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ABSTRACT 

 

Bifidobacterium is a known microbiota determinant of early-life immune function 

and overall health. Many studies have reported the multifaceted immune stimulatory 

and regulatory properties of different Bifidobacterium strains. However, little research 

has investigated the potential for immune modulation by bacterial extracellular vesicles 

(BEVs) derived from Bifidobacterium. In this project, I focused on understanding BEV 

production and potential immune stimulation of BEVs derived from two strains 

belonging to a key but understudied early-life microbiota species - Bifidobacterium 

pseudocatenulatum. 

I determined bacterial growth conditions for optimal BEV harvesting time points via 

CFU and OD growth assays. Following optimisation of bifidobacterial BEV purification, 

I evaluated several biophysiological properties and proteomic load of BEV batches, 

showing abundance of different potentially immunostimulatory proteins in a BEV 

preparation-dependent manner. Moreover, I confirmed uptake of BEVs into the 

epithelial barrier and potential underlying endocytosis pathways in Caco-2 cells using 

confocal microscopy. In vitro studies, using different cell lines, indicated potential 

modulation of the intestinal barrier via TJ gene induction, stimulation of the NF-κB 

pathway, production of TNF-α, IL-1β, IL-10, IL-6, IL-8, and TSLP in human monocytes 

and macrophages. Additionally, I performed ex vivo characterisations, including 

stimulation of murine splenocytes, resulting in production of IL-6, KC, and TNF-α, 

confirming potential immunostimulation by bifidobacterial BEVs. Further 

investigations, using additional in vitro and ex vivo studies, resulted in induced 

production of TNF-α in human PBMCs, and IgA production in murine Peyer’s patch 

fragments in a strain- and time point-dependent manner. Simulation of an infection, 

using LPS, showed evidence for protective properties of bifidobacterial BEVs in 

cultured epithelial cells and macrophages. To date, there are limited studies on 

bifidobacterial BEVs, and no studies on BEVs derived from B. pseudocatenulatum 

strains have been undertaken. These data may provide insights into the potential 

immunostimulatory and protective properties of products from health-promoting B. 

pseudocatenulatum, which could facilitate development of novel immune adjuvants. 
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I. INTRODUCTION 

1. Early life colonisation and development of a beneficial gut 

microbiota-immune relationship 

1.1. Functions of the gastrointestinal microbiota 

The intestinal microbiota contains a complex community of more than 100 

trillion microorganisms, including bacteria, archaea, viruses, fungi and protozoa of 

varying composition along the gastrointestinal tract (GIT) of every individual.1,2 This 

microbial ecosystem is crucial for key health-beneficial physiological functions for the 

host, such as food digestion, synthesis of essential vitamins3, protection against 

invading pathogens3–5, development of the mucosal and systemic immune system6,7, 

maintenance of intestinal homeostasis8, and tolerance to antigens derived from food, 

the environment, and commensal bacteria.1,9–11 Perturbances of the GIT microbiota, 

dysbiosis, are associated with various morbidities and metabolic disorders.12,13 Also, 

risk, progression, and potential treatment outcomes of various cancer types, such as 

breast cancer or melanoma, have been linked to GIT microbiota dysbiosis.14–16 Central 

to this thesis, the GIT microbiota is a key factor influencing immunity in early life.1 

Several studies in germ-free (GF) mice and humans have demonstrated increased 

intestinal barrier permeability and disruption of the inner mucous layer17, leading to 

systemic inflammation18 and compromised immunity.19 GF mice and rats also exhibit 

reduced immune cell levels and activity mucosally and systemically, as well as 

deficiencies in immune tolerance.20,21 However, these conditions are improved 

through microbial colonisation, faecal microbiota transplantation (FMT), or probiotic 

intervention, emphasising the critical role of a healthy GIT microbiota in maintaining 

overall health. 

Development of the GIT microbiota overlaps with the development and maturation of 

the immune system, with innate and adaptive immune responses and their specialised 

immune cells depending on microbial cues from the microbiota to promote and sustain 

immune tolerance and pathogen resistance.22 
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1.2. Microbial immune stimulation for efficient protection 

1.2.1. Innate immune response and antigen-presentation 

Specialised systemic and tissue-resident immune cells, which express different 

specific pattern recognition receptors (PRRs) on their cell surface, survey the host for 

the presence of non-self antigens. Recognition of microbe-associated molecular 

patterns (MAMPs) and/or danger-associated molecular patterns (DAMPs), present in 

the body through vaccination, infection or injury, induces a signal cascade leading to 

the maturation of these antigen-presenting cells (APCs).23 This includes antigen 

uptake and processing followed by enhanced expression of surface ligands such as 

cluster of differentiation (CD) 80, CD86 and major histocompatibility complex (MHC) I 

and MHC II that contribute to antigen presentation. Additionally, activated APCs 

produce pro- or anti-inflammatory cytokines and specific chemokines for immune cell 

recruitment and cell-to-cell interaction.24 Dendritic cells (DCs), and to a lesser degree 

macrophages, are major APCs directing the subsequent immune response via 

different complex interactions with other immune cells of the innate and adaptive 

immune system (see Figure 1). Such innate immune cells include mononuclear 

myeloid cells, such as monocytes, neutrophils, natural killer (NK) cells and innate 

lymphoid cells (ILCs). In addition to their immediate immune response towards 

pathogenic containment and clearance, these cells contribute to trained innate 

immunity following infection, resulting in increased antimicrobial effector function and 

enhanced cytokine and reactive oxygen species (ROS) production.25 Additionally, 

neutrophils, NK cells, and non-immune cells such as epithelial cells can directly 

influence DC function.26  

The expression of co-stimulatory ligands and production of specific cytokine profiles 

by DCs depends on the activation of distinct PRR families expressed by DCs. These 

include Toll-like receptors (TLRs) and NOD-like receptors (NLRs), which recognise 

specific microbial antigens.27 For instance, surface-associated TLRs recognise 

membrane-derived microbial structures such as lipopolysaccharide (LPS; TLR4), 

Flagellin (TLR5), and Toxoplasma gondii profilin (TLR12), whereas cytosolic TLRs are 

stimulated by double-stranded (ds) RNA (TLR3), single-stranded (ss) RNA (TLR7) and 

unmethylated dsDNA (TLR9).26–28 Stimulation of TLRs induces activation of the 

nuclear factor ‘κ-light chain enhancer’ of activated B cells (NF-κB) transcription factor 
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controlling production of many key immune modulatory cytokines, chemokines and 

adhesion molecules such as interleukin (IL)-1β, IL-6, IL-8, tumour necrosis factor-

alpha (TNF-α), IL-12, monocyte chemoattractant protein 1 (MCP-1), and chemokine 

c-c motif ligand 5 (CCL5; also known as regulated on activation, normal T cell 

expressed and secreted [RANTES]).26  

Upon activation and maturation, DCs migrate to secondary lymphoid organs such as 

adjacent lymph nodes and the spleen to prime naïve T cells via CD28 ligation by co-

stimulatory molecules CD80 and CD86.26 Primed T cells clonally expand and 

differentiate into different subtypes dependent on inflammatory signals from DCs and 

cytokines, and catalyse the adaptive immune response.29 The polarisation of the 

adaptive immune response depends on the nature of the antigen, microenvironment 

stimuli (including cytokines), type of DC and their maturation state, and activated 

PRRs, as well as the subsequent specific inflammatory signals following this activation 

(see Figure 1).30,31  

1.2.2. Adaptive immunity and long-term protection 

DCs mediate an important connection between innate and adaptive immunity. 

There are different subtypes of DCs: conventional DCs (cDCs) type 1 and 2, 

responsible for inducing cellular and humoral responses32,33, plasmacytoid DCs 

(pDCs) mostly supporting antiviral responses via increased production of type I and III 

interferons (IFNs)34, and follicular DCs (fDCs) within germinal centres (GCs) 

presenting antigens to B cells over long periods, leading to T cell-independent 

responses as well as GC reactions.32,35  

a) CD4+ T cell responses 

Essential for T cell-dependent humoral responses is the ability of cDC2 to 

activate CD4+ T cells, inducing polarisation into specific effector subtypes, including T 

helper (Th) cells type 1, 2, and 17, T follicular helper cells (Tfh), and regulatory T cells 

(Tregs).  

Th1 differentiation is initiated in response to MHCII-processed antigens from 

intracellular bacteria and/or viral infection and IL-12 and IL-1β signalling. Antiviral 

responses are driven by enhanced production of IFN-γ, activation of CD8+ cytotoxic T 

cells (Tct), macrophages and B cell stimulation.26 
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Infection with parasites and subsequent increase in IL-2, IL-4, IL-25, IL-33, and thymic 

stromal lymphopoietin (TSLP) levels leads to the development of Th2 cells. These 

cells also activate B cells and produce IL-4, IL-5, IL-9 and IL-1336, which promote 

antibody isotype class-switching in B cells and macrophage activation, induce tissue 

repair37, and intestinal smooth-muscle contractions to facilitate parasite ejection from 

the GIT.26  

Th17 populations are essential in the response to extracellular bacteria, fungi, and 

viral infection and are induced by IL-6, IL-23, IL-21, IL-1β, and transforming growth 

factor-beta (TGF-β).26,36,38 They secrete IL-3, IL-17A, IL-17F, IL-22, TNF-α, and 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and play a crucial role 

in mucosal immunity, stimulating production of antimicrobial peptides (AMPs) by 

intestinal epithelial cells (IECs)39, inducing tissue inflammation, activating B cells and 

neutrophils40, and promoting formation of ectopic lymphoid follicles in tissues.36,41  

As a major anti-inflammatory driver, Tregs play a critical role in restoring homeostasis 

after infection via inhibition of pro-inflammatory effector T cells, reduction of infection-

related immunopathology and production of IL-10, which inhibits antigen presentation, 

expression of MHC II, and DC differentiation.42,43 Natural Tregs are fully mature 

functional lymphocytes produced in the thymus, whereas naïve CD4+ T cells can also 

differentiate into Tregs in the periphery after priming by immature DCs in the presence 

of TGF-β and retinoic acid (RA).26,44,45 Additionally, Tregs are crucial for prevention of 

autoimmune reactions as they regulate immune reactions against self-antigens.26,36 

Tfh cells, similar to fDCs, are found within lymph nodes, GCs, and the spleen, but only 

fully differentiate after antigen presentation by cDCs in the presence of TGF-β, IL-12, 

IL-23, and Activin A, followed by direct interaction with antigen-specific B cells.32,36 B 

cells and Tfh cells have a close mutualistic relationship, enabling the development of 

GCs, facilitating the maturation of B cells into plasma and memory cells, and promoting 

the production of different antibody classes via secretion of specific cytokines.26,36 

These include IFN-γ promoting immune globulin (Ig) G production, IL-4 promoting IgG 

and IgE production, and IL-10 promoting IgA production.36,46 Additionally, Tfh cells also 

secrete IL-21, CD40 ligand (CD40L), TNF-α, and C-X-C motif chemokine ligand 13 

(CXCL13) further supporting GC-B cell responses.36 
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Figure 1: Overview of innate and adaptive immune responses after vaccination and/or infection. Created 
with BioRender.com 

b) B cell responses 

B cells contribute to humoral responses and perform two different immune 

reactions: fast but less efficient extra-follicular responses (T cell-independent) or slow 

but efficient GC responses (T cell-dependent). 

In GC responses, B cells are first activated by APCs and subsequently stimulated by 

CD4+ effector T cells and their secreted cytokines (as described above), leading to 
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clonal proliferation, somatic hypermutation, isotype switching and affinity maturation 

of B cells towards production of high-affinity antibodies against the specific presented 

antigen. Additionally, effector Th cells provide co-stimulatory signals promoting 

peripheral tolerance and lowering the risk of autoimmune responses.47 Stimulated B 

cells differentiate into long-lasting plasma cells, producing high levels of high-affinity 

antibodies over prolonged times, building the primary immune response against the 

introduced antigen.48,49 Moreover, a portion of stimulated GC-B cells directly 

differentiates into memory B cells, which stay dormant in lymph nodes until secondary 

exposure to the same antigen, resulting in the development of memory cells into 

plasma cells and fast production of high-affinity antibodies as the secondary immune 

response.48,49 This humoral response leads to antigen/pathogen clearance via 

antibody-directed neutralisation, opsonisation or activation of the complement 

cascade.26,50 

Alternatively, APC-activated B cells can differentiate into short-lived plasma cells 

independent of T cell interaction. These plasma cells do not undergo somatic 

hypermutation or isotype switching and produce IgM antibodies of low to modest 

affinity within a few days post-infection.48,51 Due to their reduced lifespan, antibody 

titers from these plasma cells decline 4-8 weeks after infection.48,52 Microbial antigens 

such as LPS and other bacterial capsular polysaccharides induce this type of immune 

response.48,53 

c) CD8+ T cell responses 

In addition to humoral responses, the immune system can also mount cellular 

responses against bacterial or viral intracellular infections, or tumours.53 Similar to 

CD4+ T cells, naïve CD8+ T cells are activated via presentation of processed antigens 

on the MHC I receptor on the surface of DCs and/or infected cells.48,53 Upon antigen 

recognition, activated CD8+ T cells differentiate into short-lived effector Tct cells or 

effector memory CD8+ T (Tct Tem) cells.48,54 These effector Tct cells mediate cytolysis 

via secretion of pro-inflammatory cytokines such as TNF-α and IFN-γ, and cytotoxic 

chemicals allowing poration of the membrane of infected cells and subsequent entry 

of proteases targeting and degrading pathogenic proteins and inducing cellular 

apoptosis.53 Similar to B cell responses, Tct cell responses are mediated by growth 

factors and cytokines deriving from Th cells9, and short-lived effector Tct cells enter 

programmed cell death shortly after primary immune responses.48 Secondary 
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responses are driven by Tct Tem cells persisting for long periods and rapidly 

differentiating and proliferating into effector Tct cells upon repeated exposure to the 

same antigen.48 Additionally, CD8+ T cells can differentiate into tissue-resident 

memory T cells or central memory Tct (Tct Tcm) cells located in non-lymphoid tissues 

for extended periods, enabling local secondary cellular responses.48,55 

d) Immune memory 

Exposure to antigens through infection can induce improved and more rapid 

immune responses via the generation of immune memory cells. Populations of all cell 

types of the adaptive immune system can differentiate into long-lived memory cells, 

which stay dormant until re-stimulation. Memory plasma cells migrate to the bone 

marrow (BM), where they survive for decades and provide systemic low levels of 

antibodies in the absence of re-exposure to antigens.47 Conversely, memory B cells 

are found in the spleen, lymph nodes, and peripheral tissues, also staying quiescent 

for decades.47 Upon recognition of cognate antigens, both memory plasma and 

memory B cells differentiate into effector plasma cells, proliferate and secrete high-

affinity antibodies.47 

Naïve and effector CD4+ and CD8+ T cells require additional stimulation for 

differentiation into memory cells and long-term maintenance. Both need prolonged 

stimulation from MHC I- and II-presented antigens, respectively, as well as interaction 

with IL-7 and IL-15 for homeostatic proliferation and survival.56,57 Both cytokines 

elevate expression of anti-apoptotic molecules, such as regulators B cell lymphoma-2 

(BCL-2) and myeloid cell leukaemia-1 (MCL-1), in T cells.57,58 However, CD4+ T cells 

have a higher activation threshold for differentiation, impacting development of 

cytokine-producing and non-producing memory cells.57 Moreover, CD4+ T cells are 

more dependent on IL-7 versus IL-15 for CD8+ T cells.56,57,59,60 Interestingly, memory 

CD4+ T cells deriving from different Th effector subtypes are adaptable and can 

produce cytokines of alternate Th lineages, which can be used for more efficient long-

term protection.57,61 

 

Health-promoting microbes can stimulate beneficial immune cell interactions via 

recognition of MAMPs by PRRs, producing nutrients and immunomodulatory 

metabolites like bacteriocins and short-chain fatty acids (SCFAs).62 For instance, in 
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newborn and young piglets, exposure to commensal microbes upregulated TLRs on 

DCs and epithelial cells, resulting in increased AMP and IgA levels, enhanced 

attachment to the mucus layer, and prevention of inflammatory reactions between GIT 

microbiota and IECs.63 Sustained exchange between the early-life microbiota and the 

immune system has a long-lasting impact on well-being far into adulthood.  

Intriguingly, factors influencing the GIT microbiota are similar to protective immune 

responses, highlighting the interconnected relationship between immunity and GIT 

microbiota.1 These factors include age64,65, gender66,67, environmental and socio-

economic conditions68–70, hygiene68, chronic infection71, maternal health72, mode of 

delivery73, preterm birth71, nutrition74,75, and early anti- and/or probiotics use.1,76–79 

1.3. Establishment of a microbial profile in early life 

1.3.1. Mode of delivery, feeding regimen, and postnatal interventions 

Microbial colonisation is initiated at birth, and changes continuously across the 

life course, with the first 1000 days of life representing a ‘window of opportunity’, which 

is also the most vulnerable and unstable period for ecosystem development.1,4 Birth 

involves moving from a ‘sterile’ intrauterine state towards hyperstimulation of the 

immune system from external antigens and colonising microbes.80 Priming exposure 

to early GIT colonisers is dependent on mode of delivery. Vaginally delivered babies 

are exposed to the maternal vaginal and GIT microbiota, leading to microbial profiles 

dominated by Escherichia, Lactobacillus, Bacteroides, and Bifidobacterium 

species.1,81–83 Conversely, newborns born prematurely and/or delivered via caesarean 

section have primary contact with maternal skin and nosocomial microbes, leading to 

colonisation by Streptococcus, Staphylococcus and Enterococcus species.1,73,81  

To prevent intrauterine rejection, foetal and newborn immunity is initially Th2-

dominated.84 Well-balanced microbial stimulation modulates immune responses 

towards Th1/Th2 equilibrium and Treg activation for effective adaptive immunity.80 

Another key modulator of microbiota composition is nutrition. Breastfeeding provides 

newborns with passive protection via maternal antibodies, AMPs, innate immunity 

factors (e.g. TLR2, TLR4, CD14, and myeloid differentiation protein 2 [MD2]), and 

delivers crucial dietary components and bacteria that shape the infant’s microbiota 

towards a Bifidobacterium-dominant profile (see Figure 2).1,80,85,86 Human milk 

oligosaccharides (HMOs) enhance bifidobacterial colonisation and persistence 
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(accounting for ≤80% of the total microbial community in the early-life GIT microbiota) 

with initial high abundance of Bifidobacterium longum subsp. infantis, Bifidobacterium 

breve, Bifidobacterium bifidum, Bifidobacterium catenulatum and Bifidobacterium 

pseudocatenulatum.1,87–89 Additionally, metabolism of HMOs leads to increased 

production of SCFAs, supports health-promoting microbial shifts and immune 

stimulation, activation of mucosal immunity, enhances expression of tight junctions 

(TJs), and promotes mucosal barrier homeostasis.1,80 Indeed, formula-fed infants 

show lower levels of Bifidobacterium (only 5-30%) and higher abundance of 

pathobionts (i.e., organisms that can cause harm under certain circumstances) such 

as Clostridium species and lack HMO-related health benefits.90,91 

At the point of weaning, introducing solid dietary sources changes the microbiota and 

metabolite profiles of the infant GIT. Overall abundance of Bifidobacterium species 

decreases, levels of other early colonisers increase, while other microbial members 

such as Ruminococcus, Akkermansia and Segatella (formerly Prevotella) are 

introduced.1,89 Concurrently, the abundance of maternal immune mediators 

decreases, resulting in increased production of thymus-derived immune cells. 

Moreover, the immune system actively establishes an immune repertoire in response 

to food, environmental and microbial antigens, leading to the maturation of the infant’s 

immune system.92  

Malnutrition can result in GIT microbiota disturbances, rupture of the epithelial barrier, 

altered metabolism, and immune deficiencies, increasing risk of infection, chronic 

inflammation and lower seroconversion rates to oral vaccines.93,94 Equally, antibiotic 

treatment in early life negatively impacts GIT colonisation, increasing abundance of 

pathogenic bacteria such as Klebsiella and Enterococcus species95, and affects 

subsequent immune development. Unfortunately, antibiotic administration during 

childhood is globally widespread. For instance, a child from the US finishes on average 

up to 3 antibiotic courses by the age of 2 and 10 by the age of 10.96,97 Perturbation of 

the GIT microbiota pre- and/or post-weaning can have long-lasting negative 

consequences for host health including neonatal sepsis98, necrotising enterocolitis 

(NEC)99, chronic inflammatory bowel disease (IBD) and Crohn’s disease100, asthma, 

and allergies.101–103 

Thus, colonisation of the ‘right’ microbes at the ‘right’ time is crucial to establishing 

immune defences, effective vaccine responses, cognition, growth, and 
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homeostasis.1,80 Once the GIT microbiota reaches a mature, ‘adult-like’ state, its 

composition can shift following antibiotic treatment, dietary changes, and GIT 

infection.104,105 

 

Figure 2: Gastrointestinal microbiota establishment trajectory in early life.89 Created with BioRender.com 

1.3.2. Geo-socioeconomic factors influencing microbiota composition 

Disturbances in establishing the early-life microbiota can also be attributed to 

hygiene68, maternal health status72, nutrient availability106,107, housing 

conditions108,109, exposure to human immunodeficiency virus (HIV)110,111, access to 

sanitation and potable water112, and pollution.113 

In addition to these factors directly impacting infant microbiota colonisation, they can 

also indirectly influence microbial seeding via maternal microbiota and systemic health 

status. Prenatal maternal microbiota disruptions induced by antibiotics, diet, stress 

exposure, and infection can impact foetal development, breast milk composition and 

microbiota transfer to offspring.114 Indeed, in vivo studies and clinical trials revealed 
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altered infant GIT microbiota establishment trajectories from mothers with perturbed 

microbiotas.115–118  

Maternal nutritional stress can lower breast milk IgA levels.108,119,120 Breast milk can 

also reflect maternal exposure to pollutants, including microplastics121, polycarbonated 

biphenyls (PCBs)122–124, pesticides125–127, repellents128, and other toxins as reported in 

the breast milk of mothers from Asia, and North and South America.129–131 Moreover, 

recent studies indicate a link between air pollution and altered GIT microbiota and 

HMO composition in breast milk of exposed mothers.113,132 Maternal diet and body 

mass index (BMI) can also directly influence microbial transfer from the maternal GIT 

into breast milk and subsequently into the newborn’s gut. For instance, higher BMI in 

mothers is associated with lower abundance of Bifidobacterium species in breast 

milk.133  

Equally, prevalence of gastrointestinal infection by intestinal helminths, rotavirus (RV), 

poliovirus, and norovirus can decrease microbiota diversity and promote pathogenic 

invasion in both mothers and offspring.134–138 

2. Immune modulatory features of Bifidobacterium strains 

Bifidobacterium is a keystone member of the ‘healthy’ early-life GIT microbiota 

(see Figure 2) and, together with Lactobacillus, is one of the main pillars of probiotics 

and postbiotics.3 They are Gram-positive, anaerobic, non-spore-forming, with a 

characteristic Y-shaped microscopic appearance, of the Actinomycetota (formerly 

Actinobacteria) phylum, exerting immunomodulatory properties within the host. The 

successful adaptation of Bifidobacterium to the human GIT from infancy to adulthood 

may be attributed to the abundance of genes mediating stomach acid tolerance, 

carbohydrate metabolism, and transport systems.139 Indeed, Bifidobacterium species 

have a diverse repertoire of carbohydrate-active enzymes (CAZymes), unique 

metabolic pathways (i.e. bifid shunt), and an arsenal of glycosyl hydrolases (GHs) 

allowing metabolism of complex polysaccharides, including mucin, HMOs, resistant 

starch (RS), and other dietary prebiotics, granting adaptability and nutrient competition 

advantages within their ecological niche.105,139,140 Since they are vertically transferred 

from mother to newborn, metabolic diversity and gene expression adjustment are 

crucial for survival of environmental and substrate-related changes.140–142 Moreover, 

bifidobacterial metabolites support cross-feeding of other commensal microbiota 
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members such as Bacteroides and Lactobacillus species, while inhibiting colonisation 

of pathogens such as Clostridiodes difficile and Salmonella.143–148  

Many studies reported beneficial effects in vitro, in vivo and in humans in a species- 

and strain-dependent manner.149 For instance, infants with highly abundant 

Bifidobacterium species have elevated counts of memory B cells and express higher 

levels of IL-5, IL-6, IL-13, TNF-α, and IL-1β, while absence of Bifidobacterium leads to 

dysregulated immunity and lower levels of T cell maturation and decreased circulating 

plasmablasts, naïve and memory B cells.18,96,150 In murine obesity models, 

administration of B. pseudocatenulatum CECT7765 or B. animalis subsp. lactis 

Ikm512 reduced systemic inflammation, restored a balanced state of Treg and B cells, 

and lowered IL-17A and TNF-α levels.151,152 Similarly, DCs, stimulated by different B. 

bifidum and B. breve strains mediated Th17 and Treg polarisation of naïve CD4+ T 

cells in vitro.153 Conversely, B. bifidum DSM 20082 lysate stimulated CD8+ Tct cell 

activity, while not influencing CD4+ T cell activity.154 Treatment with B. animalis subsp. 

lactis IU100 increased serum titres of IgA, IgG, and IgM, and improved cytokine 

production of IL-1β, IL-2, IL-4, IL-6, TNF-α, and IFN-γ, shifting the Th1/Th2 balance in 

immunosuppressed mice.155 Additionally, administration of Bifidobacterium species in 

a murine melanoma model improved tumour-specific immunity, enhanced checkpoint 

blockade therapy responsiveness and increased overall DC function and CD8+ T cell 

priming.156 Co-culture of B. pseudocatenulatum SPM1204 with DCs and macrophages 

increased levels of MHC class I expression and stimulated production of nitric oxide 

(NO), TNF-α, and IL-1β.139,157 Conversely, treatment of DCs with B. bifidum, B. longum 

subsp. longum, and B. pseudocatenulatum, but not B. longum subsp. infantis, 

activated DCs, increased expression of CD83, and induced Th2 responses and IL-10 

production.158 

2.1. B. pseudocatenulatum strains 

While more prominent Bifidobacterium species, such as B. longum subsp. 

infantis, B. longum subsp. longum, B. bifidum, B. breve, and B. adolescentis have 

traditionally predominated bifidobacterial research; B. pseudocatenulatum has 

recently attracted increasing attention. This interest is largely due to their high intra-

species genetic diversity and corresponding metabolic adaptability, enabling them to 

thrive in the presence of diverse dietary components, such as HMOs and plant-derived 
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glycans.159–161 Consequently, B.pseudocatenulatum has been detected in the GIT 

microbiota across the lifespan, from infancy to old age. Notably, centenarians have 

been reported to have a particularly high abundance of B. pseudocatenulatum 

strains.162 In a Vietnamese population-based study, B. pseudocatenulatum was 

identified as the most abundant bifidobacterial species in adults and the second most 

prevalent in children, following B. longum subsp. longum.163 Similarly, analyses of 

European infant cohorts revealed that B. pseudocatenulatum strains exhibit metabolic 

preferences for dietary starch and plant fibres, while showing limited utilisation of 

HMOs and host-derived glycans. Their persistence in the infant gut appears to rely on 

cross-feeding networks of HMO-degrading strains.88 In a study of mother-infant pairs, 

Kan et al. (2020)140 demonstrated that B. pseudocatenulatum strains are transmitted 

vertically and display host-diet-dependent metabolic specialisation. 

Compared to well-established commercial probiotic strains such as L. sakei and B. 

longum subsp. infantis, B. pseudocatenulatum has shown promising probiotic 

potential. For example, oral administration of B. pseudocatenulatum G7 significantly 

reduced the severity of colitis in mice, decreased NO production in macrophages in 

vitro, mitigated colitis-associated microbiota changes and positively modulated bile 

acids and SCFA levels.164 Another murine colitis study reported similar benefits, 

including clinical symptom improvement, reduced oxidative stress, restored microbiota 

perturbations, and enhanced intestinal barrier integrity via increased TJ expression, 

and modulation of inflammatory responses − lowering TNF-α, IL-1β, and IL-6, while 

increasing IL-10. These effects were most pronounced in exopolysaccharide (EPS)-

producing strains.165 

Protective effects of B. pseudocatenulatum have also been observed in models of liver 

injury and cirrhosis, where B. pseudocatenulatum LI09 ameliorated intestinal injury, 

‘corrected’ microbiota dysbiosis, and reduced excessive systemic and hepatic 

inflammation, while normalising bile acid and SCFA profiles.166 

In mouse neurological studies, administration of B. pseudocatenulatum NCU-08, 

isolated from a human centenarian, reversed age-related impairments in memory, 

motor function, and stress response in aged mice. Additionally, the faecal transplant 

supported tissue repair and homeostasis in the brain and GIT by suppressing 

apoptosis, reducing inflammation and oxidative stress, mitigating microbiota dysbiosis 

and maintaining blood-brain and intestinal barrier integrity.162 Similarly, strain B. 
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pseudocatenulatum CECT 7765 modulated the gut-brain axis by increasing 

neurotransmitter levels in the hypothalamus and small intestine, reshaping gut 

microbiota composition, and restoring cytokine production towards balance. This 

intervention reversed brain biochemistry and behaviour changes induced by early-life 

stress with long-lasting effects into adulthood.167 

Dietary intervention and probiotic administration studies have linked increased B. 

pseudocatenulatum abundance to improvements in clinical and metabolic parameters, 

including body mass index, lipid homeostasis, insulin sensitivity, plasma glucose and 

inflammation marker levels.168–171 These changes were accompanied by enhanced 

metabolic and immunological profiles, increased abundance of beneficial bacterial 

species (e.g. Akkermansia), and elevated production of health-beneficial compounds, 

such as SCFA and EPS (i.e. postbiotics).90,172–175  

Recently, in pre-clinical models, B. pseudocatenulatum 210 (which is identical to strain 

LH663 used in this thesis) and its EPS were shown to modulate anti-tumour immune 

responses, improving breast cancer progression and response to standard-of-care 

therapies in pre-clinical models. This effect was mediated via macrophage and cDC1 

activation and maturation, increased TNF-α and IFN-γ production and enhanced 

polarisation and infiltration of anti-tumour CD8+ T cells.176 

 

Due to the strain-dependent ability of Bifidobacterium, and particularly B. 

pseudocatenulatum, to induce immune stimulatory or regulatory responses177, it is 

crucial to define the immunomodulatory properties of different strains and their 

products to achieve desired immune responses in any intervention trial. This species 

is of particular interest in considering its environmental adaptability and metabolic 

versatility, but also for its capacity to produce SCFAs, EPS and other microbial 

compounds that may influence host immune responses. 

None of the current 10 commercial Bifidobacterium probiotic species164 include B. 

pseudocatenulatum strains, highlighting the need for further research and 

development in this area, including in-depth characterisation of potential probiotic 

strains and products of this species. 
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2.2. Modulating the GIT microbiota to enhance immune protection 

In vivo animal and human studies have investigated the effect of targeted 

microbiota interventions via stimulation of colonisation of beneficial microbes through 

pre-, pro-, and postbiotic formulations to increase the abundance of beneficial bacteria, 

including Bifidobacterium and/or use of their products to exert health-promoting effects 

on the host, including vaccination (see Table 1). 

2.2.1. Prebiotics 

Prebiotics (defined by Gibson et al. (2017)178 at the International Scientific 

Association for Probiotics and Prebiotics as “a substrate that is selectively utilised by 

host microorganisms conferring a health benefit”) are non-digestible fibres that can be 

metabolised by beneficial microbiota members promoting their prevalence within the 

host GIT.1 HMOs can be used as prebiotics to enhance Bifidobacterium prevalence 

(i.e. bifidogenic properties) in early life. Similarly, fructooligosaccharides (FOS), 

isomaltooligosaccharides (IMO), and galactooligosaccharides (GOS) are highly 

bifidogenic, while the metabolism of other prebiotics is more strain-dependent.179 IMO 

has increased the abundance of Bifidobacterium, Lactobacillus, and Bacteroides 

species while decreasing Clostridium counts in an elderly cohort.180 Moreover, 

prebiotics also stimulate the production of SCFAs181–183, cytokines, and TJ proteins184, 

further promoting immune modulation and host health benefits. 

Further details on prebiotic metabolism in certain Bifidobacterium species are 

discussed in Results Chapter I. 

2.2.2. Probiotics 

Defined by the World Health Organisation (WHO) in 2001 as ‘live 

microorganisms, which when administered in adequate amounts confer a health 

benefit on the host’185, probiotic use is another strategy to alter GIT microbiota.1 Some 

probiotic genera, especially Bifidobacterium and Lactobacillus, which are generally 

recognised as safe (GRAS), enhanced humoral responses to RV, typhoid, 

pneumococcal conjugate vaccine (PCV), and cholera vaccination only after 1-5 weeks 

of supplement intake (see Table 1).186 Neonatal piglets given different Bifidobacterium 

strains exhibited distinct immunomodulatory responses. One study showed increased 

intestinal IL-10 production with B. longum subsp. longum AH120691187, while others 
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found enhanced immune responses and RV vaccine efficacy with B. animalis subsp. 

lactis Bb128,188, B. longum subsp. infantis MCC12, and B. breve MCC127494.1,189 This 

further highlights the strain-specific immune-altering features of Bifidobacterium. 

Additionally, probiotic treatment is also used to improve IBD severity and antibiotic-

induced microbiota disruption and to lower the burden of different infectious 

diseases.190–192 Indeed, meta-analysis of 98 studies in low- and middle-income 

countries (LMICs) revealed probiotic use significantly improved survival of preterm 

neonates, and lowered overall mortality, NEC and neonatal sepsis incidences.193 

Fermented milk with L. plantarum La5 and B. animalis subsp. lactis BB-12 improved 

IBD symptoms and increased abundance of beneficial microbiota members.194 

However, many probiotics used in these interventions do not persist in the GIT (i.e. no 

long-term colonisation of the used probiotics), and therefore, novel strategies, such as 

synbiotic formulations (i.e. combinations of specific prebiotics and probiotic strains 

able to metabolise those prebiotics), may be required to improve long-term microbiota 

compositional shifts. For instance, B. pseudocatenulatum MP80 was only persistent 

and able to modulate the baseline microbial community and metabolome when 

administered as a 2’-Fucosyllactose (2’FL)-combined symbiotic, but not as a probiotic 

alone.195 

Although colonisation of probiotic strains after intervention seems difficult, promoting 

colonisation of beneficial strains in vulnerable individuals with dysbiosis could yield 

overall health gains, including improved vaccine responsiveness.96 

2.3. Postbiotics as alternative immune modulators 

Postbiotics are defined by the International Scientific Association for Probiotics 

and Prebiotics as a ‘preparation of inanimate microorganisms and/or their components 

that confers a health benefit on the host’.196 This broad term includes microbial 

metabolites, products, other non-living components and heat-killed bacteria with 

beneficial immunomodulatory properties.114 For instance, fermentation products of B. 

breve C50 and Streptococcus thermophilus 065 increased delayed-type 

hypersensitivity responses and galectin release, and promoted Th1- and Th17-type 

immunity in a murine influenza model.197 Conversely, faecal water collected from 

infants undergoing supplementation with B. longum subsp. infantis supported CD4+ T 
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cell polarisation from Th2 and Th17 towards Th1 responses via increased galectin-1 

production in vitro.18  

They can also provide antimicrobial activities without the risk of anti-microbial 

resistance (AMR) induction, making them attractive alternatives to antibiotics.198 

Comparing the effect of prebiotic and postbiotic supplementation, neonatal rats 

showed improved microbial and SCFA profiles following prebiotic treatment, while 

postbiotics upregulated TLR expression.199 When challenged with RV infection, both 

treatments improved severity of symptoms compared to controls.200 

Generation of the SCFA acetate contributes to the health-promoting abilities of 

Bifidobacterium species. Acetate is a key metabolite directly engaged in essential 

synthesis pathways of different microbiota members via enzymatic conversion into 

acetyl-coenzyme A (acetyl-CoA) or butyrate.1,201 Its absorption in the host provides 

energy to IECs and lowers intestinal pH levels, preventing pathogenic invasion.202 

Acetate also activates the G-protein coupled receptor 43 (GPR43) found on B cells, 

different subsets of T cells, neutrophils, macrophages and DCs, as well as IECs. 

