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Abstract 

The gut microbiota plays a major role in human health and an alteration in gut microbiota 

structure and function has been implicated in several diseases. Ruminococcus gnavus is an 

important member of the ‘normal’ gut microbiota and over-represented in inflammatory 

bowel disease. There is therefore great interest in understanding the mechanisms 

underpinning its interaction and communication with the host. Here we investigated the role 

of cell surface glycosylation in the capacity of R. gnavus strains to influence host response. 

We first developed a flow cytometry assay to screen cell surface glycosylation of R. gnavus 

E1, ATCC 29149 and ATCC 35193 strains using a range of fluorescently labelled lectins. The 

lectin binding profile differed between strains and depending on the carbohydrate source in 

the growth medium, suggesting strain-specific differences in carbohydrate epitopes on the 

cell surface. These were supported by bioinformatic analyses revealing differences in R. 

gnavus biosynthetic clusters for glucorhamnan and capsular polysaccharides. To validate 

these findings, the polysaccharides present on R. gnavus E1 and ATCC 35913 strains cell 

surface were structurally characterised by NMR and mass spectrometry, revealing a backbone 

composed of four α-(1,2)- and α-(1,3)-linked rhamnose and sidechains composed of one β-

(1,2)-linked glucose, which differed from the previously reported structure of ATCC 29149 

glucorhamnan. We next investigated how R. gnavus strains and their associated 

glucorhamnans influenced gut barrier function and host immune response in vitro. The data 

showed that R. gnavus ATCC 35913 was the most immunogenic strain using both epithelium 

and immune cell models. While the epithelium integrity remains unchanged, the purified 

glucorhamnans affected the production of cytokines by mBMDCs and triggered the activation 

of NF-κB pathway in reporter cells. The cytokine profile was strain-specific and varied 

depending on the glucorhamnan composition. Collectively these data showed that R. gnavus 

induces pro or anti-inflammatory responses in a strain-dependent manner, and underscores 

the importance of investigating the role of gut microbes at the strain level. This knowledge 

may be used to inform the development of diagnostic or therapeutics in R. gnavus-associated 

diseases. 
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1.1. The human gastrointestinal (GI) tract 

1.1.1. Organisation and function 

The human GI tract is a complex organ which carries out vital physiological functions such as 

the digestion of food and absorption of nutrients, and the regulation of the host immune 

response. The GI tract is subdivided into two main regions: the upper tract that is composed 

of the mouth, the pharynx, the oesophagus and the stomach, and the lower part which is 

composed of the small and large intestines. The small intestine, which is approximately 7 m 

long, comprises the duodenum, the jejunum and the ileum; while the large intestine, which 

is 1.5 m long, is composed by the caecum, the colon and the rectum (Fig. 1A). The GI tract 

represents an exchange surface of approximately 400 m2, making it the largest mucosal 

surface of interaction with the external environment in the body. As a result, the GI tract is in 

constant contact with pathogens and antigens derived from the diet (Turner, 2009). In 

addition, the large intestine shelters more than 1013 microbial cells (Sender et al., 2016; 

Thursby & Juge, 2017), ranging from less than a thousand microbial cells in the stomach up to 

1012 microbial cells in the colon (Fig. 1A), covering more than 1000 species making up the gut 

microbiota (Almeida et al., 2019). These microorganisms benefit from the conditions offered 

by the gut environment such as a consistent temperature and an abundance of dietary and 

host complex carbohydrates. In turn, the gut microbiota plays a fundamental role in the 

physiology of the host by contributing to nutrient metabolism, xenobiotic and drug 

metabolism, maintenance of structural integrity of the gut mucosal barrier, 

immunomodulation, and protection against pathogens (see section 1.1.2.). 
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Figure 1: The GI tract anatomy in human.  

(A) General features of the small and large intestine including the microbial density associated with each region 

of the GI tract. (B) Diagram showing the structure of the duodenum (in the small intestine) portion of the 

digestive tract, with the three main layers (the mucosa, the submucosa and the serosa) and their major 

components. 
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Throughout the GI tract, the gut wall is organised transversally by three different specialised 

layers as represented in Fig. 1B. The mucosa, in direct contact with the lumen, is comprised 

of the mucus layer and the epithelial layer that permits the uptake of nutrients and the 

processing of waste products (Sancho et al., 2003). The mucosa includes the glandular tissue, 

a lamina propria involved in the vascular supply of the epithelium and its loose connective 

tissue support, and the muscularis mucosae that separates the mucosa from the rest of the 

gut. The submucosa plays a role in distributing nutrients in the body through blood and 

lymphatic vessels. Finally, the serosa is involved in reducing friction related to the gut motion 

by secreting lubricative fluids (Liao et al., 2009) (Fig. 1B).  

Defences against threats from the lumen (such as microbes, endotoxins or the digestive 

enzymatic activity) are organised at different levels. The first defence is composed of the 

mucus layer and the epithelial monolayer maintained together by a tight junction protein 

network. Then, the GI tract harbours a plethora of immune cell types involved in the 

protection against potential threats breaking through these protective layers. These elements 

are organised differently in the small and large intestine. 

 

1.1.2. The intestinal mucus layer 

The GI tract is covered by a mucus gel which is the first line of contact between the gut 

microbiota and the host. It is composed by water, electrolytes, lipids and various proteins, 

comprising the large glycoproteins called mucins which organisation and composition vary 

along the gut axis. The colonic outer layer provides a habitat for microbes while the inner 

layer protects the epithelium from contact with these microbes (Johansson et al., 2008) (Fig. 

2). The mucus barrier, which is composed of a mucin complex rich in O-glycosylation, provides 

nutrients and habitat for intestinal microbes but is also involved in the fight against 

pathogens. In turn, the gut microbiota modulates the production and secretion of mucins and 

stratification of the mucus layers. There is a bidirectional communication performed between 

the microbiota and the mucus barrier, maintaining homeostasis of the gut environment. Any 
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abnormalities may induce a disorder in the gut community, thereby causing inflammatory 

damage (Fang et al., 2021). The intestinal mucus differs in thickness along the GI tract. The 

mucus layer thickness can vary from around 300 μm in the small intestine to approximately 

700 μm in the rectum in rats (Fig. 3) (Atuma et al., 2001; Juge, 2012). The organisation of the 

intestinal mucus system reflects the GI tract physiology. The increased thickness of mucus 

towards the colon is in line with the protective role of mucus against the large number of 

microbes present in the colon (Paone & Cani, 2020) as well as its role as lubricant for the stool 

(Barker, 2014) while the small intestine has a loose and penetrable mucus that allows 

diffusion of nutrients (Ermund et al., 2013). In the small intestine, the mucus layer is also 

permissive to the movement of antibodies (like IgA) and antimicrobial peptides which are 

small peptides involved in the inhibition of micro-organisms such as bacteria, fungi, viruses or 

parasites as part of the innate immunity. These molecules are secreted by Paneth cells and 

plasma cells respectively (Kayama et al., 2020) while it blocks the direct contact between the 

host epithelium cells and the bacteria present in the lumen (Duangnumsawang et al., 2021; 

Leal et al., 2017). The interactions between commensal microbiota and host mucins drive 

intestinal colonization, while at the same time, the microbiota can utilize the polysaccharides 

on mucins and affect the colonic mucus properties. 
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Figure 2: The mucus protection in small intestine and colon. 

In the small intestine the mucus is not attached and forms a diffusion barrier with antibacterial products that 

limit penetration by bacteria. In colon bacteria are compartmentalized to the outer loose mucus layer while the 

inner attached layer is almost free of bacteria and protect the epithelium. AMP, antimicrobial peptides; IEL, 

intraepithelial lymphocyte; DC, dendritic cell; IgA, immunoglobulin-α. 

The intestinal mucus is produced by the goblet cells (Birchenough et al., 2015), present along 

the GI tract, and specialised in mucin secretion. The mucus is composed of mucins, O-linked 

glycoproteins which constitute the structural backbone for the mucus barrier. Mucin 

glycosylations are composed of N-acetylgalactosamine (GalNAc), galactose (Gal) and N-

acetylglucosamine (GlcNAc), usually terminated with fucose and sialic acid residues (Jensen, 

2009). The proteic part of mucins contains tandem repeat units of varying length consisting 

of the amino acids proline, serine, and threonine, which create sites for O-glycosylation by O-

linked oligosaccharides (Grondin et al., 2020). The number and type of monosaccharide added 

generates a broad structural variability in mucin glycoproteins and results in a range from 

short linear structures to more complex branched forms. In the intestine, these glycoproteins 
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are built from the mucin polysaccharide core 1 to 4 (Pucci et al., 2021). MUC1 and MUC4 are 

membrane-bound, whereas MUC2, MUC5 are secreted and present in the two layers of the 

mucus (Danese et al., 2018). MUC2 (Muc2 in rodents) is the main structural component of 

mucus in the small and large intestines. Muc2/MUC2 mucin shows region specific O-

glycosylation profile (Larsson et al., 2009; Robbe et al., 2003a, 2003b) which is affected by the 

gut microbiota (Johansson et al., 2015) and regulated by differential expression of host 

glycosyltransferases (Arike et al., 2017). These mucin polysaccharides provide adhesion sites 

and nutrients to mucin-degrading bacteria, permitted by the use of glycoside hydrolases from 

the gut microbiota, but also pathogens, inhabiting the mucus niche (for a review, see Etienne-

Mesmin et al., 2019). Recent studies based on mice deficient in key glycosyltransferases called 

polypeptidyl GalNAc transferases involved in mucin polysaccharide biosynthesis have 

underscored the importance of mucin O-glycosylation in mucus barrier function (for a review, 

see Bergstrom & Xia, 2013Bergstrom & Xia, 2013).  
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Figure 3: Representation of gut mucus both inner layer and outer layer thickness along the GI tract. 

The GI tract epithelium is covered with an inner mucus layer, firmly adherent to the epithelial cells and an outer 

mucus layer, loose and inhabiting species of the gut microbiota (represented as black dots). Thickness for inner 

and outer layer in each GI tract region is represented. Redrawn from Atuma et al. (2001). 

 

1.1.2.1. Mucin glycosylation 

Mucin glycosylation takes place throughout its production: first, the N-glycosylation is 

operated in the endoplasmic reticulum: then, the mucins are transported into the golgi 

apparatus where O-glycosylation, which represent 80% of the glycoprotein mass, occurs 

before transport to the membrane (Arike et al., 2017). The first stage of glycosylation of 

mucins is the attachment of N-acetylgalactosamine (GalNAc) to the hydroxyl group of serine 

and threonine residues by members of the GalNAc transferase (GnT) family forming the Tn 

antigen (Bennett et al., 2012). Core transferases then act upon this O-GalNAc residue in a 

sequential fashion to form one of the 8 core structures, with structures 1 – 4 most commonly 
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found in intestinal mucins (Tailford et al., 2015; Thomsson et al., 2012). Following the 

formation of the Tn antigen, the core 1 T-antigen is synthesised by extension with galactose. 

A further addition of N-acetylglucosamine (GlcNAc) by the core 2 GnT enzyme produces the 

core 2 structure. Core 3 is produced from the T-antigen by addition of GlcNAc and addition of 

a second GlcNAc converts the core 3 to core 4 (Fu et al., 2016). Following extension, 

polysaccharides are terminated by one of the numerous epitopes which are, in many cases, 

fucosylated, sialylated or sulphated. Like the core structures these terminal epitopes show 

species and regional specificity. 

Several factors allow the mucin glycosylation to display a broad variability of structure, one 

of which is the 8 different core structure being used; then, the length of those glycosylaytion 

can vary from 1 to 20 residues and finally, there is a variability in the epitopes found attached 

to the polysaccharide, which can count up to 16 different structures (Tailford et al., 2015).  

The distribution of core structures has been shown to vary along the GI tract in humans and 

mice and is influenced by specific expression patterns of the core transferases (Arike et al., 

2017). Core 3 structures are spread throughout the intestinal and gastric mucus, with core 4 

structures being present in the colonic mucus of humans. Core 1 and 2 polysaccharides 

dominate in the gastric and duodenal mucus (Robbe et al., 2004). 

These core structures are then extended by the action of a range of other glycoside 

transferases to add galactose, GalNAc and/or GlcNAc residues. The region-specific 

glycosylation is determined by the expression of glycoside transferases, which is influenced 

by the presence of the gut microbiota. Compared to germ-free mice, conventionally raised 

animals show longer polysaccharide chains, and this is proposed to give greater protection to 

the protein backbone from bacterial proteases (Arike et al., 2017). In the same study, fewer 

enzymes responsible for O-glycan elongation were found in the small intestine, with shorter 

polysaccharides structures also found in the small intestine of mice. 
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1.1.2.2. Establishment of homeostasis 

Mucin is an important factor of the gut microbiota homeostasis as mucins and their 

polysaccharides broadly modulate the microbiota composition, promoting diversity and 

retaining health-associated bacteria, while resisting microbial outgrowth in the presence of 

simple dietary sugars. Notably, recent studies indicated that MUC2 mucin plays a role in the 

protection of gut barrier, the regulation of microbiome homeostasis and the prevention of 

diseases. For example, mice fed a diet supplemented with mucin polysaccharides were shown 

to exhibit differences in microbial composition (Pruss et al., 2021). Also, mucus and goblet cell 

development are tightly regulated during early life and synchronized with microbial 

colonization (Pruss et al., 2021). 

Glycosylation of secretory gel-forming mucins has an enormous impact on intestinal barrier 

function, microbial metabolism, and mucus colonization by both pathogenic and commensal 

microbes. Mucin O-glycans and polysaccharide-derived sugars may be degraded and used as 

a nutrient source and may regulate microbial gene expression and virulence. Short-chain fatty 

acids, produced as a by-product of polysaccharide fermentation, can regulate host immunity 

and goblet cell activity and are important for host-microbe homeostasis. Mucin 

polysaccharides may also act as microbial binding sites, influencing intestinal colonization and 

translocation through the mucus gel barrier (Fekete & Buret, 2023). One mechanism by which 

mucins may facilitate microbial coexistence is providing complex nutritive substrates to 

enable niche partitioning and cooperative metabolism (C. M. Wu et al., 2023). 

Also, mucin-type O-glycans are a critical resource utilized by this commensal to enable it to 

thrive when diet-derived polysaccharides are compromised as well as to persist in mammalian 

populations. In turn, B. thetaiotaomicron can affect host responses in beneficial ways, such 

as stimulating angiogenesis to increase absorptive capacity of the intestine, providing energy 

in the form of short-chain fatty acids (e.g., butyrate, propionate and acetate) elaborated as 

end-products of polysaccharide fermentation and promoting mucosal homeostasis by both 

limiting inflammatory tone of the epithelium and stimulating production of epithelial 
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antimicrobials to potentially reduce overall bacterial load at mucosal surfaces (Bergstrom & 

Xia, 2013). Thus, mucin-type O-glycans contribute both directly or indirectly to robust 

colonization of the gut by B. fragilis and production of commensal-derived symbiotic 

molecules such as PSA (Bergstrom & Xia, 2013). 

 

1.2. The gut microbiota 

1.2.1. Structure and function  

The human gut microbiota is a complex, dynamic, and spatially heterogeneous microbial 

ecosystem including bacteria, fungi, archae, and viruses. The microbiota colonises the GI tract 

across life, from the infant to the elderly although its composition differs during the different 

stages of life (Ling et al., 2022; Rodríguez et al., 2015).  

The infant gut microbiota is influenced by the way of delivery. Indeed, vaginally delivered 

babies harbour a microbiota similar to the mother vaginal microbiota, highly composed of 

Lactobacilli bacteria (Avershina et al., 2014; Chong et al., 2018). In contrast, caesarean section 

delivered babies display an altered microbiota, constituted mostly of facultative anaerobes 

such as Clostridium species (Jakobsson et al., 2014; Shao et al., 2019). It is believed that 

vaginal delivery and breast feeding reduce the risks of developing health issues such as 

allergies or infection (Sitarik et al., 2018). Breast feeding promotes colonisation by 

Bifidobacterium spp. whereas their proportion is lower in formula fed infants (Ford et al., 

2019; Henrick et al., 2021; Z. T. Yu et al., 2013). Once the child completes its transition to solid 

food, the gut microbiota transitions to an “adult-like” microbiota that can metabolise more 

complex substrates (Bäckhed et al., 2015; Lawson et al., 2020). The most predominant 

bacterial phyla in an established microbiota in adults are Firmicutes, Bacteroidetes, 

Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia, with the two phyla 

Firmicutes and Bacteroidetes representing 90% of gut microbiota (Rinninella et al., 2019). The 

gut microbiota varies in composition and in abundance along the longitudinal axis and across 
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the transversal axis of the GI tract (Fig. 4). The colon harbours the highest density of microbial 

cells (Martinez-Guryn et al., 2019), with bacteria being mainly represented by Firmicutes and 

the Bacteroides (Vaga et al., 2020) while the small intestine is characterised by the presence 

of bacteria species from the Streptococcus genus and Firmicutes and Proteobacteria phyla 

(Miller et al., 2021). The gut microbiota composition also differs along the luminal-mucosa 

axis with Bacteroides being more represented in the lumen than in the mucosa, where 

Firmicutes are mostly present (Juge, 2022).  

