:10.1186/1475-2859-8-17.

128. Mimee, M.; Tucker, A.C.; Voigt, C.A; Lu, T.K. Programming a Human Commensal Bacterium, Bacteroides
Thetaiotaomicron, to Sense and Respond to Stimuli in the Murine Gut Microbiota. Cell Syst. 2015, 1, 62—
71, doi:10.1016/j.cels.2015.06.001.

129. Zhang, X.; Deeke, S.A.; Ning, Z.; Starr, A.E.; Butcher, ].; Li, ].; Mayne, J.; Cheng, K,; Liao, B.; Li, L.; et al.
Metaproteomics Reveals Associations between Microbiome and Intestinal Extracellular Vesicle Proteins
in Pediatric Inflammatory Bowel Disease. Nat. Commun. 2018, 9, 2873, d0i:10.1038/s41467-018-05357-4.

130. Landers, C.J.; Cohavy, O.; Misra, R.; Yang, H.; Lin, Y.-C.; Braun, ].; Targan, S.R. Selected Loss of Tolerance
Evidenced by Crohn’s Disease-Associated Immune Responses to Auto- and Microbial Antigens.
Guastroenterology 2002, 123, 689-699, doi:10.1053/gast.2002.35379.

131. Rasko, D.A.; Sperandio, V. Anti-Virulence Strategies to Combat Bacteria-Mediated Disease. Nat. Rev. Drug
Discov. 2010, 9, 117-128, d0i:10.1038/nrd3013.

132. Welsh, J.A.; Goberdhan, D.C.I.; O’Driscoll, L.; Buzas, E.I; Blenkiron, C.; Bussolati, B.; Cai, H.; Di Vizio, D.;
Driedonks, T.A.P.; Erdbriigger, U.; et al. Minimal Information for Studies of Extracellular Vesicles
(MISEV2023): From Basic to Advanced Approaches. ]. Extracell. wvesicles 2024, 13, e12404,
doi:10.1002/jev2.12404.

133. Coumans, F.A.W_; Brisson, A.R.; Buzas, E.I; Dignat-George, F.; Drees, E.E.E.; El-Andaloussi, S.; Emanueli,
C.; Gasecka, A.; Hendrix, A,; Hill, AF.; et al. Methodological Guidelines to Study Extracellular Vesicles.
Circ. Res. 2017, 120, 1632-1648, d0i:10.1161/CIRCRESAHA.117.309417.

134. Soufi, B.; Soares, N.C.; Ravikumar, V.; Macek, B. Proteomics Reveals Evidence of Cross-Talk between
Protein Modifications in Bacteria: Focus on Acetylation and Phosphorylation. Curr. Opin. Microbiol. 2012,
15, 357-363, doi:10.1016/j.mib.2012.05.003.

135. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, ].H.; Chinwalla, A.T.; Creasy, H.H.; Earl,
AM.; FitzGerald, M.G.; Fulton, R.S.; et al. Structure, Function and Diversity of the Healthy Human
Microbiome. Nature 2012, 486, 207-214, d0i:10.1038/nature11234.

136. Earle, K.A,; Billings, G.; Sigal, M.; Lichtman, ]J.S.; Hansson, G.C.; Elias, J.E.; Amieva, M.R.; Huang, K.C,;
Sonnenburg, J.L. Quantitative Imaging of Gut Microbiota Spatial Organization. Cell Host Microbe 2015, 18,
478-488, d0i:10.1016/j.chom.2015.09.002.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1070.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2026 d0i:10.20944/preprints202605.1070.v1

25

137. Proctor, L.M.; Creasy, H.H.; Fettweis, ].M.; Lloyd-Price, ]J.; Mahurkar, A.; Zhou, W.; Buck, G.A.; Snyder,
M.P,; Strauss, J.F.; Weinstock, G.M.; et al. The Integrative Human Microbiome Project. Nature 2019, 569,
641-648, d0i:10.1038/s41586-019-1238-8.

138. Heinken, A.; Thiele, I. Systems Biology of Host-Microbe Metabolomics. Wiley Interdiscip. Rev. Syst. Biol.
Med. 2015, 7, 195-219, doi:10.1002/wsbm.1301.

139. Lloyd-Price, J.; Arze, C.; Ananthakrishnan, A.N.; Schirmer, M.; Avila-Pacheco, J.; Poon, TW.; Andrews, E.;
Ajami, N.J.; Bonham, K.S.; Brislawn, CJ.; et al. Multi-Omics of the Gut Microbial Ecosystem in
Inflammatory Bowel Diseases. Nature 2019, 569, 655-662, doi:10.1038/s41586-019-1237-9.

140. Rowe, W.P.M.; Baker-Austin, C.; Verner-Jeffreys, D.W.; Ryan, ].J.; Micallef, C.; Maskell, D.].; Pearce, G.P.
Overexpression of Antibiotic Resistance Genes in Hospital Effluents over Time. ]. Antimicrob. Chemother.
2017, 72, 1617-1623, d0i:10.1093/jac/dkx017.

141. Eloe-Fadrosh, E.A.; Rasko, D.A. The Human Microbiome: From Symbiosis to Pathogenesis. Annu. Rev. Med.
2013, 64, 145-163, doi:10.1146/annurev-med-010312-133513.

142. Toyofuku, M.; Schild, S.; Kaparakis-Liaskos, M.; Eberl, L. Composition and Functions of Bacterial
Membrane Vesicles. Nat. Rev. Microbiol. 2023, 21, 415-430, d0i:10.1038/s41579-023-00875-5.

143. Sun, M.; Ma, J.; Zhang, G.; Song, M.; Lv, R.; Liang, J.; Shi, Y.; Zhao, L. Brain Targeting Bacterial Extracellular
Vesicles Enhance Ischemic Stroke Therapy via Efficient ROS Elimination and Suppression of Immune
Infiltration. ACS Nano 2025, 19, 15491-15508, d0i:10.1021/acsnano.4c16161.

144. Abouelela, M.E.; Helmy, Y.A. Next-Generation Probiotics as Novel Therapeutics for Improving Human
Health: Current Trends and  Future  Perspectives.  Microorganisms 2024, 12,
doi:10.3390/microorganisms12030430.

145. Bhanu, P.; Godwin, A.K.; Umar, S.; Mahoney, D.E. Bacterial Extracellular Vesicles in Oncology: Molecular
Mechanisms and Future Clinical Applications. Cancers (Basel). 2025, 17, d0i:10.3390/cancers17111774.

146. Zhu, Y.; Zhang, X.; Feng, X.,; Huang, Y.; Wang, L.; Zhang, H.; Zeng, X,; Tang, Z.; Qi, Q. Advances in
Biological Functions and Applications of Feeding Microorganism-Derived Extracellular Vesicles.
Probiotics Antimicrob. Proteins 2025, doi:10.1007/s12602-025-10864-0.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1070.v1
http://creativecommons.org/licenses/by/4.0/