Activation of GPR43 induces proliferation of Treg cells in the lamina propria, 

maintenance of intestinal barrier integrity and homeostasis, and promotion of intestinal 

defence mechanisms.1,139,203–205 Additionally, stimulation of GPR43 by acetate and 

mediation by RA positively affects intestinal IgA responses.206,207 GPR43 activity also 

influences neutrophil chemotaxis and degranulation, regulates macrophages and 

DCs, and mediates effector T cell polarisation depending on the underlying condition 

of the intestinal environment.1,208–211  

Postbiotics offer notable safety advantages compared to probiotics.212 Their 

application in critically ill patients, such as premature infants, does not entail risks 

related to bacterial translocation or induction of bacterial resistance.213 Furthermore, 

some studies suggest that using probiotics in patients with diseases leading to severe 

intestinal inflammation may exacerbate the inflammation. In greatly compromised GIT 

ecosystems, even benign and supposedly beneficial strains can elicit 

disadvantageous responses.213,214 

Many bifidobacterial products, including bacteriocins, lipoteichoic acids (LTA), aromatic 

lactic acids, pili, acetate, EPSs, and bacterial extracellular vesicles (BEVs), have 

beneficial effects and immunomodulatory properties.215–217 The latter two are relevant 

for this thesis, and they will be discussed in more detail in the following chapter.  
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Table 1: List of GIT microbiota modulation vaccine intervention studies performed in human cohorts218–221 

Study 
subjects 

Intervention 
type 

Used agent Associated vaccine Immune effect Location Ref 

Neonates Probiotic B. longum BB536 
Diphtheria-Tetanus-
acellular Pertussis 
(DTaP), Polio, Hepatitis B 

No difference in antigen-specific IgG China 
151 

Neonates Probiotic 
B. longum BL999 

L. rhamnosus LPR 
Hepatitis B, DTaP No difference in antigen-specific IgG Singapore 

222 

Neonates Probiotic 

B. breve Bbi99 

L. rhamnosus GG 

L. rhamnosus LG705 

P. freudenreichii 

DTaP, Haemophilus 
influenzae type b (Hib) 

Increased Hib-specific IgG 

No difference in DTaP-specific IgG 
Finland 223 

Neonates Probiotic 
B. breve C50 

S. thermophilus 
DTaP, polio, Hib Increased polio-specific IgA France 

224 

Infants Probiotic 

B. bifidum 

B. longum subsp. infantis 

B. longum subsp. longum 

L. acidophilus 

Measles, mumps and 
rubella (MMR) 

Higher overall seroconversion Israel 225 

Infants Probiotic L. paracasei F19 DTaP, Hib, polio 

Higher DTaP-specific IgG 

No difference in anti-Hib and anti-polio IgG 
Schweden 226 

Infants Probiotic L. casei GG RV Higher RV-specific IgM and IgA Finland 
227 
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Study 
subjects 

Intervention 
type 

Used agent Associated vaccine Immune effect Location Ref 

Infants Probiotic 
B. animalis subsp. lactis 
BB-12 

RV, polio 
Significant increase in anti-polio IgA 

Tendency of anti-RV IgA increase 
USA 

228 

Children Probiotic B. breve BBG-01 Cholera Lower cholera-specific IgA Bangladesh 
229 

Children Probiotic 

L. acidophilus CRL730 

S. thermophilus 
PCV, DTaP, Hib No difference in antigen-specific antibody titres Argentina 230 

Pregnant 
women 

Probiotic L. rhamnosus GG DTaP, Hib, PCV 

Lower PCV- and DTaP-specific IgG 

No difference in Hib-specific IgG 

Higher Treg responses 

Australia 231 

Adults Probiotic 
L. coryniformis CECT 
5711 

Hepatitis A Increase of antigen-specific IgG and IgM Spain 
232 

Adults Probiotic 
L. coryniformis CECT 
5711 

Severe Acute 
Respiratory Syndrome 
Coronavirus-2 (SARS-
CoV-2) 

No difference in antigen-specific antibody titres Spain 
233 

Adults Probiotic L. paracasei MCC1849 Influenza 

No difference in antigen-specific antibody titres 

No difference in NK, neutrophil, phagocytic activity 
Japan 234 

Adults Probiotic L. paracasei 431 Influenza No difference in antigen-specific antibody titres 
Germany, 
Denmark 

235 

Adults Probiotic L. paracasei MoLac-1 Influenza 

No difference in antigen-specific antibody titres 

No difference in NK, neutrophil, phagocytic activity 
Japan 236 
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Study 
subjects 

Intervention 
type 

Used agent Associated vaccine Immune effect Location Ref 

Adults Probiotic L. casei Shirota Influenza No difference in antigen-specific antibody titres Belgium 
237 

Adults Probiotic 
L. plantarum 
CECT7315/7316 

Influenza Increase in antigen-specific IgG, IgA and IgM Spain 
238 

Adults Probiotic 

B. animalis subsp. lactis 
BB-12 

L. paracasei 431 

Influenza 

Higher antigen-specific IgG and IgA 

No difference in NK, CD4+ T cell, phagocytic activity 

No difference in INF-γ, IL-2, IL-10 

Italy 239 

Adults Probiotic L rhamnosus GG Influenza 

No difference in seroconversion rates 

Increase in hemagglutinin titres 
USA 240 

Adults Probiotic B. longum BB536 Influenza 

Increase in influenza-specific antibody titres 

No difference in NK and neutrophil activity 
Japan 241 

Adults Probiotic 

L. casei DN-114 001 

L. bulgaricus 

S. thermophilus 

Influenza Higher influenza-specific IgG France 242 

Adults Probiotic L. fermentum CECT5716 Influenza 

Increase in influenza-specific IgA, IgG, and IgM 

Higher TNF-α levels 

No difference in B & T, NK cell numbers 

No difference in IL-10, IL-12, and IFN-γ levels 

Spain 243 
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Study 
subjects 

Intervention 
type 

Used agent Associated vaccine Immune effect Location Ref 

Adults Probiotic 
L. acidophilus CRL431 

L. rhamnosus GG 

Oral polio vaccine 
(OPV) 

Increase in polio-specific IgA and IgM 

No difference in polio-specific IgG 
Germany 244 

Adults Probiotic 

B. animalis subsp. lactis 
Bi-07 

B. animalis subsp. lactis 
Bi-04 

L. acidophilus La-14 

L. acidophilus NCFM 

L. plantarum Lp-115 

L. paracasei Lpc-37 

L. salivarius Ls-33 

Cholera Increased cholera-specific IgG, IgA, and IgM France 186 

Adults Probiotic 
L. rhamnosus GG 

L. lactis 
Typhoid 

No difference in antigen-specific antibody titres 

Higher CR3 receptor expression on neutrophils 
Finland 245 

Adults 
Prebiotic & 

Postbiotic 

Enteral formula 
supplemented with GOS, 
bifidogenic growth 
stimulator (BGS) and 
pasteurised fermented 
milk products 

Influenza Increase in antigen-specific antibody titres Japan 246 
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Study 
subjects 

Intervention 
type 

Used agent Associated vaccine Immune effect Location Ref 

Adults 
Prebiotic & 
Postbiotic 

Enteral formula 
supplemented with GOS, 
BGS and pasteurised 
fermented milk products 

Influenza 
No difference or decrease in antigen-specific 
antibody titres 

Japan 247 

Adults Postbiotic 
Heat-killed L. plantarum 
L-137 

Influenza 
No difference in seroconversion and seroprotection 
rate or antibody titres 

Japan 248 

Adults Prebiotic FOS Influenza Increase in antigen-specific antibody titres Chile 
249 

Adults Prebiotic 
High oleic safflower oil, 
soybean oil, FOS, 
structured triglycerol 

Influenza 

Increase in antigen-specific antibody titres in serum 

Higher levels of influenza-activated lymphocytes 

Lower levels of IL-6 and IL-10 

USA 
250 

Adults Prebiotic 
Antioxidants, B vitamins, 
selenium, zinc, FOS, 
structured triglycerol 

Influenza 
Increase in antigen-specific antibody titres in serum 

Increased lymphocyte proliferation 

USA 251 

Adults Prebiotic 
Long-chain inulin and 
FOS 

Influenza Increase in antigen-specific IgG titres in serum UK 252 

Adults 
Prebiotic & 
Probiotic 

B. longum subsp. infantis 
CCUG 52486 

Glucose-derived oligo-
saccharides (Gl-OS) 

Influenza 
No difference in immune cell numbers, 
seroconversion and antigen-specific antibody titres 

UK 253 

Adults 
Prebiotic & 
Probiotic 

B. longum subsp. infantis 
CCUG 52486 

Gl-OS 

Influenza 
No difference in immune cell numbers, 
seroconversion and antigen-specific antibody titres 

UK 254 



  Introduction 

- 23 - 

3. Immune stimulatory properties of selected bifidobacterial 

products 

3.1. Exopolysaccharides 

EPSs are clusters of mono- or oligosaccharides including glucose, fructose, 

galactose, fucose and/or rhamnose forming either homo- or heteropolysaccharides.1,145 

These can be secreted into the intestinal environment or associated with the bacterial 

cell wall.1,7,143,255 Previous studies have demonstrated that the expression of EPS 

plays a crucial role in enhancing adhesion to host cells, providing protection from 

digestion and environmental stress, and facilitating the formation of biofilms, thus 

contributing to long-term colonisation within the GIT.1,7,145,255–257 Additionally, 

bifidobacterial EPS can be metabolised by other microbiota members, promoting 

beneficial colonisation and altering the GIT metabolite milieu, including levels of 

SCFAs.1,255,258–260 Moreover, EPSs can directly stimulate immune cells and IECs via 

activation of TLR1, 2, 4 and/or TLR6, mediating immune modulatory responses.1,6,256 

Depending on their chemo-physical properties, such as molecular weight and 

charge145, EPSs can induce production of distinct cytokine profiles driving naïve CD4+ 

T cell polarisation in a strain-dependent manner.1,261 For instance, EPS from B. 

longum subsp. longum BCRC14634 and B. adolescentis IF1-03 enhance IL-10 

secretion by macrophages and subsequent Treg expansion.6,262 Similarly, B. longum 

subsp. longum 35624 producing EPS, but not an isogenic EPS-negative mutant, 

decreased pro-inflammatory cytokine secretion, suppressing Th17 polarisation.1,263 

EPSs from different B. breve strains are linked to ‘immune silencing’, inhibiting DC 

maturation and CD4+ T cell activation and lowering pro-inflammatory cytokine 

levels.264,265 Conversely, EPS from B. adolescentis IF1-11 stimulates macrophage 

production of high levels of IL-6, IL-17A and TGF-β, and low amounts of IL-10, skewing 

T cell polarisation towards Th17 responses in vivo.1,6 EPSs from B. longum subsp. 

longum XZ01 and B. breve H4-2 activate TLR4 on macrophages, inducing expression 

of IL-1β, IL-6, and TNF-α and increasing phagocytic activity and NO production.266,267 

Interestingly, use of EPS-producing B. breve H4-2 in a murine colitis model lowered 

pro-inflammatory cytokine levels while increasing SCFA, IL-10, mucin, and TJ protein 

production.268 Equally, EPSs from B. longum subsp. longum W11 induced either 
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immune regulatory or immune stimulatory responses in human peripheral blood 

mononuclear cells (PBMCs), depending on the underlying inflammatory state.269 B. 

longum subsp. infantis E4 reduced production of NO, IL-1β, IL-6, and TNF-α in 

macrophages while increasing splenic lymphocyte proliferation and NK cell activity in 

vitro.270 

These studies emphasise the strain- and condition-dependent immunomodulatory 

abilities of bifidobacterial EPS, highlighting potential vaccine adjuvant use challenges.1 

Still, Xiu et al. (2018)271 proposed EPS derived from L. casei as a novel adjuvant, 

opening potential avenues for EPS from probiotics for vaccine optimisation. 

More details about potential immune modulation by bifidobacterial EPS are discussed 

in Results Chapter I. 

3.2. Extracellular microvesicles 

3.2.1. Characteristics and function of BEVs 

Vesiculogenesis is an important cellular response mechanism to internal and 

environmental stressors occurring in all kingdoms of life forms.272,273  

Although widely studied in Gram-negative bacteria for over 60 years43,274–276, it was 

long assumed that Gram-positive bacteria were incapable of producing BEVs due to 

the presence of a thick peptidoglycan cell wall layer. This assumption persisted until 

the first report of BEV production by a Gram-positive bacterium emerged in 1990.277 

Given the focus of this thesis, the present chapter concentrates specifically on BEVs 

derived from Gram-positive bacteria. Comparison with Gram-negative BEVs is 

included only where relevant, primarily to highlight the significant knowledge gaps 

between these distinct classes of BEVs. 

Studies of BEVs produced by Gram-positive bacteria account for ~16% of all BEV-

related studies published between 2015 and 2021, most of which were focused on 

pathogens.278 

a) Biogenesis of BEV types 

BEV biogenesis in Gram-positive bacteria is poorly understood; however, 

several potential mechanisms for vesiculogenesis have been proposed. These include 

I) formation of porous regions along the cell wall, releasing BEVs that bud off from 

protrusions of specific lipid-rich sections with enhanced membrane fluidity of the 
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cytoplasmic membrane via turgor pressure, II) partial degradation of crosslinking 

structures of the peptidoglycan layer through different prophage-encoded endolysins, 

autolysins, proteases, penicillin-binding proteins, and enzymes induced by 

environmental stress, and III) explosive cell lysis (see Figure 3).273,275,279–281 None of 

these mechanisms is unique to Gram-positive bacteria, as they have been previously 

reported for specific Gram-negative BEV subtypes (blebbing for B-type BEVs and 

explosive cell lysis for E-type BEVs, respectively).282,283 Other means of 

vesiculogenesis documented in Gram-negative bacteria, such as secretion at the 

division septum, have not been described in Gram-positive bacteria.273,284 Different 

internal and external factors regulating BEV release have been studied, including 

growth stage, nutrient availability, pH, oxidative stress, and exposure to probiotics and 

antibiotics.285–287 In certain species, specific genes have been linked to the regulation 

of vesiculogenesis, such as transcription factor σB in Listeria monocytogenes288, psm 

in S. aureus289 or spo0A and spf in Group A Streptococcus.290 However, conserved 

genes or general mechanisms applicable to vesiculogenesis in all Gram-positive 

bacteria have yet to be determined.291  

 

Figure 3: Scheme of proposed BEV structure and biogenesis mechanisms in Gram-positive bacteria. 
Created with BioRender.com 
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Gram-positive BEVs can be divided into cytoplasmic membrane vesicles (CMVs) or 

explosive CMVs (ECMVs).283 However, the nomenclature of BEVs has been 

inconsistent and current limitations in isolation and separation methodologies, 

combined with a lack of reliable biomarkers, make it impossible to distinguish BEVs of 

different biogenetic origin. Consequently, preparations often contain heterogeneous 

mixtures of multiple BEV subtypes.283,292 To address this issue, the term BEV has been 

proposed as an overarching designation for studies involving diverse bacterial vesicles 

and is therefore used consistently throughout this thesis.278 

BEV production is a continuous process by metabolically active bacteria, resulting in 

the release of heterogeneous BEVs varying in biogenesis, size, yield and content, 

which support various vital cellular functions.280 

b) Functions based on content and size 

BEVs are nano-sized (20-400nm), spherical, membranous structures, and 

similar in appearance to Gram-negative BEVs.278 

Depending on the respective biogenesis pathway and growth cycle, they contain 

various components of their parental organism, including proteins (both membranal 

and cytoplasmic)293,294, peptidoglycan, LTAs, and other elements of the cell 

membrane295–297, small genetic molecules such as RNA (including messenger RNA 

[mRNA], transfer RNA [tRNA], ribosomal RNA [rRNA], and small RNA [sRNA])295,298–

300 and DNA (of chromosomal, plasmid, and prophage origin, as well as extracellular 

DNA [eDNA])295,301,302, lipoprotein303, virulence factors304, metabolites305,306 and 

specific enzymes, that are robustly protected from external degradation.273 Although 

cargo selectivity has been documented in different Gram-positive bacteria via 

differences in multi-omic profiles between bacteria and BEVs280, active selection and 

loading pathways in Gram-positive bacteria have yet to be determined.283,290,303 

However, BEVs originating from S. aureus have been shown to contain increased 

numbers of positively charged proteins, suggesting a passive sorting mechanism 

based on electrostatic interactions between differently charged membrane domains 

and proteins at the vesicle formation site.283,307 A further key role that BEVs play for 

their bacterial host is that they enable the release of molecules that cannot be exported 

via classical secretion systems.283 
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Factors, such as bacterial growth stage and nutrient availability, influence the 

biogenesis of BEVs and similarly affect cargo load and size of the released vesicles, 

in line with specific environmental or internal stress responses. Essential for 

interspecies and interkingdom communication308,309, BEVs of both Gram-positive and 

Gram-negative bacteria can mediate resistance, inactivation and /or degradation of 

antibiotics43,310–312, nutrient acquisition and metabolism313,314, quorum sensing315, 

pathogenesis and virulence291, colonisation, and/or biofilm formation and 

maintenance.43,302 The diverse cargo of BEVs enables multifaceted functions, 

including potential horizontal gene transfer, AMP delivery, and antibiotic and ROS 

protection to neighbouring bacteria.105,310,316 They also aid in bacterial survival by 

removing misfolded proteins.283 

BEVs derived from pathogens promote adherence to host cells, penetration of the 

mucosal layer, enhance virulence, and aid in immune evasion.43,317 Specifically, BEVs 

can be used as decoys to escape neutrophil extracellular traps (NETs)318, 

antimicrobial fatty acids and peptides319, complement system factors, as well as 

neutralising phages, and membrane-targeting antibiotics.283,320,321 

BEVs from commensal bacteria contribute to cooperation and syntrophic interactions 

among members of complex microbial communities.1 They also act as mediators of 

interkingdom communication between members of the GIT microbiota and the host, 

thus facilitating microbiota homeostasis.287,322,323 BEVs packaged with degrading 

enzymes and bacteriocins can be used to exhibit antibacterial and antifungal activity, 

protecting the host from pathogenic invasion.273,324 Due to their size and packaged 

MAMPS, BEVs are ideal for molecular delivery to distant sites within the host. Indeed, 

BEVs derived from the GIT microbiota have been detected in the bloodstream, from 

where they can access different tissues, including the brain.325,326 They can cross the 

intestinal barrier para- and/or transcellularly and stimulate local and systemic immune 

responses.326,327 Interestingly, BEVs from the maternal GIT microbiota can cross the 

placental barrier and interact with the foetus prenatally, as identical BEV profiles were 

detected in amniotic fluid and maternal microbiota samples. In vivo tests confirmed 

BEV presence within the amniotic space.328 

c) Signalling and cargo delivery 

BEVs utilise two distinct mechanisms to exert their effects: I) direct interaction 

with the target cell membrane and II) delivery of bioactive cargo to target cells.282 A 



  Introduction 

- 28 - 

direct interaction suggests binding of surface molecules of BEVs to specific receptors 

on the surface of the respective target cell, which results in downstream signal 

transduction and activation.282 This is crucial for many immunomodulatory properties 

of BEVs and is discussed in more detail below. 

Uptake of BEVs by target cells occurs via specific mechanisms, which is dependent 

on cell type and BEV size and structural surface composition. The majority of cellular 

uptake of BEV has been associated with pinocytotic and/or endocytotic pathways.326 

Many studies have reported membrane fusion between BEVs of one bacterial strain 

with other co-cultured bacteria, leading to delivery of bacteriocins, cell-wall-degrading 

enzymes and other antimicrobial peptides, which in turn inhibit growth of competing, 

pathogenic strains.273,324,329 Vesicular inter-bacterial interactions can also support 

survival of syntrophic microbes through the delivery of specific metabolites, and 

promoting micronutrient acquisition and cross-feeding.273,330 Target specificity of BEV-

bacterial membrane fusions has been proposed, though the underlying mechanisms 

still need elucidation.283 Similarly, BEVs have been shown to fuse with cholesterin-rich 

domains of host cell membranes to release their content, which can further be 

facilitated by host cell lipid rafts.273,283,331 Other modes of delivery to host cells 

described in Gram-positive BEVs include dynamin-dependent, clathrin-dependent 

endocytosis and phagocytosis.280 Interestingly, preferred BEV entry mechanisms for 

distinct host cell types have been reported, such as clathrin-dependent endocytosis 

for Cutibacterium acnes-derived BEV internalisation in human epidermal 

keratinocytes, and lipid rafts for S. aureus BEV delivery in epithelial cells.273,332,333 

Although currently not documented in Gram-positive BEVs, additional routes of BEV 

uptake, such as actin-driven micropinocytosis, caveolin-mediated endocytosis, and 

non-caveolin and non-clathrin-mediated endocytosis, as seen in Gram-negative 

BEVs, could also potentially exist in Gram-positive BEVs.280,326 Additionally, BEVs 

have been shown to translocate transcellularly through epithelial and endothelial cells 

following similar internalisation routes, as well as via paracellular transport.283,325 

More details about BEV uptake and translocation are discussed in Results Chapter III. 

3.2.2. Use of BEVs in immune stimulation and therapeutics 

The immune system responds to the MAMPs and other microbial signals from 

BEVs by activating specific PRRs and subsequently producing cytokines.334 For 
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instance, surface MAMPs of BEVs from S. aureus were found to activate TLR2 and 

TLR4, whereas loaded RNA and DNA of these BEVs were detected by TLR7, 8 and 

9, respectively.43,295 Consequently, BEVs derived from pathogens can induce immune 

responses against the vesicles themselves and their parental bacterium, while 

commensally derived BEVs act similarly to other postbiotics.335 

As a result, BEVs have been gaining importance for applications in drug delivery, 

immune therapy and vaccination. They remain stable across a wide temperature and 

pH range. They are resistant to enzymatic degradation, allowing protective delivery of 

antigens, drugs and/or bacterial compounds directly and needle-free to mucosal 

sites.1,274,325,336,337 Indeed, BEVs have been shown to deliver biologically relevant, 

highly concentrated doses of bioactive molecules, such as β-lactamases, virulence 

factors, or quorum-sensing molecules, promoting gene expression changes, antibiotic 

survival or apoptosis in the recipient cell.283 Additionally, BEVs are non-replicating and 

inanimate, limiting the risk of potential adverse effects.1 Still, due to their immunogenic 

composition and self-adjuvant features, they promote strong innate and adaptive 

immune responses and protection against infectious diseases.1,335,338 Compared to 

live bacteria, BEVs derived from probiotic bacteria have a further enhanced safety 

profile after administration, thus gaining attention as potential alternatives to 

probiotics.339 Due to their proven antimicrobial activity and inhibition of pathogens, 

including antibiotic-resistant bacteria, probiotic BEVs from L. paracasei and L. 

plantarum are proposed as a novel form of antimicrobials.340–342 Moreover, BEVs have 

also been found to transfer phage entry receptors to invasive bacteria, further inhibiting 

pathogenic growth in combination with phage therapy.280,343 

Postbiotic administration of BEVs derived from probiotic Escherichia coli strains to 

neonatal rats enhanced plasma IgG, IgA and IgM titres, increased splenic Tct and NK 

cell counts. It promoted gene expression towards maturation, homeostasis and 

protection of the GIT.344 Similarly, Lactobacillus sakei subsp. sakei NBRC15893-

derived BEVs promote IgA production in murine PPs via TLR2 activation on DCs and 

subsequent IL-6, RA and NO production.345,346 

In vitro screening of BEVs derived from different probiotic and commensal E. coli 

strains revealed strong DC stimulation to induce T cell polarisation towards pro- and 

anti-inflammatory phenotypes via distinct cytokine and exosome profiles in a strain-

dependent manner.347 BEVs from other commensal bacteria, such as L. plantarum, 
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Clostridium butyricum, E. coli Nissle 1917 and Bacteroides thetaiotaomicron also 

induce anti-inflammatory responses by polarising macrophages towards an M2 

phenotype, producing IL-10.348–353 Additionally, BEVs from E. coli Nissle 1917 and 

Bacteroides fragilis also improve the gut barrier by enhancing TJ functionality and 

production of AMPs and anti-inflammatory cytokines.354,355 Improvement of gut barrier 

integrity, enhanced communication with IECs, and reduced permeability – key factors 

in maintaining immune homeostasis – have been associated with probiotic BEVs in 

therapeutic in vivo studies. These effects are linked to the regulation of TJ proteins, 

including Zonula Occludens (ZO)-1, occludin, and claudins, and have been 

demonstrated in models of chronic colon inflammation, irritable bowel syndrome (IBS), 

ulceritis, and allergies.286,339,356 

Epithelial cells treated with BEVs from Faecalibacterium prausnitzii increased 

production of TNF-α, IL-4, IL-8 and IL-10 while decreasing IL-1β, IL-2, IL-6, IL-12, IL-

17A, and IFN-γ levels.357 Additionally, BEVs from the GIT microbiota were able to 

prime neutrophils, inducing production of TNF-α, IL-6, MCP-1, and ROS, and 

enhancing migration and phagocytosis in vivo.358 They also activate TLR2 and TLR4 

in macrophages and IECs, promoting IL-6 and IL-8 secretion, further increasing 

recruitment of neutrophils.43 Pathogen-derived BEVs also induce production of NETs, 

enhancing clearance of the respective pathogen.359 In macrophages, they have been 

found to trigger inflammasome activation.283,303 

The therapeutic potential of BEVs has been demonstrated in different pathological 

conditions: L. plantarum BEVs induced expression of specific microRNAs, which are 

linked to reduced ischemic neuronal cell death, giving rise to novel ischemic stroke 

treatments.360 Oral administration of BEVs from the same species had similar 

therapeutic effects as hormonal drugs in a chronic skin inflammation mouse model via 

macrophage polarisation towards anti-inflammatory M2 phenotype.361 In other studies, 

BEVs from other Ligilactobacillus (formerly Lactobacillus) species were able to support 

wound healing, revascularisation, follicle reconstruction, and scarring reduction 

through similar anti-inflammatory stimulation.339,362–364 They have also been found to 

protect against HIV-1 infection, inhibiting viral attachment and entry into vaginal ex 

vivo tissue365, as well as osteoporosis, stimulating osteoblast formation and bone 

density.366 Similarly, in combination with vitamin D3, they reduce H. pylori attachment 

to gastric cells and lower H. pylori-induced inflammation, holding potential for H. pylori 
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therapy.367 Moreover, BEVs have also been found to improve cancer vaccine and 

therapy outcomes via induction of long-term anti-tumour responses dependent on IFN-

γ without detectable adverse effects.368 In another study, bioengineered BEVs from E. 

coli were used to carry small interfering RNA (siRNA) to target and kill cancer cells.369 

Recently, Ligilactobacillus-derived BEVs were found to induce IL-12 production in DCs 

via TLR9 activation without promoting IL-10 secretion, mediate T cell polarisation 

towards Th1 and Tct responses and enhance checkpoint blockade therapy efficacy in 

vivo.370 In a different study, they were shown to downregulate cancer-specific genes 

and induce apoptosis, leading to cytotoxic effects on hepatic and colorectal cancer 

cells and reduced tumour size.368,371,372Given that studies focusing on BEVs derived 

from Gram-positive, commensal and probiotic strains have been scarce, there is 

potential for novel immunostimulants in vaccine development, immunotherapy and 

drug delivery, especially when paired with targeted bioengineering.278 However, to 

date, no clinical studies on probiotic BEVs in therapeutic settings − against infectious 

or non-infectious diseases − have been performed.286 

3.2.3. Bifidobacterial BEVs 

Understanding of bifidobacterial BEV properties and potential applications is in 

its infancy, as only a handful of studies have focused on BEVs derived from 

Bifidobacterium species (see Table 2). 

Similar to studies focusing on administration of whole Bifidobacterium and/or their 

metabolites (e.g. EPS, acetate), there are strain-dependent differences in the induced 

immune modulation by bifidobacterial BEVs. However, due to the limited number of 

findings and their differing focus and study models, no clear conclusions can be drawn 

yet. Still, abundance of peptidoglycans and moonlighting proteins that induce immune 

responses, such as extracellular solute-binding proteins (ESBPs) and chaperone 

GroEL, appear to be common denominators for immune modulation by bifidobacterial 

BEVs. 

Table 2: Overview of studies using bifidobacterial BEVs 

Parental strain Study model Immune modulation 
Underlying 
mechanism 

Ref 

B. bifidum 
LMG13195 

DC and naïve T 
cell co-cultures 

Increased production of IL-10 

Enhanced T cell polarisation 
towards Tregs 

Not stated 373 
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Parental strain Study model Immune modulation 
Underlying 
mechanism 

Ref 

B. longum subsp. 
longum KACC91563 

Murine allergy 
model 

Induced apoptosis of mast 
cells 

No disturbance of T cell 
responses 

Improved allergy symptoms 

ESBPs within BEVs 
induce immune 
modulation 

374 

B. longum subsp. 
longum NCC2705 

In vitro mucin 

In vivo mice 

Increased adhesion and 
persistence in the GIT 

High abundance of 
mucin-binding 
proteins 

375 

B. bifidum BIA-7 Epithelial cells 
Increased expression of TJ 
proteins 

Activation of aryl 
hydrocarbon 
receptor (AhR) 
signalling pathway 

376 

B. longum subsp. 
infantis JCM1222T 

Ex vivo murine 
PP cells 

In vitro murine 
macrophages 

Induction of IgA production in 
PP cells 

Increased IL-6 production in 
macrophages 

ESBPs within BEVs 
induce immune 
modulation 

377 

B. longum subsp. 
longum AO44 

Splenocytes 

DC-CD4+ T cell 
co-cultures 

Increased IL-10 production 
ESBPs within BEVs 
induce immune 
modulation 

308 

B. longum subsp. 
longum 

Mice 
Increased TNF-α, CD40 and 
CD80 levels in splenic 
macrophages 

Increased amounts 
of peptidoglycan 
and ODN 

378 

B. longum subsp. 
longum NSP001 

Colitis mouse 
model (both 
pseudo-
germfree and 
non-germfree) 

In vitro murine 
macrophages 

Inhibition of M1-type 
macrophage polarisation and 
IL-1β, IL-6, IL-17A and  
TNF-α production 

Restoration of MUC2, ZO-1, 
and Occludin production 

Reduced macrophage, 
neutrophil and Th17 cell 
infiltration; Treg increased 

Increased expression of  
IL-10 and TGF-β 

Inhibition of 
phosphorylation of 
STAT3 

Increased SCFA 
production via 
microbiota 
composition shift 

379 

Mixture of B. longum 
subsp. infantis 
(Bi26), B. bifidum 
(Bb-02), B. longum 
subsp. longum (Bl-
05), B. bifidum (Bb-
06), B. lactis (Bl-04), 
B. lactis (Bl-07) and 
B. breve (Bb-03) 

Lung cancer 
mouse model 

In vitro human 
and murine lung 
cancer cells 

Murine small 
intestinal tissue 
and human lung 
cancer 
organoids 

Increased programmed cell 
death 1 ligand 1 (PD-L1),  
IL-2 and IFN-γ expression 

Increased tumour-infiltrating 
CD8+ T cells 

Enhanced therapeutic 
efficacy of anti-programmed 
cell death 1 (PD-1) 

Reduced levels of TNF-α 

TLR4-NF-κB 
pathways activation 

Downregulation of 
Ras-MAPK, TGF-β, 
and angiogenesis 
pathways 

380 
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Parental strain Study model Immune modulation 
Underlying 
mechanism 

Ref 

B. longum subsp. 
infantis 

In vitro murine 
macrophages 

IBD mouse 
model 

Macrophage polarisation 
driven from M1- to M2-
phenotypes 

Reduction of IL-1β, IL-2, IL-6, 
and TNF-α expression 

Increase of IL-10 and TGF-β 
levels 

Not stated 381 

B. longum subsp. 
longum 15707 

Hepatocellular 
carcinoma 
mouse model 

Decreased intracellular ROS 
levels and apoptosis 

Lowered tumour incidence 
rate and tumour number 

Increased levels of anti-
oxidant proteins 

Attenuation TGF-β 
signalling and 
Smad3 
phosphorylation 

382 

 

López et al. (2011)373 compared immunomodulatory properties of whole B. bifidum 

LMG13195 and their produced BEVs, indicating increased immunosuppression, IL-10 

release and Treg cell abundance in vitro after exposing DCs to BEV fractions. Equally, 

BEVs from B. longum subsp. longum AO44 exerted anti-inflammatory responses, 

inducing IL-10 production in murine splenocytes and co-cultures of DCs priming naïve 

CD4+ T cells.308 Oral administration of B. longum subsp. longum NSP001- and B. 

longum subsp. infantis-derived BEVs resulted in dampening colitis and IBD symptoms, 

respectively, enhancing intestinal barrier function, reducing pro-inflammatory immune 

cell differentiation and cytokine production, and promoting anti-inflammatory cytokine 

secretion, alterations in gut microbiota composition and subsequent SCFA 

production.379,381 Similar improvement has also been documented in pseudo-germfree 

mice (i.e., mice with antibiotic-depleted GIT bacteria), indicating that the anti-

inflammatory effects of these BEVs are independent of their microbiota effects.379 

Tests of B. longum subsp. longum KACC 91532-derived BEVs revealed beneficial 

effects in the context of food allergies. Family 5 ESBPs within vesicles directly 

interacted with resident mast cells in the small intestinal lamina propria to induce 

targeted apoptosis. The parental Bifidobacterium and their BEVs did not induce cell 

death in T cells, B lymphocytes or eosinophils in vitro and in vivo, specifically targeting 

mast cells.374 Additionally, BEVs derived from B. longum subsp. longum NCC2705 and 

B. bifidum BIA-7 interact with the epithelial barrier, adhering to mucin, translocating 
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into IECs and improving the expression of TJ proteins such as occludin and 

cytochrome P450 family 1 subfamily A member 1 (CYP1A1) through activation of the 

AhR pathway.375,376 Interestingly, only treatment with BEVs from B. bifidum BIA-7, but 

not with the whole cell parent, activated AhR signalling.376 

Immune stimulation was reported for BEVs from B. longum subsp. infantis JCM1222T 

and B. longum subsp. longum, inducing the production of pro-inflammatory cytokines 

and co-stimulatory molecules by macrophages.377,378 Kurata et al. (2022)377 identified 

a specific ESBP present within the BEVs to activate TLR2 on macrophages, leading 

to the release of IL-6 and subsequent promotion of IgA secretion in ex vivo PP cell 

cultures. Comparing the potential immune modulation by BEVs derived from B. 

longum subsp. longum and L. plantarum WCFS1, Morishita et al. (2023)378 found that 

bifidobacterial BEVs have increased potential to promote TNF-α, CD40 and CD80 

expression in splenic macrophages compared to L. plantarum-derived BEVs. 

Compositional differences revealed higher levels of cell wall-derived peptidoglycan 

and ODN in bifidobacterial BEVs. Noteworthy, immune stimulation by both BEV types 

was only detectable when administered subcutaneously, but not intravenously.378 

Most recently, oral administration of a cocktail of BEVs from different Bifidobacterium 

strains showed potential synergy with the anti-PD-1 cancer treatment of lung cancer 

via TLR4 activation, inducing expression of key cytokines and PD-L1, increasing 

immune cell infiltration into the tumour, and downregulating oncogenic pathways.380 

Taken together, BEVs derived from Bifidobacterium strains that possess 

immunomodulatory properties have great potential to induce similar immune 

responses as their parent in a cell-free manner. Considering the benefits of 

Bifidobacterium species to overall immunity, bifidobacterial BEVs may be attractive 

candidates for developing novel therapeutics. 

4. Bifidobacterial BEVs as potential novel vaccine adjuvants 

4.1. Influence of the infant GIT microbiota on immunity and 

vaccination 

Given the intimate, bidirectional relationship between the immune system and 

GIT microbiota, and their concurrent development during the period of major vaccine-

induced immunisation, a gut-vaccination axis has emerged. Notably, the abundance 
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of certain bacterial species positively and/or negatively impacts immune responses to 

different vaccines.1 For instance, Huda et al. (2014)383 reported a positive association 

between Actinomycetota abundance and systemic immune responses after 

administration of Bacillus Calmette-Guérin (BCG), tetanus, OPV, and hepatitis B 

vaccines in Bangladeshi infants. In contrast, predominant Enterobacteria exhibited 

negative effects on vaccine efficacy.383 In a follow-up study, Bangladeshi infants with 

highly abundant Bifidobacterium species (i.a. Actinomycetota) showed elevated CD4+ 

T cell responses and higher levels of antigen-specific IgG and IgA to BCG, tetanus, 

and polio vaccine at 15 weeks and 2 years of age.1,90 A comparative study on the 

microbial profiles of children from Ghana, Pakistan, Bangladesh, and the Netherlands 

found that responders to RV vaccination shared similar microbiota compositions to 

healthy age-matched Dutch infants rather than non-responders from the same cohort. 

This responder microbiota included a higher abundance of Clostridium cluster XI and 

Pseudomonadota and lower amounts of members of the Bacteroidota phylum, 

highlighting a potential link between distinct microbiota profiles with key bacterial 

species and subsequent heterologous vaccination outcomes across different 

populations.1,4,384,385 However, similar studies conducted in India, Malawi, the UK, 

Zimbabwe and Nicaragua could not reproduce similar correlations between specific 

members of the GIT microbiota and RV vaccine efficacy, underlining limitations in 

comparability and lack of consistency of related studies.108,386–390 Still, Parker et al. 

(2021)108 did find that infants with a more diverse and ‘mature’ microbiota signature 

responded less to oral RV vaccination than those with a ‘healthy’, undisturbed early-

life microbiota trajectory (see Figure 2).  

Conversely, increased poliovirus-specific IgA responses were attributed to high 

abundance of Bifidobacterium species in Chinese infants following OPV 

administration.391 High abundance of Bifidobacterium species was also positively 

associated with higher serum levels of neutralising antibodies in recipients of the 

CoronaVac SARS-CoV-2 vaccine.392 In French children receiving the DTaP/Hib 

vaccine, poliovirus-specific IgA levels were elevated in infants with high abundance of 

B. longum subsp. infantis.224 Similarly, B. longum subsp. infantis was also found to be 

a key stimulatory species in BCG high-responders with elevated numbers of CD4+ 

Tcm and Tem, neutrophils, and lowered levels of pro-inflammatory monocytes, 

whereas B. thetaiotaomicron was predominant in low-responders.393 However, B. 
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breve was inversely correlated to serum IgA titres to polio and cholera 

vaccination.90,229  

Taken together, these observations further highlight the intricate interactions between 

the host’s immune system, gut microbiota, and vaccination.218 The microbiota plays a 

multi-factorial role in activating and regulating immune responses, affecting 

vaccination success. Due to this immunomodulatory potential, use of BEVs as 

possible natural adjuvant and antigen carrier has been investigated to maximise 

vaccine efficacy.1,3,81 

4.2. BEVs in vaccination studies and formulations 

Since immune stimulation by inactivated, subunit or nucleic acid antigens is 

less effective than seen in live-attenuated vaccines, many established vaccines 

require adjuvants to boost immunogenicity, contributing to efficacy variations within 

populations. Adjuvants activate and modulate innate immune responses, enhance the 

immunogenicity of antigens even at lower doses, and induce T and B cell-directed 

memory.81,394,395 Moreover, adjuvants allow fine-tuning specific immune responses 

(see Table 3).  