 

Figure 4: Microbiota bacterial distribution through the GI tract. 

Description of the different physicochemical and gradient from the proximal to the distal region of the lower GI 

tract along with the description of the dominant bacterial phyla and families in the different region of the gut 

which is dependent on the gradient of oxygen, antimicrobial peptides presence and the pH. Redrawn from 

(Donaldson et al., 2016). 
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These differences in the composition of the microbial communities along the GI tract can be 

due to several gut physiological factors enlisted next (for a recent review, see Chikina & Matic 

Vignjevic (2021)). There is a gradient of O2 from the small intestine to the large intestine, 

preventing the proliferation of strictly anaerobic microbes in the upper parts of the GI tract 

(Albenberg et al., 2014; Friedman et al., 2018; Kint et al., 2020). The microbial composition 

can also differ due to the presence of specific antimicrobial components or in response to the 

pH gradient (Donaldson et al., 2016; Zimmermann & Curtis, 2019). Also, the genetic of the 

host will determine the polysaccharide composition of the mucin glycosylation, which will 

have a direct impact on the microbiota composition as the different species will grow 

preferentially on different oligosaccharides (Thursby & Juge, 2017; Van Herreweghen et al., 

2021).  

Several environmental factors can affect the composition of the gut microbiota in adults, such 

as lifestyle, the use of antibiotics or changes in diet (Klingbeil & de La Serre, 2018; Ramirez et 

al., 2020). A change in the host diet can bring a turn in the gut microbial composition with the 

nature as the microbiota will grow preferentially on different accessible carbohydrates, 

promoting the growth of specific microbial species. For example, Bacteroides possess a vast 

array of polysaccharide degrading enzymes which enable them to degrade a wide range of 

complex carbohydrates such as chondroitin sulfate, hyaluronic acid, heparin, hyaluronan or 

polygalacturonate (Hansson, 2020; La Rosa et al., 2022; Martens et al., 2014; Porter et al., 

2017; Rawat et al., 2022). The disruption of the microbial composition can be caused by a 

misuse of antibiotics or unbalanced diet (Petersen & Round, 2014). 

 

1.2.2. Role in health and disease  

The gut microbiota plays an important role in the host health through digesting food, 

maintaining the integrity of the gut barrier, training the host immune system, fighting against 

pathogens, and producing numerous molecules and metabolites, comprising short chain fatty 

acid (SCFA), niacin or indole, that influence the host. Notably, the microbiota synthesise, 
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modulate and degrade a large array of metabolites that plays a major role in the 

establishment of the host immunity, providing a functional complementation to the 

metabolic capacities (Levy et al., 2017). Those metabolites were shown to contribute to 

intestinal homeostasis through the modulation of inflammasome signaling in epithelial cells. 

One of the major functions of the gut microbiota is to help digest the complex dietary 

polysaccharides that cannot be degraded by the host through their carbohydrate active 

enzymes (CAZymes) (Kaoutari et al., 2013; Koropatkin et al., 2012; La Rosa et al., 2022; Ndeh 

& Gilbert, 2018). The fermentation of dietary fibers by the gut microbiota gives rise to the 

production of SCFAs e.g., acetate, propionate and butyrate, which help maintain the integrity 

of the intestinal barrier as well as protect from inflammation (Conlon & Bird, 2014; Silva et 

al., 2020).  

The gut microbiota is implicated in the development of the host immunity, enhancing the host 

defences against potential pathogens (Erttmann et al., 2022; Estorninos et al., 2021; Y. J. Kim 

et al., 2022; T. Y. Ma et al., 2004). The gut microbiota interacts with immune cells through the 

interaction between MAMPs such as the LPS or capsular polysaccharide (CPS) on bacteria and 

PRRs expressed on immune cells (D. Zheng et al., 2020). This interaction allows the 

modulation of immunity through the regulation of the cytokines, chemokines but also IgAs 

produced by the host. Germ-free mice have decreased levels of secretory IgA and less IELs 

(intraepithelial lymphocytes) which play a vital role in defence during inflammation (Round & 

Mazmanian, 2009). These immunity-associated molecules are important in the maintaining 

of gut microbiota homeostasis (Pabst et al., 2016).  

Furthermore, the gut microbiota is involved in the biosynthesis of several vitamin K and B 

group vitamins such as cobalamin, biotin or folates amongst others (Rowland et al., 2018) and 

in the production of neurotransmitters such as dopamine, serotonin or γ-aminobutyric acid 

regulating gut endocrine function and neurological signalling (Strandwitz, 2018; Strandwitz et 

al., 2019).  
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As a result of this mutualistic relationship with the host, an alteration in the microbiota 

structure and function or so called ‘dysbiosis’ can lead to different disorders such as infection 

and inflammation including IBD, represented by Crohn’s disease and the ulcerative colitis, 

(Maukonen et al., 2015). The alteration in the microbiota community in the gut has also been 

associated to immunity-related issues like allergies, asthma, type I diabetes, celiac disease 

and metabolic diseases such as obesity, type II diabetes or cardiovascular disease (Decker et 

al., 2010; Håkansson & Källén, 2003). Changes in the gut microbiota composition have also 

been associated with colorectal cancer, which is characterised by an increased abundance of 

Fusobacterium nucleatum, B. fragilis or E. coli species (Mo et al., 2020; Wirbel et al., 2019). 

 

1.2.3. The cell surface of gut microbes 

The interaction between gut microbes and the host plays a key role in the host health and 

potential diseases. These interactions are largely mediated by the composition of the 

polysaccharides composing the cell surface as described in more details in section 1.3. below 

and the presence of proteins such as adhesins, pili, fimbriae (Etienne-Mesmin et al., 2019; 

Juge, 2012). In addition, S-layer proteins can be found outermost constituent of many 

bacterial cells involved in several processes, such as protecting against environmental 

stresses, mediating bacterial adhesion to host cells, and modulating gut immune response 

(Mazzeo et al., 2022).  

Gram-positive bacteria harbour a cytoplasmic membrane covered by a thick layer of 

peptidoglycan (PG) forming the cell wall (Fig. 5A). These PGs serve multiple purposes, they 

play a role in mobility, adherence and secretion (Zerbib, 2016). As they are anionic, the PGs 

are implicated in cation homeostasis (Silhavy et al., 2010). Furthermore, they are crucial in 

the integrity of the bacterial cell membrane in, for example, a low osmolarity medium; and 

the PG biosynthesis gene mutation often leads to cell lysis (Zerbib, 2016). It has also been 

observed that the administration of PGs to germ-free mice promoted the thickening of the 

mucus layer in the gut (Petersson et al., 2011). PG also plays an important role in gut brain 
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axis, which is the set of biochemical signaling happening between the GI tract and the central 

nervous system, inducing host behavioural changes (Arentsen et al., 2017; Petersson et al., 

2011; Wheeler et al., 2023; Zerbib, 2017Arentsen et al., 2017; Petersson et al., 2011; Wheeler 

et al., 2023; Zerbib, 2016). PG is composed of carbohydrates units alternating N-

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), with the MurNAc residues 

cross-linked to peptides. The PG strands are cross-linked by pentapeptide containing L- or D-

amino acids (Pazos & Peters, 2019). The PG layer is anchored to the cytoplasmic membrane 

through teichoic acids which are involved in the interaction of the bacteria with the host 

(Schade & Weidenmaier, 2016; Zerbib, 2016).  

The cell wall of Gram-negative bacteria is composed of a thin layer of PG, an outer membrane 

and a layer of LPS, it plays a major role in the interaction with host components by maintaining 

homeostasis and preventing inflammation (Fig. 5B) (Di Lorenzo et al., 2019; Zerbib, 2016). LPS 

is composed of 3 regions: lipid A, the core oligosaccharide region and the O-antigen 

polysaccharide (Fig. 5B). The lipid A domain from pathogen-derived LPS binds to TLR4 

receptors, resulting in a pro-inflammatory host response (Cabral et al., 2015). The gut 

commensal strain Akkermansia muciniphila ATCC BAA-835 produces LPS of which the 

acetylation of N-acetylmuramic acid (MurNAc) can be removed by dedicated enzymes 

expressed by the bacteria, allowing the bacteria to avoid recognition by host immune cells 

through LPS receptors NOD1 and NOD2 (Garcia-Vello et al., 2022).  
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 Figure 5: General representation of Gram-positive and Gram-negative cell wall composition.  

(A) Gram-positive, (B) Gram-negative bacteria. Phospholipids are depicted in blue. Carbohydrate basic units 

from the peptidoglycan are in blue (N-acetylmuramic acid) and purple (N-acetylglucosamine). Wall teichoic acids 

are in pink with the embranchments by carbohydrates in pale blue and by alanine in black. Lipoteichoic acids 

are in purple and their modifications are symbolised as for wall teichoic acids. Covalently attached or non-

covalently attached proteins are depicted in green. LPS core and O-antigen are both represented in blue. The 

transmembrane porins and the lipoproteins of outer membrane are in green. The periplasmic proteins and 

proteins of the inner membrane are in orange. 
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The cell surface of Gram-positive and Gram-negative bacteria can be surrounded by 

extracellular polysaccharides (EPS) or CPS as further described in section 1.3. 

 

1.3. The mucosal interface 

1.3.1. The intestinal epithelium 

Along the GI tract, the epithelium is organised by a single layer of cells of different types 

maintained by the presence of tight junction proteins (see Fig. 5). This intestinal barrier has 

two functions: first, it acts as a barrier to prevent the passage of harmful intraluminal entities 

including foreign antigens, microorganisms and their toxins; secondly, the intestinal barrier 

act as a selective filter allowing the translocation of essential dietary nutrients, electrolytes 

and water from the intestinal lumen into the circulation. The small intestine is characterised 

by finger-like projections known as villi, which extend into the lumen and increase the surface 

area of nutrients absorption. By contrast, villi are absent from the large intestine, where the 

surface is flat. The surface epithelium is continuously renewed by immature cells arising from 

invaginations known as the crypts of Lieberkühn, where multipotent stem cells will migrate 

and differentiate, first into transit amplifying cells, and then into specialised cells that will be 

displayed on the villi (Leedham et al., 2005).  

To maintain adjacent epithelial cells bound together, the tight junction proteins play an 

important role as they are involved in the cell-to-cell adhesion and in the maintenance of 

intestinal mucosal barrier function (Chiba et al., 2008; X. Liu & Zhu, 2022). These proteins also 

regulate the transport of molecules based on the size and charge through the intercellular 

space (Ghosh et al., 2021). The main tight junction proteins in the intestinal epithelium include 

zonula occludens (ZO), claudin and occludin (Chelakkot et al., 2018; Kuo et al., 2022; B. Lee et 

al., 2018; Monaco et al., 2021). As shown in Fig. 5, tight junctions between cells are organised 

in a complex architecture where ZO are proteins bound to the cell membrane present in 

paracellular spaces, linking the cytoskeleton to the rest of the tight junction complex; while 
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occludins, claudins and junctional adhesion molecules (JAMs) are present in the intercellular 

space and are implicated in the binding between the different cells through the connection 

with ZO proteins (Neunlist et al., 2013). 

The ZO proteins, which include ZO-1, ZO-2, and ZO-3, were the first tight junction proteins to 

be discovered (Traweger et al., 2013). As shown in Fig. 5, ZO connects proteins such as 

occludin and claudin to the actin cytoskeleton, and these protein interactions maintain tight 

junction formation and function (Kuo et al., 2022). ZO-1 is an intracellular scaffold protein, 

which plays a more important role than ZO-2 and ZO-3 in in linking cytoskeleton and 

membrane proteins between different cells (Ghosh et al., 2021; X. Liu & Zhu, 2022). The 

claudin family is composed of 23 integral membrane protein (Heinemann & Schuetz, 2019). 

Claudin-1 (CLN-1) is a tetraspan transmembrane protein that plays a key role in the intestine 

to maintain epithelial barrier function and gut microbiota homeostasis (Pope et al., 2014). 

Occludin is highly expressed at cell-cell contact sites and is important in the assembly and 

maintenance of tight junctions between gut epithelial cells. It is a tetraspan transmembrane 

protein playing a key role in the physical separation between the lumen and the lamina 

propria and interacts with ZO-1 proteins to strengthen the tight junction (Feldman et al., 

2005). A defective intestinal tight junction barrier has been implicated in inflammatory 

diseases of the gut including inflammatory bowel disease (IBD). Previous study have shown 

that pro-inflammatory cytokines, which are produced during intestinal inflammation, 

including interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), and interferon-γ, can 

regulate intestinal tight junction barrier (Kaminsky et al., 2021). 
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Figure 6: Intestinal tight junction proteins. 

Schematic representation of intestinal tight junction proteins present on the apical end of the epithelial cells, all 

are connected to the cytoskeleton via scaffolding proteins. ZO: zonula occludens, JAM: junctional adhesion 

molecules.  

The majority of cells present on the intestinal epithelium surface are enterocytes, which have 

the function of absorbing nutrients with microvilli increasing their absorptive capacity (Fig. 3). 

The digestion of the food bolus into nutrients in the gut lumen is facilitated by the secretion 

of hydrolytic enzymes, contributing to the absorption of salts, carbohydrates, lipids, proteins 

but also water. In addition to the mucins that form the mucus layer, enterocytes also produce 

glycoproteins which form the glycocalyx, formed by heavily glycosylated mucin, acidic 

mucopolysaccharides and other glycoproteins covering the surface of the enterocyte apical 

portion of microvilli. In addition, pattern recognition receptors (PRRs) like toll-like receptors 

(TLR) and nucleotide-binding and oligomerization domain (NOD)-like receptors (NLR), found 

on immune cells throughout the host body and, among others, on the epithelium layer. Those 
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PRRs are involved in the recognition of external signals like the pathogen-associated 

molecular pattern (PAMPs) (Snoeck et al., 2005; Kawai & Akira, 2010; Wells et al., 2011). PRRs 

allow the production of cytokines that regulate inflammation like IFN-I, IL-1, IL-6, TNF-α and 

other proinflammatory substances (Wicherska‐pawłowska et al., 2021), this will result in the 

activation of immunity and in the recruitment of immune cells on the infection site (further 

discussed in section 1.1.4.). The recognition of PAMPs by PRRs can also result in the the 

process of tolerance towards gut microbiota species through the activation of anti-

inflammatory cytokines. PRRs can be found on the cell surface of, or inside, different immune 

cells like macrophages/monocytes, dendritic cells, natural killer (NK) cells, mast cells, 

neutrophils, and eosinophils but also of non-specialised cells, like epithelial cells, endothelial 

cells, or fibroblasts (Akira et al., 2006; Takeuchi & Akira, 2010). 

Paneth cells are found mainly in the small intestine and more precisely, in the crypt base 

(Bevins & Salzman, 2011). They are involved in the secretion of immune related molecules as 

α-defensins and lysozyme, these secretions are stimulated by the presence of PAMPs (Bevins 

& Salzman, 2011).  

Goblet cells are specialised secretory cells which main function is to produce mucin, which is 

a major component of the mucus layer, along with water, electrolytes, lipids and various 

proteins. Therefore, goblet cells are involved in the protection of the gut epithelium against 

microbes and in the intestinal transit, as described above (section 1.1.2.). In addition, goblet 

cells are involved in the innate immunity by secreting anti-microbial proteins, chemokines 

and cytokines (Knoop et al., 2015) and have also the ability to form goblet cell associated 

passages, allowing the delivery of luminal substances to the lamina propria antigen-

presenting cells (APCs) (Knoop & Newberry, 2018).  

The enteroendocrine cells are involved in the secretion of hormones in response to different 

stimuli that have an impact on food digestion and absorption, appetite regulation and insulin 

secretion. They have key roles in the coordination of food digestion and absorption and in the 

peripheral assimilation of absorbed nutrients (Gribble & Reimann, 2019). 
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Enterocytes and Paneth cells also secrete antimicrobial proteins in the lumen of the small 

intestine, which flow through the lumen to reach the large intestine where they shape the 

gut microbiota profile (Dupont et al., 2015). Those antimicrobial proteins, like β-defensins, 

cryptdin or lysozyme, generate a gradient within the mucus layer from the bottom of the 

crypt (where the Paneth cells are located) to the villus tip. The antimicrobial proteins possess 

a broad spectrum of activities against most pathogenic but also commensal bacteria and will 

kill the bacteria via several activities like the inhibition of cell wall synthesis, alteration of the 

cytoplasmic membrane, activation of autolysin, inhibition of DNA, RNA, and protein synthesis, 

and inhibition of certain enzymes (Dupont et al., 2015). 