Table 3: Overview of different adjuvant types used in vaccine studies31,395,396 

Adjuvant Type Immune stimulation 
Associated 

vaccine 
Develop-

ment Stage 
Ref 

Alum Mineral salt 

Controlled antigen 
release 

Induction of DC and 
Th2 responses, and 
inflammasome 

Hepatitis A & B, 
human 
papillomavirus 
(HPV), DTaP, 
Hib, MenA & B, 
PCV 

Licensed for 
use in 
humans 

397–

400 

Alhydroxiquim-
II 

Alum-absorbed 
Polyethylene 
glycol (PEG)–
Glucuronid-
Linker–Imidazo-
[4,5-c]-chinolin 

TLR7/8 ligand 

Lymph node antigen 
delivery and 
controlled release 

SARS-CoV-2 

Licensed for 
use in 
humans 

397,

401 

Cholera toxin Toxoid 

DC activation 

Increased mucosal 
antigen uptake 

Mucosal IgA and Th 
production 

Cholera, 
Naegleria 
flowleri, HIV, 
Malaria, 
Heliobacter 
pylori 

Licensed for 
use in 
humans 

Pre-clinical 

398,

402–

408 
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Adjuvant Type Immune stimulation 
Associated 

vaccine 
Develop-

ment Stage 
Ref 

Cytosine-
phosphate-
guanine 
oligodeoxy-
nucleotides 
(CpG ODN) 

Bacterial 
oligonucleotide 

TLR9 ligand 

Increase of Th1-
specific cytokines 

Stimulating CD8+ T 
cell activity 

Enhanced IgG class 
switching 

Inducing DC 
maturation 

Hepatitis B, 
SARS-CoV-2, 
PCV, HIV 

Licensed for 
use in 
humans 

Phase I & II 

397,

409–

411 

Virus-like 
particle (VLP), 
Virosomes 

Viral proteins 

Improved APC 
antigen uptake 

Promoting T and B 
cell activation 

Hepatitis A & B, 
HPV, Influenza 

Licensed for 
use in 
humans 

412–

415 

MF59, AS03 
Oil-in-water 
emulsion 

APC activation 

Modulation of 
humoral and cellular 
immune responses 

Influenza 

Licensed for 
use in 
humans 

416–

419 

ISA51 
Oil-in-water 
emulsion 

Increased humoral 
response 

Enhanced T cell 
activity 

Influenza Phase II 
419–

421 

Monophos-
phoryl lipid A 
(MPL), AS04 

Non-toxic 
derivative of 
LPS 

TLR4 ligand 

Induction of APC 
maturation 

Stimulation of Th1 
responses 

Enhanced humoral 
and cellular immune 
responses 

Hepatitis B, 
HPV 

Licensed for 
use in 
humans 

422–

424 

QS-21 

Purified plant 
extract 
containing 
saponins 

Enhanced humoral 
and cellular immune 
responses 

Stimulation of Tct 
responses 

Varicella-zoster, 
Malaria, 
Respiratory 
syncytial virus 
(RSV) 

Licensed for 
use in 
humans 

425,

426 

Matrix-M 
Protein 
nanoparticle 

Increased humoral 
response 

Enhanced T cell 
activity 

SARS-Cov-2 Phase II 
427,

428 
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Adjuvant Type Immune stimulation 
Associated 

vaccine 
Develop-

ment Stage 
Ref 

VAX2012Q, 
VAX125 

Bacterial 
flagellin 

TLR5 ligand 

Increased humoral 
response 

Enhanced DC, IEC, 
T and NK cell activity 

Influenza, 
Plague 

Phase II 
429–

435 

Rintatolimod, 
PIKA 

Poly I:C, dsRNA 
polymer 
analogue 

TLR3 ligand 

Increased humoral 
response 

Induction of Th1 and 
Th17 responses 

Influenza, 
Rabies, HIV 

Phase I & III 
436–

439 

GM-CSF Cytokine 

Improved mucosal 
IgA responses 

Activation of DCs 
and T cells 

HIV, SARS-
CoV-2 

Phase I & II 
440–

444 

IFN-α Cytokine 
Improved mucosal 
IgA responses Influenza Phase I 

442,

445 

CCL3 Chemokine 
Improved mucosal 
IgA responses 

HIV Pre-clinical 446 

α-GalCer Glycophingolipid 

PRR ligand 

Induction of Th1 
responses 

Improved mucosal 
IgA responses 

Hepatitis B, 
Influenza, 
Malaria, Middle 
East Respiratory 
Syndrome 
(MERS) 

Phase II 

Pre-clinical 

447–

450 

Chitosan Polysaccharide 

PRR ligand 

Induction of Th2 
responses 

Improved mucosal 
IgA responses 

Activation of 
complement system 

Norovirus 

H. pylori 
Phase II 

451–

453 

BEVs 
Bacterial 
nanoparticles 

PRR ligand 

Inducing activation 
and maturation of 
APCs 

Meningitis B 
(MenB) 

Hepatitis B 

Licensed for 
use in 
humans 

Pre-clinical 

279,

297,

454–

456 

 

However, many adjuvants have potential safety risks in human use, causing severe 

adverse effects such as chronic inflammation.81,457 Due to this, some adjuvants are 

partly responsible for the increased vaccine hesitancy in recent years.458  
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Additionally, the formulation of optimal vaccines and the discovery of optimal adjuvants 

remain challenging, especially for mucosal vaccines, as they require different types of 

adjuvants than those used for parenteral vaccines.459 Only a few adjuvants are usable 

in different vaccine types, such as CpG ODN.396 Ideally, an orally administered 

adjuvant is resistant to stomach acid and able to induce mucosal immunity without 

causing adverse GIT symptoms.31 In a comparative study, BEVs from Burkholderia 

pseudomallei showed superior vaccine adjuvant properties with more robust cellular 

and humoral responses than traditional adjuvants, including alum, heat-killed bacteria, 

and CpG ODN.460 In pre-clinical vaccination trials, M. tuberculosis BEV formulations, 

without additional adjuvants, had similar efficacy as the BCG vaccine, and acted as 

strong adjuvants when administered in combination with BCG, improving both humoral 

and cellular immune responses.280,461 BEVs from non-pathogenic S. aureus and S. 

pneumoniae are being used as vaccination platforms in mice, providing cross-

protection against pathogenic strains and lowering lethality of sepsis and pneumonia, 

respectively.289,462  

To date, three vaccine formulations using Neisseria meningitidis BEVs have been 

commercially used, generating high cross-protection rates in both adults and 

children.455,463,464 

Still, BEVs are extremely heterogeneous, varying in size and cargo even when 

deriving from the same bacterial strain, requiring thorough screening and 

characterisation of potentially immunomodulatory candidates.287,465–467 

Bioengineering of suitable non-pathogenic and/or probiotic BEVs to carry specific 

antigens from pathogens and/or altered amounts of eDNA, CpG ODNs, and other 

immunostimulants could further increase immune activation and vaccine 

efficacy.273,286 Consequently, potential probiotic adjuvants such as bifidobacterial 

BEVs gain increased attention as they robustly deliver MAMPs for immunomodulation 

with reduced risk of adversity and are suitable for use in vulnerable populations such 

as infants and the elderly.81,468  

5. Conclusions and perspectives 

Bifidobacterium plays a major role in immune maturation, intestinal 

homeostasis, vaccine responsiveness and overall health in early life. Their great 

immunomodulatory properties have been attributed to several bacterial compounds, 
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including peptidoglycan, specific surface and cytoplasmic proteins, and DNA, as well 

as key metabolites such as acetate and EPS. Complex postbiotics such as 

bifidobacterial BEVs seem to contain a variety of these immune stimulators and 

promote similar immune responses as their parental strain. Additionally, due to their 

biophysiological properties, they have advantages over live probiotics regarding 

robustness and biodistribution. Thus, bifidobacterial BEVs show great potential for 

distinct immune therapies against allergies, cancer or low immunogenicity, making 

them attractive novel adjuvant candidates in future vaccination trials. Bacterial 

compounds and products are becoming increasingly accepted and used within 

commercial vaccine formulations. However, most of these adjuvants derive from 

bacterial virulence factors such as LPS and cholera toxin, potentially triggering 

overstimulation, uncontrolled inflammation and increased intestinal barrier 

permeability.395 Thus, potent immunostimulants from probiotic bacteria such as 

Bifidobacterium require more investigation to uncover BEVs that modulate the 

cytokine network and activate immune cells in a consistent and vaccine-promoting 

manner. Still, our understanding of optimised bifidobacterial vesiculogenesis, key 

immunomodulatory BEV components and potential next-step application is still in its 

infancy. 

6. Thesis aims and objectives 

B. pseudocatenulatum has probiotic potential and exhibits numerous beneficial 

properties, including the ability to induce favourable shifts in metabolic and microbiota 

profiles, and to mitigate inflammatory responses associated with chronic inflammation, 

obesity, diabetes, cancer, and other morbidities. Postbiotics derived from 

immunodulatory B. pseudocatenulatum strains also hold promise for novel 

applications in immune therapy and vaccination.  

This thesis aims to test the hypothesis that BEVs from distinct B. pseudocatenulatum 

strains can elicit beneficial immune responses with host cells. The strains used in this 

thesis were selected due to their previously documented immunomodulatory 

properties, such as priming DCs, inducing cytokine production, and exerting anti-

cancer responses in both healthy and diseased preclinical models. These strains were 

originally isolated from a healthy, full-term, breastfed British infant prior to 

weaning88,469, providing a clinically-relevant context for investigating the mechanistic 
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basis of the immune-stimulatory properties of their BEVs. The specific aims, therefore, 

are to classify and quantify the vesicular content of different BEV preparations and to 

investigate their interactions with various immune cell types in vitro, with the ultimate 

goal of identifying mechanisms that could enhance immunogenicity.  

Results Chapter I examines the optimal growth conditions for potential heterological 

vesiculogenesis in the B. pseudocatenulatum strains when utilising simple and 

complex carbohydrates within a growth medium optimised for next-step BEV 

purification and human trials. Therefore, I created and optimised a human and animal 

product-free growth medium using different established medium recipes for ideal 

bacterial and BEV yield and compared growth dynamics of the B. pseudocatenulatum 

isolates. Finally, I have standardised growth and BEV isolation conditions. 

Results Chapter II addresses BEV isolation and purification strategies for 

Bifidobacterium strains to attain reproducibility, composition consistency and purity. 

Hence, I optimised the bifidobacterial BEV preparation and produced stocks of 

selected BEVs. Since BEV cargo is multifaceted, biophysiological properties of the 

BEVs, including morphology using transmission electron microscopy (TEM), 

concentration and size range using nanoparticle tracking analysis (NTA), and cargo 

composition using fluorometric quantification, were characterised. Moreover, protein 

content was identified by proteomic analysis. Proteomic profiles of the BEVs are 

investigated for protein abundance differences and presence of potential 

immunomodulatory proteins. 

Results Chapter III examines interactions between the BEVs and epithelial and 

selected immune cells per the detected immunomodulatory proteins. Thus, I 

determined cytokine profiles of BEV-treated human IECs, monocytes, macrophages 

and PBMCs, and murine bone-marrow-derived DCs (BMDCs) and splenocytes. I also 

investigated BEV-IEC interactions in more detail regarding potential uptake and TJ 

modulation mechanisms. Finally, I investigated the potential release of IgA from BEV-

treated ex vivo PP cell fragments and initiated quantification of enhanced immune 

responses in macrophages and IECs following bifidobacterial BEV administration 

under ‘infection-like’ conditions (i.e., exposure to LPS) in vitro. 
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II. MATERIALS AND METHODS 

1. List of Equipment 

Table 4: Overview of all used equipment throughout the project 

Used Apparatus Model and Supplier Notes 

Anaerobic cabinet 

Ruskinn Concept Plus (Serial No: 1213NCP02; 
~230 Vac-50HZ-200W; Ruskinn Technology Ltd, 
Pencoed Technology Centre, Pencoed, UK) 

Used in initial growth 
assays but changed later 

MiniMACS Anaerobic Workstation (Don Whitley 
Scientific Ltd, Shipley, UK; Serial No: 
MM11148WG) 

Used in initial growth 
assays but changed later 

Baker Ruskinn Concept 1000 (Serial No: 
DP0505; Ruskinn Technology Ltd, Pencoed 
Technology Centre, Pencoed, UK) 

Standard for 
Bifidobacterium growth 

BEV isolation system 
Easy-load® Masterflex L/S Economy Drive (Cole 
Parmer®, Model 7518-00, USA) 

Standard for BEV 
preparation 

Bottle-top filter unit 
Millipore Millivac® Maxi Vacuum pump (Model 
SD1P014M04; Merck, Darmstadt, Germany) 

Standard for BEV 
preparation 

Centrifuge 

Eppendorf Centrifuge 5810 R (Eppendorf SE, 
Hamburg, Germany) 

Standard for 25-50mL 
volumes 

Eppendorf Centrifuge 5415 D (Eppendorf SE, 
Hamburg, Germany) 

Standard for ≤ 2mL 
volumes 

Beckman J2-HS Centrifuge with JLA 10.500 
rotor (Beckman Coulter™, USA) 

Standard for ≥ 50mL 
volumes 

EVOM2 Epithelial 
voltmeter with 
chopstick electrode 

EVOM2 (World Precision Instruments, Sarasota, 
USA) 

Standard for 
Transepithelial Electrical 
Resistance (TEER) 
measurement 

Flow Cytometer 
BD LSRFortessa™ Cell Analyser (Becton, 
Dickinson and Company, USA) 

Used for pilot in vivo 
characterisation 

Fluorometer 

Qubit®2.0 instrument (Thermo Fisher Scientific 
[Invitrogen], Hemel Hempstead, UK) 

Standard for DNA, RNA, 
and protein quantification 

Qubit 3.0 instrument (Thermo Fisher Scientific 
[Invitrogen], Hemel Hempstead, UK) 

Standard for QIB 
Sequencing Facility 

Incubator 

Sanyo CO2 incubator (incu safe copper alloy 
stainless; IR sensor; safe cell UV; Code MCO-
20AlC; Serial No: 7010547) 

Standard for human cell 
culture 

HERAcell™ 150i CO2 incubator (Thermo Fisher 
Scientific, Hemel Hempstead, UK) 

Standard for murine cell 
culture 

Mass spectrometer 

Orbitrap Eclipse™ Tribrid™ mass spectrometer 
(Thermo Fisher Scientific, Hemel Hempstead, 
UK) 

Standard for proteomics 
at JIC 

UltiMate® 3000 RSLCnano LC system (Thermo 
Fisher Scientific, Hemel Hempstead, UK) 

Standard for proteomics 
at JIC 
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Used Apparatus Model and Supplier Notes 

Microplate reader 

FLUOstar OPTIMA 95025 photometer (BMG 
Labtech Ltd, Aylesbury, UK; Programme version 
2.22R3) 

Standard for Sequencing, 
QuantiBlue™, enzyme-
linked immunosorbent 
assays (ELISA) 

Infinite® F50 Robotic Absorbance Microplate 
Reader (Tecan Trading AG, Switzerland) 

Used in initial growth 
assays 

Stratus Microplate Reader (Cerillo, 
Charlottesville, USA) 

Standard for growth 
assays 

MESO QuickPlex SQ 120 instrument (MSD Inc., 
Rockville, USA) 

Standard for Meso Scale 
Discovery (MSD) assays 

Microscope 

Zeiss LSM 880 with Airyscan Upright 
Microscope (Carl Zeiss Microscopy Deutschland 
GmbH, Germany) 

Standard for confocal 
microscopy at QIB - 
Advanced Microscopy 
Facility (QIBAM) 

FEI Talos200 TEM (Thermo Fisher Scientific, 
Hemel Hempstead, UK) 

Standard for TEM at JIC 

MicroBead UltraPure 
system 

MiniMACS separator (Miltenyi Biotec B.V. & Co. 
KG, Germany) 

Used for BMDCs 
enrichment 

NTA system 

ZetaView® (Particle Metrix, Analytik Ltd, 
Cambridge, UK) 

Standard for BEV 
preparation 

NanoSight LM10 Nanoparticle Analysis System 
(Malvern Panalytical, Salford Scientific Supplies 
Ltd, UK) 

Used initially for BEV 
preparation 

Photo spectrometer 

WPA biowave CO8000 Cell Density Meter 
(Biochrom Ltd, 22 Cambridge Science Park, 
Milton Road, Cambridge, UK) 

Standard for colony 
forming unit (CFU) assays 

NanoDrop ® ND-1000 Spectrophotometer 
(Thermo Fisher Scientific, Hemel Hempstead, 
UK) 

Standard for RNA and 
cDNA measurement for 
Quantitative Reverse 
Transcriptase Polymerase 
Chain Reaction (qRT-
PCR) 

Safety cabinet 
Walker Safety Cabinet Class II MSC (Walker 
Safety Ltd; Unit 20 Glossop Brook Road, 
Glossop, UK; SK13 8GG; Serial No: WSC1443) 

Standard for aseptic work 

Sequencing system 

Ilumina® HiSeq X (Ilumina Inc., San Diego, 
USA) 

As stated in whole 
genome sequencing 
(WGS) from the Sanger 
Institute470 

Illumina® Nextseq500 instrument (Ilumina Inc., 
San Diego, USA) 

Standard for QIB 
Sequencing Facility 

Thermal Cycler 

AB Applied Biosystems® VeritiTM 96 Well 
Thermal Cycler (Thermo Fisher Scientific, 
Hemel Hempstead, UK) 

Standard for RT-PCR 

AB Applied Biosystems® ViiATM 7 Real-Time 
PCR System by life technologies (Thermo 
Fisher Scientific, Hemel Hempstead, UK) 

Standard for qPCR 

Ultrasonicator 
Covaris LE220-plus Focused-Ultrasonicator 
(Covaris Ltd, Brighton, UK) 

As stated in WGS from 
the Sanger Institute470 



 Materials and Methods 

- 44 - 

Used Apparatus Model and Supplier Notes 

Water bath 
Grant JB Aqua 18 Plus (Grant Instruments Ltd, 
Cambridge, UK) 

Standard for human cell 
culture 

 

2. Growth Optimisation of selected Bifidobacterium strains for 

downstream BEV preparations 

2.1. Culture and growth of Bifidobacterium strains 

2.1.1. Preparation of stock bank 

Bifidobacterium strains LH660 and LH663 used in this project were isolated as 

part of the Baby-Associated MicroBiota of the Intestine (BAMBI) large longitudinal 

clinical study.469 The strains originate from faeces collected from a healthy, full-term, 

breast-fed British control infant before the introduction of solid food, and were 

previously described by Lawson et al. (2020).88 Prior to collection, all infants in the 

study were not treated with any antibiotics or probiotics. Both strains were isolated 

from the same donor: a female, vaginally delivered infant from Norfolk, with 3,500g at 

birth, exclusively breast-fed, and 159d of age at the time of sampling.88,469  

These pre-selected strains were grown in reinforced clostridial medium broth (RCM; 

Oxoid, Hampshire, UK) for 48h in an anaerobic cabinet at 37°C. After centrifugation 

(15min/4000×g/4°C), supernatant was discarded, and the remaining pellet was 

resuspended in 30% Glycerol-RCM broth. Five samples of each strain were assigned 

as master stocks and ten samples as working stocks (WS), respectively. All stocks 

were stored at -80°C. Preparation and handling were performed according to the 

respective standard operating procedures (SOPs). 

2.1.2. Decontamination of LH660 strain 

Contaminated working and master stocks of B. pseudocatenulatum strain 

LH660 were streaked out on 1.5% agar (Formedium LTD, Swaffham, King’s Lynn, UK) 

RCM plates and incubated for 48h at 37°C in an anaerobic cabinet. Four single 

colonies per plate were picked, both re-streaked on new RCM agar plates and 

inoculated in fresh RCM broth medium and incubated for 48h, respectively. This 

process was repeated several times until both liquid and plate cultures stopped 
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displaying signs of contamination or abnormal growth patterns. All liquid cultures were 

processed for stocks. Stocks were kept at -80°C.  

One sample from the decontaminated LH660 cultures was selected based on its 

genomic distance from B. pseudocatenulatum strain LH663 and assigned to be the 

"new” LH660 strain. Master and working stocks were prepared and stored as 

described above. 

2.1.3. Assessment of initial growth media 

Cultures of LH660 and LH663 were prepared from WS in RCM broth, incubated 

for 48h at 37°C in anaerobic conditions and subsequently subcultured 1:10 in fresh 

RCM broth for 24h at 37°C in an anaerobic cabinet. A 96-well plate was prepared with 

200µL of different established growth media: brain heart infusion (BHI) broth, De Man, 

Rogosa and Sharpe medium (MRS), RCM and minimal MRS (see Table 5 and Table 

6) supplemented with 2% of the HMOs 2’FL and lacto-N-neotetraose (LNnT). Each 

condition was tested in triplicate with either 1% of the bifidobacterial subculture or with 

the respective medium only as negative control. Initially, optical density (OD) at 600nm 

was measured every 15min for 48h at 37°C in anaerobic conditions using an 

Absorbance Microplate Reader (Tecan, Reading, UK) to estimate bacterial growth. 

This experiment was repeated after introduction of a new plate reader, Stratus 

Microplate Reader, to ensure consistency and reproducibility of the growth results (as 

per SOP).  

Table 5: Composition of minimal MRS growth medium 

Component 
Concentration 

[g/L] 
Source 

Tripticase peptone 10.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Yeast extract 2.5 
Thermo Fisher Scientific Diagnostics 
(Oxoid), Hampshire, UK 

Tryptose 3.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

K2HPO4 3.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Tri-ammonium citrate 2.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 
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Table 6: List of needed supplements for minimal MRS growth medium, excluding carbohydrates 

Component 
Concentration 

[mL/L] 
Source 

Pyruvic acid 0.2 
Thermo Fisher Scientific Diagnostics 
(Oxoid), Hampshire, UK 

Cysteine HCl 1.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Tween 80 1.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

MgSO4∙7H2O 2.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

MnSO4∙4H2O 1.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

FeSO4∙7H2O 1.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

2.2. Establishment of optimal animal and human product-free 

growth medium 

For potential next-stage human studies, reagents free from human and animal 

materials need to be used. Thus, based on initial growth results of the selected 

Bifidobacterium strains in different media as described above, RCM (further called 

RCMveg) without compounds originating from animal or human sources was 

formulated. In order to optimise the growth of both strains, another series of growth 

experiments with the supplementation of different vitamins and 2% 2’FL and LNnT, as 

well as using 10% 2’FL as alternative primary carbohydrate source, were performed. 

Additionally, tests with minimised ingredients of RCMveg were performed to keep 

growth optimised while eliminating potential confounding factors in downstream 

experiments. The recipe for full RCMveg and a list of all supplemented vitamins are 

provided below: 
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Table 7: Composition of RCMveg growth medium for vaccine-friendly Bifidobacterium culturing based 
on Oxoid’s RCM recipe 

Component 
Concentration 

[g/L] 
Source 

Yeast extract 13.0 
Thermo Fisher Scientific Diagnostics 
(Oxoid), Hampshire, UK 

Soymeal-based peptone 10.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Soluble starch from potato 1.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

α-D-Glucose 5.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Cysteine hydrochloride from non-animal 
source 

0.5 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Sodium chloride 5.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Sodium acetate 3.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Agar* 0.5 
Formedium LTD, Swaffham, King’s Lynn, 
UK 

*Following optimisation assays, agar was discarded from the final RCMveg formulation 

 

Table 8: Composition of tested vitamin mix for bifidobacterial growth optimisation471 

Component 
Concentration 

[mg/L] 
Source 

Pantothenate 10.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Nicotinamide 5.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Thiamine 4.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Biotin 2.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Vitamin B12 0.5 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

Menadione 1.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

4-aminobenzoic acid Reagent 99% 5.0 
Sigma-Aldrich Co LTD (Merck), 
Gillingham, UK 

 

2.3. Determination of CFU in RCMveg 

For next stage in vitro and in vivo studies, as well as to establish optimal BEV 

harvesting time points, an accurate determination of bacterial material within a culture 

is needed. Therefore, a CFU assay was performed for both working strains, LH660 



 Materials and Methods 

- 48 - 

and LH663, in RCMveg with 2% glucose (Glc) supplementation. Strains were subcultured 

from WS in RCM broth, and 1% of each primary culture was inoculated in 40mL RCMveg 

medium in triplicate and incubated at 37°C in anaerobic conditions. Samples were 

collected every 2h, and OD at 600nm was measured immediately. Samples were 

centrifuged (5min/14000×g/24°C), supernatant discarded, and the pellets resuspended in 

100µL phosphate-buffered saline (PBS). A dilution series up to 10-8 was prepared for each 

sample (see Figure 4), 100µL of the dilutions 10-5 to 10-8 were plated on 1.5% RCM agar 

plates and incubated for 48h at 37°C in anaerobic conditions. Bacterial colony growth was 

measured and CFU calculated, respectively, using the formula below: 

𝐶𝐹𝑈 𝑚𝐿⁄ = 𝑐 × 𝑉 × 𝑑  

    c – sum of measured colonies 

    V – inoculated volume on plate 

    d – dilution of the corresponding plate 

 

Figure 4: Experimental set-up for CFU determination. Figure created in BioRender.com 

2.4. Visualisation 

Explanatory and experimental set-up figures were created in BioRender.com. 

Growth OD data had been analysed and visualised using Microsoft Excel (version 

Microsoft Office 2019), displaying growth means as curves ± standard error of the mean 

(SEM) as error bars. CFU data was analysed and visualised with Microsoft Excel (version 

Microsoft Office 2019), displaying growth means as bars/curves ± SEM as error bars. 



 Materials and Methods 

- 49 - 

3. Characterisation of BEVs derived from selected B. 

pseudocatenulatum strains 

3.1. Bifidobacterial BEV isolation and purification optimisation 

3.1.1. Initial isolation following lab SOP 

A first attempt to isolate BEVs from the selected strains was performed using 

the QIB SOP GMH-SC-024 “Isolation and Concentration of Bacteroides/Prevotella 

Extracellular Membrane Vesicles” established by the Carding lab group for membrane 

vesicles from Bacteroides species.472 Briefly, 1L of RCMveg medium with and without 

added 2% 2’FL were prepared, reduced overnight, and inoculated with 1% LH663 

primary culture (primary growth from stocks as described above; at this point, LH660 

was still being decontaminated and thus excluded). Cultures were left to grow for 16h 

(corresponding to early stationary phase from initial growth experiments as described 

above; these initial assays were performed prior to the CFU experiments and 

establishment of BEV harvesting time points), under stirring and anaerobic conditions 

(16h/37°C/5% CO2). Both cultures were centrifuged (1h/14000×g/4°C), pellets were 

discarded, and the supernatants sterile filtered using a bottle-top filter unit (Sartolab 

BT500 PES, 0.2µm, 500mL, PKI12, Epsom, UK). The resulting filtrates were 

transferred to the reservoir of the membrane vesicle isolation station (see Figure 5), 

filtered through the cassette system (Sartorius Vivaflow 50R 100,000 MWCO HY, 

Epsom, UK) and washed with PBS for several hours. 0.5-1 mL of BEV solution 

retentate from each culture was collected, sterile filtered (Sartorius Filter Minisart 

Syringe 0.2µm Sterile HF, Epsom, UK), and stored until further use at 4°C. Introduction 

to, help with, and supervision of this procedure was performed by Dr Regis Stentz. 

3.1.2. Modification of the filtration protocol 

a) Serial filter disk system set-up 

The initial BEV preparation process revealed the need for additional purification 

steps since the established SOP set-up for Bacteroides BEVs resulted in a very time-

consuming and rather impure first isolation outcome for BEVs derived from the 

Bifidobacterium strains. Since the initial filter disk set-up seemed to get clogged and 

thus did not perform optimally, we decided to use an additional filtration disk (Sartorius 
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Vivaflow 200; 0.2µm, Epsom, UK; PES membrane) with a broader cut-off (2000kD), 

which was installed in series before the initial one (100kD cut-off) to allow primary 

purification of the filtrate from bigger supernatant contents. Similar to the initial 

isolation, the filtrate was washed with PBS for several hours, and finally, 500µL of BEV 

solution retentate was collected, sterile filtered, and stored until further use at 4°C. We 

performed size exclusion chromatography (SEC, see below) to obtain pure fractions 

of the BEV solution for further purification. The serial filtration disk set-up was omitted 

after sufficient results following the filtration of the growth medium prior to inoculation 

(see below). 

b) Preparational filtration of growth medium prior to inoculation 

Despite the additional filtration disk step and subsequent SEC (see below), the 

preparation was still time-consuming and did not result in optimally purified isolates 

with a sufficient BEV yield. Other potential bacterial products and debris of LH663 still 

seemed to clog the filter system. 

Since RCMveg is not a minimal medium and does contain starch, yeast extract and 

peptone (see Table 7), we wanted to minimise the possibility of potential confounding 

vesicles deriving from the production of these ingredients. Thus, we decided to filter 

the growth medium prior to inoculation using the initial filter disk set-up as described 

previously, only keeping the filtrate instead of the retentate. This filtered growth 

medium was sterile filtered and reduced prior to inoculation, and cultures were 

incubated for 20h following the CFU-determined peak of bacterial yield. Following the 

collection of the retentate, the BEV solutions were concentrated and further purified 

via filter centrifugation (Satorius Vivaspin 20, 100k MWCO PES, Epsom, UK) and 

subsequent SEC. 
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Figure 5: Overview of BEV isolation process, including different modifications. 1) Filtration of growth 
medium prior to inoculation as part of optimised bifidobacterial BEV preparation, 2) Inoculation of LH660 
or LH663 and subsequent growth conditions, 3) Centrifugation, 4) Filtration of bacterial culture 
supernatant, 5) first cross-filtration using a second filter disk with broader cut-off (modification of BEV 
preparation later omitted after optimisation), 6) BEV isolation. Figure created in BioRender.com 

3.1.3. SEC for further purification 

To purify the BEV solution, an SEC on the initial modified isolates was 

performed using a protocol and 15cm-column (qEV original, 35nm Gen 2 column, Izon 

Science, Lyon, France) provided by Dr Emily Jones, resulting in 24 fractions that were 

subsequently analysed for potential BEV size and concentration, as well as protein 
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levels. Briefly, the column was washed twice with 20mL PBS before adding the BEV 

solution and subsequent filling with PBS. Fractions à 500 µL were collected after 

discarding 3mL of void column volume, and analysed using NTA and Bradford assay. 

In the final optimised BEV isolation protocol, only 4-6 fractions were collected and 

pooled into batches. 

a) Protein concentration testing of SEC fractions 

Following the initial SEC, the resulting 24 sample fractions were tested for 

protein concentrations using a Bradford kit (Thermo Fisher Scientific, Hampshire, UK) 

according to the manufacturer’s instructions. Later collected fractions (>10) were 

excluded from subsequent SECs due to the confirmed high protein levels known by 

the Carding group using their SOP. This procedure was performed by Dr Regis Stentz. 

b) Nanoparticle tracking analysis (NTA) 

To identify suitable, pure fractions of high particle concentration that could be 

pooled into BEV batches, all SEC fractions were included in NTA using the ZetaView® 

(version 8.05.12SP1; Particle Metrix, Analytik Ltd., Cambridge, UK). This would give 

information about size distributions of detectable nanoparticles and their amount per 

fraction using the 10nm size range, 488nm wavelength SOP with 2 cycle 11 position 

high frame rate analysis at 25°C including fixed camera control and post-acquisition 

settings (sensitivity: 80, Frame Rate: 30, Shutter: 100, Brightness: 20min, Max Area: 

2000, Min Area: 5, Tracelength: 30, 5nm/Class, 64 Classes/Decade). For this, all 

fractions were diluted with particle-free ddH2O to obtain 1/5000, 1/10000, and 1/20000 

dilutions, allowing potential BEV solution to attain optimal detection levels of the 

ZetaView instrument. Induction, help, and supervision of initial use of the ZetaView 

was performed by Dr Emily Jones. 

3.1.4. Establishment of BEV batch bank 

Once the optimised and reproducible protocol for BEV isolation and purification 

derived from B. pseudocatenulatum was established, including optimal growth 

conditions, harvesting time points and suitable filtration, centrifugation, and purification 

steps, several BEV batches were prepared for subsequent analysis and 

characterisation. Therefore, suitable fractions of high BEV yield and low protein 

concentration following SEC and NTA were pooled to obtain several final BEV 
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preparations of both strains and both selected time points. These were initially stored 

at 4°C but later kept at -80°C until further use. 

3.2. Characterisation of BEV preparations 

3.2.1. Size distribution and particle concentration 

Initial bifidobacterial BEV preparations prior to any isolation modifications were 

tested for concentration and size distribution by Dr Emily Jones using the NanoSight 

LM10 Nanoparticle Analysis System. The threshold was set to 10nm. Measurements 

were performed in quadruplicate. After purchase of the ZetaView system (Particle 

Metrix, Analytik Ltd., Cambridge, UK), all subsequent NTAs were performed with the 

ZetaView in triplicate as described above. Mean size distribution and concentration 

were calculated for each preparation. Replicates of preparations of identical strain of 

origin and time point were taken individually and merged for better understanding of 

reproducibility and preparation-dependent differences. These were done in 

quadruplicate. 

3.2.2. Quantification of nucleic acid, protein, and lipid amounts present in BEV 

preparations 

To obtain an estimate of the potential content of the BEV preparations and to 

compare them in terms of similarity between batches produced under the same 

conditions and differences between BEV batches from different strains and/or time 

points, I performed a series of Qubit® assays destined for proteins, RNA and dsDNA, 

as well as a lipid quantification experiment. 

Qubit assays were performed following manufacturer’s instructions, related QIB SOP 

(GMH-LH-003) and provided kits (Qubit® dsDNA High Sensitivity [HS] Assay Kit, 

Qubit® Protein and Protein Broad Range [BR] Assay Kit, Qubit® RNA HS Assay Kit, 

Thermo Fisher Scientific, Hampshire, UK) in quadruplet. 

Lipid amounts within BEV preparations were quantified as published recently using an 

established protocol287 with help of Dr Rokas Juodeikis. Briefly, linoleic acid (Thermo 

Fisher Scientific, Hampshire, UK) standard solutions were prepared, and 180µL of 

standards incubated alongside 180µL BEV solutions (1∙1010 particles/mL) with 20µL 

FM4-64 dye (30µg/mL; Thermo Fisher Scientific, Hampshire, UK) for 10min at 37°C. 
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Endpoint emission at 720-20nm was measured using excitation at 515-15nm of the 

BMG FLUOstar Omega Microplate Reader. 

3.2.3. Transmission Electron Microscopy (TEM) 

As part of the validation of the bifidobacterial BEV isolation protocol, TEM was 

performed initially and after each major modification of the SOP. Therefore, 20µL of 

undiluted BEV batch solution was given to the QIBAM in cooperation with the JIC 

BioImaging Facility and processed as previously described.310 Samples were 

prepared with negative staining to carbon-coated 400 Copper grids (Agar Scientific, 

Rotherham, UK), which had been glow discharged prior to negative staining 

(20s/10mA). Briefly, 10µL of BEV sample was transferred onto each grid and left for 

1min, followed by 10µL of 2% uranyl acetate (UA; Avantor VWR BDH Chemicals, 

Lutterworth, UK) for 1min. Grids were imaged at JIC using FEI Talos200 TEM. TEM 

sample preparation was performed by Dr Catherine Booth and Kathryn Gotts, 

respectively. Initial TEM imaging was performed by Dr Jake Richardson (JIC), and 

subsequent TEM imaging was performed by Dr Catherine Booth or Kathryn Gotts, 

respectively. Images stored on OMERO. TEM preparations were done in duplicate, 

and BEV batches were provided in triplicate or higher replicates per strain. 

3.3. Proteomic analysis 

200µL of undiluted BEV batch samples were given to the JIC Proteomics 

Facility and processed according to standard procedure as previously reported.330 

BEVs were lysed using 2% sodium dodecyl sulphate (SDS; Sigma-Aldrich Co LTD, 

Gillingham, UK) followed by boiling and vortexing. Proteins were precipitated with 

acetone (Sigma-Aldrich Co LTD, Gillingham, UK) and subsequent pellets were 

resuspended in 2.5% sodium deoxycholate (SDC) with 0.2M EPPS (Sigma-Aldrich Co 

LTD (Merck), Gillingham, UK) buffer pH8. The protein solution was reduced, alkylated 

with dithiothreitol and iodoacetamide (Promega, Southampton, UK), and digested with 

sequencing-grade trypsin (Promega, Southampton, UK) according to standard 

procedures.473 The SDC was precipitated by adjusting to 0.5% formic acid, and the 

peptide lysates were purified from the supernatant using C18 OMIX tips (Agilent, 

Didcot, UK). 

Aliquots of the peptide lysates were analysed by nanoLC-MS/MS on an Orbitrap 

Eclipse™ Tribrid™ mass spectrometer equipped with a FAIMS Pro Duo device source 
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and coupled to an UltiMate® 3000 RSLCnano LC system (Thermo Fisher Scientific, 

Hemel Hempstead, UK). The samples were loaded onto a pre-column (Acclaim™ 

PepMap™ NEO C18, 5µm, 0.3x5mm, Thermo Fisher Scientific, Hemel Hempstead, 

UK) with 0.1% Trifluoroacetic acid (TFA; Thermo Fisher Scientific, Hemel Hempstead, 

UK) at 15µl/min for 3min. The trap column was then switched in-line with the analytical 

column (nanoEase M/Z column, HSS C18 T3, 100Å, 1.8µm; Waters, Wilmslow, UK) 

for separation using the following gradient of solvents A (water, 0.1% formic acid; 

Thermo Fisher Scientific, Hemel Hempstead, UK) and B (80% acetonitrile, 0.1% formic 

acid; Thermo Fisher Scientific, Hemel Hempstead, UK) at a flow rate of 0.2µl/min: 0-3 

min at 3% B (parallel to trapping); 3-10 min increase B to 7%, curve 4; 10-90 min 

increase B to 50%; followed by a ramp to 99% B and re-equilibration to 3% B. Data 

were acquired with the following mass spectrometer settings in positive ion mode: 

MS1/OT: resolution 120K, profile mode, mass range m/z 300-1800, normalised AGC 

100%, fill time 50ms; MS2/IT: data dependent analysis was performed using HCD 

fragmentation and FAIMS cycling between -40V and -60V with the following 

parameters: 0.7s cycle time in IT turbo mode, centroid mode, isolation window 1Da, 

charge states 2-5, threshold 1e4, CE=33, AGC target 1e4, max. inject time 35ms, 

dynamic exclusion 1 count, 15s exclusion, exclusion mass window±10ppm. 

The acquired raw data were processed and quantified in Proteome Discoverer 3.0 

(Thermo Fisher Scientific, Hemel Hempstead, UK) using the incorporated search 

engine CHIMERYS (MSAID, Munich, Germany). The processing workflow for both 

engines included recalibration of MS1 spectra (RC), MS1 quantification by Minora 

Feature Detector and search on the B. longum subsp. longum (2399 entries, from 

NCBI GenBank474, 14/Nov/2022) database and a common contaminants database, 

with Percolator validation of the identification results. For CHIMERYS, the Top N Peak 

Filter was used with 10 peaks per 100Da, fragment tolerance of 0.5Da, trypsin as the 

endoprotease with 2 missed cleavages allowed, variable modification oxidation (M), 

fixed modification carbamidomethyl (C). 

For the consensus workflow, only unique peptides in the protein group were included 

in the quantification based on Top 3 precursor abundance, normalised by total peptide 

amount, scaled by average, protein abundance-based ratio calculation, missing 

values imputation by low abundance resampling, hypothesis testing by t-test 

(background based), adjusted p-value calculation by BH-method. 
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Proteomics analysis on BEV batches was repeated twice: Initially for reproducibility 

investigation of BEV batch preparations in triplicate for each strain, and subsequently 

in triplicate per time point per strain for comparison. Proteomic preparation and data 

processing were performed by Dr Carlo Martins (JIC) and Dr Gerhard Saalbach (JIC). 

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

annotations were performed using the UniprotKB475 and KEGG database.476 

3.4. Visualisation 

Explanatory and experimental set-up figures were created in BioRender.com. 

Help with proteomic data analysis and visualisation was performed by Dr Matthew 

Dalby using R (Version 4.3.2, packages: tidyverse, vegan). Quantification and NTA 

concentration data are displayed with mean ± SEM as error bars. NTA size distribution 

with means of percentiles X10, X90, and mean of detected particle diameters. TEM 

images were processed using FIJI/imageJ (Version: 1.54f)477. 
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4. Bifidobacterial BEV-host interaction 

4.1. Uptake assays 

4.1.1. Cell culture 

Human colonic epithelial Caco-2 cells (Public Health England, 

ECACC86020202) were cultured in Dulbecco’s Modified Eagle Medium (DMEM; 

Gibco, Fisher Scientific Limited, Hemel Hempstead, UK) with low Glc (1g/L) and 

sodium pyruvate (1mM) supplemented with 20% heat-inactivated foetal bovine serum 

(FBS; Gibco™, Life Technologies Ltd Invitrogen Div, Hemel Hempstead, UK) and 1% 

penicillin/streptomycin mix (Pen/Strep; 100U/mL, 100µg/mL; Sigma-Aldrich Co LTD, 

Gillingham, UK). 

Co-cultures were seeded at 5∙105 cells per well in 96-well plates, grown until a 

monolayer of undifferentiated cells formed (~7d), and then treated with bifidobacterial 

BEV batch samples (1∙1011 particles/mL) of both strains and time points, PBS 

(Dulbecco’s, Merck Life Science UK Ltd, Gillingham, UK) as negative control, or LPS 

(Invitrogen™ eBioscience™, Fisher Scientific Ltd, Hemel Hempstead, UK; 200ng/mL) 

as positive control were added in triplicates at 10%, respectively. Culture condition 

groups were performed in triplicate and incubated for 24h. Supernatants of each co-

culture were collected and stored at -80°C until further use. 

4.1.2. Transepithelial Electrical Resistance (TEER) 

For TEER measurements, confluent Caco-2 cultures were split as described by 

the supplier and seeded onto the apical compartment of 0.4µm transparent 

polyethylene terephthalate (PET) membrane 24-transwell inserts (Thincert, Greiner 

Bio-One Ltd, Stonehouse, UK) at 5∙105 cells per well and grown until fully differentiated 

and confluent (~21d). Basal compartment of 24-well plate (Greiner Bio-One Ltd, 

Stonehouse, UK) was filled with 1mL growth medium (see above). Bifidobacterial BEV 

batch samples (1∙1011 particles/mL) of both strains and time points, PBS as negative 

control, or LPS as positive control, were added in triplicate at 10% to the apical 

compartment and at least one transwell was kept blank for normalisation. TEER 

measurements were recorded using an EVOM2 epithelial voltmeter with a chopstick 

electrode (World Precision Instruments Inc., Hitchin, UK). Protocol326 and initial help 
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were provided by Dr Emily Jones. Resistance was calculated following the formula 

below: 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = ൫𝑇𝐸𝐸𝑅ௌ௔௠௣௟௘ − 𝑇𝐸𝐸𝑅஻௟௔௡௞൯ ∙
𝜋𝑑௠௘௠௕௥௔௡௘ ௔௥௘௔

ଶ

4
 

Following the initial TEER experiment, a series of similar assays was performed to see 

potential epithelial protection of the epithelial layer after challenge with LPS. Therefore, 

one 24-well plate with Caco-2 transwells was first exposed to bifidobacterial BEV 

batches as described above for 24h and subsequently cultured with 10% LPS for 12h, 

24h, and 48h. TEER measurements of all wells were taken throughout the duration of 

these experiments. 

4.1.3. Determination of TJ gene expression changes 

a) RNA extraction 

Fully differentiated Caco-2 cell monolayers (~21d) were collected from 

transwells, growth medium removed, cells washed in PBS, treated with 250µL tri-

reagent (Qiagen, Manchester, UK), and either processed immediately or kept at -20°C. 

Cells were defrosted where necessary, scraped from transwell inserts, and transferred 

into RNAse-free 1.5mL tubes (Eppendorf, Stevenage, UK). 100µL chloroform (Sigma-

Aldrich Co LTD, Gillingham, UK) were added to the samples and vortexed until sample 

solution turned cloudy. Samples were centrifuged (13000rpm/ 10min/ 4°C) and the 

aqueous RNA-containing phase was transferred into new RNAse-free tubes. 250µL 

iso-propanol (Sigma-Aldrich Co LTD, Gillingham, UK) were added to each sample and 

vortexed thoroughly. After centrifugation (13000rpm/ 10min/ 4°C), iso-propanol is 

discarded and the RNA pellet washed twice with 70% ethanol. Ethanol supernatant 

was discarded, and pellets were left to dry for 10min. After resuspension in RNase-

free water, RNA concentrations were analysed using Nanodrop (Thermo Fisher 

Scientific, Hemel Hempstead, UK).  

b) qRT-PCR 

1µg of extracted RNA in 4.55µL water was kept on ice. 4.45µL of RT-PCR mix 

(2µL/sample Buffer 5X [Invitrogen, Paisley, UK], 0.5µL/sample dithiothreitol [DTT] 

0.1M [Invitrogen, Paisley, UK], 0.6µL/sample 1:10 Random primers [Invitrogen, 

Paisley, UK], 1µL/sample 1:10 deoxynucleotide triphosphates (dNTPs) [Invitrogen, 
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Paisley, UK], 0.35µL/sample murine leukaemia virus [MLV] reverse transcriptase 

enzyme [Invitrogen, Paisley, UK]) were added to each sample, mixed and run in a 

thermocycler (Thermo Fisher Scientific, Hemel Hempstead, UK; 90min/ 37°C followed 

by 10min/ 75°C) and kept at 4°C. Finally, 190µL SIGMA water (Sigma-Aldrich Co LTD, 

Gillingham, UK) was added, and each sample was transferred into new 0.6µL tubes 

(Eppendorf, Stevenage, UK). Samples were subsequently stored at -20°C. 

1.5µL of extracted RNA sample were combined with 4.9µL qPCR mix (3µL/sample 

SYBR green [Sigma-Aldrich Co LTD, Gillingham, UK], 0.5µL/sample 1:20 primers 

[Sigma-Aldrich Co LTD, Gillingham, UK], 6.5µL/sample water [Sigma-Aldrich Co LTD, 

Gillingham, UK]) in a 384-well qPCR plate (FrameStar, Surrey, UK). The sample was 

centrifuged briefly and run in a Viia7 IFR E228 qPCR cycler (hold stage: 3min/95°C, 

PCR stage: 40 cycles [15s/95°C followed by 1min/60°C], melt curve stage: continuous 

[15s/95°C; 1min/60°C; 15s/95°C]). Used primers are listed in Table 9 below. 

Table 9: List of used primers testing human genes encoding for TJ proteins 

Gene Primer Type Sequence 

Human Occludin 
Forward CCAATGTCGAGGAGTGGG 

Reverse CGCTGCTGTAACGAGGCT 

Human Claudin-1 
Forward AAGTGCTTGGAAGACGATGA 

Reverse CTTGGTGTTGGGTAAGAGGT 

Human ZO-1 
Forward ATCCCTCAAGGAGCCATTC 

Reverse CACTTGTTTTGCCAGGTTTTA 

Human glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH; 
housekeeping) 

Forward AATGAAGGGGTCATTGATG 

Reverse AAGGTGAAGGTCGGAGTCA 

4.1.4. Confocal Fluorescence Microscopy 

Confluent Caco-2 cells were split, seeded at 5∙105 cells per well to collagen-

coated (Thistle Scientific, Glasgow, UK) 12-well chamber (Thistle Scientific, Glasgow, 

UK), and grown until a thin monolayer of undifferentiated cells had formed (~2-3d). 

Used cell growth medium was removed from each well and replaced with 10% DiO-

labelled BEV batch conditioned or PBS control cell media. Cultures were incubated 

for 24h, rinsed with PBS, and extracellular DiO fluorescence quenched using 0.025% 

trypan blue (Sigma-Aldrich Co LTD, Gillingham, UK). Afterwards, they were fixed with 

4% paraformaldehyde (PFA; Thermo Fisher Scientific, Hemel Hempstead, UK) at 

room temperature (RT) for 15min and cell nuclei stained using DAPI dye (Sigma-
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Aldrich Co LTD, Gillingham, UK). Cells were rinsed carefully with PBS and mounted 

using Fluoromount G (Thermo Fisher Scientific, Hemel Hempstead, UK). 

Potential BEV uptake and translocation were quantified by confocal microscopy using 

the QIBAM Zeiss LSM 880 with Airyscan Upright Microscope equipped with a Plan-

Apochromat 20x/0.8 and a Plan-Apochromat 40x/1.3 objective, and connected to an 

Axiocam 503 Monochrome camera and ZEN Blue software (Version 3.9; ZEISS, 

Birmingham, UK). Fluorescence was recorded at 405nm (blue, nuclei; Diode Laser) 

and 488nm (Dio-green, BEVs; MultiLine Argon Laser). Z-stacks at 0.4µm per slice 

were acquired using ZEN Black software (Version 2.3; ZEISS, Birmingham, UK) and 

images stored in OMERO. Image analysis was performed using Fiji (see below). 

Protocol326 and help provided by Dr Emily Jones, induction to the confocal microscope 

by Dr Catherine Booth. 

4.1.5. Endocytosis assay 

Similar to the preparation described above, as previously published, half of the 

Caco-2 monolayer cultures were pre-treated with the dynamin-mediated endocytosis 

inhibitor Dynasore (80µM; Sigma-Aldrich Co LTD, Gillingham, UK) for 1h.326 

Potential internalisation of DiO-labelled BEVs was quantified in Fiji using sum 

fluorescent pixel intensity of the field of view (see below). Sample fluorescence units 

were normalised to PBS controls, and means of each sample group were calculated 

as average fluorescence intensity units (AU). 

4.2. BEV activation of immune cells in vitro 

4.2.1. Cell culture and cell differentiation 

Human monocytes THP-1 (ATCC, TIB-202) and reporter cell line THP1-Blue™ 

NF-κB (Invivogen, Toulouse, France) were cultured under standard conditions 

(37°C/5% CO2) in Roswell Park Memorial Institute 1640 (RPMI; Gibco™, Life 

Technologies Ltd Invitrogen Div, Hemel Hempstead, UK) medium containing L-

Glutamine (2mM) and 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES; 

25mM) supplemented with 20% heat-inactivated FBS (Gibco™, Life Technologies Ltd 

Invitrogen Div, Hemel Hempstead, UK) for initial growth. Subsequent cultures were 

grown in RPMI supplemented with 10% FBS, 1% Pen/Strep (100U/mL-100μg/mL), 
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Normacin™ (100μg/mL; Invivogen, Toulouse, France) and alternating addition of 

Blasticin (10µg/mL; Invivogen, Toulouse, France). 

THP-1 monocytes were differentiated into macrophages by culturing in growth medium 

containing additionally 10ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich 

Co LTD, Gillingham, UK) for 24h. THP-1 macrophages and THP1-Blue™ cells were 

seeded at 1∙105 cells per well into 96-well plates, respectively, and treated with 10% 

BEV samples (1∙1011 particles/mL), 10% PBS as negative control and 10% LPS as 

positive control for 24h. Culture condition groups were performed in triplicates. 

Supernatants of each co-culture were collected and stored at -80°C until further use. 

Protocol478, induction and initial help with cell culture handling provided by Dr Sree 

Gowrinadh Javvadi. 

4.2.2. Detection of TLR stimulation using QUANTI-Blue™ assay 

Prior to storage at -80°C, 20µL aliquots of THP1-Blue™ and BEV co-culture 

supernatants were used in the QUANTI-Blue™ assay to determine activation of TLRs 

and subsequent NF-κB production of the human monocytes by the bifidobacterial 

BEVs. The assay was performed as per manufacturer’s instructions (Invivogen, 

Toulouse, France). Briefly, a 96-well plate was prepared with 180µL of QUANTI-

Blue™ Solution (Invivogen, Toulouse, France) per well and 20µL BEV or control co-

culture supernatant aliquots added, respectively. The plate was incubated at 37°C for 

a maximum of 6h (or until sufficient colour change was visible), and OD at 650nm was 

measured using a microplate reader (Fluostar OPTIMA 95025). 

4.2.3. Cytokine and chemokine production determination 

a) qRT-PCR 

To further determine potential cytokine induction, RNA from differentiated THP-

1 cells treated with bifidobacterial BEVs, PBS or LPS (see 4.2.1) was extracted and 

used for subsequent qRT-PCR as described above (see 4.1.3). Used primers are 

listed below (Table 10). 



 Materials and Methods 

- 62 - 

Table 10: List of used primers testing human genes encoding key cytokines 

Gene Primer Type Sequence 

Human TNF-α 
Forward TCTGTACCTGTCCTGCGTGT 

Reverse GAGAAGGTGGTTGTCTGGGA 

Human IL-1β 
Forward CGCCAGTGAAATGATGGCTTAT 

Reverse CTGGAAGGAGCACTTCATCTGT 

Human IL-6 
Forward GGGGTGTGAGAAGAGAGATGG 

Reverse GTGTGCCAGACACCCTATCTT 

Human IL-10 
Forward CTGTGAGGCAAGGCATTTGG 

Reverse CTTCCATGCTTTGGGGTTGG 

Human GAPDH (housekeeping) 
Forward AATGAAGGGGTCATTGATG 

Reverse AAGGTGAAGGTCGGAGTCA 

b) ELISA and MSD 

Supernatant from BEV co-cultures with human differentiated epithelial Caco-2 

cells, THP-1 differentiated macrophages, and THP1-Blue™ monocytes were used to 

investigate potential cytokine and chemokine production of these cells after 

bifidobacterial BEV stimulation. Human IL-6, IL-8, IL-15, and TSLP concentrations 

were determined using a personalised U-plex MSD platform (MSD Inc., Rockville, 

USA). The experiment was performed as per manufacturer’s instructions, and the 

prepared plate was read using a MESO QuickPlex SQ 120 instrument. Using the 

provided MSD kit calibrators allowed calculation of cytokine concentration based on 

the standard curve within the MSD Discovery Workbench 4.0 software. Further, 

potential human TNF-α, IL-1β, IL-6, IL-8, IL-10 and IL-12p70 concentrations were 

tested using respective ELISAs (DuoSet®, DuoSet Ancillary Reagent, and 

Quantikine® ELISA Development Systems, R&D Systems, USA). Reagents, 

standards, and plate preparations were performed following the manufacturer’s 

instructions. Absorbance of plates was measured using a microplate reader (Fluostar 

OPTIMA 95025) at an OD of 450nm. 

4.3. Visualisation 

TEER, ELISA and MSD graphs were analysed and visualised with Microsoft 

Excel (version Microsoft Office 2019). All experiments were performed in triplicate and 

are shown as means ± SEM as error bars. Confocal images were processed using 

FIJI/imageJ (Version: 1.54f)477. 
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5. Interaction of bifidobacterial BEVs in complex environments 

5.1. Ex vivo immunomodulation in different murine primary cells 

5.1.1. Isolation of mononuclear cells from bone marrow 

10 wild-type (wt) C57/Blk6 healthy mice of 8-12 weeks of age were euthanised 

using Schedule 1 methods; CO2 followed by cervical dislocation for confirmation of 

death, and disinfected with 70% ethanol prior to the isolation process. Tibias and 

femurs were removed and cleaned of any tissue under sterile conditions. Bone ends 

were cut off with scissors and placed in prepared 0.5mL Eppendorf tubes poked open 

at the bottom with a 1mL syringe needle. The bone-containing tubes were then 

transferred into 2mL Eppendorf tubes for BM collection and centrifuged (300×g/10-

30min/RT). Collected BM was resuspended in 10mL PBS and spun down again 

(300×g/10min/RT). Washed BM pellets were resuspended in 10mL red blood cell 

(RBC) lysis buffer (containing 82.6g/L NH4Cl [Sigma-Aldrich Co LTD, Gillingham, UK], 

12g/L NaHCO3 [Sigma-Aldrich Co LTD, Gillingham, UK], and 0.5M 

ethylenediaminetetraacetic acid [EDTA; pH8; Fisher Scientific Limited]) and incubated 

for 10min at RT. White/colourless cell suspensions are centrifuged (300×g/10min/RT), 

washed twice in PBS, and strained through a 70µm cell strainer using a 5mL syringe 

plunger. 

Animal handling, induction, help and supervision of BM harvest were performed by Dr 

Sally Dreger. 

5.1.2. Cell culture of bone marrow-derived dendritic cells (BMDCs) 

Isolated BM cells were grown in Mercedes growth medium consisting of RPMI-

1640 medium, 10% heat-inactivated FBS, 55µM mercaptoethanol (Fisher Scientific 

Limited, Hemel Hempstead, UK), 1% Pen/Strep, 1mM sodium pyruvate (Gibco™, 

Fisher Scientific Limited, Hemel Hempstead, UK), and 80ng/mL GM-CSF (Fisher 

Scientific Limited, Hemel Hempstead, UK) for 6-7d at 37°C and 5% CO2. Living 

adherent and unattached cells were collected separately and processed for 

enrichment of CD11c-positive BMDCs. BMDC culture protocol was provided by Dr 

Victor Laplanche. 
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5.1.3. Enrichment of CD11c-positive BMDCs 

To ensure a high amount of CD11c-positive BMDCs for subsequent co-culture 

with the BEV batches, cultured BMDCs were enriched using the CD11c MicroBead 

UltraPure system for mouse samples (Miltenyi Biotec B.V. & Co. KG, Germany). 

Samples were processed as per manufacturer’s instructions. Briefly, the collected cells 

were centrifuged (300×g/10min/4°C), supernatant discarded, and the cell pellet 

resuspended in 400µL kit buffer prior to magnetic labelling for 10min. Washed and 

resuspended cells were magnetically separated using an MS MACS column and 

MiniMACS separator. Flow-through was collected and labelled as CD11c-negative 

BMDCs. Retained cells were eluted and collected as CD11c-positive BMDCs. 

Both cell sets were seeded at 1∙106 cells per well in separate 96-well plates in 

Mercedes growth medium and 10% BEV samples (1∙1011 particles/mL), LPS as 

positive control, and PBS as negative control, in triplicate, respectively. CD11c-

negative BMDC cultures were used as controls as well. Plates were incubated for 24h, 

and supernatants were collected and stored for further use at -80°C. 

5.1.4. Co-culture with isolated murine splenocytes 

Spleens from 5 wt healthy C57/Blk6 mice were isolated following euthanising 

and disinfection. Splenocytes were mechanically dissociated from the spleens and 

strained through a 70µm cell strainer. Cell solutions were washed in PBS, merged, 

and finally put in Mercedes growth medium and stored at 37°C and 5%CO2. Resulting 

splenocytes were centrifuged (300×g/10min/RT) and seeded at 1∙106 cells per well in 

2 separate 96-well plates in Mercedes medium. Triplicates of 10% BEV samples, LPS 

as positive control, and PBS as negative control were added to both plates and one 

plate was incubated for 24h, the other for 48h. Supernatants were collected and stored 

until further use at -80°C. 

Animal handling, spleen harvesting, and splenocyte separation were performed by Dr 

Chris Price. 

5.1.5. Isolation of Peyer’s Patch (PP) and Gut-associated lymphoid tissue (GALT) 

fragment cells from small intestine tissue 

The same mice used for BMDC preparation were also used to isolate PP and 

GALT fragments (see above). Abdominal skin and muscular wall were opened and 
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retracted with scissors and tweezers. Small intestine was isolated, cut between the 

stomach and caecum, excessive tissue removed, and placed in 10cm Petri dishes 

thinly covered with cold PBS and 2% Pen/Strep. Faeces were removed, and detected 

PPs were cut from the intestinal wall (~5 per mouse). PP/GALT fragments were kept 

in cold RPMI-1640 medium with 2% Pen/Strep, followed by straining through a 70µm 

cell strainer and washing with the cold RPMI-Pen/Strep solution. When fragments 

were completely dissociated, cell solutions were centrifuged (400×g/10min/4°C), 

washed thrice with the cold RPMI-Pen/Strep solution, and finally transferred into 

culture dishes. 

Protocol provided by Pastori and Lopalco (2014; Bio-protocol.com)479, animal handling 

was performed by Dr Sally Dreger, supervision and help with PP/GALT fragment 

isolation was also provided by Dr Sally Dreger. 

5.1.6. In vitro activation of PP/GALT cells 

PP/GALT fragment cells were seeded in RPMI-1640 growth medium 

supplemented with 10% heat-inactivated FBS, 1% Pen/Strep, PMA (10ng/mL), 

Inomycin (500ng/mL; Thermo Scientific Chemicals, Hemel Hempstead, UK) and 

100µg/mL Gentamycin (Gibco™, Fisher Scientific Limited, Hemel Hempstead, UK) at 

2×106 cells in a 24-well plate. Triplicates of 10% BEV samples, LPS as positive control, 

and PBS as negative control were added, and the co-culture was incubated at 37°C 

and 5% CO2 for 4d.377 Supernatants were collected and stored at -80°C. 

5.1.7. Cytokine, chemokine, and IgA secretion quantification 

Supernatant from BEV co-cultures with murine CD11c-positive BMDCs, 

splenocytes, and PP/GALT fragment cells were used in subsequent ELISA and MSD 

assays. Similar to chapter 4.2.3, key immunomodulatory cytokines were chosen, and 

assays were performed according to their provided manufacturer’s instructions. 

Mouse IFN-γ, IL-4, IL-6, IL-1β, IL-12p70, IL-10, IL-22, IL-17A, TNF-α and keratinocyte-

derived cytokine (KC) concentrations were determined using a U-plex MSD system as 

described above. Further, potential mouse IL-10 and IFN-γ concentrations were also 

tested in separate ELISAs (DuoSet®, DuoSet Ancillary Reagent ELISA Development 

Systems, R&D Systems, USA). IgA levels were quantified using Invitrogen IgA Mouse 

Uncoated ELISA Kit (Life Technologies Ltd Invitrogen Div, Thermo Fisher Scientific, 

Hemel Hempstead, UK) according to manufacturer’s instructions. 
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5.2. BEV-human PBMCs co-culture 

Human PBMCs (ATCC via LGC Standards) were handled as per supplier’s 

instructions and seeded at 1∙105 cells per well in RPMI-1640 medium containing 10% 

heat-inactivated FBS and 1% Pen/Strep in a 48-well plate. Similar to other co-cultures 

described above, triplicates of 10% BEV samples, LPS as positive control, and PBS as 

negative control were added, and the co-culture was incubated at 37°C, 5% CO2, for 

24h. Supernatants were collected, stored at -80°C, and finally used in the ELISAs 

mentioned above. 

5.3. In vitro adjuvancy testing of bifidobacterial BEVs 

Human macrophages (differentiated THP-1 cells) and differentiated epithelial cells 

(Caco-2 cells) were cultured and treated with bifidobacterial BEVs, PBS or LPS, 

respectively, as described above (see 4.1.1 and 4.2.1). Growth medium was changed after 

24h, and treated cells were then challenged with LPS for 12-48h to simulate an infection. 

TEER was measured in epithelial cultures, as described above (see 4.1.2). Supernatant 

was collected for ELISA, and RNA was extracted from the respective cells for qRT-PCR 

testing as described above. Used primers are listed in Table 9 and Table 10. 

5.4. Visualisation 

ELISA, MSD and qRT-PCR graphs were analysed and visualised with Microsoft 

Excel (version Microsoft Office 2019).  

6. Statistical analysis 

Statistics used for proteomic data processing workflow described above. All data 

are depicted as mean ± SEM with specified replication number. Other statistical analyses 

were performed using RStudio version 4.3.2 with packages readr, dplyr, tidyr, readxl, 

rstatix, openxlsx, ggplot2, reshape2, FSA, emmeans, patchwork, and performance. 

Data were subjected to model-fitting transformation, where appropriate, and analysed 

using two-tailed Student’s t-test (CFU), two-sample Student’s t-test (endocytosis assay), 

one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison post 

hoc test (NTA, BEV content quantification) or Dunnett’s post hoc test (QuantiBlue, ELISA, 

MSD, qRT-PCR), and two-way ANOVA followed by Dunnett’s post hoc test (growth 

curves, TEER assay). Significance was defined as P≤0.05. 
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III. RESULTS CHAPTER I – GROWTH OPTIMISATION OF 

SELECTED BIFIDOBACTERIUM STRAINS FOR BEV 

PRODUCTION 

1. Summary 

Variation in vaccine efficacy has been linked with individual microbiota 

composition differences; in particular, high abundances of Bifidobacterium species 

appear to be a key factor for improved immune responses.1 However, corresponding 

mechanisms and immune-modulating strains and their products are still poorly 

understood, which is required to provide novel vaccine interventions. With focus on 

the understudied species B. pseudocatenulatum, which is one of the few 

Bifidobacterium species prevalent in the microbiota of individuals of all ages89,162, we 

compared two potentially immunomodulatory strains of B. pseudocatenulatum isolated 

from the same healthy infant host.88,469 I optimised the growth of the selected strains 

in animal- and human-product-free medium to allow ideal growth conditions for BEV 

harvesting, while complying with any subsequent vaccine trial regulations. I identified 

a diauxic shift in the strains in the optimised growth medium, suggesting production of 

distinct BEVs with different properties. Appropriate time points were chosen for the 

BEV isolation protocol, and respective comparison of potential differences in immune 

modulation properties in BEV preparations were at the core of the project. 

2. Contributions 

Overall supervision and help with the writing of this chapter, as well as 

experimental suggestions, were provided by Prof Lindsay Hall and Prof Simon 

Carding. Lab inductions, growth and DNA extraction SOPs were provided by Dr Iliana 

Serghiou Daley and Dr Nancy Teng. WGS was performed by Dr David Baker and 

genetic analysis was done by Dr Magdalene Kujawska. Everything else was done by 

me. 
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3. Background 

3.1. Discrepancy in global vaccination outcomes 

Introduction of vaccines revolutionised public health by reducing mortality and 

morbidity of infectious diseases globally, and vaccination still prevents approximately 

2-3 million deaths per year.480 However, efficacy of numerous vaccines varies between 

different populations and even individuals, especially in infants versus adults, and 

those individuals living in LMICs compared to those in high-income countries. 

Particularly, orally administered vaccines such as oral rotavirus vaccine (ORV), OPV, 

and vaccines against cholera and typhoid display discrepancies in immunogenicity in 

LMICs, with vaccine efficacies of ORV at 44% and 70% for OPV in infants from LMICs 

compared to 94% and 100% in high-income country infants, respectively.468,481–483 

Even long-established vaccines such as the BCG vaccine showed a 100% immune 

response against tuberculosis in infants in the UK compared to only 53% of infants 

from Malawi.468,484 

A plethora of factors can impact vaccine efficacy, including vaccination-related factors 

(e.g. type and dose of antigen, use of adjuvants, route and timing of delivery, co-

administration of other vaccines)485, host-intrinsic factors (e.g. age, genetic 

dispositions92,486,487, sex488, comorbidities), perinatal factors (e.g. preterm birth, 

malnutrition, mode of delivery, form of infant feeding, maternal health), and 

environmental factors (e.g. exposure to antibiotics and pathogens, chronic infection489, 

hygiene, transmission of maternal antibodies108, microbiota compositions).1,96,490  

3.2. Abundance of Bifidobacterium species as a key factor in 

vaccine efficacy 

3.2.1. Impact of the early-life GIT microbiome 

Many studies have demonstrated that the GIT microbiota plays a vital role in 

promoting effective humoral and cellular immune responses to vaccines through 

various mechanisms, especially in early life.1,51,491 Indeed, comparison of the 

microbiota of infants from different geographical and socio-economic settings revealed 

a correlation between the abundance of specific bacterial genera and species within 

the GIT and the immune response after vaccination. The microbial profile of ORV-
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responders from Ghana and Pakistan was more comparable to the microbiota of age-

matched Dutch infants than to the microbial profiles of vaccine non-responders from 

the same country of origin.384,385 

Colonisation within the first 1000 days of life has a crucial impact on overall GIT 

microbiota composition, development of the immune system and health throughout 

life, which also affects early-life vaccine responses.96,492,493 Disruption of the ‘healthy’ 

trajectory of microbial colonisation during this time window in the infant GIT, driven by 

similar factors influencing vaccine efficacy, can have a detrimental influence on 

immune maturation. Many studies have shown the adverse effects of antibiotics on 

vaccine responses in infants. Chapman et al. (2022)494 found a negative association 

between antibody titres to DTaP and pneumococcal conjugate vaccine in children with 

antibiotic regimes compared to non-antibiotic-exposed children. Similar results had 

been shown in mice receiving the BCG vaccine after antibiotic treatment, which could 

not mount a sufficient T cell immune response.459,495 Moreover, the development of 

key immune cells such as B cells, NK cells, and DCs was influenced by interactions 

with the microbiota and was impeded by bacterial dysbiosis early in life.96,496 

Favourable factors for a ‘healthy’ microbiota establishment, such as breastfeeding and 

vaginal delivery, are associated with improved vaccination outcomes, providing the 

newborn with health-promoting bacterial species, such as Bifidobacterium, and their 

specific nutrients (i.e. HMOs). 

3.2.2. Focus on Bifidobacterium species 

The ‘healthy’ GIT microbiota colonisation trajectory is dominated by 

Bifidobacterium species, starting with B. longum subsp. infantis, B. breve, and B. 

bifidum within the first days of life.87 B. catenulatum and B. pseudocatenulatum start 

establishing in the intestine of breast-fed infants at pre-weaning and are still found up 

to adulthood.89 B. longum subsp. longum and B. adolescentis are enriched within the 

adult microbiota.497,498 High abundances of Bifidobacterium within the GIT microbiota 

have been linked with many health benefits, such as reduction of pathogen 

colonisation, regulation of intestinal homeostasis, immunomodulation, 

anticarcinogenic activity and improved vaccine responsiveness.90,216,499–502 

Indeed, Huda et al. ( 2019)90 showed that high abundance of Bifidobacterium species 

was positively associated with enhanced antigen-specific T cell responses, IgG 
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responses and thymic size following OPV, BCG and tetanus toxoid vaccination when 

compared to infants with intestinal microbial dysbiosis. A similar result has been seen 

in a cohort of Chinese infants with enhanced OPV-specific vaccine responses and IgA 

titres in infants with high abundances of Bifidobacterium in their GIT microbiota.391 

Moreover, individuals with a Bifidobacterium-dominant microbiota were also found to 

have higher levels of IgA-secreting plasma cells503, memory B cells504, and salivary 

IgA.90 

3.2.3. Emerging importance of B. pseudocatenulatum species 

B. pseudocatenulatum strains are gaining increasing interest due to their 

omnipresence within the non-disrupted GIT microbiota across the human lifespan. 

Many B. pseudocatenulatum strains have been found to metabolise specific 

carbohydrates from different sources, such as HMOs and plant polysaccharides, 

depending on the respective intestinal environment. In dietary intervention and 

probiotic administration studies, increases in B. pseudocatenulatum abundance during 

and post-intervention were associated with improved bioclinical parameters of hosts 

(i.e., weight loss, improved plasma Glc and lipid homeostasis, decreased inflammation 

marker levels, microbiota shifts towards ‘healthy’ communities)168, as well as improved 

metabolic and immunologic obesity-associated health changes, and production of 

health-beneficial compounds, such as SCFAs and EPS (i.e. postbiotics).172–174 

Therefore, this species is of particular interest considering their environmental 

adaptability and metabolic potential/profiles, and production of SCFAs, EPS and other 

microbial compounds which may influence immune responses. One aspect of B. 

pseudocatenulatum biology which is of significance in the vaccine field is the ability of 

its BEVs to act as immunomodulatory agents, which may represent attractive natural 

adjuvants in vaccine formulations. Therefore, in this project, I focused on the isolation, 

purification and characterisation of BEVs produced by selected B. pseudocatenulatum 

strains in the context of improving immune modulation and vaccine responses. 
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4. Results 

4.1. Selection of potential immunomodulatory Bifidobacterium 

isolates 

Previous work in the Hall lab (by Shannah Lympany) has screened different 

bifidobacterial isolates derived from healthy, full-term, breast-fed British babies88,469, 

to determine their potential abilities to improve immune responses after vaccination. 

More details on the origin of the selected strains can be found in the Materials and 

Methods chapter (under 2.1 Culture and growth of Bifidobacterium strains) and in the 

Introduction chapter (under 6 Thesis aims and objectives). Preliminary (unpublished) 

data indicated certain isolates were able to induce DC maturation in vitro, stimulate 

cytokine production associated with enhanced vaccine responses (e.g., IL-12), and 

also boost murine immune response to Bifidobacterium supplementation. Based on 

these data, several Bifidobacterium isolates were selected that display 

immunomodulatory properties, including B. breve UCC2003, B. breve LH24, B. 

longum subsp. infantis LH277, B. pseudocatenulatum LH660 and B. 

pseudocatenulatum LH663. Given that B. breve and B. longum subsp. infantis have 

already been explored for their immune-modulatory properties in detail; here, I focused 

on B. pseudocatenulatum, and in particular isolates LH660 and LH663 originating from 

the same infant donor.88,469,505 

4.1.1. Establishment of a bank stocks of LH660 and LH663 

As a first step, I created a bank of five master and ten working stocks based on 

the isolates used by S. Lympany, following the respective SOPs (see Methods chapter 

2.1). DNA was isolated from all stocks for WGS. 

After pre-processing of the sequencing reads, the data of both Bifidobacterium strains 

LH660 and LH663 were checked for potential contamination by comparison with the 

MiniKraken database by Dr Magdalena Kujawska. The analysis confirmed that LH663 

was free of contaminating sequences derived from other bacteria. However, the WGS 

data of isolate LH660 showed that the tested master and working stocks were 

contaminated with at least one other strain, potentially B. choerinum based on the 

Kraken reports (see Appendix, page 202, Supplementary Figure 1 and Supplementary 

Figure 2). LH660 was omitted from further testing until pure stocks could be obtained. 
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4.2. Growth in optimised medium reveals two key time points for 

BEV harvesting 

4.2. 

4.2.1. Efficient growth of selected strains in vegan medium 

a) Comparison of established media reported for bifidobacterial growth 

as template for vegan medium option 

Due to regulations within modern vaccinology not accepting vaccines made 

with or containing animal products, as well as potential interferences in downstream 

BEV purification and in vitro and in vivo studies, it is desirable to create reagents and 

experimental conditions that exclude animal and human-derived compounds. Most 

Bifidobacterium strains are slow-growing (in comparison to e.g., E. coli) and difficult to 

culture without rich media containing animal products. Therefore, I performed a series 

of growth tests using established media for growth of certain Bifidobacterium strains 

(i.e., RCM, MRS, and BHI), to determine optimal growth conditions of the pre-selected 

B. pseudocatenulatum strains. Both LH660 (Figure 6A) and LH663 (Figure 6B) were 

sub-cultured from WS and then inoculated in different growth media.  

Anne Jordan
Rechteck
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Figure 6: Growth of Bifidobacterium strains LH660 (A) and LH663 (B) in different established growth 
media, including RCM, MRS, and BHI, as well as RCMveg growth medium without primary sugar 
supplement and with Glc supplementation. Mean growth is displayed in bold lines, error bars in 
respective fainter-coloured lines above and below mean growth at each time point. *** P value ≤ 0.001 
(two-way ANOVA, followed by Dunnett’s post hoc test); N = 3 

Both strains grew best in RCM broth with a short lag phase, entering exponential 

growth after 12h. Interestingly, LH660 did not grow in MRS, which was unexpected 
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given the typical use of this medium for growing Bifidobacterium strains. LH663, on 

the other hand, took over 30h to adjust to growth conditions in MRS but displayed a 

distinct exponential growth leading to relatively high OD600 values of 0.37 when 

reaching stationary growth. Both strains grew poorly in both BHI and RCMveg growth 

medium without supplemented Glc as the primary carbon source, with RCMveg 

allowing better growth than BHI for LH663. Since RCMveg without Glc still contains 

starch as a complex sugar (see Methods Table 7), both strains can metabolise starch, 

which is consistent with other published data on B. pseudocatenulatum metabolism 

reporting the presence of starch degradation gene clusters.88,505,506  

b) Refinement of selected vaccine-friendly growth medium recipe 

To simplify the medium formula, I performed another growth series with both 

LH660 and LH663 in different modifications of RCMveg. Two components, namely 

starch and agar, were identified as potential confounding factors for mediocre 

purification outcomes during initial BEV preparation, as they might hinder the filter 

system. Moreover, residues of agar could confound or interfere with the outcome of 

downstream in vitro and in vivo experiments. 

Therefore, I prepared different alternatives of RCMveg containing either all 

ingredients, no agar, no starch, or neither starch nor agar. The list of the final 

ingredients of RCMveg can be found in the Methods (see Table 7). The resulting 

growth curves for LH660 (Figure 7A) and LH663 (Figure 7B) are shown below.  
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Figure 7: Growth of the strains LH660 (A) and LH663 (B) in full and minimised RCMveg growth medium. 
OD600 was taken every 4min for over 72h. Mean growth displayed in bold lines, error bars in respective 
fainter-coloured lines above and below mean growth at each time point. * P value ≤ 0.05, ** P value ≤ 
0.01, *** P value ≤ 0.001 (two-way ANOVA, followed by Dunnett’s post hoc test); N= 3 

As expected, strain LH663 exhibited optimal growth in full RCMveg medium, entering 

exponential phase after 20h, reaching the first plateau of the stationary phase after 

32h and attaining its maximum OD600 of 0.53 after 70h of growth. In the absence of 

agar, LH663 exhibited a shortened lag phase, entering exponential growth after 17-

18h. However, growth was significantly reduced (P=0.0197), with exponential growth 



 Results Chapter I – Growth Optimisation of Selected Bifidobacterium Strains for BEV Production 

- 76 - 

being less pronounced than in complete media, reaching stationary phase after 37h 

and a maximum OD600 of 0.39. LH663 cultures grown in RCMveg without starch 

demonstrated similar initial growth as in media without agar. However, the exponential 

phase in these cultures was shorter, reaching stationary growth at around 27h. 

Removal of both starch and agar from the growth media significantly (P=0.00016) 

impacted the growth of LH663, decreasing growth due to a short exponential phase 

between 18h to 20h, hardly reaching an OD600 above 0.15. 