Other cell types that can be found in the intestinal epithelium are the microfold (M) cells, 

which are involved in the defence of the body through the phagocytosis of pathogens but also 

commensal microbes and by presenting the produced antigens to immune cells present in the 

lamina propria (McGuckin et al., 2011). Tuft cells, present throughout the GI tract, are 

chemoreceptive cells that can sense chemical signals from the lumen, they also have been 

hypothesised to be associated to immune defence against pathogens like helminth (Gerbe et 

al., 2016). In addition, as represented in Fig. 2, intraepithelial lymphocytes (IELs) such as γδ 

IELs can be found interspersed between the epithelial cells as they play a crucial role in 

protecting the gut integrity. Indeed, γδ IELs are involved in the interaction of the commensal 

gut microbiota and its homeostasis, they are also involved in the suppression of pathogenic 

infections and cytotoxic threats through the recognition of associated pathogen patterns 

(Rampoldi & Prinz, 2022). 

As represented in Fig. 2, the cells composing the epithelial layer varies along the longitudinal 

axis of the GI tract. For example, goblet cells are found mainly in the large intestine where 

they are ten times more abundant than in the small intestine (Mowat & Agace, 2014), in line 

with the increased mucus thickness in the colon (see section 1.1.2.) while M cells are found 

in the Peyer’s patch in the small intestine (Mowat & Agace, 2014).  
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1.3.2. Tolerogenic signalling pathway 

In addition to induce pro-inflammatory response when presented to pathogens in the gut, 

the gut immunity also has the responsibility to develop tolerance to inhabiting commensal 

bacteria. To do so, the host immune system act in two ways: it avoids to bring threat to 

commensal species, but also promotes their residence in the gut (Swiatczak & Cohen, 2015). 

Because commensal bacteria are displaying on their cell surface and secreting components 

recognised by the host immunity as foreign, the host immune system must be tolerant of 

these bacterial molecules. Thus, host receptors like TLRs, NLRs or CLRs which normally react 

to microbial-derived molecules (structural patterns and metabolites) to activate signaling 

pathways that control the expression of genes coding for a variety of immune mediators, 

another mechanism exist permitting the non-reaction to commensal species antigens. 

Therefore, PRRs in the submucosal tissues play seemingly conflicting functions. On the one 

hand, they promote destructive responses, as indicated by the observation that bone marrow 

chimeras, the hematopoietic cells of which are deficient in MyD88, fail to develop systemic 

inflammation in response to Helicobacter hepaticus (Asquith et al., 2010). On the other hand, 

they promote tolerance, as indicated by the fact that deletion of a critical component of the 

TLR signaling pathway, such as TNF receptor-associated factor in DCs, leads to a decrease in 

the number of FoxP3+ Tregs and provokes spontaneous inflammation in the small intestine 

that is driven by otherwise commensal bacteria (Han et al., 2013). 

Safety signals can also help to prevent danger signals from activating proinflammatory 

cascades by inducing release of antagonists to proinflammatory receptors as illustrated by 

TLR5 on IECs, which prevents activation of the IL-1-mediated pathway by inducing release of 

secretory IL-1 receptor antagonist (Carvalho et al., 2011). 

Taken altogether, stimulation of PRRs in the absence of infection or tissue damage promotes 

tolerance by limiting the ability of exogenous and endogenous danger signals to activate pro-

inflammatory pathways in the gut and homeostasis signals promote long-term gut 

colonization.  
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1.3.3. The intestinal mucosal immune system  

1.3.3.1. Immune niches and cellular immunity along the GI tract  

As in the rest of the body, the immune system of the GI tract works as two parts: the innate 

immune system which is the broadest specificity and the adaptative immune system, which 

is the most specialised in terms of pathogen recognition. Together with the epithelium, the 

lamina propria contains B cells, T cells and numerous innate immune cell populations — 

including dendritic cells (DCs), macrophages, eosinophils and mast cells (Kogut et al., 2020). 

DCs are subdivided in different functional types, depending on the cluster of differentiation 

(CD) they express; the CD103+ DCs are migratory DCs found in the epithelial layers of the body 

and are involved in the activation of cytotoxic T cells (Ng et al., 2018). The T cell populations 

found in the GI tract are mainly represented by CD4+ T cells (also called T helper cells or Th 

cells) but also in smaller proportion CD8+ T cells (also called T cytotoxic cells or TC cells) 

(Sathaliyawala et al., 2013). The activation of T cells is mediated by the APCs of the lamina 

propria which will lead to the differentiation of T cells into different subtypes like Th1, Th2, 

Th17 or Tfh2 (T follicular helper 2) (Fig. 7). In the gut, the main enhanced subtypes are the 

regulatory T cells that will enable the tolerance upon commensal microbiota population 

(Harrison & Powrie, 2013).  
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Figure 7: Schematic of potential differentiation repertoire in T helper cells (Th cells). 

Naïve CD4+ (αβ) T cells can differentiate into different effector subsets after being presented an antigen by an 

APC: Th1, Th2, Th17, Treg or Tfh, which will produce a distinct set of cytokine and chemokine to induce a specific 

immune response. Bcl6, B-cell lymphoma 6; CCR, CC chemokine receptor; CXCR, CXC receptor; Foxp3, Forkhead 

box p3; IFN, interferon; ROR, retinoic acid-related orphan receptor; TGF, transforming growth factor; Treg, 

regulatory T.  

Another important type of immune cells in the GI tract are the adaptative immunity-

associated B cells, and more precisely plasma cells, which reside along the small intestine, 

provide a defence against pathogens via the production of IgA (immunoglobulin A) (James et 

al., 2020; Reboldi & Cyster, 2016). IgA are dimeric antibodies that will relocate into the lumen 

to directly address pathogens by neutralisation and agglutination, helping the following 

process of phagocytosis (Mantis et al., 2011). IgAs origins from different sources in the GI 

tract, mainly from the Peyer’s patch, but also B cells within mesenteric lymph nodes, spleen 

and intestinal isolated lymphoid follicles (Reboldi & Cyster, 2016). 

In addition to being present in the epithelium (Fig. 2), a second layer of intestinal γδ T cells is 

found among lamina propria lymphocytes (LPLs). The γδ T cells are lymphocytes evolved in 

the innate immunity found in high abundance in the gut mucosa, they compose the major 



40 | P a g e  
 
 

 

 

population of IEL. These γδ LPLs can produce IL-17 and likely have functional overlap with 

local Th17 cells and innate lymphoid cells. In addition, a third population of γδ T cells resides 

within the Peyer´s patches (see below), where it is probably involved in antigen presentation 

and supports the mucosal humoral immunity (Rampoldi & Prinz, 2022). 

Most immune cells associated with the GI tract are present in the Peyer’s patches, which are 

a cluster of cells present in the lamina propria constituted of macrophages, involved in the 

phagocytosis of pathogen-derived components and presentation to adaptive immunity cells, 

and CD103+ DCs, also involved in the presenting of antigen to adaptative immune cells (Agace 

& McCoy, 2017).  

The uptake of pathogenic/external antigens is monitored by the M cells and the DCs will then 

internalise these antigens and present them on the major histocompatibility complex II 

(MHCII). The macrophages present in the Peyer’s patches display on their cell surface the 

CX3CR1 cell surface marker (Cerovic et al., 2014), and are mainly phagocytic and not 

migratory, suggesting that these macrophages act as activators of regulatory T (Treg) cells in 

the intestine rather than antigen presenting to T cells (Cerovic et al., 2014).  

 

1.3.3.2. Toll-like receptors (TLRs) 

Among the host immune receptors involved in the recognition of commensal and pathogenic 

microbes, TLRs play a major role in mediating a relevant immune response, notably as they 

are involved in making the connection between the innate and adaptative immunity. TLRs are 

involved especially in the recognition of pathogens and commensal microbes through the 

recognition of a large range of microbial associated molecular patterns (MAMPs) (Sameer & 

Nissar, 2021). In addition to their expression by intestinal epithelium cells (see section 1.1.3.), 

TLRs are expressed by APCs, which are implicated in the recruitment of other immune cells 

and will shape the immune response against specific types of pathogens (Sameer & Nissar, 

2021).  
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TLRs are organised in dimers, which can be homodimers like for TLR4 and TLR5 or 

heterodimers, like TLR2/6 or TLR1/2. They can be found on the cell surface, in the 

endoplasmic reticulum or even secreted (ten Oever et al., 2014). As summarised in Fig. 8, TLRs 

recognise diverse pathogen-derived ligands, which can be extracellular or intracellular, and 

of different nature like proteins, nucleic acids, lipids or carbohydrates.  

 

 

Figure 8: TLRs in human immunity. 

Diagram showing TLR dimerisation and localisation in the cell and the PAMPs (pathogen-associated molecular 

pattern) they bind to. These signals culminating in the activation of transcription factors such as nuclear factor-

κB (NF-κB) and interferon-regulatory factors (IRFs), which induce, respectively, the production of inflammatory 

cytokines and type 1 interferon (IFNs). Activation of endosomal TLRs (TLR7 and TLR9) via MyD88 activates NF-

κB and also IRF7 leading, respectively, to the production of inflammatory cytokines and type-1 IFNs, while the 

adaptor protein TRIF is recruited by the endosome-localized receptors TLR3 and toll-like receptor-4 (TLR4). TLR3 

can interact directly with TRIF, while the TLR4–TRIF interaction requires the bridging to adaptor molecule TRAM 

and both activate IRF3 that induce the production of type I IFNs.  
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Among them, TLR2, that forms heterodimers with TLR1 or TLR6, is implicated in the 

recognition of a broad range of Gram-positive and Gram-negative bacteria, parasites like 

Trypanosoma cruzi and Plasmodium falciparum, fungi, and viruses (Behzadi & Behzadi, 2016; 

Kawai & Akira, 2010; Qiu et al., 2013). The recognition of TLR1/2 occurs through interaction 

with pathogen-derived triacylated lipopeptides while the dimer TLR2/6 binds to diacylated 

lipopeptides (McLeod et al., 2020). 

TLR4 forms a homodimer that together with the myeloid differentiation factor 2 (MD-2) is key 

in recognition of lipopolysaccharide (LPS) and activation of proinflammatory pathways. TLR4 

has been shown to recognise monophosphoryl lipid A (MPLA) from E. coli F583 LPS (Cabral et 

al., 2015) but also glycoconjugates like aggregates of amyloid-β peptides or α-synuclein 

(Cabral et al., 2015; Leitner et al., 2019). The activation of TLR4 through its binding with 

previously mentioned PAMPs results in the induction of pro-inflammatory cytokines and 

chemokines like TNF-α, IL-1β, IL-6, IL-8, and MCP-1 that will lead to the recruitment of 

immune cells to the site of infection (Leitner et al., 2019).  

The homodimer TLR5 recognises protein subunits of the bacterial flagella called flagellins 

(Clasen et al., 2022; Sameer & Nissar, 2021). Its activation leads to the secretion of IL-1β and 

IL-6 (Sameer & Nissar, 2021).  

Finally, TLR3, TLR7, TLR8 and TLR9, which all form homodimers, are located in the 

endoplasmic reticulum and are involved in the recognition of intracellular pathogen-derived 

components. TLR3 recognises double stranded pathogens RNA, TLR7 and TLR8 recognise 

single stranded pathogens RNA while TLR9 binds to cytosine and guanine-abundant DNA 

(Sameer & Nissar, 2021). 

TLRs are implicated in the recognition and control of pathogens proliferation but also in the 

interaction with commensal bacteria (Kaur & Ali, 2022). For example, the TLR1/2 heterodimer 

is implicated in the recognition of commensal bacteria Bacteroides fragilis through the 

binding with its polysaccharide A (PSA), leading to the modulation of Treg (Erturk-Hasdemir 



43 | P a g e  
 
 

 

 

et al., 2019; Round et al., 2011) while commensal staphylococcal bacteria have been shown 

to interact with TLR2 (Lai et al., 2009). In addition, computational and experimental analyses 

revealed that LPS-derived from the human gut microbiome could silence TLR4 signaling 

pathway to facilitate host tolerance of gut microbes (d’Hennezel et al., 2017). 

 

1. 3.3.3. C-type lectin receptors (CLRs) 

One of the mechanisms by which microbes in the gut may influence the host immune 

response is through their interactions with PRRs such as previously mentioned TLRs, NLRs but 

also C-type lectin receptors (CLRs) expressed on immune cells (Fig. 9).  

CLRs bind polysaccharides including a broad range of carbohydrate ligands found on 

pathogens or commensal bacteria in a Ca2+-dependent manner (Tang et al., 2018). CLRs are 

classified into 17 different subgroups based on their domain types and phylogeny (Brown et 

al., 2018; Zelensky & Gready, 2005). CLR binding to carbohydrate ligands occurs through the 

carbohydrate recognition domains (CRDs) (Mayer et al., 2017; Zelensky & Gready, 2005; L. 

Zhang et al., 2018). A number of carbohydrate ligands have been identified to bind to CLRs 

with mannan and glucan residues being mostly represented as shown in Fig. 8. In CRDs, amino 

acid motifs EPN (glutamic acid, proline and asparagine) and QPD (glutamine, proline and 

aspartic acid) recognise mannose and galactose structures, respectively (Weis et al., 1998; 

Zelensky & Gready, 2005). However, CLRs can also recognise non-carbohydrate ligands 

including lipids, inorganic molecules and proteins (Drickamer & Fadden, 2002; Sano et al., 

1998; Zelensky & Gready, 2005). CLRs exist as secreted and transmembrane-bound proteins; 

the latter are particularly important in many biological and cellular processes including 

immune responses. CLRs such as Dectin-1 (dendritic-cell-associated C-type lectin-1), DC-SIGN 

(DC-specific intercellular adhesion molecule-3-grabbing non-integrin), SIGN-R1 (specific 

intercellular adhesion molecule-3-grabbing nonintegrin-related 1) (mouse homologue of 

human DC-SIGN) and Dectin-2 are found on innate and adaptive immune cells and are 
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important for the recognition of pathogenic, opportunistic or commensal microorganisms 

(see for example Mayer et al., 2017). 

 

Figure 9: Examples of PRRs on immune cells. 

PRRs found in human immune cells and their corresponding PAMPs. The human immune cells PRR repertoire 

present on the cell surface include TLRs and CLRs (which are comprised of DC-SIGN, Dectin-1, Dectin-2/Dectin-3 

dimers, Mincle and Dectin-3 dimers and mannose receptors). 

1. 3.3.3.1. Dectin-1 

Dectin-1 can be found on the cell surface of macrophages or specific subtypes of T-cells (Kalia 

et al., 2021). This CLR is involved in the recognition of β-(1,3) glucans and β-(1,6) glucans, 

present on fungal cell surfaces from Saccharomyces cerevisiae, Pneumocystis carinii, Candida 

albicans, Candida tropicalis or Aspergillus fumigatus (Iliev et al., 2012; Taylor et al., 2007). 

Dectin-1 has been associated with immune response and inflammation through cell signalling 

leading to the induction of cytokine secretion and macrophages recruitment. This signalling 

is mediated by the immune receptor tyrosine-based activation motif (ITAM)-recognition motif 

in Dectin-1 intracellular region which is involved in the activation nuclear factor of activated 

T-cells (NFAT) pathway, leading to the expression of immunity related genes (Kalia et al., 

2021). Dectin-1 has been implicated in the defence against fungal pathogens, but also play 

important roles in immune responses to other pathogens such as bacteria, viruses and 

nematodes. 
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1. 3.3.3.2. Dectin-2 

Dectin-2 is found on the cell surface of macrophages and DCs (McGreal et al., 2006). It shows 

specificity for mannose-composed polysaccharides like α-mannan (polysaccharides 

composed mainly of α-mannose residues) (Porter & Martens, 2017) or mannose-capped 

lipoarabinomannan (Yonekawa et al., 2014) and has been implicated in the recognition of 

several commensal fungi like S. cerevisiae or Kazachstania unispora (Lamprinaki et al., 2017). 

This CLR interacts with mannose residues present on bacterial pathogens like Streptococcus 

pneumoniae, Hafnia alvei, Salmonella enterica, but also fungi such as C. albicans, A. 

fumigatus, Mycobacterium tuberculosis, Microsporum audounii, Trichophyton rubrum, 

Paracoccoides brasiliensis, Histoplasma capsulatum and capsule-deficient Cryptococcus 

neoformans (Akahori et al., 2016; Graham & Brown, 2009; Ifrim et al., 2016; McGreal et al., 

2006; Robinson et al., 2009; Sato et al., 2006; Sun et al., 2014; Wittmann et al., 2016). 