Surprisingly, LH660 favoured simplified growth conditions as both RCMveg without 

agar and RCMveg without starch led to significantly (P≤0.01) enhanced growth 

patterns when compared to richer medium. The highest growth was achieved in the 

absence of starch, with a short lag phase entering exponential growth after 8h and 

reaching stationary phase after 33-34h with a maximum OD600 of over 0.53. The 

cultures without agar grew with a longer lag phase than the cultures without starch, 

but with a similar pronounced exponential growth resulting in a maximum OD600 of 

0.49 after 48h. In rich media, LH660 needed a longer time to adjust with a lag phase 

of over 24h. Growth without both ingredients was less than with one component 

removed, but still significantly (P≤0.01) higher than growth in rich RCMveg for LH660.  

Since removing both ingredients impacted growth in both strains to a higher degree, I 

removed agar only from the list of components of RCMveg for the rest of this project. 

c) Assessment of medium optimisation through supplementation 

To maximise BEV yield, I tried different supplements to enhance bacterial 

growth, such as a vitamin mix containing seven different vitamins (pantothenate, 

nicotinamide, thiamine, biotin, vitamin B12, menadione and 4-aminobenzoic acid) that 

were reported to be beneficial for the growth of different Bifidobacterium species.471 

However, the vitamin cocktail impaired growth of the strains (see initial growth curves 

in the Appendix, Supplementary Figure 5). Additionally, growth dynamics can be 

strain-specific and might be toxic for the strains used here. So, growth tests were 

repeated with strain LH663 in RCMveg medium supplemented with a dilution series of 

the vitamin cocktail, as well as non-diluted vitamins and no vitamins (Figure 8). 
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Figure 8: Growth of the strain LH663 in non-supplemented RCMveg, and growth medium supplemented 
with an undiluted vitamin mix and a dilution series of the vitamin mix. OD600 was taken every 4min for 
over 72h. Mean growth displayed in bold lines, error bars in respective fainter-coloured lines above and 
below mean growth at each time point. (two-way ANOVA, followed by Dunnett’s post hoc test); N = 3 

Unlike initial findings, almost all dilutions of the vitamin mix resulted in enhanced, but 

not significantly different (P≥0.05), growth compared to the non-supplemented 

RCMveg medium. An exception was the irregular growth of cultures grown in RCMveg 

medium with a 1:10 dilution of the vitamin cocktail. All other supplemented 

preparations displayed a shorter lag phase, longer and more pronounced exponential 

growth and higher OD600 values when entering stationary growth and reaching 

maximum scores compared to the non-supplemented RCMveg medium. The highest 

growth was in cultures grown in RCMveg with a 1:100 dilution of the vitamin cocktail, 

entering exponential growth at 10h and stationary growth at 20h with a maximal OD600 

value of 0.55. In comparison, growth in RCMveg media with no supplementation 

needed over 14h to enter exponential growth and reached stationary phase at 20h at 

an OD600 of 0.2 with a maximum value of 0.3 after 70h of growth.  

These results confirm the bifidobacterial growth-promoting abilities of the published 

vitamin cocktail, the effect of which was greater after optimising the concentration, but 

remained non-significant. Moreover, media preparation using this vitamin mix was 

more laborious and time-intensive, and following optimisation of the BEV preparation 

protocol, BEV yields were sufficient with the final RCMveg formula. To maintain a 

refined and standardised growth medium and minimise downstream confounding 
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factors during BEV purification, I decided to omit the vitamin supplementation for the 

remainder of this project. 

 

Additionally, I tested bifidobacterial growth dynamics in the presence of different 

HMOs (i.e. 2’FL and LNnT); as these strains were isolated from faecal samples of a 

breastfed baby, they would be expected to metabolise HMO. Thus, in another test 

series, I repeated the growth assays using supplementation of RCMveg growth 

medium with 2’FL and LNnT, to test if they were metabolised by LH663. As initial tests 

indicated growth of LH663 only in combination with Glc (see Appendix, Supplementary 

Figure 3), I re-ran both combinations of the HMOs with Glc, as well as each sugar as 

the sole simple carbon source (Figure 9). As a negative control, I added the RCMveg 

growth medium without any supplemented simple sugar. All cultures grown in RCMveg 

growth media supplemented with HMOs, both solely or in combination with glucose, 

performed less well when compared to media supplemented with glucose only. All 

combinations of HMOs with glucose resulted in non-significantly reduced growth 

(P≥0.05), with a longer lag phase and a shorter exponential phase than the Glc-only 

supplements. Similarly, the cultures grown in 2’FL- or LNnT-supplemented RCMveg 

medium displayed equal growth to those in non-supplemented RCMveg medium, all 

significantly lower than full RCMveg with Glc (P≤0.05), implicating that LH663 does 

not metabolise either HMO but rather Glc and starch present in the medium.  

Initial work confirmed that both strains lacked genomic and phenotypic capacity for 

HMO metabolism. This had also been shown in previously published work.88 Thus, 

these growth assays with LH660 in RCMveg and HMO supplementation were not 

repeated, as no HMO metabolism (see Supplementary Figure 4) was expected and 

confirmed both in the initial work here and by Lawson et al. (2020).88 
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Figure 9: Growth of LH663 in RCMveg growth medium supplemented with Glc, 2’FL, LNnT and 
combinations of all three sugars. Non-supplemented RCMveg growth medium served as the negative 
control. Mean growth is displayed in bold lines, error bars in respective fainter-coloured lines above 
and below mean growth at each time point. *** P value ≤ 0.001 (two-way ANOVA, followed by 
Dunnett’s post hoc test); N = 3 

4.2.2. CFU determinations show a diauxic shift in both LH660 and LH663 

Determination of bacterial yield at a given time of growth is essential for 

downstream experiments and for evaluating their reproducibility.  

As shown in Figure 10, both LH660 and LH663 follow similar growth patterns up to 

34h (P=0.8976), with LH660 displaying a shorter lag phase (~4h) and more 

pronounced exponential growth compared to LH663. The OD values showed that both 

strains entered stationary growth after 16h. Interestingly, the CFU data showed 

different growth profiles, with several time points displaying a significant difference in 

bacterial yield between strains (P≤0.05). Both LH660 and LH663 followed the growth 

as seen in the OD data, entering the exponential phase at approximately 6h. However, 

the CFU data indicated they both reached a peak at 12h (LH660 with 1.31e10 CFU/mL 

and LH663 with 8.81e9 CFU/mL), followed by an abrupt decline in CFU (at 14h, only 

1.55e9 CFU/mL for LH660 and 4.98e9 CFU/mL for LH663; Figure 10A). Only LH663 

showed a slight, non-significant decline in OD at 14h (P=0.8976). Similar to a second 

lag and exponential phase after 12h, both strains reach maximal CFU at 20h (1.86e10 

CFU/mL for LH660 and 1.4e10 CFU/mL for LH663) before a decrease in bacterial yield. 

Thus, CFU data showed that both strains enter the stationary phase after 20h (Figure 

10A), which is 4h later than seen using OD measurements. 
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Figure 10: Bacterial yield of strains LH660 and LH663 over 34h, displaying a diauxic shift after 12h. 
CFU and OD measurements were taken every 2h. Means displayed as columns (CFU) and lines (OD) 
with SEM as error bars. A: non-logarithmic CFU/mL data for better visualisation of peaks at 12h and 
20h, B: logarithmic CFU/mL data for completeness, showing maximum values at 12h and 20h. * P value 
≤ 0.05, ** P value ≤ 0.01 (two-tailed Student’s t-test for CFU data, two-way ANOVA followed by 
Dunnett’s post hoc test for OD data); N = 3 
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This growth profile, with two exponential phases and two peaks at 12h and 20h of 

growth, may be due to a metabolic switch by the strains after consumption of Glc as 

the primary carbon source, followed by starch metabolism. Since BEV cargo changes 

in response to different environmental conditions466, the peaks or maximum 

log10(CFU/mL) (Figure 10B) at 12h and 20h may reflect distinct BEV populations, 

either driven by metabolic switches or different cell types within the bacterial cultures. 

Therefore, I chose 12h and 20h as time points for subsequent BEV harvesting. 

5. Discussion and perspectives 

5.1. Inclusion of B. pseudocatenulatum for vaccine adjuvancy 

Studies have shown that the GIT microbiota contributes to host immune 

response to pathogens and vaccines.459 Identifying key probiotic strains and their 

products may be beneficial for effective vaccine formulations. For instance, oral 

vaccines against HPV using genetically modified lactic acid bacteria as antigen 

carriers result in stronger systemic and mucosal-specific immune responses against 

HPV, leading to lower infection and incidence of cervical cancer, underlining the 

potential adjuvant properties of certain commensal bacteria.459,507 Modifying the GIT 

microbiota to improve vaccine immunogenicity is challenging due to individually unique 

microbiota composition. Several therapeutic strategies have been proposed, including 

targeted antibiotic regimens, synbiotic supplementation, and FMT. However, due to 

rising threat of AMR and limited feasibility of FMTs on a global scale (especially in 

LMIC populations), tailored use of synbiotics and postbiotics can be advantageous for 

improving vaccine efficacy. 468 

Several target Bifidobacterium strains have been identified within our lab for potential 

immune modulation. This project focused on B. pseudocatenulatum strains, which are 

understudied compared to other probiotic Bifidobacterium species. B. 

pseudocatenulatum species are closely related to B. adolescentis and B. catenulatum 

species, with the latter two being dominant in the GIT microbiota of adults.174 Indeed, 

being constituents of the human GIT microbiota from infancy to old age, B. 

pseudocatenulatum might possess specific properties enabling ‘universality’/high 

adaptability in changing intestinal environments, which could improve the 

compromised immunity in individuals at the extremes of life. Therefore, I investigated 
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if BEVs derived from B. pseudocatenulatum display similar immunomodulatory 

properties, which can be of potential use in novel vaccine interventions while being 

cost-effective, scalable, and stable, all of which are important for their use in LMICs. 

5.2. Selected strains of same origin display phenotypic 

heterogeneity 

5.2.1. Strains isolated from a breast-fed infant utilise starch instead of tested HMOs, 

pointing towards potential cross-feeding networks 

Given the fact that both strains originated from a non-weaned, breast-fed infant, 

HMO metabolism should not be surprising. Consistent with Lawson et al. (2020)88 who 

isolated both strains and described LH663 among other B. pseudocatenulatum strains, 

no HMO-related gene clusters were fully or partially present, which they confirmed by 

growth assays using 2’FL and LNnT. Nevertheless, I repeated their growth assays on 

potential 2’FL and LNnT metabolism using modified MRS and HMOs (see Appendix, 

Supplementary Figure 3 and Supplementary Figure 4), as well as RCMveg and HMOs 

(see Figure 9) and confirmed that LH660 and LH663 are unable to utilise either of the 

tested HMOs.  

However, only the most abundant HMOs, namely 2’FL and LNnT, were tested, leaving 

room for potential degradation of other HMOs by one or both strains, as this metabolic 

activity is highly strain- and HMO-type-dependent.88 Indeed, Bajic et al. (2023)498 

found a preference for utilisation of 3′-Sialyllactose/6'-Sialyllactose (3’SL/6’SL) in their 

tested B. pseudocatenulatum strains. Yet, several studies found that different infant-

derived B. pseudocatenulatum strains lack the ability to metabolise HMOs.88,175,508 

Consistent with this, no HMO metabolism-related gene clusters were identified.88 

Given that more than 200 distinct HMO structures have been reported to date161,509, 

and that optimal growth for subsequent BEV isolation was achieved in RCMveg 

supplemented with Glc and starch, further testing of potential utilisation of additional 

HMOs was not pursued. 

Interestingly, some bifidobacterial species, such as B. bifidum, can initiate HMO 

degradation extracellularly via extracellular GHs, resulting in mono- and disaccharide 

availability and potential cross-feeding with other HMO-non-degraders.88,161,510 

Lawson et al. (2020)88 also demonstrated cross-feeding between bifidobacterial HMO-
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degraders and non-degraders originating from the same host, highlighting the altruistic 

nature of Bifidobacterium strains to preserve diversity and dominance within the infant 

GIT environment. Indeed, other studies report heterogeneous carbohydrate 

metabolism of many infant-derived B. pseudocatenulatum strains as non-degraders of 

HMOs but starch-degraders at a pre-weaning state, underlining the transitional ability 

and adaptability of this Bifidobacterium species prior, during, and after GIT maturation 

and nutrient shifts.88,140,168,175,505,506 Similar metabolic diversity and agility in 

Bifidobacterium have been reported for B. castoris strains isolated from wild mice511 

and human-derived B. longum strains.512 Here, I also showed that LH660 and LH663 

were able to utilise starch, but neither of the two tested HMOs, which might be 

important in considering prebiotic-based GIT microbiota interventions. 

5.2.2. Diauxic growth and bacterial cell yield in medium containing Glc and starch 

The optimised and refined ‘vegan’ growth medium containing starch supported 

the growth of both strains in the absence of Glc as a primary carbon source confirming 

their ability to degrade starch though at a slower rate than other starch-

degraders.505,506 Lawson et al. (2020)88 and Millar (2023)505 performed an in-depth 

study on RS utilisation in different Bifidobacterium strains (including LH663 and 

LH660) and found a high number of CAZymes related to starch metabolism (i.e. GH13, 

Carbohydrate-Binding Module Family [CBM] 48, CBM25, and CBM74) and to 

arabinoxylan metabolism (i.e. GH43) indicating adaptation towards solid food 

substrates rather than breast-milk prior to its introduction. They showed that the 

number of detected CAZymes varied slightly between otherwise ‘clonal’ strains of the 

same host. The most common type of GH in the tested B. pseudocatenulatum strains 

(including LH663 and LH660) was GH13, which represents enzymes for hydrolysing 

alpha-glucosidic linkages in plant di-, oligo-, and polysaccharides.88,505,513  

A similar microdiversity between B. pseudocatenulatum strains from the same host 

was also reported in a dietary intervention study, where the analysed strains showed 

a variation in CAZy genes for plant polysaccharides and strain-specific positive 

association with beneficial changes in bioclinical parameters (i.e., plasma Glc and lipid 

homeostasis, weight loss, inflammation marker levels) within the host.168 Conversely, 

Kan et al. (2020)140 found that genetically similar B. pseudocatenulatum strains shared 

between mother-infant pairs showed environment-specific metabolic profiles with 

maternal strains utilising a greater range of glycans than the infant isolates, underlining 
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that the genetic microdiversity and gene expression of the strains are also regulated 

by the given intestinal ecosystem.142  

Interestingly, a screening study of metabolic gene clusters among B. 

pseudocatenulatum strains revealed that 43.3% of all genomes contained genes 

associated with starch degradation, with several also linked to EPS production, 

suggesting a potential connection between these two mechanisms.160 Both LH660 and 

LH663 possess EPS gene clusters (data not shown), and EPS production has been 

confirmed in LH663.176 This may have implications for BEV production and the 

possible attachment of EPS to BEVs generated during starch metabolism, a 

hypothesis explored in Results Chapter II. 

The CFU data and, to a lesser degree, the OD data presented here show a distinct 

diauxic shift towards starch utilisation of both strains in RCMveg media after depletion 

of Glc, underlining the importance of more precise methods of bacterial quantification 

in addition to OD measurements. Indeed, several growth curves using OD data alone 

do not indicate diauxic growth, leading to other time points for exponential and 

stationary growth.  

This metabolic adaptation of diauxie has been seen in numerous studies using media 

with multiple sugars of varying complexity.514 Cell division is slowed after starvation 

stress, induced by the lack of the primary carbohydrate and enzymatic adaptation to 

the metabolism of the secondary sugar. Interestingly, Solopova et al. (2014)514 found 

that in Lactococcus lactis, in contrast to the established concept of metabolic shifts, 

the diauxic lag phase was not due to the time bacteria needed for switching 

metabolisms from one sugar to the other, but rather that two distinct cell types of the 

bacterium co-existed in the same culture. These cell types displayed discrete 

metabolic profiles resulting in discontinued growth of one cell type upon complete 

exhaustion of the preferred carbon source. 

It is unclear if the B. pseudocatenulatum strains tested here follow a similar trajectory 

as seen in L. lactis. Both strains display a diauxic lag phase at 13-14h of growth, where 

bacterial cell numbers decreased more than 8-fold (from 1.31e10 CFU/mL at 12h to 

1.55e9 CFU/mL at 14h) for LH660 and LH663 CFU is nearly halved (from 8.81e9 

CFU/mL at 12h to 4.98e9 CFU/mL). This may suggest that LH660 may be less 

adaptable to environmental changes and nutrient availability, hinting towards the 

microdiversity of B. pseudocatenulatum strains from the same source. 
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However, further research is needed to uncover strain- and nutrient-specific properties 

(i.e. HMO utilisation, cross-feeding, growth in presence/absence of certain vitamins 

and other micronutrients) of potential probiotic strains, their products and metabolites 

and possible use for immune modulation, especially within vaccine interventions. 

5.3. Limitations and future work 

Based upon the analysis of the two strains, LH660 and LH663, the findings 

presented here provide insights into the potential phenotypic microdiversity of B. 

pseudocatenulatum strains. Additional Bifidobacterium strains from other hosts of 

different demographic origins and ages would give a more complete understanding of 

intra-microbial and microbiota-host interactions, leading to the identification of 

immunomodulatory strains with potential for vaccine adjuvancy.  

More testing of different nutrients and supplements is warranted to optimise immune 

modulation by B. pseudocatenulatum (or other beneficial species and genera) and 

their microbial products. Since specific underlying mechanisms for the many reported 

health benefits and vaccine response improvements of Bifidobacterium are unclear, 

optimisation and rigorous characterisation are needed to ensure best outcomes, 

especially in complex systems such as the human body. 

Here, I concentrated on two conditions of growth for both strains, pre- and post-diauxic 

shift, and did not include any further HMOs, other complex glycans, or supplements 

other than the vitamin cocktail prior to undertaking next series of experiments. 

However, the use of a refined, animal- and human-product-free growth medium as the 

standard in this project was intended to minimise the risk of contamination from 

animal-derived vesicles and other confounding factors introduced by complex 

ingredients or supplements.287,339  

Vitamin supplementation yielded inconsistent growth outcomes, with initial tests 

indicating growth inhibition, whereas subsequent assays revealed enhanced growth 

rates, particularly in concentration-adjusted samples. This discrepancy may be 

attributable to differences in the preparation and freshness of the vitamin mix. In the 

initial tests, a master stock cocktail was prepared in advance and used for media 

preparation and inoculation. In contrast, repeated experiments used freshly prepared 

stocks of individual vitamins, which were only combined at the point of media 

preparation. Potential degradation or interactions among vitamins in the pre-mixed 
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cocktail could explain the variation observed between initial and repeated assays, and 

need to be considered for future experiments. 

However, given the changing nature of BEVs in response to different environmental 

conditions, different populations and types of BEVs will be produced using more 

diverse media.  

Despite these limitations, this work provides the basis for investigating BEVs produced 

by a ‘universal’ but neglected member of the Bifidobacterium genus and the human 

GIT microbiota and its potential for immune modulation. 

5.4. Conclusion for further study 

Effective characterisation of BEVs requires high-yield numbers under 

controlled, preferably standardised and simplified growth conditions. The B. 

pseudocatenulatum strains LH660 and LH663 selected for this study showed shorter 

lag-phases and more pronounced exponential growth in the revised RCM-based 

medium. To minimise confounding factors during downstream BEV purification, 

unnecessary ingredients and supplements were omitted, and components of human 

or animal origin were replaced with vegan alternatives. Glc and starch were selected 

as the primary and secondary carbohydrate sources based on optimal growth 

performance and confirmed lack of HMO utilisation among the tested HMOs. This final 

formulation, designated RCMveg (see Table 7), served as the optimised standard 

growth medium for subsequent BEV preparation and characterisation throughout the 

study. 

Additionally, CFU data identified distinct time points, 12h and 20h, corresponding to 

maximal bacterial yield. These time points were adopted as standardised harvesting 

intervals to enable investigation of potential differences in BEV preparations 

associated with growth phase and culture conditions. 



 Results Chapter II – Characterisation of B. pseudocatenulatum BEVs 

- 87 - 

IV. RESULTS CHAPTER II – CHARACTERISATION OF B. 

PSEUDOCATENULATUM BEVS 

1. Summary 

BEVs are key mediators of interkingdom communication, interaction with host 

cells, and immune modulation. Although BEVs from Gram-negative bacteria have 

been widely studied, understanding the biological impact and production of BEVs from 

Gram-positive bacteria is still scarce. This is particularly true for BEVs from 

commensal bacteria, such as Bifidobacterium, which are extremely understudied. 

Therefore, I optimised the isolation and purification of BEVs produced by the selected 

B. pseudocatenulatum strains and performed initial characterisation of their 

biophysiological properties. This included determining morphology and size, and 

quantifying vesicular concentration, content, and proteome. The results demonstrate 

distinct BEV differences in a strain- and growth-condition-dependent manner. 

Additionally, several proteins with potential immunomodulatory features were 

identified. Taken together with the host cell interaction studies I performed (see next 

Results Chapter), this gives insights into the underlying mechanisms of potential 

immune stimulation by specific BEV proteins. 

2. Contributions 

Overall supervision and help with this chapter's writing and experimental 

suggestions were provided by Prof Lindsay Hall and Prof Simon Carding. Lab 

induction, BEV preparation SOP, and support during optimisation and initial proteomic 

analysis were provided by Dr Regis Stentz. Dr Emily Jones provided induction and 

help with NTA and SEC. Lipid quantification was performed under supervision of Dr 

Rokas Juodeikis. Dr Catherine Booth and Kathryn Gotts performed TEM imaging. 

Proteomics was performed by Dr Carlo Martins and Dr Gerhard Saalbach. Help with 

proteomic analysis and visualisation was provided by Dr Matthew Dalby. Everything 

else was performed by me. For more details, please refer to the Methods chapter 3, 

page 49. 
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3. Background 

3.1. BEVs as important immunomodulatory microbial products 

3.1.1. Characteristics and function of BEVs 

Vesiculogenesis is an important cellular response mechanism in all cells, 

including members of the GIT microbiota.272 Essential for interspecies and 

interkingdom communication308,309, BEVs contain various components of their parental 

organism, including proteins293,294, peptidoglycan295–297, small genetic molecules such 

as RNA295,298–300 and DNA295,301,302, lipoprotein303, virulence factors304, 

metabolites305,306 and specific enzymes mediating antibiotic resistance43,310–312, 

nutrient acquisition313,314, quorum sensing315, and/or biofilm formation and 

maintenance.43,302 The diverse cargo of BEVs enables their multifaceted functions. 

However, underlying mechanisms and factors regulating their production and 

heterogenicity are still not well understood.287  

Due to their size (20-400nm), BEVs are ideal for molecule delivery to distant sites 

within the host.325,326 The immune system responds to these MAMP-expressing BEVs 

through recognition via specific PRRs, including TLRs, activation of the NF-κB 

pathway and production of pro- and anti-inflammatory cytokines.334  

As a result, BEVs have been gaining more and more importance for applications in 

drug delivery, immune therapy and vaccination. 

3.1.2. Implications for the use of BEVs in vaccination 

The combination of high levels of immunostimulatory ligands, innate robustness 

protecting the cargo from degradation by nucleases and proteases, as well as cost-

effective production, their bioengineering capability, and non-replicability, makes them 

an attractive platform for vaccine delivery.43 To date, BEV vaccines have been 

licensed for V. cholerae and serogroup B N. meningitidis464,515, with the latter showing 

potential cross-species protection against N. gonorrhoeae.516 Other experimental BEV 

vaccines have been reported to induce protective immunity when administered orally 

or intranasally to mucosal sites, showing increased levels of mucosal vaccine-specific 

IgA and systemic IgG antibodies.517–520 However, there are still restrictions for using 

BEVs from non-commensal and pathogenic bacteria in vaccines, such as undesirable 
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toxicity due to toxins and DAMPs. Other potential disadvantages include low yield and 

low expression levels of target antigens, impurities, poor immunogenicity and strain-

restricted protection requiring the addition of adjuvants.43,325,337,517 Thus, licensing of 

BEV-based vaccines for use in humans requires more research.335 To overcome these 

undesirable effects of pathogenic BEVs, bioengineered modifications have been 

implemented to increase safety. For instance, the second generation of MenB BEV 

vaccines contains penta-acylated LpxL1 LPS instead of capsular polysaccharides, 

lowering its endotoxicity.463,521 Another strategy is genetically engineered 

heterologous expression of antigens or immunogens from target microbes into BEV 

carriers of a safer bacterium. Based on this approach, Omp22 antigens from A. 

baumannii and OprI from P. aeruginosa were fused into BEVs derived from E. 

coli.522,523 Similarly, E. coli and S. enterica have been genetically modified to produce 

BEVs containing LPS from S. aureus species524 and capsular proteins from S. 

pneumoniae525,526, inducing antigen-specific antibodies and immune protection 

against infection in mice. BEVs can also be ‘surface-decorated’ with various antigens, 

such as coupling Spike receptor binding domains from SARS-CoV-2 with BEVs 

derived from S. enterica serovar Typhimurium.527 However, only a few studies have 

tried a similar approach using BEVs from commensal bacteria. Carvalho and 

colleagues322,337 engineered BEVs from B. thetaiotaomicron to deliver antigens from 

Influenza A virus and Yersinia pestis, resulting in protective mucosal and systemic 

immune responses in mice and primates, respectively. 

Given the safety issues of BEVs of pathogenic origin, the use of BEVs from 

commensal bacteria, which are non-toxic with in-built adjuvancy, could lead to novel 

vaccination strategies. 

3.2. Immune stimulation potential of bifidobacterial BEVs 

Given their many reported health benefits and their probiotic and immune-

modulatory properties discussed before, BEVs originating from Bifidobacterium strains 

are promising candidates for vaccine formulations. However, very few studies have 

investigated BEVs of bifidobacterial origin. López et al. (2012)373 compared the 

immunomodulatory properties of whole B. bifidum LMG13195 and their BEVs, 

indicating increased immunosuppression by BEVs; IL-10 release and Treg cell 

abundance in vitro after exposing DCs to BEV fractions. Studies of B. longum KACC 
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91532-derived BEVs revealed beneficial effects in the context of food allergy via their 

expression of a family of 5 ESBPs that interacted with resident mast cells in the small 

intestinal lamina propria to induce targeted apoptosis. Both the parental bacteria and their 

BEVs did not kill T cells, B lymphocytes or eosinophils in vitro and in vivo; rather, mast 

cells were specifically targeted.374 Nishiyama et al. (2020)375 found that BEVs from B. 

longum NCC2705 contained a high number of mucin-binding proteins that promoted 

bacterial adhesion and possible GIT establishment. More recently, BEVs from B. longum 

AO44 were found to induce anti-inflammatory responses, including IL-10 and IL-17 

production, in splenocytes and DC-CD4+ T cell co-cultures. Subsequent proteomic 

analysis revealed high abundances of ABC transporters, quorum-sensing proteins, and 

ESBPs.308 Kurata et al. (2022)377 also found an association between ESBP-loaded BEVs 

from B. longum subsp. infantis and induction of IL-6 secretion and subsequent IgA 

production by PP lymphocytes.  

Taken together, BEVs from Bifidobacterium possess similar immunomodulatory abilities 

to those of their parental organisms, albeit in a strain-dependent manner, with several 

proteins, such as ESBPs, being positively associated with immune stimulation. 

4. Results 

4.1. Optimisation of BEV isolation and purification 

4.1.1. Initial preparations produced impure BEV samples 

Based on the growth optimisation results described in Results Chapter I, BEVs 

were prepared by harvesting cultures of LH660 and LH663 at the CFU peaks 

corresponding to maximum bacterial yield, at 12h and 20h of growth, in RCMveg medium 

containing Glc and starch as carbohydrate sources. This approach was used as the 

standard procedure for downstream BEV preparation throughout the project. With the 

focus of the Carding lab on Bacteroides species, they established an SOP for optimal 

BEV isolation for Bacteroides strains. Following the results of the initial growth 

assessment and optimisation, I prepared the initial BEV mixture according to this SOP. 

However, the resulting bifidobacterial BEV solution showed visible impurities as residues 

of the culture medium caused colouration. An attempt to visualise BEVs using TEM was 

unsuccessful due to debris and other contaminants within the BEV mixture interfering with 

the TEM preparation process. Thus, several different modifications of the Bacteroides BEV 
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SOP were tested to optimise bifidobacterial BEV isolation and purification (see Methods, 

page 49). 

4.1.2. Combination of additional filtration and purification steps leads to optimised 

bifidobacterial BEV isolation 

As a first adjustment, I added another cross-filter disk with a lower cut-off and 

performed an SEC on the resulting BEV suspension. In a single experiment, 24 fractions of 

these initial preparations were tested for protein concentration using the Bradford assay 

(see Figure 11) and analysed for concentration and size of potential BEVs (see Figure 12) 

using NTA (ZetaView) to verify that modified BEV isolation mirrors the trajectory of 

Bacteroides BEV preparations. Fractions with very low to no NTA signal were discarded. 

 

Figure 11: Detected protein levels in the LH663 BEV solutions after initial preparation modification, SEC 
purification, and fractioning. Single experiment to verify BEV isolation trajectory similarities to Bacteroides 
BEV preparations to exclude SEC fractions of low nanoparticle and high protein concentration in future 
preparations. 

 

Figure 12: NTA concentration and size diagrams of SEC fractions containing BEVs as produced by 
ZetaView analysis programme 

Fractions 13 to 24 showed increasing levels of proteins. Additionally, ZetaView 

analysis indicated that none of these later eluted fractions contained any 
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nanoparticles, which was consistent with observations of BEV preparations of 

Bacteroides. Based on this, these fractions were discarded from further use and later 

eluted SEC fractions of subsequent BEV preparations were excluded as part of the 

standard procedure. As visible in the NTA diagrams (Figure 12), only fractions 6 and 

8 to 12 contained nanoparticles and were subsequently concentrated for TEM imaging 

(see Figure 13) to confirm improved purity. 

 

Figure 13: Selection of TEM images of chosen SEC fractions after modified BEV preparation. 
Respective scales are depicted in the lower left corner of each image, fraction number in the lower right 
corner. Arrows identify BEVs 

Although the added cross-filter disk and SEC resulted in bifidobacterial BEV isolation 

of increased purity compared to the initial preparation, both the NTA and TEM imaging 

(background and debris) revealed contaminants and low BEV concentrations (1∙106 

particles/mL compared to expected 1∙1010 particles/mL; see Figure 12). Interestingly, 

fraction 6, which displayed a resolved peak in the NTA particle profile, did not contain 

any detectable BEVs in TEM, but debris and other ‘background signals’ from the 

culture medium, showing that the ZetaView does not discriminate BEVs from other 

nano-sized particles and debris. 
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To further optimise BEV preparations, the RCMveg medium was filtered prior to 

inoculation using the cross-filter system with a cut-off of 100kDA to remove nano-sized 

particles from the growth medium. This modification improved the isolation process, 

decreasing the preparation time, matching that from Bacteroides BEV preparations 

and increasing the overall BEV concentration and purity without the use of the 

secondary (‘broader’) cross-filter disk. After repeated success of the modified BEV 

preparation protocol (higher concentrations in NTA, see Figure 14A, and clearer TEM 

images, see Figure 15), the use of the secondary filter disk was omitted, and over 40 

BEV batches were prepared for further characterisation. All batches analysed via 

ZetaView analysis (see Figure 14A and B) and the first 5 batches with TEM (see Figure 

15) showed conformity between batches in terms of concentration, sizes, and 

morphology (see below). The optimised BEV isolation protocol for Bifidobacterium 

species can, therefore, produce replicable BEV preparations. 

4.2. BEV particle size range and concentration range are similar 

between batches 

SEC fractions and pooled BEV batches were analysed for concentration and 

nanoparticle size. Interestingly, the size of BEV populations between different batches 

from LH660 at both harvest (i.e. growth) time points was constant (P values close to 

1), ranging between 80nm to 215nm in diameter (see Figure 14B). Some BEVs from 

LH663 were larger, with sizes reaching up to 225nm in diameter for BEVs harvested 

at 12h and up to 240nm for LH663 BEVs harvested at 20h. However, the mean size 

of BEVs of both LH660 and LH663 at both harvest time points was 130nm (see Figure 

14B), consistent with initial isolations (see Figure 12) and reported BEV size ranges 

from other bacteria.287,308,377 

Conversely, BEV concentration varied between batches, though not significantly 

(P≥0.05; see Figure 14A). Although the concentrations were increased 100,000-fold 

compared to initial preparation trials and were consistently over 1∙1010 particles/mL, 

concentrations varied, with the highest variation seen in BEV batches from LH660 

harvested at 20h, with over 12-fold difference between batches (7.6∙1010 particles/mL 

vs. 9.76∙1011 particles/mL), with a mean concentration of 3.91∙1011 particles/mL. The 

concentration of LH663 BEV batches harvested at 20h was 3.89-fold higher with a 

mean concentration of 3.54∙1011 particles/mL.  
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Figure 14: NTA using ZetaView of LH660 and LH663 BEV batches harvested at 12h and 20h, 
respectively, showing concentration range (A) and size range (B). Statistical testing with one-way 
ANOVA followed by Tukey’s multiple comparison post hoc test, N = 5 

4.3. TEM of BEVs confirms absence of surface-associated EPS 

TEM imaging was used for visualisation and purity assessment of 

bifidobacterial BEVs. In contrast to earlier BEV isolations (Figure 13), a selection of 

TEM images from three different batches of LH660 and LH663 BEVs harvested at 20h 

(Figure 15) confirmed improved purification and reproducibility. 
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BEV shape and size were variable between LH660 and LH663. However, overall 

BEVs of ≤100nm in size were more abundant. In addition, BEVs derived from LH660 

and LH663 appeared consistent with previously reported TEM images of BEVs from 

other Bifidobacterium species.308,374,375,377 However, TEM imaging revealed no 

detectable EPSs on the surface of LH660 and LH663 BEVs, as the ‘additional outer 

layer’ typical for EPS in TEM images7,255,264 was not detectable. 

 

Figure 15: Selection of TEM images of analysed BEV batches from LH660 (upper panel) and LH663 
(lower panel) harvested after 20h. Respective scales are depicted in the lower left corner of each image. 
Arrows point out BEVs of different sizes  
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4.4. Quantification of vesicular surface-associated content shows 

batch-dependent variations 

BEV surface-associated RNA, dsDNA, protein, and lipid were next determined. 

Except for one outlier in LH660 20h BEV batches, lipid concentrations were similar 

between all BEV batches (P values close to 1; Figure 16). 

 

Figure 16: Calculated lipid levels in bifidobacterial BEV batches. Statistical testing with one-way ANOVA 
followed by Tukey’s multiple comparison post hoc test, N = 5 

Similar to the measured particle concentrations, BEV batches from both LH660 and 

LH663 harvested at 12h showed higher amounts of the tested contents than the 

respective 20h BEV batches (Figure 17), except for lipid levels, where 20h BEV 

batches showed higher, though not significantly different, concentrations (Figure 16). 

The lowest dsDNA and RNA levels were seen in LH660 BEV batches harvested at 

20h, whereas the highest nucleic acid levels varied between BEV preparations, with 

the highest RNA concentrations measured in LH663 BEVs at 12h and highest dsDNA 

seen in LH660 BEVs at 12h. Protein levels between BEV batches of the same origin 

and condition were less variable than dsDNA and RNA levels, with less than 2-fold 

differences (P≥0.3). BEVs from LH660 had higher amounts of protein compared to 

LH663 BEVs. All differences in lipid, protein, RNA, and dsDNA concentration between 

BEV preparations were non-significant (P≥0.05). 
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Figure 17: Measured levels of dsDNA (A), RNA (B), and protein (C) in bifidobacterial BEV batches. 
Statistical testing with one-way ANOVA followed by Tukey’s multiple comparison post hoc test, N = 5 
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4.5. Proteomic analysis shows distinct BEV protein clusters 

between strains and time points 

4.5.1. Initial proteomic analysis reveals batch differences dependent on sample age 

Three BEV preparations from LH660 and LH663 harvested at 20h were used 

for proteomic analysis (see Methods, under 3.3 Proteomic analysis, page 54). Briefly, 

BEVs were lysed through SDS treatment followed by boiling and vortexing. Proteins 

were precipitated, pelleted and trypsin-digested, followed by purification. The resulting 

aliquots were analysed by nanoLC-MS/MS, and unique peptides were quantified and 

identified using Bifidobacterium-specific databases.474 A total of 1289 proteins were 

detected, of which 581 were unique peptides with ≥ 10 present in at least one BEV 

sample from the same strain. Surprisingly, proteomes varied between BEV batches 

from the same strain and condition, depending on the ‘age’ of the respective sample 

(Figure 18). Sample 1 from each strain was isolated one month prior to proteomic 

analysis, sample 2 one week and sample 3 one day. The distance between the oldest 

and the freshest samples was increased compared to those prepared a week apart, 

indicative of sample degradation. Due to this, I stored isolated BEV batches at -80°C 

instead of 4°C prior to use and prepared new samples for repetition of the proteomic 

analysis. 

 

Figure 18: NMDS plot of LH660 and LH663 BEV batches harvested at 20h showing proteomic 
differences between respective samples in an age-dependent manner. Isolation of respective batch 
was performed for batch 1=1 month, batch 2=1 week, batch 3=1 day prior to proteomics analysis 

4.5.2. Cellular location and biological function of bifidobacterial BEV proteins 

Repeated proteomic analysis of ‘fresh’ BEV batches from LH660 and LH663 

harvested at 12h and at 20h showed improved proteomic sample similarity, although 
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samples from the LH660 12h BEVs indicated one outlier (see Figure 18 and Figure 

19). 

Additionally, more proteins were detected in this repeated proteomic analysis than in 

the initial run. A total of 1433 proteins were detected, with 862 proteins meeting the 

threshold criteria mentioned above. GO annotation for cellular location (Figure 20) and 

biological function (Figure 21) of these 862 proteins revealed that the majority (41%) 

were cytoplasmic proteins, followed by membranous proteins (30%) and a small 

portion found in the nucleus (5%), ribosome (5%), and mitochondria (3%). The 

smallest amount of detected proteins (2%) was identified to be extracellular or 

associated with the cell surface. However, the cellular location of 14% remained 

unknown. A similar proteomic distribution was found by Kurata et al. (2022), who 

analysed BEVs deriving from B. longum subsp. infantis.377 

 

Figure 19: NMDS plot of LH660 and LH663 BEV batches harvested at 12h and 20h, showing 
proteomic similarity between respective samples 

 

Figure 20: Overview of GO-annotated cellular location of detected proteins within the bifidobacterial 
BEV samples from LH660 and LH663 
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Figure 21: Percentage of GO-annotated biological functions of detected protein within the bifidobacterial 
BEVs of LH660 and LH663 

Conversely, comparing BEVs from B. longum subsp. infantis377 and the B. 

pseudocatenulatum strains used here (Figure 21) indicated varied functional 

properties. Proteins linked to carbohydrate metabolic processes and transmembrane 

transport were approximately 10% of the total, while those related to signalling were 

over four times lower in the BEV samples here. Proteins linked to translation, vitamin 

metabolic processes, cofactor biosynthesis, and lipid metabolic processes were twice 

as much in the BEV samples compared to B. longum subsp. infantis.377 
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4.5.3. Protein abundance varies between both strains and selected conditions 

An in-depth comparison of the BEV batches from LH660 and LH663 at both 

time points revealed strain-specific differences at the proteome level. Overall 

abundances of all detected proteins were elevated in LH663 BEVs at both time points 

compared to LH660 BEVs (Figure 22), although surface-associated protein levels 

were lower in LH663 BEVs (see Figure 17C). Similarly, BEVs harvested at 12h had 

higher protein levels, and those proteins present were more abundant than in those 

harvested at 20h in both strains, meaning fewer proteins were loaded in corresponding 

BEVs after the diauxic shift in both strains (see Figure 22 and Figure 17C). 

 

Figure 22: Abundances of all 1433 proteins detected in the BEV batches of LH660 and LH663 harvested 
at 12h and 20h 

In LH660 BEVs, differences were seen for NTP pyrophosphohydrolase and fructose-

2,6-biphosphatase (Figure 23A). KEGG pathway analysis showed that NTP 

pyrophosphohydrolase is part of the riboflavin and nicotinate metabolic pathway (KO: 

K03426/ K01515), whereas fructose-2,6-biphosphatase (KO: K14634) is a key 

enzyme in the fructose/mannose metabolic pathway. 
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Figure 23: Proteomic abundance differences between LH660 (A) and LH663 (B) BEVs harvested at 
12h (blue) and 20h (red). P values calculated by t-test and adjusted by BH method, *P ≤ 0.05,  
**P ≤ 0.01, ***P ≤ 0.001 

In LH663 BEVs, 20h preparations contained significantly (P≤0.01) more proteins 

linked to glutathione, proline and galactose metabolism, respectively. LH663 12h 

BEVs, on the other hand, showed a higher abundance of enzymes associated with 
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galactose metabolism, purine metabolism, glycogen metabolism, and ABC transport 

of galacto-oligosides. 

 

Figure 24: Proteomic abundance differences between LH660 (blue) and LH663 (red) BEVs harvested 
at 20h. P values calculated by t-test and adjusted by BH method, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 

Finally, a more detailed comparison of protein abundances between LH660 and 

LH663 BEVs harvested at 20h confirmed significant differences between protein levels 

between the BEVs of the two strains (Figure 24). LH660 20h BEVs contained 

significantly (P=0.0149) more transposase, which was linked to genetic replication and 

repair. LH663 20h BEVs had significantly (P≤0.001) higher levels of proteins 

associated with ABC transport, translation and aminoacyl-tRNA biosynthesis, signal 

transduction, protein processing, one-carbon fixation and several metabolic 

processes. 

4.5.4. BEVs from both strains contain potential immunomodulatory proteins 

Further screening, using literature searches, revealed 20 proteins present in 

LH660 and LH663 BEVs that might facilitate BEV-host cell interactions and induce 

LH660, 20h 

LH663, 20h 
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immune responses (Table 11 and Figure 25). The abundances of these 20 proteins 

varied between BEVs of different strains and different time points. However, only one 

out of these 20 proteins, namely alkaline phosphatase, was significantly  

(P=6.1667e-16) different between strains, with no abundance in LH660 BEVs and 

significant enrichment in LH663 BEVs (Figure 24 and Figure 25). 

Although abundance differences were not statistically significant for the other 19 

proteins (P≥0.05), load variation could still result in distinct immunomodulatory 

phenotypes. ESBP was more abundant in BEVs harvested at 20h and in LH660 BEVs, 

while detected levels (abundance values ≥70) were comparable in all BEV 

preparations. Additionally, ABC transporter substrate-binding protein was also 

detected in all BEV batch groups, though abundance in LH660 12h BEVs was 2-3-fold 

less than in the other BEV samples. Equally, both lactate dehydrogenase and 

diguanylate cyclase were also present in all BEV samples, yet LH663 BEVs contained 

3-4-fold more of these proteins than the respective LH660 BEVs. Surprisingly, 11 out 

of the 20 potentially immunomodulatory proteins had very low to no abundance in 

LH660 20h BEVs, with 10 being highly abundant in LH660 12h BEVs. 
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Table 11: Overview of potential immunomodulatory proteins reported in other species and genera 
detected in LH660 and LH663 BEV (12h and 20h) proteomic analysis 

Name Biological function 
Cellular 
location 

Reported potential 
immunomodulation 

ABC transporter 
substrate-binding protein 

Transmembrane 
transport 

Membrane Adhesion promotion528 

Adhesin Cell adhesion Membrane Adhesion promotion529 

Lactate dehydrogenase 
Carbohydrate metabolic 
process 

Cytoplasm, 

Mitochondria 
Induction of epithelial cell 
differentiation530 

Extracellular solute-
binding protein 

Substrate transport Membrane 
Induction of IL-6 and IgA 
production377 

Diguanylate cyclase Substrate transport Cell surface 
Regulation of biofilm 
formation531 

Elongation factor Tu Translation Cytoplasm Adhesion promotion375,529 

Phosphoglycerate kinase 

Carbohydrate metabolic 
process,  

Generation of precursor 
metabolites and energy, 
cell adhesion 

Cytoplasm 
Adhesion promotion375 

Immunoreactivity532 

Alkaline phosphatase 
Transcription,  

Signalling 

Cytoplasm, 

Membrane 

Reduction of LPS-
mediated 
inflammation533,534 

Nicotinate 
phosphoribosyltransferase 

Nucleobase-containing 
metabolic process 

Cytoplasm, 

Nucleus 
Activation of inflammatory 
responses535 

Glyceraldehyde-3-
phosphate 
dehydrogenase 

Carbohydrate metabolic 
process,  

Cell adhesion 
Cytoplasm 

Immunoreactivity532 

Adhesion promotion536–538 

Glutamate synthase 
Amino acid (AA) 
metabolic process 

Cytoplasm 
Positive association with 
increased intestinal IgA539 

Protein translocase 
subunit SecA 

Transmembrane 
transport 

Cytoplasm, 
membrane 

Induction of Th17 
response in PBMCs540 

Enolase 

Carbohydrate metabolic 
process,  

Generation of precursor 
metabolites and energy, 

Cell adhesion 

Cell surface 
Immunoreactivity532 

Adhesion promotion541 

Aspartokinase AA metabolic process Cytoplasm Immunoreactivity532 

Sortase Cell adhesion Membrane 
Adhesion promotion542,543 

Bacterium-host cell 
interaction542,543 

Transaldolase 

Carbohydrate metabolic 
process,  

Generation of precursor 
metabolites and energy 

Cytoplasm, 

Membrane 
Immunoreactivity375,532 
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Figure 25: Abundances of identified proteins with potential immunomodulatory properties in LH660 and LH663 BEVs (12h and 20h) as reported in other bacterial 
species and genera. P values calculated by t-test and adjusted by BH method, ***P ≤ 0.001, other abundance ratios were non-significant 
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5. Discussion and perspectives 

5.1. B. pseudocatenulatum strains produce heterogeneous BEVs 

5.1.1. BEV isolation and characterisation need further standardisation 

I have optimised a BEV preparation protocol for the selected B. 

pseudocatenulatum strains based on adapting an SOP for B. thetaiotaomicron BEV 

isolation. By including additional filter steps, I produced LH660 and LH663 BEV 

batches for characterisation by morphology, size, cargo proteome and presence of 

immunomodulatory proteins. Being only the 12th study of bifidobacterial BEVs and the 

first of BEVs derived from B. pseudocatenulatum strains, I was able to demonstrate 

that both LH660 and LH663 released BEVs with a size range of 80-240nm and a similar 

morphology in line with previously reported bifidobacterial BEVs.308,374,375,377,544 

Concentration of 12h BEV batches from both strains tended to have higher particle 

numbers compared to the respective 20h BEVs, while protein levels did not follow a 

similar pattern. Recently, Juodeikis et al. (2024)287 proposed BEV quantification via a 

combination of NTA and lipid quantification (detected nano-particles per µg of 

quantified lipid per mL) as a more accurate method of BEV quantification. Lipid 

quantification of the BEV batches was overall more consistent, except for one outlier 

in LH660 20h BEVs. However, differences in lipid packaging and limitations to lipid 

quantification, like protein assays, can be expected. This highlights the need for further 

optimisation and standardisation of BEV preparation to allow more comprehensive 

analysis and less batch-to-batch variation, one of the biggest limitations of upscaled 

use of BEVs in therapies.292,545,546 

5.1.2. Nucleic acid cargo more elevated in LH663 BEVs than LH660 BEVs 

The presence of bifidobacterial RNA and/or DNA is a strong indication of the 

potential immunomodulatory activity of BEVs due to the genomic composition with high 

G+C proportions and non-methylated CpG motifs of Bifidobacterium species.540,547 

These have been shown to interact with TLR9 of immune cells, promoting Th1 cell 

responses.540,547 Levels of both RNA and dsDNA were overall more elevated (although 

not significantly) in all BEV samples originating from LH663 compared to matching 

samples from LH660. Conversely, Bitto et al. (2017)301 found that nucleic acids were 
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more abundant in BEVs of smaller size (~20nm). Given the fact that BEVs from LH663 

were generally larger than LH660 BEVs (although not significantly), bifidobacterial 

BEVs may follow different loading trajectories than those reported for Gram-negative 

species. Additionally, several studies in both Gram-negative and Gram-positive 

bacteria have shown that BEVs harvested at earlier time points carried more nucleic 

acids.301,302 This was apparent for RNA only in the majority of the BEV samples, with 

12h samples containing twice as much RNA as the 20h batches from both strains. 

Interestingly, BEVs from B. longum subsp. infantis rarely contained detectable levels 

of DNA and RNA, whereas BEVs from B. longum NCC2705 showed high DNA levels, 

although prepared at the same growth stage.375,377 

It has been proposed for Gram-negative bacteria that genomic DNA (gDNA) is loaded 

into BEVs during exponential growth and cell division.301 Since both BEV preparation 

time points correspond to diauxic stationary growth, this might explain lower DNA 

cargo in all of the BEV preparations (excluding batch outliers). Since BEVs largely 

remained intact prior to quantification, the measured nucleic acids were solely present 

on the surface of the BEVs, and potential internal DNA and RNA were not considered. 

As significantly more genetic material in BEVs is present externally than 

internally287,301,548–550, I decided to omit internal DNA and RNA quantification. 

Nevertheless, more in-depth characterisation of external and internal genetic material 

is required to confirm BEV-loading trajectories for nucleic acids in bifidobacteria. Of 

note, internal DNA from BEVs of the pathogen P. aeruginosa was found to contribute 

to horizontal gene transfer, whereas external DNA was associated with biofilm 

formation and protection.301 

5.1.3.  BEVs from B. pseudocatenulatum follow reported protein cargo distribution 

from other bifidobacterial BEVs in their cellular location but not biological function 

Most identified proteins were predicted to localise to the cytoplasm, followed by 

a large portion of membrane proteins and a smaller number of ribosomal, nuclear, 

mitochondrial and extracellular proteins. Similar findings were reported for BEVs 

derived from B. longum subsp. infantis and B. longum NCC2705, showing that 

bifidobacterial BEVs contain predominantly cytoplasmic proteins.375,377 However, given 

the small number of proteomic studies on bifidobacterial BEVs, this observation needs 

further studies to be confirmed. Additionally, it remains unclear which portion of 
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proteins might provide immunomodulatory activity. Other findings on whole bacteria 

attribute the immunomodulatory role of Bifidobacterium to specific protein molecules 

localised in the cell wall or membrane.532 They also play key roles in the establishment 

and maintenance of interaction between the bacteria, their environment and the 

host.551 Given that 30% of identified proteins were localised in this compartment, the 

presence of proteins with potential immunoreactive interest in the BEVs studied here 

is further discussed below. 

Conversely, a comparison of predicted biological functions of identified proteins from 

different bifidobacterial BEVs showed species-specific variations. Although most 

proteins were attributed to carbohydrate metabolism and transmembrane transport, 

BEVs from B. longum subsp. infantis carried around 10% more proteins of these 

categories.377 This variation might be due to the large portion of proteins with unknown 

functions in the BEV proteomes studied here. BEVs from B. longum AO44 carry more 

proteins attributed to ribosome biosynthesis and signalling, but fewer for 

transmembrane transport than BEVs from B. longum subsp. infantis or the B. 

pseudocatenulatum strains studied here.308 However, given the heterogeneity of 

BEVs, this might be due to species and experimental condition-related differences. 

5.1.4. Protein load in B. pseudocatenulatum BEVs is strain- and time point-

dependent 

Protein levels varied between the two strains and the two time points, reflecting 

the stress response of the parental bacteria to changes in nutrient availability. LH660 

12h BEVs showed high abundance of NTP pyrophosphohydrolase, an enzyme whose 

expression is upregulated in Bifidobacterium species in response to oxidative 

stress.552,553 At 20h, LH660 BEVs contained high amounts of fructose-2,6-

biphosphatase, an allosteric regulator of gluconeogenesis554, in line with bacterial 

growth conditions of the strain. 

Other proteins were predominant in 12h and 20h BEVs from LH663. BEVs from the 

earlier time point displayed high levels of proteins linked to the uptake and metabolism 

of starch prior to complete Glc depletion. Potentially, a metabolic shift was initiated 

preceding Glc unavailability, leading to lytic BEVs as a means of adaptation and 

survival to new growth conditions.287 Although not significantly different between 

preparations, BEVs from all preparations also contained other proteins participating in 
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starch metabolism (e.g. amylopullulanase, alpha-amylase, and phosphorgluco-

mutase).555 Conversely, several of the most abundant proteins in LH663 20h BEVs are 

associated with glutathione metabolism. Glutathione signalling is connected with stress 

and starvation responses as part of bacterial survival mechanisms.556 Nevertheless, 

LH663 20h BEVs also contained high amounts of proline iminopeptidase and beta-

galactosidase, with the latter contributing to starch utilisation. Interestingly, it has been 

found that some Bifidobacterium species can metabolise AAs in the absence of 

glucose to ensure survival, highlighting further adaptation strategies reflected in the 

respective BEV protein load. 

Increasing evidence points to phenotypical differences of LH660 and LH663 as seen 

in their growth behaviour (see Figure 10, Results Chapter I) and the proteomic profile 

of their BEVs under the same growth conditions (see Figure 23, Figure 24 and Figure 

25). Indeed, LH660 20h BEVs had a higher level of transposase protein, while LH663 

20h BEVs had higher abundance of proteins related to gluconeogenesis, tricarboxylic 

acid cycle (TCA) cycle, and AA metabolism, as well as some proteins involved in the 

protein translocation machinery.557  

5.2. BEVs potential immune stimulatory proteins 

Of the over 1000 identified proteins present in the BEVs, 20 have been reported 

to drive interaction with host epithelial and immune cells.551 Seven of these proteins 

were found to promote and regulate bacterial adhesion to the host, namely enolase, 

adhesins, elongation factor Tu, ABC transporter substrate-binding protein, 

phosphoglycerate kinase and sortase (see Table 11). Enolase and elongation factor 

Tu facilitate the adhesion of B. bifidum, B. longum NCC2705, B. breve, B. lactis and 

Lactobacillus spp. to host mucus, intestinal epithelial cells and/or components of their 

extracellular matrix.541,551,557–561 Additionally, enolase interacts with human 

plasminogen, which is associated with binding of Bifidobacterium strains to the human 

GIT.557,559 Similar adhesion and plasminogen-binding functions have also been found 

for GAPDH.536–538 Hence, BEVs containing adhesion-promoting proteins might 

facilitate colonisation by Bifidobacterium species of mucosal surfaces, thus potentially 

having indirect health benefits to the host.562 Indeed, BEVs from B. longum NCC2705 

carry numerous mucin-binding proteins that might promote adhesion of the parental 

bacteria.375 
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In addition to moonlighting proteins showing potential adhesion activity, others are 

potentially related to immune stimulation. Górska et al. (2016)532 identified several 

immunoreactive proteins from B. longum subsp. longum strains CCM 7952 and 

CCDM372 through immunoblot analysis using different immune and non-immune sera, 

including enolase, aspartokinase, phosphoglycerate kinase, transaldolase, and 

GAPDH. In pre-clinical vaccine formulations against pathogens and parasites, GAPDH 

protein has been proposed as a vaccine target due to its ability to modify intracellular 

signalling and to contribute to immune evasion.563 Furthermore, GAPDH activity in L. 

gasseri but not C. difficile was found to attenuate allergic M2 macrophages toward the 

M1 macrophage phenotype.564 Interestingly, GAPDH of B. longum species have been 

found to have high homology with GAPDH proteins of C. difficile and E. coli, giving 

potential avenues for epitopes of cross-reactivity in vaccine formulations.532  

Transaldolase, on the other hand, has been proposed to be involved in colonisation, 

favouring the establishment of Bifidobacterium species in the GIT.565 Traditionally, a 

key enzyme of the pentose phosphate pathway, transaldolase is also a specific 

aggregation factor in B. bifidum species.565  

Other potential immunomodulatory proteins include translocase subunit SecA and 

alkaline phosphatase. Translocase subunit SecA from B. longum DJ010A can induce 

strong Th17 responses in human PBMCs566, while alkaline phosphatase can attenuate 

LPS-induced inflammation and intestinal immune barrier damage through inhibition of 

the NF-κB and ATP pathway.567 

However, most intriguingly, Kurata et al. (2022)377 identified a direct link between the 

lipoprotein ESBP loaded into B. longum subsp. infantis BEVs and its ability to stimulate 

macrophages via TLR2 activation to secrete IL-6. Moreover, in an ex vivo experiment, 

they were able to show that these bifidobacterial BEVs increased the production of IgA 

in murine PPs. 

Taken together, the BEV preparations here contain several proteins that might directly 

or indirectly interact with host cells and stimulate favourable immune responses that 

could be used in therapeutic and/or vaccination strategies. Therefore, I investigated 

these interactions using in vitro and ex vivo assays that will be discussed in the next 

results chapter. 
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5.3. Further limitations and future work 

To date, this is the first study to characterise BEVs deriving from B. 

pseudocatenulatum strains. Although providing initial insights, further in-depth analysis 

and optimisation are still needed. 

Generally, optimisation and ultimately standardisation of the BEV preparation process 

are needed to minimise batch-to-batch variation and allow proper comparability 

between BEV studies. Juodeikis et al. (2024)287 proposed the use of chemically defined 

media free of potential vesicle contaminants. Given growth optimisation needed to 

ensure sufficient bifidobacterial growth and subsequent BEV yield, I focused on the 

conditions and BEV preparations resulting from the vegan RCM medium as described 

in Results Chapter I.  

Currently, size, concentration and morphology determination of nanoparticles, 

including BEVs, face technical limitations. For example, sample preparation steps for 

TEM, such as fixation and dehydration, can lead to artefacts, resulting in inaccurate 

size estimates, altered morphology, and falsely attributed features of the sample’s 

nanostructure.568 Similarly, size and concentration determination based on NTA only 

can lead to issues due to the indistinction between BEVs and other nano-sized 

particles and debris.287 Combination of these methods, along with lipid and protein 

labelling and quantification, as well as support through machine learning approaches, 

has been proposed to improve these issues.287,569 

Additionally, further in-depth characterisations could give a more detailed 

understanding of bifidobacterial BEV packaging and their respective biological 

functions. Therefore, a comprehensive analysis of Bifidobacterium strains and their 

BEVs using a multi-omics approach could show which cellular compounds are loaded 

into BEVs under which circumstances. This means under a defined condition, parental 

bacteria and BEVs could be characterised regarding their DNA, RNA, proteins, 

metabolites and lipids, allowing identification of key BEV cargo. Mandelbaum et al. 

(2023)308 compared the proteomic profiles of bifidobacterial cells, culture supernatant 

and BEVs, revealing proteins unique to the BEV fraction. Moreover, comparision of 

proteomic content of BEVs from different probiotic bacteria identified conserved 

proteins, including enolase, phosphoglycerate kinase, and GAPDH286, which were also 

present in the BEVs studied here and have potential immunomodulatory properties. 
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Similar results can be expected for genomic, transcriptomic and lipodomic profiles. 

However, more research is needed to confirm this hypothesis.  

Moreover, BEV preparations at other time points could show life cycle-dependent BEV 

differences. Several studies of BEVs derived from Gram-negative bacteria observed 

that the abundance of lipoprotein and cytoplasmic proteins changes throughout 

bacterial growth.287,292 Similarly, separation of BEVs in size-dependent subsets could 

also show important differences in vesiculogenic mechanisms. Indeed, Turner et al. 

(2018)570 found BEV cargo and cell entry differences correlating to vesicular size, with 

smaller BEVs (20-100nm) containing less protein content, while Bitto et al. (2017)301 

found more nucleic acid associated with smaller BEVs. 

The list of potential additional experiments with bifidobacterial BEVs is more extensive 

than what has been discussed here and will be further discussed in the next Results 

Chapter concerning immune stimulation and interaction with host cells and potential 

subsequent applications. 

5.4. Conclusion for further study 

BEVs from LH660 and LH663 harvested at 12h and 20h of growth were similar 

in size and morphology, with only small, non-significant differences observed in 

concentration, and in external levels of nucleic acids, proteins and lipids. Importantly, 

all preparations contained components with potential immunomodulatory properties. 

In-depth proteomic analysis confirmed variation in protein abundance between 

preparations, such as ESBP, GAPDH, enolase and alkaline phosphatase, which have 

been implicated in immune modulation. Other protein distribution patterns were 

consistent with previously reported bifidobacterial BEV profiles.  

Subsequent experiments normalised BEV preparations to 1∙1011 particles/mL and 

assessed their effects in immune assays to explore whether these protein loads 

contribute to potential immunomodulatory activity. 
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V. RESULTS CHAPTER III – BIFIDOBACTERIAL BEV-

HOST INTERACTIONS 

1. Summary 

Commensal members of the microbiota, especially Bifidobacterium, play a vital 

role in stimulating and developing the intestinal and systemic immune system. 

Similarly, BEVs from health-promoting strains were found to promote intestinal 

homeostasis, improve the epithelial barrier, and enhance immune cell maturation 

through an intricate immune stimulatory network. Here, I characterised the interactions 

between important host cells and BEVs from LH660 and LH663 using TEER, confocal 

microscopy and cell co-cultures. Results obtained revealed potential epithelial barrier 

and TJ modulation by and uptake of bifidobacterial BEVs with a perinuclear 

localisation, in the absence of significant cytokine or chemokine secretion. In human 

immune cells, LH660 and LH663 BEVs induced the production of TNF-α, IL-1β, IL-6, 

IL-8, IL-10, and TSLP in a strain- and BEV preparation-dependent manner. Primary 

cell co-cultures using murine splenocytes confirmed similar BEV effects, leading to 

higher levels of TNF-α, IL-6, and KC, and lower induction of IL-10 and IFN-γ in 

splenocytes. LH663 20h BEVs, but not LH663 12h and LH660 BEV preparations, also 

promoted IgA secretion in murine PP/GALT fragment cultures. Additionally, in an 

infection-simulation assay (using LPS stimulation), bifidobacterial BEVs showed 

protective properties in response to LPS exposure in Caco-2 cells and macrophages, 

inducing TJ and cytokine gene expression and altering cytokine production. These 

results confirm the immunomodulatory and protective properties of LH660 and LH663 

BEVs in support of their future possible use in vaccination and/or disease models. 

2. Contributions 

Overall supervision and help with this chapter's writing and experimental 

suggestions were provided by Prof Lindsay Hall and Prof Simon Carding. Dr Emily 

Jones provided lab inductions and human cell culture and imaging protocols. Dr 

Catherine Booth provided induction and initial help with confocal imaging. Help with 

murine primary tissue preparation was provided by Dr Sally Dreger and Dr Christopher 
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Price. Initial help and induction to qRT-PCR were provided by Mar Moreno-Gonzalez. 

Everything else was done by me. For more detailed methodology, see the Methods 

chapters 4 and 5, page 57. 

3. Background 

3.1. Microbiota-host immune system mutualism 

3.1.1. Interactions between GIT bacteria and key immune cells 

Early-life microbiota stimulation is essential for developing the intestinal and 

systemic immune system, which is crucial for efficient immune protection and vaccine 

responses. Studies using germ-free and antibiotic-treated neonatal mice showed 

impaired humoral responses, such as reduced Th1 and Th17 responses, and lower 

IgG and IgM production after vaccination with adjuvanted and live-attenuated 

vaccines.1,571 Furthermore, the immune system of these animals was anatomically and 

functionally immature.572–574 Several key immune cells depend on microbial stimulation 

for development, activation, maturation, polarisation, proliferation, regulation, and 

recruitment, such as IgA-producing B and memory plasma cells1,3, neutrophils575, 

APCs like macrophages and DCs30, Th cells576, as well as IECs30,577, driving local and 

systemic immune responses. For instance, the microbiota enhances antigen-specific 

T cell response via DC-mediated production of type I interferon.1,578 These complex 

interactions between the GIT microbiota, the host intestinal epithelium and associated 

immune cells are mediated through cell-to-cell communication, which is vital for 

maintaining GIT homeostasis, host health, and preventing and combating 

infections.326,579 Host immune and epithelial cells express a variety of PRRs specific 

for distinct microbial products such as LPS (by TLR4), Flagellin (by TLR5)580, dsRNA 

(by TLR3)581, ssRNA (by TLR7), non-methylated dsDNA with CpG motifs (by TLR9)582, 

and peptidoglycans and lipoproteins produced by Gram-positive bacteria (by TLR2) 

inducing innate immune responses via the activation of NF-κB and production of 

immune modulatory cytokines and chemokines.26,27,35,583 In healthy humans, the 

intestinal mucus layer prevents direct contact between luminal microbes and host 

cells.584 However, bacterial products, like metabolites and BEVs, can cross the 

mucosal and epithelial barrier, and translocate via the circulation and/or lymphatic fluid 
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to lymph nodes, promoting DC maturation and antigen presentation and downstream 

immune response modulation within and beyond the mucosal site.43,325,326 

3.1.2. Commensal BEVs as key immune modulators 

BEVs contain a multitude of potential immunostimulatory ligands and antigens, 

including MAMPs, DNA, RNA, lipids and proteins, which can activate numerous PRRs 

on host cells.43 Additionally, different adhesins enable uptake into host cells via 

different endocytosis pathways (micropinocytosis, dynamin-dependent, clathrin-

mediated, caveolin-mediated, clathrin- and caveolin-independent endocytosis, lipid raft 

formation, and membrane fusion), depending on their cargo and size; often using 

multiple pathways simultaneously.43,585 While BEVs from pathogens facilitate infection 

and invasive colonisation via the distribution of virulence factors, toxins and mediators 

of inflammasome activation and immune evasion586, commensal BEVs can promote 

homeostatic and protective immune activation, including wound healing and anti-

tumour effects.544,587–589 For instance, BEVs derived from different Lactobacillus 

species translocate from the GIT into the lamina propria via PP, promoting IL-6 and 

IgA production in PP immune cells via TLR2 activation.346,377,590–592 DNA-loaded 

commensal BEVs activate the cGAS-STING pathway in peripheral blood cells after 

entering the circulation, leading to systemic type I interferon responses and enhanced 

antiviral immunity.586,593 Furthermore, BEVs can ‘prime’ neutrophils, leading to 

enhanced pathogen clearance due to increased production of TNF-α, IL-6, MCP-1, 

and ROS, and higher migration and phagocytosis.575,594 

However, identifying specific immunomodulatory BEV cargo, underlying molecular 

mechanisms and pathways of biodistribution and immune stimulation after commensal 

BEV administration to the host remains elusive.326,544 

3.2. Bifidobacterial strains and BEVs for targeted immune 

modulation 

As a key commensal microbiota member, many studies have explored the 

strain-dependent immunomodulatory effects of different Bifidobacterium species and 

strains, as well as bifidobacterial molecules and products, including peptides, EPS, 

metabolites, DNA, and, to a lesser degree, BEVs, in promoting homeostatic immune 

responses.540 For instance, intact cells of several B. animalis subsp. lactis, B. longum 
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subsp. longum, B. bifidum, and B. breve strains administered to PBMCs enhanced DC 

maturation and secretion of strain-dependent levels of IL-10, TNF-α, IFN-γ, IL-17,  

IL-4, IL-1β, and IL-12, driving distinct T cell polarisation towards either Th1, Th17 

and/or a regulatory phenotype.595–597 Similarly, CpG-rich DNA sequences from B. 

longum NCC2705 induced MCP-1 and TNF-α production via TLR9 activation in 

macrophages.547 B. animalis subsp. animalis MB5 showed protective effects at the 

epithelial cell layer in vitro via reduction of neutrophil transmigration598, whereas B. 

animalis subsp. lactis whole cells599 and supernatant600 improve several TJ proteins.601 

In infants, administration of B. longum subsp. infantis CECT7210 prevented sporadic 

diarrhoea after rotavirus infection.602 Equally, non-vaccinated gnotobiotic piglets 

colonised with a combination of different Lactobacillus and Bifidobacterium strains 

showed less severe rotavirus infections, while vaccinated animals showed increased 

Th1 responses.603 In other similar studies, administration of Bifidobacterium strains to 

neonatal piglets enriched intestinal IL-10 levels187 and boosted B and T cell responses 

after rotavirus vaccination.8,188,189 

In murine colitis models, B. pseudocatenulatum MY40C and CCFM680 suppressed 

proinflammatory cytokine levels of TNF-α and IL-6 via TLR4 inhibition of activated B 

cells while increasing the production of TJ proteins, mucin-2, IL-10, and PPAR-γ, 

alleviating intestinal barrier disruption.604 B. pseudocatenulatum 7041 whole cells605 

and ultrasonically disrupted cells606,607 induced IL-10, IL-12, IL-6, IFN-γ and IgA 

production in PP and mesenteric lymph node cells after oral gavage. 

As discussed before, studies of bifidobacterial BEVs have been sparse. However, 

some specific immune stimuli of the tested bifidobacterial BEVs were identified. For 

instance, Morishita et al. (2023)544 compared BEVs derived from B. longum subsp. 

longum and L. plantarum WCFS1 given intravenously or subcutaneously revealed a 

link between peptidoglycan and DNA load of the bifidobacterial BEVs and their 

elevated induction of TGF-β1 and TNF-α production and higher expression levels of 

immune cell maturation co-stimulatory molecules (CD40, CD80, and CD86) in a strain- 

and administration-dependent manner. More specifically, Kurata et al. (2022)377 were 

able to demonstrate that ESBP found on BEVs derived from B. longum subsp. infantis 

was directly linked to TLR2 activation and IL-6 secretion in macrophages, leading to 

enhanced production of IgA by PP cells. Similarly, BEVs derived from B. longum AO44 

and KACC91563 were found to be enriched in ESBPs and other proteins with 
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prominent anti-inflammatory functions, with the former inducing IL-10 secretion in 

splenocytes and DC-CD4+ T cell co-cultures and the latter alleviating food allergy 

symptoms by inducing mast but not T cell apoptosis.308,608 Furthermore, BEVs but not 

whole cells of B. bifidum BIA-7 were also found to activate the AhR pathway modulating 

the gene expression of TJ proteins, whereas BEVs from B. bifidum LMG13195 

promoted IL-10 secretion and Treg polarisation.373,376 

Given their multifaceted functions, advantageous properties compared to whole 

bacteria or traditional adjuvants, and their targeted immunomodulatory effects, in-

depth characterisation of bifidobacterial BEVs from key immune-stimulating strains 

could give rise to a new generation of vaccine adjuvants. 

4. Results 

4.1. Bifidobacterial BEVs potentially maintain and strengthen the 

epithelial barrier 

4.1.1. BEV modulation of epithelial TJ gene expression 

Regarding the potential adjuvant application of bifidobacterial BEVs, the 

possibility of BEVs altering the integrity of the IEC barrier was investigated using Caco-

2 monolayers in a cell culture transwell system, measuring TEER variation over time 

after LH660 and LH663 20h BEV stimulation compared to PBS, as a negative control, 

and LPS, as a positive control. All samples showed reduced resistance within 6h of 

addition of BEVs, and the controls, which restored over time without fully recovering to 

the initial TEER values. Compared to LPS, BEVs from both LH660 and LH663 had 

significantly less of an effect on epithelial integrity measured by TEER (P≤0.001 for all 

BEV samples throughout the experiment) (Figure 26). 



 Results Chapter III – Bifidobacterial BEV-Host Interactions 

- 119 - 

 

Figure 26: TEER variation after treatment with LH660 20h BEVs (dark blue), LH660 12h BEVs (light 
blue), LH663 20h BEVs (dark red), LH663 12h BEVs (light red), PBS (negative control, green), and LPS 
(positive control, orange), respectively. Graphs depict mean TEER values, and error bars show SEM. 
*** P value ≤ 0.001 (two-way ANOVA followed by Dunnett’s post hoc test). Experiment performed with 
4 biological and 3 technical replicates per sample 

However, LH660 20h and LH663 12h BEVs showed diminished TEER at 12h and 24h 

compared to PBS, LH660 12h and LH663 20h BEVs. Surprisingly, throughout TEER 

differences between all BEV preparations and PBS were non-significant (P≥0.05), with 

the impact of all BEVs being less pronounced than PBS at 6h and 12h. Only at 24h did 

LH660 20h and LH663 12h BEVs result in TEER values lower than PBS. This suggests 

that both preparations of LH660 and LH663 BEVs transiently modulate the IEC. 

However, all were significantly less (P≤0.001) detrimental than LPS, which is used as 

an immune stimulant in some vaccine formulations. 

Following this observation, RNA was extracted from Caco-2 cells at 6h and 24h after 

treatment with BEVs, PBS, and LPS and the expression of key TJ genes, occludin 

(Figure 27A and D), claudin-1 (Figure 27B and E), and ZO-1 (Figure 27C and F), was 

analysed via qRT-PCR. 
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Figure 27: Expression levels of occludin at 6h (A) and 24h (D), claudin-1 at 6h (B) and 24h (E), and ZO-1 at 6h (C) and 24h (F) in epithelial cells following 
respective treatment with LPS (orange) as positive control, PBS (green) as negative control, LH660 20h BEVs (dark blue), LH660 12h BEVs (light blue), LH663 
20h BEVs (dark red), and LH663 12h BEVs (light red). mRNA ratios of target genes were calculated in relation to GAPDH levels in target groups compared to 
levels in the PBS-treated group. Boxplots show mean of each group, consisting of 4 biological and 2 technical replicates. Whiskers depict min-max values.  
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001 (one-way ANOVA followed by Dunnett’s post hoc test) 
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BEVs from LH663 and the 12h BEVs from LH660 induced expression of the three TJ 

genes at both time points, whereas LH660 20h BEVs did not modulate gene 

expression, with levels comparable to the PBS control (P≥0.7). Although variation 

between biological replicates meant that some changes were not statistically 

significant, trends were observed, such as higher levels of ZO-1 expression by LH660 

12h BEVs at both time points. Overall, mRNA levels were higher at 6h post-BEV 

treatment, with ZO-1 expression approximately 2-fold greater than at 24h. Occludin 

was most induced by LH663 preparations, whereas LH660 12h BEVs significantly 

increased claudin-1 expression (P=0.0034 at 6h and P=0.0003 at 24h). At 24h, 

claudin-1 expression remained significantly higher in the 12h BEVs compared to 

LH663 20h BEVs (P=0.0003 for LH660 12h, and P=0.0252 for LH663 12h), with 

induction by LH663 20h BEVs being non-significant (P=0.4187). In contrast, only 

LH663 20h BEVs significantly induced occludin at both time points (P=0.0301 at 6h 

and P=0.0441 at 24h). 

These qRT-PCR findings did not fully align with TEER measurements (Figure 26), as 

epithelial barrier integrity measured by electrical resistance was maintained across all 

BEV treatments, including LH660 20h BEVs. TEER values were lowest in LH663 12h 

treated cells and highest in LH660 12h treated cells, although differences between 

groups were not statistically significant. The key conclusion is that both strains produce 

BEVs containing components capable of modulating TJ gene expression without 

compromising epithelial barrier integrity. 

4.1.2. Bifidobacterial BEVs protect against LPS-induced epithelial barrier 

disruption in a preparation-dependent manner 

These observations suggested that bifidobacterial BEVs may possess 

protective properties against epithelial barrier disruption. To further explore this 

potential protective role, TEER was measured in differentiated Caco-2 cells pre-treated 

with LH660 and LH663 BEVs for 24h, followed by exposure to LPS for 12h, 24h, and 

48h (Figure 28) to simulate a pathogenic Gram-negative infection. LPS, a major 

component of Gram-negative bacterial cell walls, was used as a standard challenge to 

mimic pathogenic infection in vitro, as it is widely employed to induce epithelial barrier 

disruption and inflammatory stress. This approach allowed assessment of whether 

BEV pre-treatment could mitigate LPS-induced damage and preserve barrier integrity. 
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Figure 28: TEER variation after first 24h treatment with LH660 20h BEVs (dark blue), LH660 12h BEVs 
(light blue), LH663 20h BEVs (dark red), LH663 12h BEVs (light red), PBS (negative control, green), 
and LPS (positive control, orange), respectively, followed by 12h, 24h, and 48h LPS challenge. Graphs 
depict mean TEER values, error bars show SEM. * P value ≤ 0.05, ** P value ≤ 0.01 (two-way ANOVA 
followed by Dunnett’s post hoc test). Experiment performed with 4 biological and 3 technical replicates 
per sample 

As expected, PBS-treated cells exhibited a marked decline in TEER following LPS 

challenge, with a reduction of ~70%, while cells pre-treated with LPS maintained 

consistently low TEER levels (≥40%) throughout the experiment. All BEV-primed 

groups showed a decrease in TEER upon LPS exposure and did not fully recover to 

baseline levels prior to LPS introduction. However, BEV treatment conferred a 

measurable protective effect, as TEER values remained higher than those of PBS and 

LPS-only controls across all time points. Notably, both LH663 preparations (P=0.0489 

for LH663 12h and P=0.0072 for LH663 20h) elicited significantly higher TEER values 

at 48h post-challenge.  