To induce a signalling pathway, Dectin-2 does not display an ITAM domain (Robinson et al., 

2009), instead, Dectin-2 binds to an Fc receptor γ chain working as an adapter molecule to 

activate the signalling pathway leading to the host immune response (Sato et al., 2006). The 

action of Dectin-1 and Dectin-2 are crucial for the establishment of homeostasis in the gut as 

it has been shown that the deletion of both Dectin-1 and Dectin-2 in mice triggers a shift in 

microbial gut environment and bacterial population, further protecting the host against colitis 

(Y. Wang et al., 2022). 

 

1. 3.3.3.3. DC-SIGN/SIGN-R1 

DC-SIGN recognises polysaccharides characterised by high content of mannose or fucose 

residues as well as Lewis antigens (Jarvis et al., 2019). This CLR is expressed on the cell surface 

of intestinal DCs and macrophages, but also on tissues like the placenta or the lung 

(Geijtenbeek et al., 2000). DC-SIGN has been involved in the recognition of commensal 

bacteria such as Lactobacillus rhamnosus or Lactobacillus acidophilus strains (Konieczna et al., 

2015). SIGN-R1, the murine homologue of human DC-SIGN, recognises dextrans (Geijtenbeek 
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et al., 2002) and has been implicated in the host defence against C. albicans or Yersinia pestis 

strain 1418 (Takahara et al., 2012; Yang et al., 2019; Y. Zhang et al., 2020) as well as in the 

recognition of strains of the gut commensal bacteria Limosilactobacillus (formally 

Lactobacillus (Nakamura et al., 2023)) reuteri (Bene et al., 2017) and Propionibacterium strain 

UF1 (Colliou et al.(Colliou et al., 2017). 

 

1.4. Bacterial cell surface polysaccharides 

1.4.1. Structure and biosynthesis 

 In addition to the cell wall polysaccharides described in section 1.2.3, Gram-positive and 

Gram-negative bacteria produce additional species-specific polysaccharides that can be 

tightly linked to the cell surface forming a capsular polysaccharide (CPS), loosely attached to 

the extracellular surface, or secreted to the environment as exopolysaccharides (EPS) (Tytgat 

& Lebeer, 2014; DiLorenzo, 2022). These polysaccharides are implicated in the interaction 

with the environment of the bacteria and can affect host-bacteria interactions and associated 

immune responses (Messner et al., 2013). Although they have mainly studied in pathogens 

due to their role in pathogenesis (Poole et al., 2018), these polysaccharides also play 

important roles in the interaction between gut commensal bacteria and the host. For 

example, B. fragilis and Bacteroides thetaiotaomicron produce CPSs [composed of 2-

acetamido-4-amino-2,4,6-trideoxygalactose, Gal and GalNAc for B. fragilis (Baumann et al., 

1992) and GlcNAc, Glc, Man and galacturonic acid (GalA) for B. thetaiotaomicron (Porter et 

al., 2017)] that interact and influence the host immunity (S. Hsieh et al., 2020; Sittipo et al., 

2018) (see section 1.3.2.). Strains of Lactobacillus and Bifidobacterium, many of them with 

probiotic properties, produce EPS acting as a protective surface layer against antimicrobial 

peptides or physiological threats found in the GI tract such as low pH in the stomach and bile 

salts in combination with pancreatic enzymes in the duodenum. EPS also permit interacting 

with the surrounding environment (for a review, see Castro-Bravo et al. (2018)). And immune 

modulation (Hidalgo-Cantabrana et al., 2012). In the human gut, EPS produced by 
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bifidobacterial taxa such as Bifidobacterium breve and Bifidobacterium longum subsp. 

Longum is mainly composed of glucose, galactose, and rhamnose (Fanning, Hall, Cronin, et 

al., 2012; Inturri et al., 2017). The anti-inflammatory bacterium Faecalibacterium prausnitzii, 

member of the Firmicutes phylum and one of the most abundant species in healthy human 

colon, underrepresented in the microbiota of IBD patients, produces a cell surface 

polysaccharide (of which composition and structure are yet unknown) shown to modulate 

intestinal immunity (Rossi et al., 2015). Cell surface polysaccharides also play an important 

role in nutrition of the bacteria as they provide storage for nutrient acquisition, but also by 

allowing the cross feeding of gut microbiota species. For example, the digestion of inulin by a 

GH secreted by Bifidobacterium ovatus is dispensable for its own usage of the fiber yet allows 

Bacteroides vulgatus to feed on the produced saccharides (like arabinogalactan, inulin, pectin, 

xantham gum or xylitol) (Rakoff-Nahoum et al., 2016). 

These structures are often containing different type of monosaccharides and assembled in a 

linear or branched fashion to form polysaccharides of various sizes (from 103 to 105 Da in 

order of magnitude) (Sali et al., 2019; X. Wang et al., 2022), as shown in Table 1).  
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Table 1: Examples of cell surface polysaccharide structures found on commensal bacteria. 

Description of the bacterial species source, its Gram coloration, the cell surface glycosylation type and its 

structure: blue round: Glc, yellow round: Gal, green triangle: Rha, blue square: GlcNAc, yellow square: GalNAc. 

Species/strain Gram Polysaccharid

e class 

Structure Reference 

Lactobacillus 

johnsonii FI9785 

Positive EPS  (Dertli et 

al., 2013) 

Lactobacillus 

brevis E25 

Positive EPS  (Dertli et 

al., 2018) 

Lactobacillus 

helveticus SNA12 

Positive EPS  (X. Wang et 

al., 2022) 

Bifidobacterium 

bifidum PRI1 

Positive CPS β-(1 → 6)-glucan, β-(1 → 4)-galactan, β-(1 → 

6)-galactan, β-galactofuranan and starch 

(Speciale et 

al., 2019) 

B. breve YIT 4007 Positive EPS 

 

(Habu et 

al., 1987) 

B. longum BIM B-

476-D 

Positive EPS 
 

(Valueva et 

al., 2013) 

B. 

thetaiotaomicro

n VPI-5482 

Negativ

e 

CPS 22% GlcNAc, 33% Glc, 9% Man, 36% GalA (Porter et 

al., 2017) 

Bacteroides 

vulgatus IMCJ 

1204 

Negativ

e 

CPS 

 

(Hashimot

o et al., 

2001)  

 

n n 

n n 

n n 
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There are two types of EPS, homopolysaccharides (HoPS) and heteropolysaccharides (HePS), 

synthesised by Bifidobacterium and Lactobacillus. The eps-clusters harbour genes coding for 

glycosyltransferases, involved in the biosynthesis of the repeating units, proteins related to 

polymerisation and export of these units, as well as other genes with unknown functions 

including mobile elements. In addition, genes involved in the regulation of HePS synthesis are 

detected in lactobacilli but not in bifidobacterial eps clusters (Hidalgo-Cantabrana, Nikolic, et 

al.(Hidalgo-Cantabrana, Nikolic, et al., 2014). The Bifidobacterium genus contains 9 eps gene 

clusters conserved among different bifidobacterial species and a further 44 unique eps loci, 

together representing a large proportion of the inter(sub)species variability identified among 

bifidobacterial genomes (Ferrario et al., 2016; Hidalgo-Cantabrana, Sánchez, et al., 2014). 

EPS are important actors in the health of the gut microbiota as it plays an important role in 

its homeostasis. For example, L. johnsonii strain FI9785 produces two EPS types with different 

structures involved in colonisation of the gut and competitive exclusion of pathogen 

Clostridium perfringens (Dertli et al., 2013). EPS isolated from L. rhamnosus strain ZFM231 

when administrated to dextran sulfate solution (DSS)-induced IBD mice, was able to re-

establish a healthy gut microbiota diversity and composition at the phylum and genus level 

(C. Wan et al., 2022).  

Bifidobacterium is one of the most studied genus of the gut microbiota and comprises several 

species and strains inhabiting the GI tract (Azad et al., 2018). A large panel of EPS originating 

from this genus have been characterised (examples presented in Table 1) and shown to be 

associated with gut homeostasis and host immunity. These EPSs protect the bifidobacterial 

species against pathogens that can be found in the GI tract, therefore helping their 

persistence in the gut (Hidalgo-Cantabrana, Nikolic, et al., 2014). Bifidobacterial EPS has also 

been implicated in the modulation of the gut microbiota, helped through the cross feeding of 

several species, maintaining the gut population into homeostasis (Sabater et al., 2020). 

Indeed, the administration of Bifidobacterium animalis subsp. Lactis strains (DMS10140 and 

S89L) induced an increased abundance of the Firmicutes phylum and the Alloprevotella genus 

in healthy mice gut. Nonetheless, differences were also seen at the strain level: B. animalis 
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strain DMS10140 induced an increase of Intestinomonas genus while B. animalis strain S89L 

induced an increase of the Faecalibaculum genus and the Erysipelotrichaceae and 

Lactobacillaceae families (Sabater et al., 2020). In contrast, B. breve strain IPLA20004 EPS 

inhibited the growth of the commensal bacteria B. thetaiotaomicron strain DSM-2079 in vitro 

(Rios-Covian et al., 2013). 

Finally, EPSs from Bifidobacteria species play a crucial role in the protection of the bacteria 

against the host immunity. For example, B. breve strain UCC2003 EPS promoted the reduction 

in immune reactivity from the host through the reduction of B cell response, while it was also 

implicated in the reduction of gut pathogen Citrobacter rodentium colonisation in mice 

(Fanning, Hall, & van Sinderen, 2012). Also, B. longum strain BCRC 1464 EPS induced the 

secretion of anti-inflammatory IL-10 and reduced LPS-induced pro-inflammatory TNF-α 

production in J774A.1 macrophages cells (M. H. Wu et al., 2010). In addition, Bifidobacterium 

EPSs have the ability to counteract the cytotoxic effect of some pathogen toxins (like from 

Bacillus cereus and Streptococcus pyogenes) on epithelial Caco2 cells and rabbit erythrocytes 

in vitro (Ruas-Madiedo et al.,(Ruas-Madiedo et al., 2010). 

CPSs from Bacteroidetes are encoded by diverse cps biosynthetic loci as shown in B. 

thetaiotaomicron (Porter et al., 2017), B. fragilis (Coyne & Comstock, 2008; Patrick et al., 

2010), and human gut microbiome (Donia et al., 2014), underscoring the importance of CPS 

diversity to the fitness of bacteria that inhabit the gut. Indeed, the diversity of CPS harboured 

by microbiota species enables the modulation of immune responses to dominant antigens as 

they can be co-expressed on the bacterial cell surface (S. Hsieh et al., 2020; S. A. Hsieh et al.(S. 

Hsieh et al., 2020; S. A. Hsieh et al., 2021). This diversity in CPS expression is therefore a 

demonstration of the long establishment of gut microbiota species adaptation to evade host 

immunity.  
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1.4.2. Effect on gut homeostasis and immunity 

Although cell surface polysaccharides have mainly been studied in the context of pathogen-

host interaction, more recent work highlighted them as important factors of the symbiotic 

interaction between the gut microbiota and the host, they are involved in several mechanism 

like the tolerogenesis or the resistance to antimicrobial peptides (see S. A. Hsieh & Allen 

(2020) for a review).  

In the gut, CPS protects bacteria from host and environmental factors and these CPS can be 

phase variable. For example, the gut symbiont B. thetaiotaomicron VPI-5482 expresses eight 

different CPS to help adapt to various niches such as immune, bacteriophage, and antibiotic 

perturbations (S. Hsieh et al., 2020; S. A. Hsieh et al., 2021; Porter et al., 2017). The ability of 

B. thetaiotaomicron VPI-5482 to switch between multiple capsules confers increased fitness 

in the mouse gut (Porter et al., 2017). B. thetaiotaomicron CPS can be either pro-stimulatory 

or anti-stimulatory, resulting in inhibiting antigen (Ag) delivery to the immune system or 

activating Ag-specific T cell response (S. Hsieh et al., 2020; Sittipo et al., 2018). B. fragilis strain 

NCTC 9343 produces a PSA, a capsular polysaccharide which has, on host immunity, an anti-

inflammatory effect through the induction of IL-10 by CD4+ T cells (Blandford et al., 2019; S. 

Hsieh et al., 2020).  

Altogether, these data support the importance of cell surface polysaccharides as major 

players of the interaction between the bacteria and the host in the gut microbiota. 

 

1.5. Ruminococcus gnavus 

1.5.1. Role in health and disease 

Ruminococcus gnavus is a Gram-positive, strictly anaerobic, non-spore forming bacterium, 

from the Firmicutes phylum, Clostridia class, Clostridales order and Lachnospiraceae family. 

R. gnavus is present from the early life of infants where it has been found in the gut of 90% 

of 1 month to 2 years old infants (Lagkouvardos et al., 2023; Nilsen et al., 2020; Sagheddu et 
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al., 2016). R. gnavus persists across the lifetime as a component of the adult gut microbiota 

where it has been found in 90% of human faecal samples from healthy adults and represent 

on average 0.3% of the whole gut microbiota (Candeliere et al., 2022; Kraal et al., 2014; Qin 

et al., 2010).  

Although R. gnavus is part of the healthy human gut microbiota, it shows disproportionate 

representation in gut and non-gut related diseases such as IBD (Hall et al., 2017), but also 

autism (Chua et al., 2018), hyperactivity (L. Wan et al., 2020), anxiety (Jiang et al., 2018), 

chronic heart failure (Cui et al., 2018), obesity and metabolic syndromes (Grahnemo et al., 

2022), type 2 diabetes (Ruuskanen et al., 2022), malnutrition (Subramanian et al., 2014), 

cystic fibrosis (Debyser et al., 2016), allergy (de Filippis et al., 2021), depression (Chahwan et 

al., 2019), lupus (Azzouz et al., 2019; J. W. Kim et al., 2019) and irritable bowel syndrome (IBS) 

(Baumgartner et al., 2021; Čipčić Paljetak et al., 2022). These associations have been 

identified through metagenomic studies but in most cases, causality remains to be 

demonstrated. 

An increased number of mouse studies have been performed to better understand the role 

of R. gnavus in health and disease. For example, in gnotobiotic mice, the addition of R. gnavus 

was shown to ameliorate growth and metabolic abnormalities in animals receiving faecal 

transplantation from undernourished infants aged 6–18 months (Blanton et al., 2016). R. 

gnavus mediated the catabolism of dietary phenylalanine and tryptophan to phenethylamine 

and tryptamine, respectively, that stimulated serotonin biosynthesis leading to elevated GI 

transit and colonic secretion which are characteristics to IBS symptoms (Zhai et al., 2023). 

Indeed, R. gnavus strains have been shown to produce tryptophan decarboxylase, an enzyme 

responsible for decarboxylation of tryptophan to tryptamine, a compound affecting GI 

motility through the transport of food but also commensal cells along the gut (Williams et al., 

2014). The administration of R. gnavus ATCC 29149 induced in BALB/C mice the reduction of 

ovalbumin-induced atopic dermatitis symptoms through the enhancement of Treg cells (Ahn et 

al., 2022). R. gnavus has also been shown to influence brain regulation of special working 

memory behaviour in mice (Coletto et al., 2022). 



53 | P a g e  
 
 

 

 

Despite the positive association of R. gnavus with IBD, mouse studies showed that R. gnavus 

ATCC 29149 supplementation led to enhanced regenerating islet-derived protein 3γ (Reg3γ) 

expression, an important antimicrobial peptide produced in gut epithelial Paneth cells, that 

helps maintain spatial segregation between the epithelium and the microbiota and promotes 

gut homeostasis (Surana & Kasper, 2017; Vaishnava et (Surana & Kasper, 2017; Vaishnava et 

al., 2011). As a result, R. gnavus reduced colitis in gnotobiotic mice due to its interaction with 

immune and gut epithelial cells (Surana & Kasper, 2017). A further study supported these 

findings by showing that R. gnavus ATCC 29149 led to a decrease in the severity of 

inflammation in mouse models of colitis (Grabinger et al., 2019). On the other hand, germ-

free mice colonised with R. gnavus lacking CPS (ATCC 35913) showed increased gut 

inflammation compared to those colonised with an encapsulated R. gnavus strain ATCC 29149 

(Alrafas et al., 2019; Henke et al., 2021; S. Yu et al., 2020) (see section 1.4.3.).  

Taken together, these studies underscore the importance of R. gnavus strain-specificity in 

driving an inflammatory response in gnotobiotic mice. 