Interestingly, BEVs harvested at 12h tended to maintain more stable TEER values 

during LPS exposure, whereas LH663 20h BEVs caused an initial TEER drop of over 

50% at 12h before recovery, and LH660 20h BEVs showed a decline of more than 

30% at 24h. Overall, endpoint TEER values were higher in LH663 BEV-treated cells 

compared to LH660 BEV-treated cells. Variation was greatest in the LH660 BEV 

groups, resulting in statistical non-significance despite TEER values being more than 

25% higher than those of both controls. Consistent with the initial experiment, RNA 

was extracted from cells 12h, 24h and 48h post-LPS treatment to assess potential 

modulation of occludin, claudin-1, and ZO-1 expression (Figure 29). 
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Figure 29: Expression levels of occludin at 12h (A), 24h (B), and 48h (C), claudin-1 at 12h (D), 24h (E), and 48h (F), and ZO-1 at 12h (G), 24h (H), and 48h (I) 
of LPS challenge in epithelial cells first treated for 24h with LPS (orange) as positive control, PBS (green) as negative control, LH660 20h BEVs (dark blue), 
LH660 12h BEVs (light blue), LH663 20h BEVs (dark red), and LH663 12h BEVs (light red), respectively. mRNA ratios of target genes were calculated in relation 
to GAPDH levels in target groups compared to levels in the PBS-treated group. Boxplots show mean of each group, consisting of 4 biological and 2 technical 
replicates. Whiskers depict min-max values. * P ≤ 0.05, ** P ≤ 0.01 (one-way ANOVA followed by Dunnett’s post hoc test) 



 Results Chapter III – Bifidobacterial BEV-Host Interactions 

- 124 - 

Unlike the initial BEV pre-treated Caco-2 cells in the absence of LPS challenge (Figure 

27), the 20h BEV samples from both strains increased expression of all three tested 

TJ genes over time, though they were not significantly different from the PBS control 

throughout the experiment with the exception of claudin-1 at 24h (Figure 29H). Here, 

LH660 20h and LH663 12h significantly induced claudin-1 expression (P=0.0043 for 

LH660 20h and P=0.0068 for LH663 12h). At 48h, occludin, claudin-1, and ZO-1 

showed non-significant increases with 20h BEV preparations, with high variability 

between replicates (Figure 29C, F, and I). Unexpectedly, the 12h BEVs reduced TJ 

gene expression over time, with ZO-1 levels significantly lower in the LH660 12h BEV-

treated cells compared to PBS (Figure 29I; P=0.0377). None of the preparations 

mirrored the expression profiles observed in the initial BEV-only treatment (Figure 27), 

or TEER patterns following LPS challenge (Figure 28). These findings suggest that 

modulation of TJ expression may be BEV preparation-dependent and influenced by 

environmental conditions. 

4.2. BEVs are taken up by intestinal epithelial cells 

4.2.1. BEVs accumulate around the perinuclear area of Caco-2 cells 

To further investigate the uptake of BEVs by epithelial cells, DAPI-labelled 

Caco-2 monolayers were incubated with LH660 and LH663 20h BEVs labelled with 

DiO dye or PBS prior to confocal imaging. Screening (imaging n=4 per strain, n=2 per 

BEV batch, ≤10 images per sample) revealed distinct cell clusters with BEV uptake 

and accumulation in the cell cytoplasms, with adjacent cells being devoid of DiO 

fluorescence (Figure 30 and Figure 32C). 
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Figure 30: Overview of Caco-2 monolayer incubated with LH663 20h BEVs. Cell nuclei stained with 
DAPI (blue), BEVs labelled with DiO (green) 

BEVs were found to localise around the nucleus and the perinuclear area of individual 

cells. Analysis of different z-levels of the selected areas suggested that BEVs were 

present within or in close association with nuclear pores (Figure 31).  
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Figure 31: Selected sections of translocated LH660 and LH663 20h BEVs (green) in the perinuclear 
area of Caco-2 cells (nuclei blue) with decreasing z-level. Arrows point to BEVs within nuclear pores 

4.2.2. BEV uptake is partly mediated via Dynamin-dependent endocytosis 

Internalisation of BEVs can follow different endocytic routes. Our lab recently 

showed that B. thetaiotaomicron-derived BEVs are primarily taken up by epithelial cells 

via the Dynamin-dependent endocytosis pathway.326 Based on this, I prepared another 

set of Caco-2 monolayer slides treated with the Dynamin antagonist Dynasore prior to 

incubation with DiO-labelled LH660 and LH663 20h BEVs. Comparison of the confocal 

images showed an increased number of internalised BEVs in the non-treated epithelial 

cells (Figure 32C) and fewer BEV signal in Dynasore pre-treated cells (Figure 32B). 

Quantification of AU per cell using Image J/FIJI revealed that BEV signals in Dynasore-

treated cells were not significantly (P=0.4957 for LH660 and P=0.1565 for LH663) 

different from non-treated samples (Figure 33), suggesting this is not a major route of 

LH660 and LH663 BEV uptake by Caco-2 cells.
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Figure 32: Comparison of confocal images of Dynasore-treated (B) or untreated Caco-2 cells incubated with PBS (A) or LH663 20h BEVs (C). Caco-2 cell nuclei 
stained with DAPI (blue), BEVs labelled with DiO (green). Arrows point to single BEVs, circles show cells with BEV uptake.
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Figure 33: Uptake of DiO-labeled 20h BEVs from LH660 and LH663 in Caco-2 monolayer with and 
without Dynasore treatment. Fluorescence intensity was quantified using fluorescence pixel intensity in 
Image J/FIJI and AU were normalised to PBS control samples. Boxplots show mean of each group of 
≤10 images. Whiskers depict min-max values. Two-sample Student’s t-tests were non-significant 
between groups. N=4 per strain, n=2 per BEV batch 

4.3. Bifidobacterial BEVs induce cytokine production in immune 

and epithelial cells in a preparation-dependent manner 

4.3.1. All BEVs activate NF-κB pathway in a human monocyte reporter cell line 

To further investigate the potential immunomodulatory properties of BEVs 

derived from LH660 and LH663, I used the THP1-Blue NF-κB reporter cell line. 

Activation of the NF-κB pathway leads to the production of cytokines and chemokines, 

which are essential for mediating immune responses.35 Stimulation of this human 

monocytic reporter cell line with LH660 and LH663 BEVs harvested at 12h and 20h led 

to activation of the NF-κB pathway (P≤0.001 for all samples compared to the PBS 

control) as measured by the QuantiBlue assay (Figure 34A). LH660 20h BEVs induced 

significant (P=0.0077) levels of NF-κB activation, which were lower than those seen 

with other BEV groups (Figure 34B). Based on this, THP-1 monocytes were 

differentiated into macrophages via co-culture with PMA and used in conjunction with 
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Caco-2 cells to investigate potential cytokine and chemokine production after co-

culture with LH660 and LH663 BEVs.  

 

 

Figure 34: Stimulation of THP1-Blue cells by LH660 and LH663 BEVs, PBS as negative control, LPS as 
positive control. A: QuantiBlue assay plate showing colour change, B: respective OD650 data. Data 
shows sample means ± SEM error bars of 3 biological and 6 technical replicates. *** P value ≤ 0.001 
(one-way ANOVA followed by Dunnett’s post hoc test). Experiments performed in biological and 
technical quadruplets 
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4.3.2. BEVs stimulate cytokine production by human monocytes, macrophages, and 

colonic epithelial cells 

Cell cultures were treated with LH660 and LH663 BEVs for 24h, with the 

conditioned media and/or cells analysed for key cytokines and chemokines mRNA 

(TNF-α, IL-1β, IL-6, IL-10) or protein (TNF-α, IL-1β, IL-6, IL-8, IL-10, IL-12p70, IL-15, 

TSLP, MCP-1) levels using qRT-PCR, ELISA and MSD assays, respectively. 

 

Figure 35: Expression levels of TNF-α (A), IL-10 (B), IL-1β (C), and IL-6 (D) after 24h of treatment of 
differentiated THP-1 macrophages with LPS (orange) as positive control, PBS (green) as negative 
control, LH660 20h BEVs (dark blue), LH660 12h BEVs (light blue), LH663 20h BEVs (dark red), and 
LH663 12h BEVs (light red), respectively. mRNA ratios of target genes were calculated in relation to 
GAPDH levels in target groups compared to levels in the PBS-treated group. Boxplots show mean of 
each group, consisting of 4 biological and 2 technical replicates. Whiskers depict min-max values. ** P 
≤ 0.01, *** P ≤ 0.001 (one-way ANOVA followed by Dunnett’s post hoc test) 

Overall, cytokine expression was induced by BEVs in a strain- and time point-

dependent manner. All BEV preparations significantly (P≤0.001) upregulated IL-1β 

gene expression compared to PBS controls (Figure 35C), with only LH660 12h BEVs 

significantly inducing higher IL-6 expression (P=0.0034; Figure 35D). TNF-α and IL-10 

induction levels were not significantly different compared to PBS controls for all BEV 

samples (Figure 35A and B). LH660 12h BEVs showed high inter-sample variation. 

12h BEVs generally induced higher IL-6 and TNF-α expression than 20h preparations. 

Similarly, LH660 BEVs elicited stronger TNF-α, IL-10, and IL-6 responses than LH663 

BEVs. Interestingly, IL-1β expression reached levels 3-4-fold above LPS controls, with 
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LH663 20h BEVs showing the greatest stimulation. mRNA from Caco-2 layers 

(collected during TEER assays) showed no detectable expression of these cytokines. 

To validate these findings, cytokine secretion was quantified by ELISA and MSD in 

supernatants from differentiated THP-1 macrophages, THP1-blue cells, and 

differentiated Caco-2 cells, including additional cytokines beyond those assessed at 

expression level (IL-8, TSLP, IL-15, IL-12p70, MCP-1), and protein-level analysis 

confirmed these trends. 

 

Figure 36: Cytokine levels of TNF-α (A), IL-10 (B), IL-1β (C), and IL-6 (D) after 24h of treatment of 
differentiated THP-1 macrophages with LPS (orange) as positive control, PBS (green) as negative 
control, LH660 20h BEVs (dark blue), LH660 12h BEVs (light blue), LH663 20h BEVs (dark red), and 
LH663 12h BEVs (light red), respectively. Boxplots show mean of each group, consisting of 4 biological 
and 3 technical replicates. Whiskers depict min-max values. ** P ≤ 0.01, *** P ≤ 0.001 (one-way ANOVA 
followed by Dunnett’s post hoc test) 

All BEVs significantly (P≤0.01) increased secretion of the four cytokines compared to 

PBS controls (Figure 36), with levels, except TNF-α, being 2-3-fold higher than LPS 

controls. In contrast to expression data, 20h BEVs induced greater secretion of  

TNF-α, IL-1β, and IL-6 than 12h BEVs. LH663 BEVs produced higher TNF-α (Figure 

36A), while LH660 BEVs promoted more IL-1β (Figure 36C) and IL-6 (Figure 36D) than 

LH663 BEVs. IL-10 secretion peaked in LH660 20h and LH663 12h BEV-treated 

macrophages, with mean concentrations of 600pg/mL (Figure 36B). 

Additionally, all BEV preparations significantly (P≤0.001) stimulated IL-8 secretion by 

macrophages (Figure 37A), but not by differentiated epithelial cells (Figure 37B). 
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Interestingly, all BEV preparations, except LH663 12h BEVs, significantly (P≤0.05) 

enhanced TSLP production by macrophages, with LH663 20h BEVs eliciting the 

highest TSLP levels (Figure 37C). None of the BEV preparations significantly induced 

IL-15 in monocyte cultures (Figure 37D), with high inter-sample variations evident. 

None of the BEVs induced IL-12p70 or MCP-1 in any culture. 

 

Figure 37: Cytokine levels of IL-8 (A&B), TSLP (C), and IL-15 (D) after 24h of treatment of differentiated 
THP-1 macrophages (A&C), differentiated Caco-2 epithelial cells (B) and THP1-blue monocytes (D) with 
LPS (orange) as positive control, PBS (green) as negative control, LH660 20h BEVs (dark blue), LH660 
12h BEVs (light blue), LH663 20h BEVs (dark red), and LH663 12h BEVs (light red), respectively. 
Boxplots show mean of each group, consisting of 4 biological and 3 technical replicates. Whiskers depict 
min-max values. * P ≤ 0.05, *** P ≤ 0.001 (one-way ANOVA followed by Dunnett’s post hoc test) 

4.4. Interaction of bifidobacterial BEVs in complex cell samples 

4.4.1. BEV induction of TNF-α and MCP-1 production by human PBMCs 

To verify immune stimulation in more complex multicellular samples, ELISAs 

were repeated using PBMCs. MCP-1 levels were significantly elevated (P≤0.001) by 

all BEV preparations but were overall very low (≥20pg/mL; Figure 38B). TNF-α levels 

were significantly (P≤0.001) increased by all BEVs, with the highest concentrations 

observed in cultures treated with LH663 20h and LH660 12h BEVs (Figure 38A). 

Compared to levels in immortalised macrophage cultures, TNF-α production was less 

elevated in PBMC cultures, and time point-dependent associations were not 



 Results Chapter III – Bifidobacterial BEV-Host Interactions 

- 133 - 

distinguishable, suggesting potential immunostimulatory differences of BEVs in more 

biologically complex environments. None of the BEVs induced IL-12p70. 

 

Figure 38: Cytokine levels of TNF-α (A) and MCP-1 (B) after 24h of treatment of PBMCs with LPS 
(orange) as positive control, PBS (green) as negative control, LH660 20h BEVs (dark blue), LH660 12h 
BEVs (light blue), LH663 20h BEVs (dark red), and LH663 12h BEVs (light red), respectively. Boxplots 
show mean of each group, consisting of 4 biological and 3 technical replicates. Whiskers depict min-
max values. *** P ≤ 0.001 (one-way ANOVA followed by Dunnett’s post hoc test) 

4.4.2. BEVs elicit cytokine production by murine splenocytes but not BMDCs 

Although BM cells were enriched for CD11c+ DCs using the CD11c MicroBead 

UltraPure system, none of the assays resulted in conclusive positive signals from the 

BEV samples or LPS in any of the 4 repeated experiments and were excluded from 

the thesis. 

Interestingly, cytokine production induced by splenocyte-BEV co-cultures did not mirror 

cytokine profiles seen in human cell cultures. LH663 BEVs (except 12h for IL-10) 

significantly induced production of KC (P≤0.001), a murine analogue of IL-8 (Figure 

39A), TNF-α (P≤0.001; Figure 39B), IL-6 (P≤0.001; Figure 39C), and IL-10 (P=0.0014 

for 20h, P=0.1128 for 12h BEVs; Figure 40A), with 20h BEVs eliciting 1.5-2.5-fold 

higher cytokine levels than 12h BEVs. LH660 20h BEVs significantly induced levels of 

KC (P=0.0389) that were 5-10 times lower than respective LH663 BEV-stimulated 

cells, and LH660 12h BEVs led to significantly increased IFN-γ levels (P=0.0003). Still, 

20h BEV samples of both strains induced 2-fold higher levels of all induced cytokines. 

An exception to this was IL-10 and IFN-γ levels, with IFN-γ being highest in LH660 and 

LH663 12h BEV-stimulated splenocytes (Figure 40B). However, both IFN-γ and IL-10 

concentrations were low in all cultures, including those containing LPS. Additionally, 

no IL-1β, IL-22, IL-17A, IL-12p70, and IL-4 was detectable in the splenocyte co-

cultures. 
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Figure 39: Stimulation of splenocytic cells by LH660 and LH663 BEVs, PBS as negative control, LPS 
as positive control. MSD data for A: KC, B: TNF-α, and C: IL-6. Boxplots show mean of each group of 3 
biological and 3 technical replicates. Whiskers depict min-max values. * P value ≤ 0.05, *** P value ≤ 
0.001 (one-way ANOVA followed by Dunnett’s post hoc test). Experiments performed in biological and 
technical triplicate 
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Figure 40: Stimulation of splenocytic cells by LH660 and LH663 BEVs, PBS as negative control, LPS 
as positive control. ELISA data for A: IL-10 and B: IFN-γ. Boxplots show mean of each group of 3 
biological and 3 technical replicates. Whiskers depict min-max values. ** P value ≤ 0.01, *** P ≤ 0.001 
(one-way ANOVA followed by Dunnett’s post hoc test). Experiments performed in biological and 
technical triplicate 

4.4.3. BEVs promote IgA secretion in PP/GALT fragments cultures in a strain-

dependent manner 

Following the abundance of ESBP in the proteomic analysis of BEVs (see 

Results Chapter II, Figure 25) and its reported link to IgA secretion in PPs after 

stimulation with BEVs from B. longum subsp. infantis377, I repeated the experiment of 

Kurata et al. (2022) using BEVs from LH660 and LH663. Surprisingly, only LH663 20h 

BEVs significantly induced (P=0.0016) higher levels of IgA in PP/GALT cell cultures. 

LH660 BEV-stimulated cultures showed IgA levels comparable to PBS baseline levels 

(P values close to 1; Figure 41), with LH663 12h BEVs also producing a non-significant 

elevation of IgA production (P=0.0549). Given that ESBP abundance was higher in 

LH660 BEVs compared to LH663 BEVs at both time points, factors other than ESBP 

or structural differences may influence the promotion of IgA secretion. 
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Figure 41: Stimulation of cells derived from PP/GALT fragments by LH660 and LH663 BEVs, PBS as 
negative control, LPS as positive control. Baseline IgA level based on PBS data. Boxplots show mean 
of each group of 3 biological and 3 technical replicates. Whiskers depict min-max values. ** P value ≤ 
0.01 (one-way ANOVA followed by Dunnett’s post hoc test). Experiments performed in biological and 
technical triplicate 

4.5. Treatment with bifidobacterial BEVs modulates LPS-induced 

cytokine profiles 

Similar to the protective TEER and TJ modulation assay, differentiated THP-1 

macrophages and Caco-2 epithelial cells were pre-treated for 24h with bifidobacterial 

BEVs, LPS, or PBS before being challenged with LPS for 12h, 24h and 48h. RNA was 

extracted from each group, and culture supernatants were collected for downstream 

qRT-PCR analysis (Figure 42 and Figure 43) and ELISA quantification (Figure 44 and 

Figure 45) of TNF-α, IL-1β, IL-6 and IL-10, respectively, as well as IL-8.
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Figure 42: Expression levels of TNF-α at 12h (A), 24h (B), and 48h (C), and IL-1β at 12h (D), 24h (E), and 48h (F) of LPS challenge in differentiated THP-1 
macrophages first treated for 24h with LPS (orange) as positive control, PBS (green) as negative control, LH660 20h BEVs (dark blue), LH660 12h BEVs (light 
blue), LH663 20h BEVs (dark red), and LH663 12h BEVs (light red), respectively. mRNA ratios of target genes were calculated in relation to GAPDH levels in 
target groups compared to levels in the PBS-treated group. Boxplots show mean of each group, consisting of 4 biological and 2 technical replicates. Whiskers 
depict min-max values. * P ≤ 0.05 (one-way ANOVA followed by Dunnett’s post hoc test) 
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Figure 43: Expression levels of IL-10 at 12h (A), 24h (B), and 48h (C), and IL-6 at 12h (D), 24h (E), and 48h (F) of LPS challenge in differentiated THP-1 
macrophages first treated for 24h with LPS (orange) as positive control, PBS (green) as negative control, LH660 20h BEVs (dark blue), LH660 12h BEVs (light 
blue), LH663 20h BEVs (dark red), and LH663 12h BEVs (light red), respectively. mRNA ratios of target genes were calculated in relation to GAPDH levels in 
target groups compared to levels in the PBS-treated group. Boxplots show mean of each group, consisting of 4 biological and 2 technical replicates. Whiskers 
depict min-max values. * P ≤ 0.05, ** P ≤ 0.01 (one-way ANOVA followed by Dunnett’s post hoc test) 
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At 12h post-LPS challenge, several BEV-treated cultures showed no differences in 

TNF-α, IL-1β, and IL-10 expression levels compared to PBS controls. For IL-6, LH660 

20h BEV-treated cells showed comparable expression to PBS (P≥0.8). Overall, at this 

time point, LH660 BEVs tended to produce higher mRNA levels than LH663 BEVs, 

although most differences were not statistically significant. Indeed, LH660 12h BEVs 

significantly induced IL-6 expression (Figure 43D; P=0.0374), while LH663 12h BEVs 

significantly reduced IL-10 mRNA levels (Figure 43A; P=0.0328). Except for IL-10 

(Figure 43B), which remained lower than PBS across all BEVs, mRNA ratios generally 

increased after 24h of LPS challenge. At this time point, LH663 BEVs significantly 

(P≤0.05) stimulated TNF-α expression (Figure 42), whereas LH660 BEVs induced 

higher IL-6 mRNA levels( Figure 43E). IL-1β (Figure 42F) was significantly (P=0.0475) 

upregulated by LH663 20h. 

By 48h post-LPS challenge, expression profiles shifted again, with most cytokine 

mRNA levels comparable to or lower than PBS. Interestingly, LH663 20h BEV-treated 

macrophages showed a tendency to synthesise more mRNA for all four cytokines than 

PBS, although only IL-6 (Figure 43F; P=0.0027) and IL-1β (Figure 42F; P=0.0191) 

reached statistical significance. 
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Figure 44: Cytokine levels of TNF-α at 12h (A), 24h (B), and 48h (C), and IL-1β at 12h (D), 24h (E), and 48h (F) of LPS challenge in differentiated THP-1 
macrophages first treated for 24h with LPS (orange) as positive control, PBS (green) as negative control, LH660 20h BEVs (dark blue), LH660 12h BEVs (light 
blue), LH663 20h BEVs (dark red), and LH663 12h BEVs (light red), respectively. Boxplots show mean of each group, consisting of 4 biological and 3 technical 
replicates. Whiskers depict min-max values. * P ≤ 0.05, *** P ≤ 0.001 (one-way ANOVA followed by Dunnett’s post hoc test) 
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Figure 45: Cytokine levels of IL-10 at 12h (A), 24h (B), and 48h (C), and IL-6 at 12h (D), 24h (E), and 48h (F) of LPS challenge in differentiated THP-1 
macrophages first treated for 24h with LPS (orange) as positive control, PBS (green) as negative control, LH660 20h BEVs (dark blue), LH660 12h BEVs (light 
blue), LH663 20h BEVs (dark red), and LH663 12h BEVs (light red), respectively. Boxplots show mean of each group, consisting of 4 biological and 2 technical 
replicates. Whiskers depict min-max values. * P ≤ 0.05, *** P ≤ 0.001 (one-way ANOVA followed by Dunnett’s post hoc test) 
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Cytokine secretion profiles did not fully reflect expression profiles. At 12h, all tested 

cytokines except for IL-6 were similar to or significantly lower (P≤0.001) than PBS 

controls. IL-6 secretion was stimulated by all BEVs, but only 20h BEVs showed 

significant differences compared to PBS (P≤0.05; Figure 45D). Over time, TNF-α and 

IL-1β concentrations increased, yet remained comparable to PBS at 48h (Figure 44C 

and F). 20h BEVs generally induced higher levels than 12h preparations, while 

LH66312h BEVs resulted in significantly lower IL-1β than PBS (P=0.032; Figure 44F). 

In contrast, IL-10 concentrations decreased significantly (P≤0.001) for all BEVs, 

starting near PBS levels at 12h and dropping below 50pg/mL by 48h (Figure 45A, B, 

and C). Overall, LH663 20h BEVs produced the highest cytokine concentrations at 

48h, consistent with expression trends, but without statistical significance. 

Interestingly, LPS controls decreased to PBS levels over time, suggesting possible 

immune exhaustion, affecting cytokine production but not expression levels in 

macrophages that had been previously challenged. 

In addition to these four cytokines, IL-8 secretion was measured in differentiated  

THP-1 macrophages and Caco-2 cells (Figure 46). In macrophages, LH663 BEVs 

were more stimulatory than LH660 preparations, with LH660 BEVs eliciting 

significantly (P≤0.05) higher IL-8 levels than PBS at 12h post-LPS challenge, and IL-8 

levels produced by LH660 12h BEV-treated cells decreased significantly (P=0.021) by 

48h. Conversely, IL-8 levels elicited by LH663 BEVs increased over time, reaching 

significantly (P≤0.05) higher concentrations at 48h, with LH663 20h BEVs inducing the 

highest levels (Figure 46C). In Caco-2 cells, IL-8 concentrations were generally low 

(≤50pg/mL) and decreased over time. LH660 and 20h BEVs were, in general, more 

stimulatory at 12h, but all BEV groups fell below PBS controls by 48h, with 12h 

preparations significantly reduced compared to PBS (P≤0.05; Figure 46F). Similar to 

initial BEV-treatment assays, no other cytokines were detected in Caco-2 cells. 
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Figure 46: Cytokine levels of IL-8 in THP-1 macrophages at 12h (A), 24h (B), and 48h (C), and in Caco-2 cells at 12h (D), 24h (E), and 48h (F) of LPS challenge 
first treated for 24h with LPS (orange) as positive control, PBS (green) as negative control, LH660 20h BEVs (dark blue), LH660 12h BEVs (light blue), LH663 
20h BEVs (dark red), and LH663 12h BEVs (light red), respectively. Boxplots show mean of each group, consisting of 4 biological and 2 technical replicates. 
Whiskers depict min-max values. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001 (one-way ANOVA followed by Dunnett’s post hoc test) 
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5. Discussion and perspectives 

5.1. Non-disruptive interactions of bifidobacterial BEVs with 

epithelial cell monolayers 

5.1.1. Bifidobacterial BEVs modulate TJ gene expression and maintain barrier 

integrity 

Numerous studies have demonstrated the ability of BEVs to penetrate the mucous 

layer of the GIT to access and interact with underlying host cells due to their nanoscale 

size and unique biophysiological properties.326–328,378 IECs form a critical physical 

barrier between the contents of the intestinal lumen and systemic compartments, and 

BEV-host interactions are increasingly recognised as key modulators that maintain GIT 

homeostasis.609 However, the precise mechanisms underlying BEV biodistribution, 

cellular uptake, and downstream signalling remain poorly understood. Building on the 

hypothesis that bifidobacterial BEVs from LH660 and LH663 may exert adjuvant-like 

effects, I investigated their impact on epithelial barrier integrity and TJ regulation. 

TEER measurements, confocal imaging, qRT-PCR and immune assays were used to 

assess BEV uptake, intracellular localisation, TJ gene expression, and cytokine and 

chemokine secretion. Consistent with previous reports on commensal bacteria-derived 

BEVs326,355,610–612, LH660 and LH663 BEVs did not compromise epithelial barrier 

integrity, in contrast to pathogen-derived bacterial products, such as LPS and 

BEVs.613,614 Importantly, bifidobacterial BEVs induced expression of the key TJ genes 

− occludin, claudin-1, and ZO-1 − under normal conditions and appeared to support 

barrier integrity in an ‘infection-like’ (i.e. LPS-challenged) environment, in a 

preparation-dependent manner. This aligns with previous reports of protective effects 

by whole-cell B. pseudocatenulatum strains and their EPS against LPS-induced barrier 

impairment164,604,615,616, indicating that certain bifidobacterial BEVs can maintain 

epithelial integrity without negatively impacting TJ structure. 

While TJ expression profiles did not fully align with TEER observations, 20h BEVs 

stimulated TJ gene expression more strongly than 12h preparations following LPS 

challenge, whereas the reverse was observed under baseline conditions. This 

discrepancy may reflect post-translational regulation or differences in mRNA stability 

at the time of sampling, as TJ protein levels and subcellular localisation were not 
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examined in this study. Additionally, TEER phenotypes likely result from the combined 

action of multiple TJ and adhesion proteins, beyond the three genes assessed here.  

These findings align with previous work by Hassani et al. (2021)376, as they 

demonstrated that BEVs derived from B. bifidum, but not whole bacteria, activated the 

AhR pathway, significantly upregulating occludin and ZO-1, while failing to trigger 

Notch-1/Hes-1 signalling. A similar interplay between bifidobacterial strains, their 

BEVs, and distinct signalling pathways is also likely here. Indeed, numerous 

intervention studies using different Bifidobacterium species, including B. 

pseudocatenulatum, have reported improved epithelial barrier function under both 

homeostatic and inflammatory conditions through enhanced TJ expression and 

production.615 Collectively, these results underscore the potential advantage of BEVs 

derived from probiotic strains over traditional microbial stimulants, such as LPS. Unlike 

pathogen-associated molecules, bifidobacterial BEVs appear to reinforce barrier 

integrity rather than compromise it, even under inflammatory stress. This property is 

particularly relevant for future in vivo applications, including therapeutic strategies 

aimed at restoring epithelial function in microbially perturbed-related disorders or 

leveraging BEVs as safe adjuvants to enhance mucosal vaccine responses. 

5.1.2. Bifidobacterial BEVs access epithelial cells and accumulate in the peri-

nuclear region 

Additionally, I used a lipophilic, fluorescent dye to label LH660 and LH663 BEVs 

to explore their epithelial uptake using confocal microscopy. Bifidobacterial BEVs 

accumulated in different Caco-2 cell regions across the epithelial monolayer and were 

found to co-localise in the cytoplasm and around the peri-nuclear membrane. Several 

sections also showed potential associations between BEVs and nuclear pores, 

although higher resolution imaging is needed to confirm this. Interestingly, similar BEV-

uptake dynamics are seen in other studies. BEVs derived from B. thetaiotaomicron 

were also closely associated with the nucleus of Caco-2 cells326, whereas P. 

aeruginosa BEVs and their DNA cargo were enriched in the nucleic fraction of epithelial 

cells.617 BEVs from Aggregatibacter actinomycetemcomitans not only localised to the 

peri-nuclear space but also delivered cytolethal distending toxin into the nucleus of 

host cells.617,618 Regarding whole-cell bacteria, Abdulqadir et al. (2023)601,619 showed 

that administration of B. bifidum strains to Caco-2 cells activated PPAR-γ and led to a 

cyto-to-nuclear translocation in a strain-dependent manner. This gives rise to 
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speculation that bifidobacterial BEVs may deliver their cargo to the nucleus of epithelial 

cells, potentially modulating gene expression and downstream signalling, which might 

influence TJ gene expression. 

To elicit potential uptake pathways, I treated one fraction of the epithelial cells with the 

endocytosis antagonist Dynasore prior to BEV administration. This antagonist blocks 

dynamin-dependent endocytosis. Although found to be the main driver of uptake of B. 

thetaiotaomicron-derived BEVs in IECs326, bifidobacterial BEV endocytosis was only 

1.5-fold lower than in non-treated cells. This indicates the use of different, multiple 

endocytosis pathways for bifidobacterial BEV uptake. Due to their size and cargo 

heterogeneity, selective uptake routes could mediate BEV endocytosis within the same 

preparation and even batch.43,620 To date, only one study has explored endocytosis 

mechanisms of bifidobacterial BEVs in host cells (i.e. LL/2 lung cancer cells), 

identifying dynamin-mediated uptake as the main route of endocytosis.380 

Surprisingly, administration of bifidobacterial BEVs did not lead to any increase in 

cytokine and chemokine secretion, except for low levels of IL-8, which contrasts with 

previous studies demonstrating BEV induction of IL-8, IL-6 and/or MCP-1 in epithelial 

cells.575,621 

Collectively, this data suggests that BEVs derived from LH660 and LH663 can access 

the cytoplasm and peri-nuclear space of IECs via various endocytotic pathways. BEVs 

may also use passive transcellular or active, carrier-mediated paracellular or 

transcytosis routes to cross the epithelial barrier.325,609,622 Furthermore, modulation of 

the expression of other genes (i.e. more TJ proteins and cytokines) and/or signalling 

molecules by IEC-incorporated bifidobacterial BEVs cannot be excluded and needs 

additional research. 

5.2. Immune modulation by bifidobacterial BEVs suggests 

potential adjuvant-like properties 

5.2.1. Induction of cytokine production mediating immune cell activation and 

polarisation 

BEVs carry a variety of microbial antigens in the form of membrane-bound 

MAMPs, RNA, DNA, and cytosolic proteins, lipids, and metabolites, many of which I 

have quantified and identified in Results Chapter II. This combination of antigen 
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delivery, wide biodistribution and accessibility of multifaceted stimuli can support 

widespread immune cell activation and specific immune responses. Established and 

primary cell cultures of human and murine origin were used to test the immune 

potentiation properties of bifidobacterial BEVs. In a monocytic reporter cell line, all 

tested BEVs activated the NF-κB pathway, which is essential for innate immune 

responses, inducing expression of distinct chemokines, cytokines, and adhesion 

molecules.35 These in turn recruit and activate macrophages, granulocytes, DCs and 

lymphocytes, enabling pathogen containment and clearance, homeostasis, and 

induction of humoral immune responses.35 The proper functioning of this complex 

immune network mechanism is vital for immune protection and effective vaccine 

responses. 

Further testing for cytokine and chemokine production in different immune cells, 

including human monocytes, monocyte-derived macrophages, PBMCs, as well as 

murine splenocytes, using qRT-PCR, ELISA and MSD kits, showed expression and 

secretion of several pro- and anti-inflammatory cytokines for potential systemic 

immune activation and polarisation.  

a) TNF-α, IL-10, and IL-6 induction are dependent on environmental 

conditions 

TNF-α, produced by splenocytes, PBMCs, monocytes, and macrophages, is a 

key cytokine for activation of macrophages and T cells, maturation and recruitment of 

DCs and leukocytes, polarisation of neutrophils towards anti-tumour N1 responses, 

pathogen clearance, and resistance to certain infection agents and tumours.35,623–626 

Morishita et al. (2023)378 found that bifidobacterial BEVs, but not BEVs derived from 

Lactobacillus species, promote expression of TNF-α in vivo, highlighting the extensive 

immune-stimulatory properties of bifidobacterial BEVs compared to other commensal 

BEVs. However, an excess of TNF-α can have adverse effects, including induction of 

necrosis in healthy tissue, chronic inflammation, and autoimmune diseases.627 

Interestingly, BEVs tested here induced TNF-α production under normal growth 

conditions, with 20h and/or LH663 BEVs exerting stronger effects than 12h and/or 

LH660 preparations. In contrast, macrophages previously primed with the same BEVs 

displayed significantly reduced TNF-α secretion upon LPS challenge, only reaching 

levels comparable to untreated (PBS) controls after 48h. Again, 20h and/or LH663 

BEVs tended to produce higher TNF-α concentrations than 12h and/or LH660 BEVs. 
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These environment-related differences in immune modulation suggest potential 

protective properties of bifidobacterial BEVs. A gradual increase in TNF-α rather than 

an abrupt surge may mitigate the risk of hyperinflammation and cytokine storm 

phenomenon associated with severe infections and systemic inflammatory 

responses.628 Such fine-tuning of TNF-α dynamics could be particularly relevant in 

clinical contexts where excessive TNF-α signalling is detrimental. For instance, 

previous studies have shown that excessive TNF-α signalling could inhibit anti-PD-1 

immunotherapy629 in cancer models, highlighting the need for strategies that balance 

pro-inflammatory and regulatory responses. 

Supporting this concept, a recent study demonstrated that a cocktail of BEVs derived 

from multiple Bifidobacterium strains reduced TNF-α production in a lung cancer 

mouse model380, underscoring their potential as immunomodulatory agents beyond the 

gut. Together, these findings indicate that bifidobacterial BEVs may act as context-

sensitive modulators of inflammation – stimulating immune readiness under 

homeostatic conditions while dampening excessive responses during infection or 

inflammatory stress. This dual functionality positions BEVs as promising candidates 

for therapeutic interventions aimed at restoring immune balance in chronic 

inflammatory disorders or enhancing the safety and efficacy of immunotherapies. 

Other studies using other bifidobacterial BEVs or B. pseudocatenulatum strains found 

high levels of IL-6 after in vivo administration and/or in vitro treatment of macrophages 

under ‘healthy’ conditions.377,605,607 Here, we observed that LH663 20h BEVs induced 

IL-6 production in splenocytes and macrophages, underlining preparation-specific 

differences in immune modulation. Indeed, similar to the observations for TNF-α, IL-6 

secretion was strongly induced by 20h and/or LH663 BEVs than 12h and/or LH660 

BEVs. IL-6 is a major pro-inflammatory cytokine responsible for differentiation of naïve 

CD4+ T cells, Tfh cells, and CD8+ T cells into Tct lymphocytes, as well as differentiation 

of activated B cells into antibody-producing plasma cells, making it essential for 

adaptive immune responses.630 However, similar to TNF-α, excess of IL-6 can lead to 

the development of diseases and autoimmune conditions such as cardiac myxoma and 

rheumatic arthritis and needs fine-tuned regulation.630 Moreover, IL-6 was strongly 

stimulated in initial BEV-treatment assays of macrophages, but, in contrast to TNF-α, 

decreased after exposure to LPS. IL-6 started at significantly higher levels than PBS 

and LPS controls at 12h post-LPS challenge and decreased progressively, reaching 
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comparable levels to controls by 48h, suggesting the BEV pre-conditioning may confer 

an early immune advantage. Future studies could investigate whether this early IL-6 

surge translates into enhanced antibody production and faster pathogen clearance in 

vitro and in vivo. 

IL-10 production followed a similar trajectory to IL-6. Under normal growth conditions, 

all BEVs significantly induced IL-10, but levels declined sharply in the presence of LPS. 

At 12h post-challenge, IL-10 concentrations were similar to PBS controls, with LH663 

BEVs producing higher levels. However, at 24h and 48h, IL-10 dropped below 

100pg/mL across all BEV groups, although LH663 preparations consistently 

maintained higher levels than LH660 BEVs. This pattern mirrors IL-10 responses 

observed in BEV-stimulated murine splenocytes under non-inflammatory conditions. 

While reduced IL-10 during infection may seem counterintuitive – given its role as a 

key anti-inflammatory cytokine that prevents chronic inflammation, autoimmunity, and 

tissue damage while supporting homeostasis631, its suppression could reflect adjuvant-

like effects of LH660 and LH663 BEVs. Excessive IL-10 can hinder pathogen 

clearance, particularly in intracellular infections, so limiting its production could support 

pathogen eradication.632 However, IL-10 is an inflammation regulator, promoting host 

survival even under infectious stress, suggesting that the balance between early pro-

inflammatory and later regulatory signals is crucial.632 Studies using in vivo infection 

models preconditioned with bifidobacterial BEVs could clarify whether this modulation 

enhances pathogen clearance without compromising tissue protection. 