 

1.5.2. R. gnavus factors of colonisation 

The ability of R. gnavus to utilise mucin polysaccharides is strain dependent: unlike R. gnavus 

ATCC 29149 or ATCC 35913 strains which have the capacity to metabolise mucin 

polysaccharides and grow on mucin as sole carbon source (Crost et al., 2013, 2016), R. gnavus 

E1 is unable to grow on mucin as sole carbon source. R. gnavus strains have been shown to 

interact with the intestinal mucus layer through different mechanisms, one of this is the use 

of glycoside hydrolases (GHs), which are enzyme involved in the cleavage of saccharide, 

therefore allowing the bacteria to uptake saccharides from the mucin polysaccharides to use 

those as nutrient carbon sources. These strains differ in the repertoire of responsible for the 

cleavage of specific glycosidic bonds. The ability of R. gnavus strains to grow on mucins is 

mostly based on their capacity to metabolise mucin polysaccharide epitopes such as fucose, 

sialic acid or blood group antigens (Bell et al., 2019; Crost et al., 2013, 2016; H. Wu, Crost, et 
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al., 2021; H. Wu, Rebello, et al., 2021). R. gnavus ATCC 29149 and ATCC 35913 strains harbour 

in their genome an operon of genes called the nan cluster dedicated to the transport and 

metabolism of sialic acid (Crost et al., 2013; 2016). This cluster also contains a gene encoding 

an intramolecular trans-sialidase belonging to the GH33 family which cleaves off Neu5Ac 

(sialic acid) from mucin to release 2,7-anhydro-Neu5Ac instead of Neu5Ac, which will be 

bound to a target acceptor unindentified for now (Tailford et al., 2015). This trans-

glycosylation product is then transported into the cell via a 2,7-anhydro-Neu5Ac specific 

transporter and metabolised inside the cell, conferring R. gnavus strains with a competitive 

nutritional advantage in the mucus niche (Bell et al., 2019; 2020).  

Although R. gnavus E1 strain does not have such mucin polysaccharide metabolic pathways 

this strain has developed alternative mechanisms to interact with mucus. R. gnavus E1 has 

been shown to enhance Muc2 mucin expression by goblet cells, modulate mucin 

polysaccharide composition in mice (Graziani et al., 2016), and produce an adhesin called 

RadA which was shown to preferentially bind human immunoglobulins (IgA and IgG), and Gal 

and GalNAc residues in mucin polysaccharide chains in vitro (Maresca et al., 2021). In addition, 

R. gnavus E1 produces antimicrobial molecules such as Ruminococcin C, a peptide with anti-

Clostridium perfringens activity (Balty et al., 2019; Chiumento et al., 2019; Roblin et al., 2021), 

which may contribute to R. gnavus fitness in the gut and maintain the homeostasis of the 

microbiota (Roblin et al., 2021). 

 

1.5.3. Cell surface carbohydrate composition  

R. gnavus strain ATCC 29149 has been shown to produce a glucorhamnan on the cell surface 

with pro-inflammatory properties in vitro using murine bone marrow-derived DCs (mBMDCs) 

(Henke et al., 2019). The rhamnose backbone of this glucorhamnan is made from (1,2)- and 

(1,3)-linked rhamnose units, and the sidechain has a terminal glucose linked to a (1,6)-glucose 

(Fig. 10A). The pentasaccharide repeat of glucorhamnan was sufficient to induce an immune 
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response and a release of inflammatory cytokines like TNF-α and IL-6 from mBMDCs through 

TLR4 recognition (Haynie et al., 2021).  

 

Figure 10: R. gnavus ATCC 29149 cell surface glucorhamnan. 

(A) Polysaccharide structure composed of a rhamnose backbone and a glucose side chain. (B) Biosynthetic 

pathway allowing the production and translocalisation of the glucorhamnan present on ATCC 29149 cell surface: 

monosaccharide precursors are synthesized, assembled into the repeating unit, transported across the 

membrane, where they are polymerized to form the full-length glucorhamnan, which is then covalently attached 

to the peptidoglycan. Redrawn from Henke et al. (2019). 

The biosynthetic pathway of glucorhamnan has been identified in R. gnavus ATCC 29149 

strain (Henke et al., 2019)Click or tap here to enter text.. Fig. 10B provides a model of how 

monosaccharide precursors are produced, assembled into repeating units and then 

transported across the membrane before being polymerised into full length glucorhamnan 

which is then covalently bound to the PG layer (Henke et al., 2019)Click or tap here to enter 

text..  
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In a follow up study, it was shown, that in addition to glucorhamnan, some strains of R. 

gnavus, such as ATCC 29149, display on their cell surface a CPS with a molecular weight of 

more than 100 kDa. Monosaccharide analysis revealed the capsule to be composed of 

glucose, N-acetylquinovosamine, and N-acetylgalactosamine in roughly a 6:2:1 stoichiometry, 

which is in accordance with the cps gene cluster, which contains nine glycosyltransferases—

one for each of the monosaccharides in the repeating unit (see Fig. 11)Click or tap here to 

enter text. (Henke et al., 2019). This CPS has been shown to mute the immune response as R. 

gnavus strains displaying it (such as ATCC 29149) induce little to no cytokine production by 

innate immune cells in vitro and in vivo, unlike R. gnavus strains not displaying this CPS on 

their cell surface (such as ATCC 35913) which induce a pro-inflammatory immune response 

(Henke et al., 2021). In this study, germ-free mice were colonised with R. gnavus strain 

RJX1120 displaying the CPS on its cell surface had higher percentage of FOXP3+-Treg cells 

accumulating in the lamina propria, while a higher percentage of CD62L+-T cells were induced 

in the lamina propria of mice colonised with the CPS-free strain RJX1120 (Henke et al., 2021). 

Another question remaining uninvestigated is the potentiality of the growth condition 

influence on the bacterial cell surface glycosylation: indeed, R. gnavus strains evolving in 

different niche of the GI tract, it is therefore possible that the bacteria adapt the cell surface 

polysaccharide composition it displays on its cell surface.  

 

Figure 11: R. gnavus ATCC 29149 cps biosynthesis cluster. 

Genes present in the ATCC 29149 cps cluster with their annotation name (shorten of ATCC 29149 locus 

convention from RUMGNA_02411 on the far left to RUMGNA_02392 on the far right). Each gene is colour based 

on associated activity of encoded proteins displayed underneath the gene cluster. 

Together, these studies show the importance of R. gnavus in health and disease and highlight 

the importance of defining the immunomodulatory properties of R. gnavus at a strain level. 

This study will focus on R. gnavus ATCC 29149 which is the type strain of this species and 
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strains E1 and ATCC 35913, previously mentioned, each having shown their importance in the 

relation with the host.  
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1.6. Aim and Objectives 

In this work, we hypothesised that R. gnavus cell surface glycosylation is strain/niche-

dependent, contributing to differential health and disease outcome of R. gnavus strains in 

humans.  

Specific aims include:  

1. To characterise R. gnavus cell surface polysaccharide composition  

• To screen cell surface polysaccharide epitopes of R. gnavus strains (E1, ATCC 29149, 

ATCC 35193) grown on different carbohydrate source using a flow cytometry lectin 

binding assay.  

• To use bioinformatics tools to identify the genes involved in the glucorhamnan and 

cps biosynthetic pathway across R. gnavus strains  

• To decipher the structural composition of R. gnavus cell surface polysaccharides by 

NMR and MS approaches  

2. To study the effect of R. gnavus strain-specific cell surface glycosylation on host immune 

response in vitro  

• To determine the effect of R. gnavus strains and associated glucorhamnan on gut 

barrier function using intestinal epithelial cell models  

• To investigate the effect of R. gnavus strains and associated glucorhamnan on host 

immune response using reporter cells and immune cells  

Understanding the relationship between R. gnavus strains and the host at a molecular level 

will help us to design microbiota-targeted strategies to promote host health. 
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Chapter 2: Material and Methods 
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2.1. Bacterial growth assays 

2.1.1. Bacterial strains and growth conditions 

R. gnavus ATCC 29149 was isolated by Moore & Holdeman, (1974Moore & Holdeman, (1974) 

and characterised by Moore, W E C; Johnson & Holdeman, Moore, W E C; Johnson & 

Holdeman, (1976), R. gnavus E1 was isolated by Ramare et al., (1993) and R. gnavus ATCC 

35913 was isolated from healthy human faeces (Hoskins et al., 1985). Several growth media 

were used in this study. BHI-YH [brain heart infusion broth (Oxoid LTD, UK) supplemented 

with 5 g/l of BactoTM yeast extract (Becton, Dickinson and Company, Sparks, MD) and 5 mg/l 

of haemin (Sigma-Aldrich, USA)] was used as rich medium. LAB medium (Tramontano et al., 

2018) was used as minimum medium (composition described in Supplementary data 1). 

When specified, LAB was supplemented with 27.7 mM of mono- or oligosaccharides as sole 

carbon source. Glycerol stocks of the three R. gnavus strains (E1, ATCC 29149 and ATCC 

35913), containing 50% of an overnight culture in BHI-YH and 40% glycerol, were prepared 

and stored at -80°C. For growth assays, R. gnavus E1, ATCC 29149 and ATCC 35913 were 

grown at 37˚C in an anaerobic cabinet (85% N2, 10% H2, 5% CO2) (Don Whitley, Shipley, UK). 

First, starter cultures were prepared by inoculating BHI-YH medium at 4% (v/v) from glycerol 

stocks and grown for 24 h. Then for cultures in BHI-YH, the medium was inoculated at 2 % 

(v/v) with the starter culture. For cultures in LAB-based media, an aliquot of the starter culture 

was centrifuged and the cell pellet resuspended in the same volume of LAB. The LAB-based 

medium was then inoculated at 2 % (v/v) with this cell suspension. The growth was monitored 

by measurement of the optical density at 600nm (OD600nm) or by qPCR (see section 2.1.3.).  

To determine the correlation between OD600nm and the concentration of cells, R. gnavus 

strains were cultured in BHI-YH for 24 h and the OD600nm was monitored throughout the 24h-

growth. Cells from 1 ml of culture were collected at 8 h and 24 h, and the bacterial gDNA was 

extracted. The number of copies of 16S rRNA gene per mL of culture was quantified by qPCR 

for each timepoint (see section 2.1.3.). Since the number of copies of 16S rRNA gene per 

genome is known, it is then possible to determine the number of bacterial cells per mL of 

culture. The ratio between OD600nm and the concentration of cells can then be determined. 
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2.1.2. Transmission electronic microscopy (TEM) 

For electronic microscopy, 1 ml of R. gnavus ATCC 29149 and ATCC 35913 grown for 18 h in 

BHI-YH were centrifuged for 5 min at 10’000 x g. The pellet was resuspended in 1 ml PBS and 

submitted for TEM analysis by negative staining. TEM grids (carbon-coated, copper grids, 

product number AGS160-4H, Agar Scientific, UK) were prepared by glow discharging using a 

Leica ACE200 (Leica Microsystems, UK) immediately before use. The samples were then 

prepared (in duplicate) by pipetting 10 µl of sample onto each grid, leaving for 1 minute, then 

wicking the excess liquid off using filter paper. Then 10 µl of 2% uranyl acetate (aqueous) was 

pipetted onto the grids, left for 1 minute then wicked off and allowed to thoroughly dry. The 

grids were imaged in an FEI Talos F200C TEM (Thermo Scientific, UK) at 200kV, using a Gatan 

OneView camera (Gatan, UK). 

 

2.1.3. Quality control of R. gnavus glycerol stocks 

PCR was used on R. gnavus strains to check culture integrity. First, 15 μl of cell culture were 

centrifuged at 17,000 x g for 3 min, then the supernatant was discarded and the cells were 

resuspended in 50 μl of sterile water. PCR mix was made with 2.5 μl of cell suspension, with 

200 µM of each primer (listed in Table 2) and 5 μl of HotStarTaq Plus MasterMix (HotStarTaq 

DNA Polymerase, PCR buffer with 3 mM MgCl2, and 400 μM of each dNTP) (Qiagen, Hilden, 

Germany). Positive controls were prepared for each primer pair using purified genomic DNA 

of the appropriate strain (Table 2). The PCR program was as suggested by the supplier 

(starting step: 95°C for 5 min; 40 cycles: 94°C for 30 s, 60°C for 30 s and 72°C for 1 min; final 

extension: 72°C for 10 min). The PCR products (5 μl of the samples mixed with 1 μl of Midori 

Green Dye) were analysed by electrophoresis on agarose gel (2.5%) using TAE buffer (40 mM 

Tris (pH 7.6), 20 mM acetic acid, 1 mM EDTA). The gels were also loaded with HyperLadder IV 

(Bioline) (5 μl) or of Gibco/Invitrogen 100 bp ladder (5 μl), mixed with Midori Green dye (0.5 

μl). The migration was set on 130 V for 45 min and the gel imaged under UV light using an 

Alphaimager. 
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Table 2: List of primers used for quality control of R. gnavus glycerol stocks. 

Primers Gene target (source) Source of the gDNA 

used as positive 

control 

Amplicon 

size 

UniF/R 16S rRNA gene (all bacteria) R. gnavus E1 147 nt 

16SRg5F/R 16S rRNA gene (R. gnavus) R. gnavus E1 57 nt 

ATCC-02694-F/R RUMGNA_02694 (R. gnavus ATCC 

29149); RGNV35913_01292 (R. 

gnavus ATCC 35913) 

R. gnavus ATCC 

29149 

61 nt 

29149-02237-

F3/R3 

RUMGNA_02237 (R. gnavus ATCC 

29149) 

R. gnavus ATCC 

29149 

79 nt 

29149-03003-

F2/R2 

RUMGNA_03003(R. gnavus ATCC 

29149) 

R. gnavus ATCC 

29149 

64 nt 

ATCC 35913-C-

F/R 

RGNV35913_03482(R. gnavus ATCC 

35913) 

R. gnavus ATCC 

35913 

83 nt 

E1-60291-F3/R3 RUGNEv3_60291(R. gnavus E1) R. gnavus E1 76 nt 

E1-60040-F3/R3 RUGNEv3_60040(R. gnavus E1) R. gnavus E1 114 nt 

RF1br730F/Clep

866mR 

16S rRNA gene (Ruminococcus spp.) R. bromii L2-63 157 nt 

BifF/g-Bifid- 16S rRNA gene (Bifidobacterium 

spp.) 

B. adolescentis L2-32 128 nt 

 

2.1.4. Bacteria quantification by qPCR  

For bacteria quantification by qPCR, the bacteria were pelleted by centrifugation for 5 min at 

10,000 x g and kept at -20°C until extraction. The DNA was extracted from the cell pellets 

using the GeneJET Genomic DNA Purification Kit (Thermo Fisher, USA) according to the 

manufacturer’s instructions for Gram-positive bacteria. The extracted DNA was stored 

at -20°C until use. DNA was quantified using Qubit 2.0 Fluorometer (Thermo Fisher, USA). For 



63 | P a g e  
 
 

 

 

the qPCR, primers targeting 16S rRNA gene of all bacteria (UniF/R) and of R. gnavus 

(16SRg5F/R) were used (Table 2). The full-length 16S rRNA gene of R. gnavus ATCC 29149 

previously amplified by PCR (Crost et al., 2018) was used to produce a standard curve with Ct 

values ranging from 102 to 107 copies per well. This was then used to calculate the 16S amount 

present in each sample from their Ct value. Briefly, 2 μl of DNA at 1 ng/μl or a standard, 200 

µM of each primer (listed in Table 2) and 5 μl QuantiFast SYBR Green PCR Master Mix (Qiagen, 

Hilden, Germany) were added to each well of a 96-well plate. The qPCR was run on a ABI7500 

Real-Time PCR System (Thermo Fisher, USA). The device program was set at 95°C for 5 min 

followed by 40 cycles at 95°C for 10 s and 60°C for 35 s then 72°C for 1 min, followed by a 

dissociation stage comprising a step of temperature gradual decrease between 95°C and 60°C 

for 1 min, repeated twice. A linear standard curve was produced by plotting the Ct values 

obtained with the standards in the Y-axis against the log of 16S rRNA gene copies in the X-

axis. This standard curve was used to determine the 16S copy number in the samples.  

 

2.2. R. gnavus gene transcription analysis  

2.2.1. RNA extraction and cDNA production 

The strains ATCC 29149 and ATCC 35913 were grown in BHI-YH and ATCC 35913 was also 

grown in LAB supplemented with 27.7 mM melibiose (chosen following results obtained in 

section 3.2.1.). Two ml of culture were collected after 6 and 24 h of growth and 400 µl of 

phenol-ethanol solution [phenol pH 4.3-ethanol (1:9)] was added to the collected culture 

which were then kept on ice for 30 min following addition of phenol-ethanol solution. The 

cells were harvested by centrifugation at 10,000 x g for 5 min at 4°C and then kept at -80°C 

until RNA extraction. This method was used in order to avoid the use of manufactured nucleic 

acid extraction kits do not allow to extract R. gnavus strain E1 DNA efficiently. 

For RNA extraction, cells were resuspended in 500 µl of TES buffer (50 mM Tris, 5 mM EDTA, 

50 mM NaCl, pH 7.5) and lysed with the FastPrep-24™ Classic beadbeater (MP Biomedicals, 

US) following addition of 1 ml (ratio 2:1 bead volume/TES buffer) of 100 µm beads using 3 



64 | P a g e  
 
 

 

 

cycles of 40 s each with 5-min rest on ice in between. Following centrifugation at 10,000 x g 

at 4°C for 10 min, the supernatant was collected and mixed with 600 µl of phenol and 100 µl 

of chloroform, the suspension was then centrifuged at 17,000 x g at 4°C for 5 min. The 

supernatant was collected and 600 µl of chloroform added to the supernatant. Following 

centrifugation at 17,000 x g at 4°C for 5 min, the supernatant was collected and 20 µl of 

sodium acetate (3 M, pH 5; final concentration: 78 mM) and 550 µl of ice cold 95% ethanol 

were added to 200 µl of the supernatant. Following 20 min incubation at -80°C, the samples 

were then centrifuged at 17,000 x g at 4°C for 20 min. The pellet was washed with 70% ethanol 

and centrifuged at 17,000 x g at 4°C for 5 min. The samples were air-dried and resuspended 

in 200 µl RNase free water (Qiagen, Hilden, Germany). The purified RNA quality was assessed 

using Qubit 2.0 Fluorometer (Thermo Fisher, USA) and used to generate the cDNA using the 

QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) following the manufacturer's 

instructions. Briefly, 1 µg of RNA in 12 µl was added to 2 µl of gDNA Wipeout Buffer 7X 

(Qiagen, Hilden, Germany), and incubated for 2 min at 42°C. Quantiscript Reverse 

Transcriptase (1 µl) (Qiagen, Hilden, Germany), Quantiscript RT Buffer 5X (4 µl) (Qiagen, 

Hilden, Germany) and RT Primer Mix (1 µl) (Qiagen, Hilden, Germany) were added and the 

samples were incubated for 15 min at 42°C and for 3 min at 95°C. The samples were then 

stored at -20°C until qPCR analysis. 

 

2.2.2. Quantitative PCR analysis (qPCR) 

Quantitative PCR was performed using 5 ng of cDNA in 1 µl with QuantiNova® SYBR Green 

PCR kit (Qiagen, Hilden, Germany) on a StepOnePlus™ PCR System (Applied Biosystem, USA) 

following the manufacturer’s instructions. Briefly, 1 µl of cDNA produced in section 2.2.1. 

(concentration: 5 ng/µl) and 1 µl of each primer pair (at a concentration of 0.5 µM for forward 

primer and reverse primer) were added into 5 µl of QuantiNova SYBR Green RT-PCR Master 

Mix, 0.5 µl QN ROX Reference Dye, QN SYBR Green RT-Mix and 2.4 µl of RNase-Free Water 

(final volume of 10 µl) and subjected to 40 cycles of 5 s at 95°C and by 10 s at 60°C followed 

by a dissociation step set between 60°C and 95°C with +0.3°C/s temperature increase. The 
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primers used in this assay are summarised in Table 3. 16S rRNA was used as reference gene. 

The fold change in gene transcription after 6 h bacterial growth compared to 24 h growth was 

calculated with the 2−∆∆Ct method.  

Table 3: List of primers used for R. gnavus gene qPCR analysis. 

Primers 
Forward Primer  

(5’->3’)  

Reverse Primer  

(5’->3’) 

RGNV35913_02506 CACCGGAATTTTGACCTGGC CTTCACCAGACGCATCCCTT 

RGNV35913_02510 GAACAGACTTGCCGGGATTT TGCGTGACGTATCCCTTCAT 

RGNV35913_02516 GCGTTACATTTGCCAAGGGT TTGCTCCTACGATTCCCACA 

RGNV35913_02524 CTACATTTCAGGGGCAGAGC TCCGTTCTCATCACCACTGA 

RGNV35913_02493 ACGTGTCACCAGATATGGGA TTGTCACACGATCGTCCTGA 

RUMGNA_03514 ATGATTCAGGCGGGATGGAA CGGATGATCTGCCTGTGAGA 

RUMGNA_03518 ACAACCGTGGATTCTCGCTA TAGAGATCTCCTGCGCTGTC 

RUMGNA_03532 CGAGGTTATTGCCGGAGATG ATGACCGGATCTTTGGCTCT 

RUMGNA_02407 ATTCGGAGGAGATGATGGCG TGATATGCGCCAATCCGTTC 

16SRg5F/R TGGCGGCGTGCTTAACA TCCGAAGAAATCCGTCAAGGT 

 

2.3. Lectin binding screening by flow cytometry  

The fluorescein-labelled lectins SNA (Sambucus nigra lectin), UEAI (Ulex europaeus agglutinin 

I), GSLI (Griffonia simplicifolia lectin I isolectin B4), LTL (Lotus tetragonolobus lectin), ConA 

(Concanavalin A), GNL (Galanthus nivalis lectin), RCAI (Ricinus communis agglutinin I) and LCA 

(Lens culinaris agglutinin) were purchased from Vector Laboratories (Maravai LifeSciences, 

USA). The properties of the lectins used in this work are summarised in Table 4. The bacteria 

were grown anaerobically as described in the section 2.1.1. The culture was stopped when 

the OD600nm reached 0.65 and 100 µl of culture (containing 107 cells) was centrifuged at 10,000 

x g for 5 min and the pellet washed with 800 μl PBS (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and centrifuged at 10,000 x g for 5 min. The cells were then 

incubated with 20 ng/μl lectin in PBS (100 μl) for 1 h at 37°C or room temperature (following 

the manufacturer’s instruction). For each condition, a no-lectin control was prepared with 
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PBS. After incubation, the cells were washed with 800 µl of PBS and centrifuged at 10,000 x g 

for 5 min. The pellets were then resuspended in 100 μl PBS for analysis by flow cytometry 

using BD LSRFortessa™ (BD Biosciences, USA). The data collection was set on a log scale and 

the threshold of FSC (forward scatter) and SSC (side scatter) parameter was set to 200 mV.  

The flow cytometry events were first sorted using FSC and SSC and then analysed following 

relative fluorescence emitted by the lectin bound to the cells at 512 nm. The data were 

analysed using FlowJo software (Tree Star, Ashland, USA). The mean fluorescence intensity 

(MFI) is referred to the geometric mean fluorescence intensity value.  

Table 4: Lectins used this study. 

Lectin Abbreviation Cognate sugar 

Concanavalin A ConA Mannose, Glucose 

Galanthus nivalis lectin GNL Mannose 

Griffonia simplicifolia lectin I isolectin B4 GSLI Galactose 

Lens culinaris agglutinin LCA Mannose, Glucose 

Lotus tetragonolobus lectin LTL Fucose 

Sambucus nigra lectin SNA Neu5Ac(α2,6) 

Ulex europaeus agglutinin I UEAI Fucose 

Ricinus communis agglutinin I RCAI Galactose 

 

 

2.4. Structural analysis of R. gnavus cell surface polysaccharide 

2.4.1. Cell preparation 

For large-scale production, the bacteria were grown in 4 or 6 l of BHI-YH (rich medium) or 6 l 

of LAB medium supplemented with melibiose at 27.7 mM until OD630nm reached 0.65. The 

bacteria were then pelleted through successive centrifugation rounds (40 min at 4,000 x g at 

4°C, then 1 h at 5,000 x g at 4°C, and finally 30 min at 7,000 x g at 4°C) to maximise the 

harvesting of cells. The cell pellet was then freeze-dried and kept at -20°C until further 

analysis. 
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2.4.2. Polysaccharide extraction 

Following attempt to extract R. gnavus strains cell surface polysaccharide using diverse 

methods, including enzymatic extraction or ultrasonic-assisted extraction, we opted for a 

rougher method of extraction, comprising the use of hydrofluoric acid to detach 

polysaccharides from the cell surface of the bacteria. The bacterial cells were treated as 

described below following the procedure summarised in Fig. 12. Briefly, the freeze-dried cells 

were treated with 30 ml of citric acid (0.1 M) and 30 ml of absolute butanol, vortexed and 

centrifuged (7,000 x g, 30 min at 4°C). Four phases were then isolated: the pellet (called 

sample A), the aqueous phase (called sample B), the interphase (called sample C) and the 

butanol phase (called sample D) according to the extraction procedure described in Fig. 12. 

After this first extraction, samples A and C were pooled and the combined sample was treated 

with 30 ml of citric acid (0.1 M) and 30 ml of absolute butanol, vortexed and centrifuged 

(7,000 x g, 30 min at 4°C). This led to the subsequent extraction of four phases: the pellet 

(called sample E) which was washed with 10 ml of milliQ water and centrifuged at 7,000 x g 

for 30 min at 4°C to obtain sample M (pellet) and sample N (supernatant); the aqueous phase 

(called sample F), which was further centrifuged at 7,000 x g during 10 min at 4°C and 

separated into the pellet (called sample I) and the supernatant (called sample J), the 

interphase (called sample G) and the butanol phase (called sample H). 

The resulting phases were then pooled as follows: samples B, J and N as the “aqueous phase” 

called sample O; samples M, I and R as the “pellet” called sample Q and samples H and D as 

the “butanol phase” called sample P. The aqueous phase, named sample O, was subjected to 

dialysis (3.5 kDa cut-off membrane) and centrifuged, the supernatant was collected, freeze-

dried and stored at -20°C until further analysis. The sample Q (representing the pellet) was 

freeze-dried and treated to extract the polysaccharide using hydrofluoric acid (50%, allowing 

the efficient detachment of polysaccharides from the bacterial cell surface) for 48 h at 4°C. 

Following addition of 50 g ammonium acetate and 50 g ammonia to rise the pH to 7.m the 

suspension was centrifugated at 7,000 x g for 30 min at 4°C and the resulting supernatant was 

dialysed against milliQ water with a 1 kDa cut-off membrane and the resulting fraction called 
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sample S. The butanol phase sample P was dried using a rotavapor (sample heated at 40°C 

and vacuum at 25 mbar), dissolved in water and freeze-dried. The interphase sample called 

sample G was freeze-dried. 
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Figure 12: Polysaccharide extraction of R. gnavus ATCC 35913 strain.  

(A) citric acid/butanol extraction scheme of R. gnavus ATCC 35913 dried cells. (B) pooling and use of the different 

samples obtained from the citric acid/butanol extraction. 

A 

B 
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2.4.3. Monosaccharide structure and configuration analysis  

To generate acetylated methyl glycosides (AMG), the samples S and O (described in section 

2.4.2, 0.5 mg each) were first treated with 1 ml methanol with hydrogen chloride (1 M) 

overnight at 80°C, this step will permit the cleavage of the different glycosidic bounds, which 

will be result in the methylation of the hydroxyl groups previously involved in those glycosidic 

bonds. The suspension was then dried with a stream of air and treated with 100 μl absolute 

acetic anhydride and 200 μl of dry pyridine for 1 h at room temperature, resulting in the 

acetylation of the remaining hydroxyl groups (not previously involved in a glycosidic bond). 

The suspension was dried with a stream of air once again and resuspended in 500 μl of 

acetone prior GC-MS analysis.  

The absolute configuration of the monosaccharides was determined using the acetylated 

octyl glycosides (AOG) method. The AMG sample S was dissolved in (R)-(-)-2-octanol (200 μl) 

and absolute acetyl chloride (15 μl) and incubated at 60°C overnight in order to attach octanol 

to the anomeric carbon of the monosaccharide. The suspension was then dried with a stream 

of air and treated with 100 μl absolute acetic anhydride and 200 μl of dry pyridine for 1 h at 

room temperature, in order to acetylate hydroxyl groups of the monosaccharides. The 

suspension was dried with a stream of air once again and resuspended in 500 μl of acetone 

prior GC-MS analysis. 

The identification of the branching points in the oligosaccharides was determined using the 

partially methylated acetylated alditols (PMAA) method. Here, sample S was resuspended in 

dimethyl sulfoxide (DMSO) (1 ml) and NaOH (100 mg) was added to the solution. The 

suspension was then frozen in an ice bath, 200 μl of pure methyl-iodide was then added and 

incubated under agitation overnight, this step permit to add methyl groups on hydroxyl 

groups not involved in glycosidic bonds. Deionised water (15 ml) and chloroform (2 ml) were 

then added and stirred for 1 min at room temperature. The sample was then centrifuged at 

550 x g for 3 min. The chloroform phase, containing the polysaccharide, was extracted 

following incubation with 200 μl of trifluoroacetic acid (2 M) at 120°C for 2 h to allow the 

cleavage of the polysaccharide. The sample was then dried with a stream of air, resuspended 
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with 50 μl of isopropanol and 5 mg of N-acetyl(3,4-dihydroxybutyl) cysteine and dried with a 

stream of air again. Then, 50 μl of acetic acid and of methanol are added to the sample for 1 

h at room temperature to form the alditols. The suspension was then dried with a stream of 

air and treated with 100 μl absolute acetic anhydride and 200 μl of dry pyridine for 1 h at 

room temperature, resulting in the acetylation of the remaining hydroxyl groups (not 

previously involved in a glycosidic bond). The suspension was dried with a stream of air once 

again and resuspended in 500 μl of acetone prior GC-MS analysis. 

 

2.4.4. Gas chromatography-Mass spectrometry (GC-MS)  

For the GC-MS analysis, 0.5 mg dry matter from sample S and sample O treated with AMG, 

AOG and PPMA methods (as described in section 2.4.3.) were dissolved in 500 μl acetone and 

analysed by GC-MS on a Hewlett–Packard 5890 instrument with a SPB-5 capillary column 

(0.25 mm × 30 m, Supelco) with a flow rate of 0.8 ml/min using helium as gas carrier as 

previously described (Speciale et al., 2019). The temperature program was as follows: 150°C 

for 3 min followed by 3°C/min up to 280°C, and finally 280°C for 10 min. Electron impact mass 

spectra were recorded with ionization energy of 70 eV and an ionizing current of 0.2 mA. 

 

2.4.5. Nuclear Magnetic Resonance (NMR) analysis  

For the structural assignment of the cell surface polysaccharide, the sample S (13 mg) was 

resuspended in D2O and analysed using a Bruker 600 MHz spectrometer equipped with a 

reverse cryo-probe with gradients along the z-axis. The NMR sequences used were (1H-1H 

homonuclear), DQ-COSY (double quantum COSY spectrum, hereafter referred as COSY), 

TOCSY, and NOESY, (1H-13C heteronuclear) HSQC, HMBC and HSQC-TOCSY, as previously 

described (Speciale et al., 2019). All the spectra were calibrated with acetone as internal 

standard (1H 2.225 ppm; 13C 31.45 ppm). The results were acquired with Topspin 2.0 and 

analysed using the Topspin 4.1 software (Bruker). 
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2.4.6. High-Performance Liquid Chromatography (HPLC) analysis  

The sample S (10 mg) was resuspended in 50 mM ammonium bicarbonate (NH5CO3) and 10 

μl of the solution were injected into an Agilent 1100 HPLC system with either a TSK G-5000, a 

TSK G-3000 or a TSKgel G-Oligo-PW HPLC size exclusion column (30 cm × 7.8 mm). Briefly, the 

column was equilibrated with 50 mM NH5CO3, the sample was loaded onto the column, 

elution was also done with 50 mM NH5CO3 at 0.5 ml/min flow rate, the eluate was monitored 

with a refractive index detector and the spectra analysed using the CHEM32 software. The 

column was calibrated by injecting dextran standards (Sigma-Aldrich, USA) (50 μl of a 1 mg/ml 

solution) of known molecular weight (12, 50, 150, and 670 kDa).  

 

2.5. Reporter cell assays 

2.5.1. C-type lectin reporter cells  

The BWZ.36 cells expressing murine C-lectin receptors (CLR) mDectin-1, mDectin-2 and SIGN-

R1 and QPD (Glutamine-Proline-Aspartic acid) mutants were used as described previously 

(Bene et al., 2017; Wittmann et al., 2016). The reporter cells were previously generated by 

Wittmann et al. (2016) by transducing the BWZ.36 cells with the pMXs-IRES-EGFP-Ly49A-CD3ζ 

vector expressing the extracellular domain of mDectin-1 (Ser74 through Leu244), mDectin-2 

(Gln49 through Leu209) or SIGN-R1 (Ser76 through Gly324) (Akatsuka et al., 2010). For the 

mDectin-2 and SIGN-R1 QPD reporter cells, two missense mutations in the carbohydrate 

recognition domain were introduced, resulting in amino acid substitutions E168Q and N170D 

for mDectin-2 and E285Q and D287N for SIGN-R1. The mock BWZ cells harbour the empty 

pMXs-IRES-EGFP-Ly49A-CD3ζ vector. The reporter cells were grown in RPMI 1640 medium 

supplemented with 10% heat-inactivated FCS (Invitrogen), 2 mM glutamine (Sigma-Aldrich), 

50 μM 2-mercaptoethanol, 100 U/ml of penicillin and 100 μg/ml of streptomycin as previously 

reported (Bene et al., 2017; Wittmann et al., 2016), for 72 h in an incubator at 37°C 

atmosphere containing 5% CO2. Fig. 13 describes the functioning of the CLR reporter cells 

used here. 
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For the assays, reporter cells (5 x 105 cells per well) were incubated with bacteria (MOI: 50:1) 

or 200 µg/ml of purified glucorhamnan overnight at 37°C in 96-well microplates (Nunc). 