Interestingly, a comparable study using BEVs from B. thetaiotaomicron to prime 

BMDCs prior to LPS challenge reported similar TNF-α and IL-6 patterns, but showed 

sustained IL-10 induction in both initial and pre-conditioned cultures, which was linked 

to a tolerance-like immune state.353 The absence of such IL-10 persistence in this study 

may indicate that LH660 and LH663 BEVs favour an immunostimulatory rather than 

tolerance-promoting phenotype, reinforcing their potential as adjuvant candidates. This 

distinction highlights strain-specific differences in BEV-mediated immune modulation 

and underscores the need for further mechanistic studies to identify pathways driving 

these divergent outcomes. 
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b) Stimulation of IL-1β and IL-8 is higher under normal conditions but 

steady following LPS challenge 

LH663 BEVs and LH660 20h BEVs, but not LH660 12h BEVs, promoted the KC 

secretion by murine splenocytes. Initially, in human cell cultures, BEVs from both 

strains induced IL-8 secretion, with 12h preparations generally more stimulatory than 

20h samples. However, in macrophages previously primed with BEVs and challenged 

with LPS, the pattern reversed: 20h preparations induced significantly higher IL-8 

levels after 48h compared to 12h samples, and LH663 BEVs were consistently more 

potent than LH660 BEVs. Interestingly, IL-8 concentrations in LH663 BEV-treated 

macrophages remained steady throughout the infection-simulation assay, ranging 

between 100-140ng/mL, suggesting sustained chemokine signalling even under 

inflammatory stress. In contrast, IL-8 levels in Caco-2 cells were very low (≤50pg/mL) 

and either similar to or lower than PBS controls, indicating limited biological relevance 

in this context. This discrepancy between macrophages and epithelial cells likely 

reflects cell-type-specific responsiveness to BEV stimulation and the distinct roles of 

IL-8 in macrophages, particularly by LH663 20h BEVs, may enhance neutrophil 

chemotaxis and early immune activation during infection, whereas the negligible 

epithelial response suggests that BEVs do not promote excessive inflammatory 

signalling at the barrier level – a desirable feature for maintaining epithelial 

homeostasis. Both IL-8 and KC are major chemoattractants for neutrophils, mediating 

innate immune responses through antimicrobial activity and phagocytosis, elimination 

of cell debris, intestinal epithelial healing, anti-tumour activity and resolution of 

inflammation.575 Notably, my colleague Dr Alicia Niklin from the Robinson group at QIB 

used LH663 20h BEVs that I prepared for her PhD project. Briefly, in a murine 

melanoma model, she observed decreased tumour volume due to increased cell 

counts and N1 anti-tumour activity of infiltrating neutrophils in LH663 20h BEV-

administered mice. Fine-tuned stimulation of TNF-α and IL-8/KC production in 

macrophages by LH663 20h BEVs could explain these interesting observations.633  

Under normal conditions, all BEVs also significantly induced IL-1β production by 

macrophages, with LH660 BEVs leading to a higher secretion than LH663 

preparations. Following LPS challenge, IL-1β levels were initially comparable across 

all BEV groups and PBS controls at 12h, although 20h and/or LH663 BEVs tended to 

produce slightly higher concentrations. By 24h post-LPS challenge, IL-1β increased 
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more than 1.5-fold, with LH660 20h BEVs showing significant induction before PBS 

controls reached similar levels at 48h. Consistently, 20h and/or LH663 BEVs were 

more stimulatory than their counterparts. However, as PBS control levels rose between 

24h and 48h, and 12h BEV-induced levels remained steady, both 12h preparations 

resulted in lower IL-1β than PBS at the final time point. IL-1β plays a pivotal role in DC 

maturation and activation, as well as facilitating CD/T cell crosstalk during immune 

responses. Through IL-1β signalling, pro-inflammatory cytokine release is stronger, 

promoting Th1 responses and cytotoxic T cell activation.634 However, similar to TNF-α 

and IL-6, excessive IL-1β can lead to systemic inflammation and expansion of 

autoreactive CD4+ T cells, contributing to tissue damage and autoimmune risk.634 The 

preparation-dependent differences observed here, where 20h BEVs induced faster 

and stronger IL-1β responses, while 12h BEVs maintained lower levels, suggest 

functional divergence between BEV growth conditions. This may indicate that 20h 

BEVs favour rapid immune activation, whereas 12h BEVs promote a more controlled, 

protective response with reduced pro-inflammatory signalling. Such nuanced 

modulation could be advantageous for therapeutic applications: early IL-1β induction 

may enhance pathogen clearance and vaccine efficacy, while limiting prolonged 

elevation could prevent chronic inflammation. Future studies could explore whether 

these patterns translate into differential T cell activation and adaptive immunity in vivo, 

and whether combining BEV preparations could balance immune stimulation with 

regulatory control. 

c) Immunomodulation varied for other tested cytokines 

Similar cytokine dynamics were seen in the induction of TSLP and IL-15 

production, with comparable and non-significant levels of IL-15 seen with all BEV 

preparations, and higher levels of TSLP in LH660 BEVs and LH663 20h BEV-treated 

immune cell cultures. These have direct and indirect downstream implications for T cell 

differentiation. TSLP acts primarily on DCs, leading to the secretion of chemokines for 

basophil recruitment to the lymph node and increasing expression of OX40L that drives 

co-stimulation in Th2 cell differentiation.26,635,636 Additionally, TSLP suppresses the 

production of Th1-inducing IL-12 and CD70 in DCs mediating Th2 polarisation.635  

IL-15 supports T cell survival directly through the induction of expression of anti-

apoptotic molecules.57,58 Along with IL-7, it is also important for the survival and 
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homeostatic proliferation of memory CD4+ and memory CD8+ T cells and NK 

cells.57,637 

Interestingly, low levels of IFN-γ and MCP-1 were induced by bifidobacterial BEVs, 

with no IL-1β, IL-4, IL-12p70, IL-17A or IL-22 being detected in murine splenocytes. 

Several studies report a significant increase in the production of IL-12p40, IL-10 and 

IFN-γ after administering B. pseudocatenulatum strains in vivo and/or in vitro to 

BMDCs, highlighting the strain-specific immunomodulatory properties of Bifidobacteria 

and their products.605–607 The lack of IL-12 signal was surprising since both LH660 and 

LH663 were selected due to promoting IL-12 production in DCs (see Results Chapter 

I, page 71). However, since the BMDC experiments did not lead to any IL-12 production 

even in the LPS-treated groups, it is possible that these cultures lacked functional 

BMDCs, which are a source of IL-12p70. Additional experiments with ‘working’ DC 

cultures using a different cell isolation and preparation approach could address this 

issue. Also, BEVs from LH660 and LH663 may lack the microbial stimuli for IL-12 

induction. Both possibilities need further investigation in more complex immune 

environments to be answered. 

 

Collectively, the cytokine profile induced by bifidobacterial BEVs, especially LH663 20h 

BEVs, points towards an immune stimulation of innate as well as adaptive immune 

responses, including activation and polarisation/differentiation of key immune cells 

towards protective states such as anti-tumour N1 (i.e. induction of cytotoxic responses, 

rejection, and apoptosis to/in cancer cells, inhibition of metastasis, and promotion of 

further anti-tumour immune responses)638 and Th2 responses, recruitment of specific 

immune cells such as neutrophils, and proliferation and survival of memory T cells and 

NK cells. Given the feedback loops within the complex cytokine and host cell network, 

it is possible that bifidobacterial BEVs could exert adjuvant-like properties in 

vaccination and promote protective responses in disease/cancer models (as seen in 

the preliminary anti-melanoma activity). Cytokine differences observed between 

normal and ‘infection-like’ (i.e., LPS-exposed) conditions highlight the dynamic, 

environment-dependent immunomodulatory properties of bifidobacterial BEVs. Rather 

than exerting uniform effects, these vesicles appear to adapt their stimulatory potential 

based on the surrounding immunologic context, enhancing pro-inflammatory 

responses under homeostatic conditions while tempering excessive activation during 
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LPS exposure. Such flexibility suggests that BEVs may help maintain immune balance, 

reducing the risk of hyperinflammation while still supporting effective pathogen 

clearance. Given the distinct preparation-dependent differences identified here, this 

opens opportunities for precision medicine, where tailored BEV formulations could be 

developed to meet individual therapeutic needs. 

5.2.2. Strain-dependent stimulation of IgA production in PP/GALT cells 

IgA is a major modulator of the microbiota by coating, facilitating the clearance 

of microbes, and promoting the colonisation of symbionts in the intestine.377,639–641 It is 

mainly secreted by PPs within the GALT of the intestinal tract after stimulation of 

resident immune cells with microbial antigens mediated by M cells.377,642 These 

microbial antigens first trigger innate immune cells, such as macrophages, via TLR and 

NF-κB activation, which in turn leads to the release of IL-6 and other stimulatory 

activators, inducing IgA production in B cells.377,643 During early life, IgA plays a critical 

role in infant health since self-production is disabled within the first month after birth 

and IgA is acquired maternally through breastfeeding.85,119,644,645 Additionally, 

depending on exposure to health-promoting microbiota members in the maternal gut, 

IgA might facilitate the colonisation of microbes in the infant through the specific 

coating of maternal commensals, dacterial transport from the maternal intestine to the 

mammary gland, and finally into the child’s GIT.30,85,119,646,647 Indeed, Ding et al. 

(2022)85 found that the composition of IgA-coated Bifidobacterium species was 

analogous in the faeces of tested mother-infant pairs with B. longum subsp. infantis 

being the most common species in infant faeces, and B. pseudocatenulatum being 

predominant in maternal breast milk and faeces. 

Interestingly, oral administration of B. longum subsp. infantis strains and B. 

pseudocatenulatum JCM7041 also increases faecal IgA levels in non-breastfed infants 

and mice.605,606,648,649 Moreover, Kurata et al. (2022)377 found a direct link between the 

presence of lipoprotein ESBP in BEVs derived from B. longum subsp. infantis and its 

ability to activate PP cells in mice, leading to the production of IL-6 via TLR2 signalling 

in macrophages and subsequently increased release of IgA by activated B cells into 

the GIT. 

Given the fact that the proteomic analysis of LH660 and LH663 detected ESBP in all 

BEVs and that they induced IL-6 production in human macrophages, I repeated the ex 
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vivo experiment from Kurata et al. (2022)377 with LH660 and LH663 BEVs using murine 

PP/GALT fragments. Surprisingly, only LH663 20h BEVs significantly enhanced IgA 

secretion. This was unexpected since BEVs of LH660 had a higher abundance of 

ESBP than those from LH663. ESBP from LH660 may differ structurally from that in 

LH663 and B. longum subsp. infantis. Although LH660 BEVs significantly induced  

IL-6 production in human macrophages, this may be host-specific, as they did not 

induce biologically significant levels of IL-6 and IgA in murine cells. Indeed, in murine 

splenocytes, IL-6 expression was exclusively induced by LH663 BEVs, confirming that 

ESBP from LH660 potentially differs in structure, charge or molecular weight, and thus, 

lacks immunostimulatory properties. This highlights the strain-specific differences in B. 

pseudocatenulatum strains of the same origin. 

Interestingly, increased secretion of IgA has recently been associated with improved 

outcomes in immune checkpoint blockade across several cancer models, including 

melanoma, where elevated IgA correlated with reduced tumour growth and enhanced 

infiltration of CD8+ T cells.650 In line with these findings, the significant induction of IgA 

observed in this study following LH663 20h BEV treatment may explain its potential 

anti-tumour activity. Supporting this hypothesis, my colleague Dr Alicia Niklin reported 

similar improvements in a melanoma mouse model upon administration of LH663 20h 

BEVs, including reduced tumour burden and enhanced immune infiltration. Future 

work could explore whether BEV-induced IgA elevation translates into improved 

checkpoint inhibitor efficacy and whether combining BEVs with immunotherapy could 

synergistically enhance tumour clearance. 

5.3. Limitations and future work 

This study provides important insights into bifidobacterial BEV-mediated 

modulation of epithelial barrier integrity and immune responses; however, several 

limitations must be addressed to fully understand their therapeutic potential.  

Confocal imaging revealed BEV translocation to the peri-nuclear space of epithelial 

cells, suggesting active uptake and intracellular trafficking. Future work could use 

transcriptomic and proteomic analyses to characterise the implications of this 

localisation, identify specific BEV cargo, for example, nucleic acids or modulatory 

proteins, and determine their interactions with host receptors, as have been 

extensively applied to Gram-negative BEVs.295,334,617  
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Beyond epithelial monolayers, uptake dynamics could be validated in multicellular 

systems, such as organoids, organ-on-a-chip platforms, and in ex vivo or in vivo 

biodistribution assays. Biodistribution studies also need to be undertaken as a 

prerequisite for potential bifidobacterial BEV interventions. Previous studies have 

demonstrated BEV accumulation in different organs following different administration 

routes in healthy and disease mouse models.326,327,651 Such experiments are not only 

useful for informing optimal dosing, administration routes, and intervention timing, but 

they may also reveal potential systemic effects. Indeed, Morishita et al. (2023) reported 

stronger immune stimulation in mice receiving bifidobacterial BEVs subcutaneously 

compared to intravenously.378 Before progressing to in vivo experiments, simulating 

digestive conditions in vitro (e.g., exposure to gastric acid and bile salts) will be 

important to assess BEV stability and functionality.379 

Although TJ gene expression was assessed, protein-level data may be useful to 

confirm underlying mechanisms. Future studies could include Western blots or ELISAs 

for occludin, claudin-1, and ZO-1, as well as additional TJ and adhesion proteins. 

Investigating bifidobacterial BEV effects on barrier recovery following chronic 

inflammation and/or infection is also of interest. A next step would be reversing the 

‘infection-mimic’ challenge model: LPS challenge of differentiated Caco-2 cells and 

macrophages, followed by treatment with BEVs and analysing TJ and cytokine 

modulation, alongside TEER and viability assays. 

Surprisingly, cytokine expression patterns often diverged from secretion profiles, with 

opposite trends observed for IL-6 between mRNA and protein levels. These 

differences may result from post-translational modifications, variations in mRNA and 

protein degradation, or secretion rates.652 This underlines the importance of integrated 

transcriptomic and proteomic approaches to accurately interpret BEV-induced immune 

modulation. 

Moreover, studies could incorporate multi-immune cell co-cultures, including T and B 

lymphocytes, DCs, neutrophils, and NK cells, to capture a more accurate 

understanding of bifidobacterial BEV-driven immunomodulation. Ultimately, in vivo 

studies would be required to determine BEV-priming effects under health, disease and 

vaccination contexts. These could include infection clearance assays, recovery 

studies, and vaccine boosting experiments, supported by multi-omics profiling, 
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fluorescence-activated cell sorting (FACS), and immunohistochemistry of blood, 

tissues, and microbiota. 

Batch-dependent differences observed in this study highlight a major challenge for 

future BEV-based interventions. Variability in vesicle composition could lead to 

inconsistent immunogenicity, posing risks in therapeutic or vaccine contexts. While 

BEVs are generally safer than live bacteria due to their non-replicating nature, rigorous 

quality control and cargo characterisation are essential. 

Identifying key immune stimuli (similar to the ESBP-IgA link reported by Kurata et al. 

(2022)377) and developing enrichment strategies could normalise preparations and 

enhance reproducibility. Comparative analysis of ESBP abundance and structural 

differences between LH660 and LH663 BEVs, particularly regarding TLR2 interaction, 

may explain the observed discrepancies in IL-6 and IgA induction. Potential 

association between other immunomodulatory proteins identified in the previous 

results chapter and the strain- and preparation-dependent differences in cytokine and 

TJ gene induction also need to be addressed in-depth for potential future enrichment 

and application assays. 

 

BEVs from several bacterial species, including pathogens and commensals, have 

demonstrated strong adjuvant properties, often outperforming traditional adjuvants, 

such as alum or CpG DNA. For instance, Prior et al. (2021)460 found that BEVs from 

Burkholderia pseudomallei significantly enhanced T and B cell responses and antibody 

titers compared to conventional adjuvants.586 Given the immunomodulatory and 

barrier-protective properties of bifidobacterial BEVs, their potential as safe, 

microbiome-derived vaccine adjuvants is promising. Future research could focus on 

optimising formulations, dosing, and delivery strategies to harness these benefits in 

clinical settings. 

5.4. Conclusion for further study 

BEVs from B. pseudocatenulatum LH660 and LH663 interact with host cells and 

modulate protein expression and secretion in a strain-, preparation- and environment-

dependent manner. Uptake studies confirmed that undifferentiated epithelial cells 

internalise BEVs, partly via dynamin-mediated endocytosis. In differentiated Caco-2 

cells under normal conditions, all BEV preparations, except LH660 20h, stimulated 
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expression of occludin, claudin-1, and ZO-1, without causing barrier disruption, as 

indicated by TEER measurements. Under LPS-challenged conditions, TEER reduction 

was less pronounced in BEV-treated cells, particularly those primed with LH663 BEVs. 

Interestingly, both 20h preparations, but not 12h samples, induced higher TJ gene 

expression at 48h of LPS challenge, suggesting a growth condition-dependent effect.  

IL-8 secretion followed a different pattern – LH663 12h BEVs non-significantly 

increased IL-8 under normal conditions, whereas all BEVs led to lower IL-8 levels than 

PBS controls under ‘infection-like’ conditions, with 12h BEVs significantly reducing IL-

8 at 48h, indicating context-specific chemokine modulation. 

In human immune cells, bifidobacterial BEVs induced TNF-α, IL-1β, IL-6, IL-8, IL-10, 

IL-15, and TSLP under normal conditions, with responses varying by strain and 

preparation. In murine splenocytes and PPs, only LH663 BEVs stimulated KC, TNF-α, 

IL-6, IL-10, and IgA production. Although Kurata et al. (2022)377 established a direct 

link between ESBP abundance in bifidobacterial BEVs and IL-6 and IgA induction, this 

correlation was not observed here, as ESBP was more abundant in LH660 BEVs, yet 

these did not trigger IL-6 and IgA in murine cells. Conversely, IL-6 was significantly 

induced by all BEVs in human macrophages, suggesting possible structural 

differences between ESBP and other cargo that affect receptor compatibility across 

species.  

LPS challenge indicated marked shifts in cytokine profiles compared to normal 

conditions, with significantly lower IL-10 and TNF-α, but higher IL-1β and IL-8, while 

IL-6 remained relatively stable. Interestingly, LH663 20h BEVs generally produced the 

highest cytokine levels, although not always significantly. These findings demonstrate 

that bifidobacterial BEVs exert nuanced, environment-dependent immune  

modulation − enhancing barrier integrity and immune readiness under homeostasis, 

while tempering excessive inflammation during infection. However, these in vitro 

observations do not fully predict potential adjuvant properties in vaccination contexts 

or complex in vivo environments. Future research should focus on correlating specific 

BEV cargo with induced signalling pathways and validating these effects in animal 

models and pre-clinical settings. 
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VI. CONCLUSION 

 

The substantial health benefits associated with high levels of Bifidobacterium in 

the GIT microbiota from early life onwards are well established in the scientific 

literature. However, the underlying mechanisms driving these benefits are largely 

underexplored. This is particularly true for the role and therapeutic potential of 

bifidobacterial BEVs, which have only recently gained attention. This thesis 

investigated BEVs derived from two immunomodulatory strains of B. 

pseudocatenulatum – an understudied Bifidobacterium species notable for its 

adaptability to changing environments and broad prevalence across life stages.  

To explore the potential immune responses and barrier-protective properties of BEVs 

from these strains, I first established optimal, standardised growth conditions and BEV-

harvesting time points that coincide with the diauxic shift from Glc to starch metabolism, 

in order to minimise confounding factors during BEV preparation. Under identical 

conditions, the two strains displayed phenotypic differences in growth and 

vesiculogenesis. BEVs from LH663 contained higher levels of RNA and DNA, while 

BEVs from LH660 were enriched in protein; lipid concentrations were more uniform 

between BEV sets. However, batch-to-batch variations within the same condition were 

apparent, which also generated variation in downstream assays. This variability aligns 

with current challenges across the BEV field, where issues of scalability and 

translational readiness remain significant barriers.273 The field would benefit from 

standardisation guidelines similar to those established for mammalian extracellular 

vesicles, as well as improved separation/purification workflows, to enhance 

reproducibility and inter-study comparability – even in long-term studies.273,278,339 

Furthermore, identifying subset-specific BEV biomarkers would enable flow cytometric 

discrimination among ambiguous BEV types within mixed preparations, improve 

downstream homogeneity, and ultimately define BEV type-dependent vesiculogenesis 

mechanisms across environmental conditions and clinical interventions.286 

 

This project aimed to classify and quantify BEV cargo while assessing BEV-host cell 

interactions, focusing on immunomodulatory outcomes. Across morphology, 

concentration, particle size, and conserved proteomic features, the bifidobacterial 
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vesicles corresponded to key characteristics reported for BEVs.282 Nonetheless, 

quantitative proteomics further underlined clear strain- and preparation-dependent 

differences and, while showing some similarities, diverged from previously published 

bifidobacterial BEV datasets in distribution of biological functions and predicted cellular 

location.308,375,377 BEV cargo was predominantly cytoplasmic proteins and enriched for 

proteins implicated in carbohydrate metabolism and transmembrane transport. 

Importantly, BEVs from both strains and time points contained a large number of 

putative immunomodulatory proteins, such as ESBP, GAPDH, alkaline phosphatase, 

and glutamate synthase, with enrichment patterns varying by strain and time point. 

Contrary to Kurata et al. (2022)377, however, no positive association emerged here 

between ESBP abundance and immune stimulation; in fact, non-stimulatory BEVs 

contained higher levels of ESBP than stimulatory preparations. This suggests that 

additional biochemical features (e.g. post-translational modifications, complexing with 

protein-lipid assemblies, co-packaged nucleic acids, or vesicle-surface display) may 

drive functional outcomes and require targeted mechanistic follow-up. 

Host-interaction assays revealed that BEVs from both strains did not compromise 

epithelial integrity. Rather, they gained access mainly via dynamin-independent 

endocytic pathways to localise to the peri-nuclear space with concomitant induction of 

TJ gene expression of occludin, claudin-1, and ZO-1 in a strain- and preparation-

dependent manner. LPS-challenged epithelial cells, pre-conditioned with 

bifidobacterial BEVs, yielded higher TEER measurements relative to LPS alone, 

consistent with a protective effect against endotoxin barrier disruption. TJ expression 

profiles did not fully explain these TEER dynamics; induction was BEV preparation-

specific, and none of the TJ genes were significantly upregulated. Longitudinal, multi-

omic profiling of BEV-primed epithelial cells under ‘healthy’ vs. ‘diseased’ conditions – 

integrating transcriptomics, proteomics, phosphor-signalling, and lipodomics – could 

clarify the temporal changes of barrier protection and support development of BEVs in 

personalised therapeutic scenarios. 

Immunologically, BEVs exhibited stimulatory activity in a strain- and preparation-

dependent manner. These BEVs activated NF-κB and induced production of TNF-α, 

IL-1β, IL-6, IL-8/KC, IL-10, IL-15, and TSLP, alongside low levels of IFN-γ and  

MCP-1, in different immune cell types under baseline conditions. Likewise, only BEVs 

from LH663, but not LH660, induced IgA secretion in PP/GALT cells, highlighting 
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phenotypic differences between strains of the same origin. Upon LPS challenge, 

macrophage responses shifted: TNF-α and IL-10 were generally reduced, IL-1β and 

IL-8 levels increased, and IL-6 was maintained. Collectively, these findings indicate 

that BEVs from selected B. pseudocatenulatum strains modulate immune cell cytokine 

reactions and reinforce the epithelial barrier in a condition-dependent manner, 

potentially protecting the host while preserving the capacity to mount appropriate 

antimicrobial responses. 

 

These observations are particularly interesting in the broader context of the 

commensal BEV literature, which frequently emphasises anti-inflammatory skewing of 

various cell types, including immune cells, and its benefits. For example, BEVs from 

B. thetaiotaomicron can promote homeostasis, increasing IL-10 and reducing TNF-α 

in DCs via TLR2 activation.353,472 Similarly, BEVs from L. paracasei and A. muciniphila 

have been reported to inhibit NF-κB, decreasing TNF-α and IL-1β, while increasing  

IL-10 and TGF-β.653–655 Roughly half of the published studies on bifidobacterial BEVs 

report similar findings, including raised IL-10 and TGF-β production, reduced IL-1β,  

IL-6, TNF-α, and IL-17A, and polarisation towards regulatory phenotypes.308,373,379–381 

However, most of such studies focus on chronic inflammatory conditions, such as 

colitis, where reestablishing homeostasis is key. By contrast, in contexts such as 

vaccination and cancer therapy, controlled pro-inflammatory signalling is desirable to 

ensure anti-tumour and anti-pathogen efficacy while avoiding collateral damage via 

eliciting cytokine storms or chronic inflammation. The strain- and preparation-

dependent immunomodulatory patterns identified here provide preliminary support for 

personalised therapy options using bifidobacterial BEVs.  

Emerging evidence highlights the therapeutic potential of bifidobacterial BEVs beyond 

GIT homeostasis. For example, BEVs from B. longum subsp. longum have been 

shown to attenuate liver fibrosis, oxidative stress, suppress TGF-β1 signalling and 

prevent hepatocellular carcinoma development in murine models.382 Similarly, a 

cocktail of bifidobacterial BEVs synergised with anti-PD-1 therapy to enhance anti-

tumour efficacy via NF-κB activation, increased PD-L1, IL-2, and IFN-γ expression, 

and enhanced tumour-infiltrating CD8+ T cells.380 Complementing these findings, 

administration of LH663 20h BEVs in a mouse melanoma model demonstrated anti-

tumour activity consistent with the cytokine and IgA profiles reported here.633 This 
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suggests that the immunostimulatory BEV preparation characterised in this thesis 

retains functional activity as its parental strain and other postbiotic derivatives.176 

Moreover, these findings link to clinical and preclinical data highlighting that elevated 

abundance of Bifidobacterium species, or probiotic supplementation, slows melanoma 

progression.156 BEVs offer a distinct advantage over live probiotics: they are inherently 

more robust, not requiring viability to confer benefits, and thus, present safer 

alternatives for immunocompromised populations where probiotic administration may 

pose risks.656 

Coupled with recent advances in BEV modification and functionalisation, such as the 

versatile approach described by Morishita et al. (2024)657 for bioengineering of 

bifidobacterial BEVs while preserving innate adjuvanticity, these findings position 

bifidobacterial BEVs as promising candidates for next-generation immunotherapies 

and mucosal vaccine adjuvants.395 Their stability, cost-effectiveness and potential for 

needle-free delivery are practical advantages for global vaccination strategies, 

particularly in LMICs, where uptake and accessibility remain critical challenges. 

Encouragingly, commensal BEVs have already demonstrated efficacy as antigen 

carriers against pathogens, such as Yersinia pestis337 and influenza322, highlighting the 

emergence of a novel class of postbiotic adjuvants.1 

 

This work provides important insights into bifidobacterial BEVs, yet several limitations 

and challenges remain that must be addressed before clinical translation. Batch 

variability in BEV yield and cargo was observed throughout this study, reflecting current 

technical constraints in vesicle isolation and purification and introducing variability into 

downstream analyses.273 Additionally, the reliance on in vitro models, while valuable 

for mechanistic exploration, cannot fully recapitulate the complexity of host-microbiota 

interactions in vivo. A further limitation lies in the lack of causal resolution for 

immunomodulatory effects at the single-vesicle level, which restricts mechanistic 

attribution to specific cargo components and underscores the need for advanced 

analytical approaches.  

Beyond these limitations, significant technical and biological hurdles persist. 

Standardisation and scalability remain critical issues, as the field currently lacks 

harmonised production pipelines and robust protocols for large-scale BEV generation. 

Long-term storage stability also poses challenges, although proteomic degradation 
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was mitigated here through fresh preparation and -80°C preservation, as is standard 

for non-bacterial EVs. Systematic optimisation of buffer composition, freeze-drying 

techniques, and hydrogel formulation will be essential to maintain vesicle integrity 

without compromising immunogenicity. 

Mechanistic gaps further complicate progress, particularly concerning the regulation of 

bifidobacterial vesiculogenesis, discrimination of vesicle types, and identification of 

‘core’ cargo signatures predictive of favourable immune modulation. Addressing these 

gaps will require integrated multi-omics strategies in different preclinical and patient 

contexts.  

Safety and biodistribution represent additional priorities. Comprehensive mapping of 

BEV uptake, clearance kinetics through hepatic and renal pathways, and potential 

toxicity is necessary to preclude off-target effects.339 Lessons from other probiotic 

BEVs highlight this need: While BEVs derived from L. rhamnosus GG have 

demonstrated benefits in colitis658, wound healing364, and osteoporosis659, they have 

also been implicated in aggravating vascular calcification in individuals with chronic 

kidney disease.660 Such findings underline the importance of systemic characterisation 

and downstream personalisation, even for commensal BEVs widely considered safe, 

to mitigate potential risks for specific populations.339 

Building on the findings presented in this thesis, several experimental priorities have 

emerged to advance the mechanistic understanding and translational potential of 

bifidobacterial BEVs. First, functional validation of candidate immunomodulatory 

proteins identified in this study, such as ESBP and alkaline phosphatase, is essential 

to establish causal links between specific cargo components and observed immune 

stimulation. This could include purification of these proteins and targeted assays (e.g. 

more complex organoid in vitro assays and/or in vivo models of infection, vaccination 

and tumour growth) to confirm their role in modulating host responses. Beyond 

proteomics, future work could expand cargo profiling to include nucleic acids, lipids, 

and metabolites, as these molecules may contribute significantly to immunomodulatory 

activity and could reveal additional therapeutic targets. Another key aspect that was 

not addressed in this thesis involves assessing the influence of bifidobacterial BEVs 

on the GIT microbiota. Investigating their impact on microbial ecology, including SCFA 

production, cross-feeding networks, and pathogen suppression, would help clarify 

whether BEV interventions can modulate the gut-immune axis to enhance immune 
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responses to vaccination and/or cancer therapy. These studies should include complex 

faecal samples and cohorts, such as vaccine non-responders, to capture clinically 

relevant variability. 

 

In summary, this thesis presents the first characterisation of BEVs derived from B. 

pseudocatenulatum strains LH660 and LH663, establishing their potential as 

immunomodulatory agents with relevance for vaccine development and cancer 

immunotherapy. The findings demonstrate that these BEVs possess key properties 

required for use as adjuvants and/or antigen carriers, including strain- and preparation-

specific modulation of cytokine and chemokine responses, TJ regulation, and IgA 

induction. These insights provide a platform for future mechanistic studies and 

translational research, advancing the development of microbiota-derived therapeutics 

in precision medicine. However, challenges remain, including variability in BEV yield 

and cargo, reliance on simplified in vitro models, lack of single-vesicle mechanistic 

resolution, and technical hurdles in standardisation, scalability, and long-term stability. 

Mechanistic gaps, regarding vesiculogenesis and cargo signatures, alongside safety 

concerns, such as biodistribution and off-target effects, require systematic evaluation. 

Addressing these issues through multi-omics, advanced analytics, and validation in 

disease-relevant models will be critical to enable rational design of bifidobacterial BEVs 

as precision postbiotic adjuvants and immunotherapeutics. 
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LIST OF ABBREVIATIONS 

 

2’FL 2’-Fucosyllactose 

3’SL 3′-Sialyllactose 

6’SL 6'-Sialyllactose 

AA Amino acids 

Acetyl-CoA Acetyl-coenzyme A 

AhR Aryl hydrocarbon receptor 

AMP Anti-microbial peptide 

AMR Anti-microbial resistance 

ANOVA Analysis of variance 

APC Antigen-presenting cell 

AU Average fluorescence intensity units 

BAMBI Baby-Associated MicroBiota of the Intestine 

BCG Bacillus Calmette-Guérin 

BCL-2 B cell lymphoma-2 

BEV Bacterial extracellular vesicle 

BGS Bifidogenic growth stimulator 

BHI Brain heart infusion 

BM Bone marrow 

BMDC Bone marrow-derived dendritic cell 

BMI Body-mass index 

BR Broad range 

CAZymes Carbohydrate-active enzymes 

CBM Carbohydrate-Binding Module Family 

CCL Chemokine c-c motif ligand 

CD Cluster of differentiation 

CD40L CD40 ligand 

cDC Conventional dendritic cell 

CFU Colony forming unit 

CMV Cytoplasmic membrane vesicles  

CpG ODN Cytosine-phosphate-guanine oligodeoxynucleotides 

CXCL C-X-C motif chemokine ligand 

CYP1A1 Cytochrome P450 family 1 subfamily A member 1  
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DAMP Danger-associated molecular pattern 

DC Dendritic cell 

DMEM Dulbecco’s Modified Eagle Medium 

dNTP deoxynucleotide triphosphates 

ds Double-stranded 

DTaP Diphtheria-Tetanus-acellular Pertussis 

DTT Dithiothreitol 

EB Elution buffer 

ECMV Explosive cytoplasmic membrane vesicles  

eDNA Extracellular DNA 

ELISA Enzyme-linked immunosorbent assay 

EPS Exopolysaccharide 

ESBP Extracellular solute-binding protein 

EV Extracellular membrane vesicle 

FACS Fluorescence-activated cell sorting 

FBS Foetal bovine serum 

fDC Follicular dendritic cell 

FMT Faecal microbiota transplantation 

FOS Fructooligosaccharides 

GALT Gut-associated lymphoid tissue 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GC Germinal centre 

gDNA Genomic DNA 

GF Germ-free 

GH Glycosyl hydrolase 

GIT Gastrointestinal tract 

Glc Glucose 

Gl-OS Glucose-derived oligosaccharides 

GM-CSF Granulocyte-macrophage colony-stimulating factor 

GO Gene ontology 

GOS Galactooligosaccharides 

GPR G-protein coupled receptor 

GRAS Generally regarded as safe 

HEPES 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid 

Hib Haemophilus influenzae type b 
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HIV Human immunodeficiency virus 

HMO Human milk oligosaccharides 

HPV Human papillomavirus 

HS High sensitivity 

IBD Inflammatory bowel disease 

IBS Irritable bowel syndrome 

IEC Intestinal epithelial cell 

IFN Interferon 

Ig Immunoglobulin 

IL Interleukin 

ILC Innate lymphoid cell 

IMO Isomaltooligosaccharides 

KC Keratinocyte-derived cytokine 

KEGG Kyoto Encyclopedia of Genes and Genomes 

LMIC Low- and middle-income country 

LNnT Lacto-N-neotetraose 

LPS Lipopolysaccharide 

LTA lipoteichoic acid 

MAMP Microbe-associated molecular patterns 

MCL-1 Myeloid cell leukemia-1 

MCP-1 Monocyte chemoattractant protein 1 

MD2 Myeloid differentiation protein 2 

MenB Meningitis B 

MERS Middle East Respiratory Syndrome 

MHC Major histocompatibility complex 

MLV Murine leukaemia virus 

MMR Measles, mumps and rubella 

MPL Monophosphoryl lipid A 

mRNA Messenger RNA 

MRS De Man, Rogosa and Sharpe medium 

MSD Meso Scale Discovery 

NEC Necrotising enterocolitis 

NET Neutrophil extracellular trap 

NF-κB Nuclear factor ‘κ-light chain enhancer’ of activated B cells 

NK Natural killer 
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NO Nitric oxide 

NTA Nanoparticle tracking analysis 

OD Optical density 

OPV Oral Polio vaccine 

ORV Oral rotavirus vaccine 

PBMC Peripheral blood mononuclear cell 

PBS Phosphate-buffered saline 

PCB Polycarbonated biphenyl 

PCV Pneumococcal conjugate vaccine 

PD-1 Programmed cell death  

pDC Plasmacytoid DC 

PD-L1 Programmed cell death 1 ligand 1 

PEG Polyethylene glycol 

Pen/Strep Penicillin/Streptomycin mix 

PET Polyethylene terephthalate 

PMA Phorbol 12-myristate 13-acetate 

PP Peyer’s patch 

PRR Pattern recognition receptor 

QIBAM QIB - Advanced Microscopy Facility 

qRT-PCR 
Quantitative Reverse Transcriptase-Polymerase Chain 
Reaction 

RA Retinoic acid 

RANTES Regulated on activation, normal T cell expressed and secreted 

RBC Red blood cell 

RCM Reinforced clostridial medium 

RCMveg Vegan RCM 

ROS Reactive oxygen species 

RPMI Roswell Park Memorial Institute 

rRNA ribosomal RNA  

RSV Respiratory syncytial virus 

RT Room temperature 

RV Rotavirus 

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus-2 

SCFA Short-chain fatty acid 

SDC Sodium deoxycholate 
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SDS Sodium dodecyl sulphate 

SEC Size exclusion chromatography 

SEM Standard error of mean 

siRNA Small interfering RNA 

SOP Standard operation procedure 

sRNA Small RNA 

ss Single-stranded 

TCA Tricarboxylic acid cycle  

Tcm Central memory T cell 

Tct Cytotoxic T cell 

TEER Transepithelial Electrical Resistance 

Tem Effector memory T cell 

TEM Transmission electron microscope/microscopy 

TFA Trifluoroacetic acid 

Tfh T follicular helper cell 

TGF-β Transforming growth factor-beta 

Th T helper cell 

TJ Tight junction 

TLR Toll-like receptor 

TNF-α Tumour necrosis factor-alpha 

Treg Regulatory T cell 

tRNA transfer RNA  

TSLP Thymic stromal lymphopoietin 

UA Uranyl acetate 

VLP Virus-like particle 

WGS Whole Genome Sequencing 

WHO World Health Organisation 

WS Working stock 

wt Wild type 

ZO-1 Zonula Occludens-1 
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APPENDIX 

1. Supplementary Data 

1.1. Kraken reports 

 

Supplementary Figure 1: Extract of the Kraken report of LH660 stocks revealing contamination with two 
other Bifidobacterium species 

 

Supplementary Figure 2: Extract of the Kraken report of LH663 stocks confirming lack of 
contamination 
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1.2. Initial growth assays 

This data was acquired prior to confirmed contamination of LH660 stocks.  

 

Supplementary Figure 3: Growth of LH663 in BHI (blue), RCM (purple), MRS (red) and minimal MRS 
supplemented with 2’FL (orange) or LNnT (green). OD600 taken every 15min for 48h. Mean growth 
displayed in bold lines, error bars in respectively coloured lines above and below mean growth at each 
time point 

 

Supplementary Figure 4: Growth of contaminated LH660 in BHI (blue), RCM (purple), MRS (red) and 
minimal MRS supplemented with 2’FL (orange) or LNnT (green). OD600 taken every 15min for 48h. Mean 
growth displayed in bold lines, error bars in respectively coloured lines above and below mean growth 
at each time point 
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Supplementary Figure 5: Growth of LH663 in RCMveg supplemented with Glc and 2’FL (blue), Glc and 
vitamins (red), Glc only (green), 2’FL only (orange), 2’FL and vitamins (black) or Glc, 2’FL and vitamins 
(purple). OD600 taken every 15min for 48h. Mean growth displayed in bold lines, error bars in respectively 
coloured lines above and below mean growth at each time point 