Scleroglucan (10 μg/ml) (ELICITYL, France) was used as a control as a specific ligand for 

mDectin-1, furfurman (10 μg/ml) (ELICITYL, France) was used as a control as a specific ligand 

for mDectin-2 and LPS from Hafnia alvei (10 μg/ml) (ELICITYL, France) was used as a control 

as a specific ligand for SIGN-R1. Following incubation, the microwell plates were centrifuged 

at 510 x g for 3 min and the supernatant was discarded. The β-galactosidase activity (encoded 

by the lacZ reporter gene) was determined by the addition of 100 μl of 150 mM chlorophenol 

red-β-D-galactopyrasonide (CPRG; Roche) diluted in a CPRG assay reaction buffer (PBS 

supplemented with 0.125% Triton X-100 and 100 mM 2-mercaptoethanol, Lonza) to each 

well. Following 30 min incubation at 37°C, the colour development was monitored at OD595nm 

using an Omega FluoStar (BMG Labtech, UK) microtiter plate reader. 

 

 

Figure 13: Schematic representation of Lac operon activation via recognition of the ligand by C-type lectin 

receptor (CLR) through the carbohydrate recognition domain (CRD). 

Here, ligand (in green) binding stimulates IL-2 promoter and LACZ gene to produce -galactosidase which can 

hydrolyse red-β-D-galactopyrasonide, producing a colour change. NFAT stands for nuclear factor of activated T 

cells, CLR for C-type lectin receptors and IL-2 for interleukin-2. 

 

CLR 

NFAT 

pathway 

activation 
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2.5.2. NF-κB reporter cells  

The THP-1 blue NF-κB (Nuclear Factor κB) reporter cells (InvivoGen, USA) are derived from 

engineered human THP-1 monocyte cell line encoding an NF-κB-inducible SEAP (secreted 

embryonic alkaline phosphate) reporter construct. THP-1 blue NF-κB reporter cells allow the 

monitoring of NF-κB activation by determining the activity of SEAP using QUANTI-Blue™ 

Solution, a SEAP detection reagent. The reporter cells were grown in RPMI 1640 medium 

supplemented with 10% heat-inactivated FCS (Invitrogen), 2 mM glutamine (Sigma-Aldrich), 

25 mM HEPES (Lonza), in an incubator at 37°C atmosphere containing 5% CO2.  

THP1 blue NF-κB reporter cells (105 cells per well) were incubated with bacteria (MOI: 50:1) 

or 200 µg/ml of glucorhamnan overnight at 37°C in 96-well microplates (Nunc). HKLM (heat 

killed Listeria monocytogenes) (2 x 107 cells per well) (InvivoGen, San Diego, USA) was used 

as a control for TLR (Toll-like receptor) activity. Following incubation, the microwell plates 

were centrifuged at 510 x g for 3 min and the supernatant was discarded. The SEAP activity 

was determined by the addition of 100 μl of QUANTI-Blue™ Solution (InvivoGen, USA) to 20 

µl of the cell suspension from each well. Following 1 h incubation at 37°C, the colour 

development was monitored at OD630nm using an Omega FluoStar (BMG Labtech, UK) 

microtiter plate reader. 

 

2.6. Mammalian cell assays 

2.6.1. Culture of intestinal epithelial cell models 

T84 and LS174T cell lines were obtained from the European Collection of Authenticated Cell 

Cultures (ECACC).  

T84 human colon carcinoma cells (ECACC 88021101) were seeded in T75 flasks at a density of 

1.0 x 105 cells/ml in Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 Ham 1:1 (DMEM/F12) 

medium (Sigma-Aldrich) supplemented with 10% heat inactivated foetal bovine serum (FBS) 

(Sigma-Aldrich), 2 mM glutamine (Sigma-Aldrich), 100 U/ml penicillin and 100 μg/ml 
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streptomycin, as previously reported (Bene et al., 2017; McGrath et al., 2022; Wittmann et 

al., 2016) in an incubator at 37°C atmosphere containing 5% CO2.  

Mucin-producing LS174T human colon carcinoma cells (ECACC 87060401) were seeded in T75 

flasks at a density of 1.0 x 105 cells/ml in DMEM (Sigma-Aldrich) supplemented with 10% heat 

inactivated FBS, 2 mM glutamine, 100 U/ml of penicillin and 100 μg/ml streptomycin, as 

previously reported (Bene et al., 2017; McGrath et al., 2022; Wittmann et al., 2016) in an 

incubator at 37°C atmosphere containing 5% CO2. Cell culture media for both cell lines were 

refreshed three times weekly and expanded before reaching 70-80% confluence by passaging 

them with a dilution of 1/10. T84 cells were used at passage 59 and LS174T cells at passage 

18 in the subsequent experiments. When T84 and LS174T cells were used in co-culture (with 

a ratio of 1:10, respectively), the media consisted of 1:1 DMEM/F12 medium supplemented 

with 10% heat inactivated FBS, 2 mM glutamine, 100 U/ml of penicillin and 100 μg/ml of 

streptomycin and DEMEM supplemented with 10% heat inactivated FBS, 2 mM glutamine, 

100 U/ml penicillin and 100 μg/ml streptomycin. 

For the culture on transwells, either 1.6 x 105 T84 cells or 1.6 x 105 T84 cells with 1.6 x 104 

LS174T cells (in 100 µl) were seeded on either 6 mm or 12 mm large transwell with 0.4 μm 

pore polyester membrane insert (Corning) pre-coated with 10 µg/cm2 of type I rat tail 

collagen. TEER (transepithelial electrical resistance) was measured regularly to check the 

integrity of the T84 and T84/LS174T epithelium monolayer on transwells using EndOhm 

chamber and EVOM resistance meter (World precision instruments). Resistance value above 

1000 Ω×cm2 for T84 or 90 Ω×cm2 for T84/LS174T indicated the establishment of a tight 

monolayer (typically 8 to 13 days following seeding on transwells).  

 

2.6.2. Generation and culture of mBMDCs 

All experimental procedures and protocols used in this study were reviewed and approved by 

the Animal Welfare and Ethical Review Body (AWERB) at the University of East Anglia and 

were conducted within the provisions of the Animals (Scientific Procedures) Act 1986 (ASPA) 

https://www.sigmaaldrich.com/GB/en/product/sigma/cls3460
https://www.sigmaaldrich.com/GB/en/product/sigma/cls3460
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and the LASA Guiding Principles for Preparing for and Undertaking Aseptic Surgery (2010). 

Care of the animals for the duration of the study was in accordance with the UK Home Office 

guidelines. C57BL/6 mice were bred and maintained at a conventional animal unit at the 

University of East Anglia (Norwich, UK). All animals were specific pathogen-free and had 

access to a standard mouse diet and water ad libitum. C57BL/6 were killed by cervical 

dislocation and disinfected in 75% ethanol for 5 min. The tibias and femurs were removed 

under sterile conditions, then soaked in RPMI-1640 medium (Lonza) supplemented with 1% 

FBS. Both ends of the bone were cut off with scissors, and the needle of a 1 ml syringe was 

inserted into the bone cavity to rinse the bone marrow out of the cavity into a sterile culture 

dish with RPMI-1640 medium. The cell suspension in the dish was collected and centrifuged 

at 150 x g for 5 min, and the supernatant was discarded. The cell pellet was resuspended with 

Tris-NH4Cl red blood cell (RBC) lysis buffer (Lonza) to lyse the RBCs. Following a second 

centrifugation step at 150 x g for 5 min, the supernatant was discarded, and the pelleted cells 

were washed with PBS and collected. 

The resulting mBMDCs were cultured in cell culture dishes at a density of 5.0 × 105 cells/ml in 

Mercedes medium [RMPI 1640 (Lonza) supplemented with 25 mM HEPES, 2 mM L-glutamine, 

100 U/ml penicillin/streptomycin, 10% FBS, 1mM sodium pyruvate solution, 1 mM non-

essential amino acids and 55 µM mercaptoethanol] supplemented with 80 ng/ml granulocyte 

monocyte stimulating factor (GM-CSF) (Gentaur Molecular Products, Brussels, Belgium) in an 

incubator at 37°C atmosphere containing 5% CO2.  

 

2.6.3. Stimulation of mammalian cells with R. gnavus strains or glucorhamnan  

In another experiment, the purified glucorhamnan was also used to assess their immunicity 

on murine BMDC. For that, the purified glucorhamnan from the three strains were used at 

different concentration (from 0.1 to 100 µg/ml), and the production of TNF-α was measured. 

The results obtained, displayed in Fig. 14, show that the glucorhamnan from E1 enhances 

strong immune response when used at high concentrations. The glucorhamnan from the two 

other strains didn’t permit a significant production of TNF-α even when used at high 
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concentrations. The concentration of purified glucorhamnan used for the future experiments 

was then increased to 200 ng/ml to optimise the immune response obtained from the 

different cell lines used. 

 

 

Figure 14: Effect of R. gnavus strains and glucorhamnan on cytokine production by BMDCs.  

The assays were carried out in 3 replicates using glucorhamnan at 0.1, 1, 10 and 100 μg/ml concentrations, and 

whole bacteria at MOI of 50:1. The secretion of TNF-α was determined by ELISA. LPS at 100 μg/ml was used as 

a positive control. T-test was used for comparison with the negative control (* for p<0.05, ** for p<0.01, *** for 

p<0.001). 

To test the interaction with gut epithelial cell models, bacteria at MOI 20:1 or 200 µg/ml of 

purified glucorhamnan in DMEM/F12 medium were added to the apical part of the transwells. 

Untreated cells in DMEM/F12 medium were used as negative control. The cells were 

incubated at 37°C with 5% CO2 for 18 h. The medium from both apical and basolateral 

compartments were then collected for cytokine analysis (see section 2.8.3.).  

mBMDCs (5 x 105 cells per well) were incubated with the bacteria (MOI: 50:1) or purified 

glucorhamnan (200 µg/ml) for 18 h at 37°C in 96-well microplates (Nunc). LPS from E. coli 

O111:B4 (100 μg/ml) (InvivoGen, San Diego, USA) was used as a positive control. Growth 

* ** 

* 
*** 

** * 
** * * * 
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medium was used as negative control. Following incubation, the microwell plates were 

centrifuged at 510 × g for 3 min and the supernatant was collected and stored at -80°C until 

further analysis. 

In another experiment, the purified glucorhamnan was also used to assess their immunicity 

on murine BMDC. For that, the purified glucorhamnan from the three strains were used at 

different concentration (from 0.1 to 100 µg/ml), and the production of TNF- α was measured. 

The results obtained, displayed in Fig. 14, show that the glucorhamnan from E1 enhances 

strong immune resposne when used at high concentrations. The glucorhamnan from the two 

other strains didn’t permit a significant production of TNF-α even when used at high 

concentrations.After the incubation with bacteria/glucorhamnan, the apical and basolateral 

media were harvested, the cells were washed three times in Ca2+ and Mg2+ free PBS and TEER 

was then measured. The cells were lysed using TRIzol (Invitrogen, see section 2.7), snap frozen 

and kept at -80°C until RNA or protein extraction. 

 

2.7. Gene expression analysis 

The RNA extraction was carried out using TRIzol following the manufacturer’s instructions. 

Briefly, chloroform (160 µl) was added to the TRIzol lysates (800 µl) and centrifuged at 12,000 

x g at 4°C for 15 min, resulting in two phases: a lower red phenol-chloroform phase which 

contains the protein fraction and a colourless upper aqueous phase which contains RNA.  

The RNA fraction (87.5 µl) was first treated with DNAse I (Qiagen, Hilden, Germany) to remove 

any potential DNA contamination in the sample. Briefly, 2.5 µl of DNase I (corresponding to 7 

Kunitz units) and 10 µl of RDD buffer were added to the RNA fraction and then purified using 

the RNeasy MinElute kit (Qiagen, Hilden, Germany) following manufacturer’s instructions. 

The purified RNA quality was determined using Nanodrop (Thermo Fisher Scientific). The 

cDNA was produced from the purified RNA using QuantiTect Reverse Transcription Kit 

(Qiagen, Hilden, Germany) following the manufacturer's instructions. Briefly, 1 µg of RNA in 

12 µl was added to 2 µl of gDNA Wipeout Buffer 7X (Qiagen, Hilden, Germany), and incubated 
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for 2 min at 42°C. Quantiscript Reverse Transcriptase (1 µl) (Qiagen, Hilden, Germany), 

Quantiscript RT Buffer 5X (4 µl) (Qiagen, Hilden, Germany) and RT Primer Mix (1 µl) (Qiagen, 

Hilden, Germany) were added and the samples were incubated for 15 min at 42°C and for 3 

min at 95°C. The samples were then stored at -20°C until qPCR analysis. The qPCR was run 

using 20 ng of cDNA in QuantiTect SYBR Green PCR kit (Qiagen, Hilden, Germany) on a 

StepOnePlus™ PCR System (Applied Biosystem, USA). The primers used in this assay are 

summarised in Table 5. β-actin was used as house-keeping refence genes. The fold change in 

gene transcription when the cells were incubated with the bacteria or the glucorhamnan 

compared to the non-treated cells was calculated with the 2−∆∆Ct method. A fold change 

greater than 2 indicated an upregulation when comparing treatment to its control sample 

while a fold change lower than 0.5 indicated a downregulation. No effect on gene expression 

was considered for values between 2.0 and 0.5. 

Table 5: List of primers used for epithelium cells gene expression analysis. 

Primers 
Forward Primer  

(5’->3’)  

Reverse Primer  

(5’->3’) 

GAPDH AGGTCGGAGTCAACGGATTT TGGAAGATGGTGATGGGATTT 

RPS13 CGAAAGCATCTTGAGAGGAACA TCGAGCCAAACGGTGAATC 

Actin TGACGTGGACATCCGCAAAG CTGGAAGGTGGACAGCGAGG 

ZO-1 AAGTCACACTGGTGAAATCC CTCTTGCTGCCAAACTATCT 

CLN-1 GCAGATCCAGTGCAAAGTCT CATACACTTCATGCCAACGG 

Occludin 
Commercially available primers Hs_OCLN_1_SG QuantiTect 

Primer Assay (Qiagen) 

TLR4 
Commercially available primers Hs_TLR4_2_SG QuantiTect 

Primer Assay (Qiagen) 

IL-1β 
Commercially available primers Hs_IL1B_1_SG QuantiTect 

Primer Assay (Qiagen) 

IL-6 
Commercially available primers Hs_IL6_1_SG QuantiTect 

Primer Assay (Qiagen) 

IL-10 
Commercially available primers Hs_IL10_1_SG QuantiTect 

Primer Assay (Qiagen) 
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IL-29 
Commercially available primers Hs_IFNL1_2_SG QuantiTect 

Primer Assay (Qiagen) 

TNF-α 
Commercially available primers Hs_ TNF_1_SG QuantiTect 

Primer Assay (Qiagen) 

IFN-γ 
Commercially available primers Hs_IFNG_1_SG QuantiTect 

Primer Assay (Qiagen) 

CXCL5 
Commercially available primers Hs_CXCL5_1_SG QuantiTect 

Primer Assay (Qiagen) 

CXCL8 
Commercially available primers Hs_CXCL8_1_SG QuantiTect 

Primer Assay (Qiagen) 

 

2.8. Protein analysis 

2.8.1. Protein extraction 

Proteins were extracted using the TRIzol protocol (Invitrogen) following the manufacturer's 

instructions (see section 2.7). Following the TRIzol extraction, 300 µl of absolute ethanol was 

added to 1 ml of protein fraction, and the suspension was centrifuged at 2,000 x g at 4°C for 

5 min. The supernatant was collected, and isopropanol (1.5 ml) was added to the supernatant 

(1 ml). The samples were then centrifuged at 12,000 x g at 4°C for 10 min and the supernatant 

was discarded. The pellet was then washed using a solution of 0.3 M guanidine hydrochloride 

in 95% ethanol and centrifuged at 7,500 x g at 4°C for 5 min, this step was repeated three 

times. To remove all washing solution from the tubes, absolute ethanol (2 ml) was then 

added, the samples were centrifuged at 7,500 x g at 4°C for 5 min, the supernatant was 

discarded and the tubes were then air dried. The samples were then resuspended in a PBS 

solution containing 1% SDS and stored at -20°C until further analysis. 

 

2.8.2. Western blot analysis 

Protein samples were loaded (6.5 µg) with 10 mM of DTT (Dithiothreitol) and 1X NuPage LDS 

(lithium dodecyl sulfate) sample buffer (Invitrogen) on NuPage 4-12% Bis Tris gel (Invitrogen). 

Electrophoresis was carried out at 200 V, 300 mA and 50 W for 35 min in MES (2-morpholin-

4-ylethanesulfonic acid) buffer. The transfer of the proteins from the gel to a 0.2 µm pores 
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polyvinylidene fluoride membrane (Merck, Darmstadt, Germany) was carried out at 30 V, 300 

mA and 50 W using a Novex NuPage transfer buffer (Invitrogen) for 90 min. After transfer, 

bocking of the membrane was done using Pierce’s protein free blocking buffer (Thermo 

Fisher, USA). The membrane was then incubated with primary antibody diluted in PBS 

containing Tween 0.1% overnight under gentle shaking, followed by incubation with 

secondary fluorescent antibody for 1 h under shaking. The properties and concentration of 

antibodies used in this work are described in Table 6. Washes with PBS/Tween 0.1% were 

conducted between each step. Protein bands were detected with ChemiDoc MP imager 

(Biorad, USA).  

Table 6: List of antibodies used for western blot analysis.  

Antibody Origin 

Concentration in 

PBS+Tween 0.1% 
Secondary 

antibody 

Secondary antibody 

concentration in 

PBS+Tween 0.1% 

β-actin 

Mouse monoclonal 

(Santa Cruz, USA) 

0.2 µg/ml Alexa FluorTM 

647 goat anti 

mouse 

(Invitrogen) 

2 µg/ml 

ZO-1 

Rabbit monoclonal 

(Invitrogen) 

5 µg/ml Alexa FluorTM 

488 goat anti 

rabbit 

(Invitrogen) 

2 µg/ml 

occludin 

Mouse monoclonal 

(Invitrogen) 

10 µg/ml Alexa FluorTM 

647 goat anti 

mouse 

(Invitrogen) 

2 µg/ml 

 

2.8.3. Enzyme-linked immunosorbent assay (ELISA) 

Quantification of TNF-α and IL-10 secretion from mBMDCs was determined by ELISA using the 

protocols from Biolegend (San Diego, USA) for mouse TNF-α ELISA MAX Standard and mouse 

IL-10 ELISA MAX Standard assays. Briefly, wells of a 96-well microplate (Nunc) were coated 

with capture antibody (diluted 200 times in coating buffer: 8.4 g/l NaHCO3, 3.56 g/l Na2CO3, 
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pH 9.5), the supernatant (100 μl) from T84 cells or T84/LS174T cells incubated with R. gnavus 

strains, purified glucorhamnans or with medium only was added into wells and incubated for 

2 h at room temperature, then 100 µl of the detection antibody (200 times diluted in PBS with 

1% BSA) was added and incubated for 1 h at room temperature, streptavidin-HRP (100 µl, 250 

times diluted in PBS with 1% Tween-20 and 10% BSA) was then added to the wells and 

incubated for 30 min at room temperature. After each step, the cells were washed with PBS 

containing 0.05% Tween-20. Following incubation with 3,3',5,5'-Tetramethylbenzidine (TMB) 

substrate for 15 min, the colour development was stopped using 2N H2SO acid solution and 

was then monitored using a Bio-Rad Benchmark Plus microtiter plate reader at OD570/450nm. 

Quantification of IL-29, IL-6 and IL-10 secretion from epithelial cells was carried using human 

IL-29 (IFNλ1) ELISA, IL-6 ELISA and IL-10 ELISA (Invitrogen). Briefly, wells of a 96-well 

microplate (Nunc) were coated with capture antibody (diluted 250 times in PBS), the 

supernatant (100 μl) from T84 cells or T84/LS174T cells incubated with R. gnavus strains, 

purified glucorhamnans or with medium only was added into wells and then incubated with 

50 µl of the detection antibody (250 times diluted in PBS with 1% BSA) for 2 h at room 

temperature, and then streptavidin-HRP (100 µl, 250 times diluted in PBS with 1% BSA). After 

each step, the cells were washed with PBS containing 0.05% Tween-20. Following incubation 

with 3,3',5,5'-Tetramethylbenzidine (TMB) substrate for 15 min, the colour development was 

stopped using 2N H2SO acid solution and was then monitored using a Bio-Rad Benchmark Plus 

microtiter plate reader at OD570/450nm. 

Table 7: Antibodies used for human or mouse cytokines in ELISA or U-PLEX assays in this study. 

 Human Mouse 

 ELISA U-PLEX ELISA U-PLEX 

MIF ✕ ✓ ✕ ✕ 

CXCL5 ✕ ✓ ✕ ✕ 

IL-1β ✕ ✓ ✕ ✓ 

IL-8 ✕ ✓ ✕ ✕ 



83 | P a g e  
 
 

 

 

IL-6 ✕ ✓ ✕ ✓ 

IL-17 ✕ ✓ ✕ ✕ 

IL-33 ✕ ✓ ✕ ✕ 

IL-4 ✕ ✓ ✕ ✓ 

IL-29 ✓ ✓ ✕ ✕ 

TNF-α ✕ ✓ ✕ ✓ 

IFN-γ ✕ ✕ ✕ ✓ 

IL-10 ✕ ✕ ✓ ✓ 

IL-12p40 ✕ ✕ ✕ ✓ 

IL-13 ✕ ✕ ✕ ✓ 

CCL2 ✕ ✕ ✕ ✓ 

CXCL1 ✕ ✕ ✕ ✓ 

 

U-PLEX Assays (Meso Scale Discovery, USA) were used to analyse secretion of MIF, CXCL5, IL-

1β, IL-8, IL-6, IL-17, IL-33, IL-4, IL-29 and TNF-α from human epithelial cells and TNF-α, IFN-γ, 

IL-1β, IL-4, IL-6, IL-10, IL-12p40, IL-13, CCL2 and CXCL1 from mBMDCs following the 

manufacturer’s instructions. Briefly, each capture antibody was incubated for 30 min at room 

temperature with an associated U-PLEX linker (provided by the manufacturer, which enables 

the linkage between the biotinylated capture antibody and the spot on the U-PLEX plate) and 

the wells of a 96-well U-PLEX plate were coated with capture antibody/associated linker 

complex. The supernatant (50 µl) from T84 cells or T84/LS174T cells incubated with R. gnavus 

strains, purified glucorhamnans or with medium only were added to the wells and were then 

incubated for 1 h at room temperature with the detection antibodies conjugated with SULFO-

TAG (50 µl, 100 times diluted in Diluent 3 provided by the manufacturer). After each step, the 

cells were washed with PBS containing 0.05% Tween-20. The read buffer (provided by the 

manufacturer, used to catalyse the electrochemiluminescent reaction associated with the 

SULFO-TAG present on the detection antibody) was then added and analysis of the plate was 
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then monitored using MESOTM QuickPlex SQ 120 MSD plate reader to quantify 

electrochemiluminescence as a readout. 

 

2.10. In silico analysis  

BLASTP (blast.ncbi.nlm.nih.gov/Blast.cgi) was used for comparative alignments of genes 

between R. gnavus strains. Information on the genome of R. gnavus strains was obtained 

from the NCBI data bank (www.ncbi.nlm.nih.gov) for ATCC 29149, the Genoscope website 

(www.genoscope.cns.fr/agc/microscope) for the E1 strain and the Earlham Institute (formerly 

the genome analysis center, TGAC) (Norwich, UK) for ATCC 35913. 

 

2.11. Statistics 

Statistics were run using one-way or two-way ANOVA followed by Tukey’s test for multiple 

comparison on Prism software (GraphPad). A p-value beneath 0.05 was considered as 

statistically significant, p values are represented on graphs as following: *p<0.05; **p<0.01; 

***p<0.001. 

  

http://www.genoscope.cns.fr/agc/microscope
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Chapter 3: Investigation of R. gnavus cell surface 
glycosylation 
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3.1. Introduction 

Microbes display cell surface components called MAMPs (microbial-associated molecular 

patterns) such as flagella, pili, surface layer proteins (SLPs), capsular polysaccharide (CPS), 

lipoteichoic acid, and lipopolysaccharide (LPS) among others (Q. Liu et al.(Q. Liu et al., 2020). 

Bacterial polysaccharides are the main actors of interaction with the external environment, 

and in the gut, these play key roles in bacterial adaptation to the intestinal microenvironment, 

gut barrier function and mucus production (Artis, 2008; Patel & Dupont, 2015; Porter & 

Martens, 2017; Rook et al.,(Artis, 2008; Patel & Dupont, 2015; Porter & Martens, 2017; Rook 

et al., 2017). For example, B. thetaiotaomicron CPS enhances its competitiveness and 

colonisation in the murine gut and the tolerance of the bacterium to antibiotic stress (Porter 

et al., 2017). In addition, these cell surface polysaccharides have immunoregulatory 

properties in the gut through their interaction with the host PRRs, as shown for example with 

EPS from Bifidobacteria and Lactobacillus species (Hidalgo-Cantabrana et al., 2012; Udayan 

et al., 2021).  

R. gnavus ATCC 29149 displays on its cell surface a glucorhamnan polysaccharide composed 

of repeating units based on a backbone of three rhamnoses and a sidechain of two glucoses 

(as shown in Fig. 10A). While this glucorhamnan can induce a pro-inflammatory response in 

mBMDCs in vitro (Henke et al., 2019), it has been shown that R. gnavus ATCC 29149 also 

presents a CPS on its cell surface which induces a tolerance from the host immunity to this 

strain (Henke et al., 2021). R. gnavus CPS has been reported to contain repeating units made 

of six glucose, two N-acetylquinovosamine and one N-acetylgalactosamine, although the 

exact structure remains to be determined (Henke et al., 2021). The biosynthetic clusters of 

glucorhamnan and CPS have been identified in R. gnavus ATTC 29149 genome (Henke et al., 

2019, 2021). 

Here, we investigated the cell surface glycosylation of R. gnavus E1 and ATCC 35913 strains in 

comparison to R. gnavus ATCC 29149 using a combination of in silico and biophysical 

approaches and tested the influence of carbohydrate source and growth phase on their 
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composition. To do so, a lectin-binding screening approach have been used in order to probe 

the cell surface glycosylation among the three R. gnavus strains. The lectin used for this 

screening were selected to offer a broad range of detection, enabling the bound to sialic acid, 

glucose, mannose, galactose and fucose, which are the main monosaccharides suspected to 

be present on R. gnavus strains cell surface. This way, we will assess the potential difference 

between R. gnavus strains and the influence of environment on the cell surface glycosylation 

production.  

In addition, as R. gnavus different strains evolve in different niches in the host gut, we aimed 

to decipher the influence of the carbon source availability in the environment on R. gnavus 

strains cell surface glycosylation. As the R. gnavus strains studied here were observed to have 

differential influence on the host health outcomes, as mentioned in section 1.4.1, it is 

therefore suspectable that they display on their cell surface different factors of 

immunomodularity, which are potentially the cell surface glycosylation. To investigate this, 

bacteria will be grown in minimal medium supplemented with different carbohydrate sources 

during the experiment to visualise potential influence on the lectin binding profile of the 

conditions tested. This method will allow to overview a large number of conditions, including 

strains tested, growth conditions used and lectin assessed for binding with the available cell 

surface polysaccharide of R. gnavus strains. 

 

3.2. Results 

3.2.1. In vitro screening by flow cytometry  

A flow cytometry lectin-based screening assay was developed to investigate the 

polysaccharide epitopes present on the cell surface of R. gnavus ATCC 29149, ATCC 35913 

and E1 strains using a range of fluorescently-labelled lectins displaying different specificities 

for sugars (ConA, GNL, GSLI, LCA, LTL, SNA, UEAI and RCAI) (see Table 4). To determine the 

potential influence of the carbohydrate source on the cell surface glycosylation, R. gnavus 

strains were grown in rich medium (BHI-YH) or defined medium supplemented with a single 
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carbon source including glucose (Glc), fucose (Fuc), galactose (Gal), N-acetylglucosamine 

(GlcNAc), 3’-fucosyllactose (3’FL), lactose (Lac), 2’-fucosyllactose (2’FL), sucrose (Suc) or 3’-

sialyllactose (3’SL), difucosyllactose (DFL), melibiose (Mel) or raffinose (Raf). Flow cytometry 

was used to monitor and quantify the binding of fluorescently-labelled lectins to the bacterial 

cell surface (as described in methods section 2.3.). Bacteria were collected at 0.6 OD600nm, 

corresponding to 1x108 CFU for each strain. 

Using this approach, we first observed that the lectin-binding profiles differed between R. 

gnavus strains grown on the same medium. ConA showed a higher binding to R. gnavus ATCC 

29149 compared to that observed for E1 and ATCC 35913 when the strains were grown on 

Glc, Fuc, 3’FL and Mel (Fig. 15). In addition, when grown in 2’FL and Raf, R. gnavus ATCC 29149 

showed highest binding to RCAI among the different strains grown on the same carbohydrate 

sources (Fig. 16). When the bacteria were grown in Fuc, 3’FL, GlcNAc and Mel, ConA showed 

higher binding to R. gnavus E1 in comparison to ATCC 35913 (Fig. 15), while when the bacteria 

were grown in Glc, Fuc, 2’FL and 3’FL, R. gnavus ATCC 29149 showed highest binding to GSLI 

among the strains grown in the same media (Fig. 17). Finally, when the cells were grown in 

Glc, Lac, Raf, 2’FL or BHI-YH, RCAI showed higher binding to R. gnavus ATCC 35913 in 

comparison to the E1 strain grown in the same conditions (Fig 16).  

Since Glc is a major component of glucorhamnan (see Fig. 10A), the observed difference 

between R. gnavus E1 and ATCC 35913 in comparison with ATCC 29149 strain with regards to 

ConA binding, suggests potential differences in the composition of this polysaccharide 

between the strains. 
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Figure 15: R. gnavus strains grown with Glc, Fuc, 3’FL and GlcNAc lectin binding with ConA. 

R. gnavus E1 (dark green), ATCC 29149 (red) and ATCC 35913 (orange) were incubated with ConA after being 

grown with Glc (A), Fuc (B), 3’FL (C), GlcNAc (D) or Mel (E). Controls used were bacteria with no fluorescent lectin 

(pink for E1, blue for ATCC 29149 and green for ATCC 35913). 
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Figure 16: R. gnavus strains grown with Glc, Raf, Lac, 2’FL and BHI-YH lectin binding with RCAI. 

R. gnavus E1 (dark green), ATCC 29149 (red) and ATCC 35913 (orange) were incubated with RCAI after being 

grown with Glc (A), Raf (B), Lac (C), 2’FL (D) or BHI-YH (E). Controls used were bacteria with no fluorescent lectin 

(pink for E1, blue for ATCC 29149 and green for ATCC 35913). 

 

ATCC 29149 + lectin 
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Figure 17: R. gnavus strains grown with Glc, Fuc, 3’FL and 2’FL lectin binding with GSLI. 

R. gnavus E1 (dark green), ATCC 29149 (red) and ATCC 35913 (orange) were incubated with GSLI after being 

grown with Glc (A), Fuc (B), 3’FL (C) or 2’FL (D). Controls used were bacteria with no fluorescent lectin (pink for 

E1, blue for ATCC 29149 and green for ATCC 35913). 

 

The lectin-binding fluorescence profile was also influenced by the carbohydrate source 

available to the bacteria. For example, ConA showed higher binding to R. gnavus E1 grown on 

GlcNAc or Suc as sole carbon source than to this strain grown on other carbon sources (Fig. 

18A). When R. gnavus E1 was grown in Lac, this strain showed stronger binding to SNA than 

when it was grown with 2’FL, GlcNAc and Suc (Fig. 18B). R. gnavus ATCC 29149 grown with 

2’FL showed highest binding to RCAI whereas when grown with 3’SL, RCAI showed higher 

ATCC 29149 + lectin 

ATCC 35913 + lectin 

E1 + lectin 

ATCC 29149 No lectin 

ATCC 35913 No lectin 

E1 No lectin 

3’FL 
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binding compared to the same strain grown on melibiose (Fig. 18D). For R. gnavus ATCC 

35913, the bacteria grown in 2’FL showed highest binding to LCA as compared to growth in 

3’SL and Mel (Fig. 18E), and to SNA, GSLI and RCAI when the bacteria were grown in 3’SL 

compared to growth in 2’FL or Mel (Fig. 18F, 18G and 18H). 
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Figure 18: Effect of carbohydrate source used to grow R. gnavus strains on binding with different lectins. 

R. gnavus E1 was incubated with ConA (A) or SNA (B) after being grown with Suc (dark green), GlcNAc (red), Lac 

(orange) or 2’FL (purple). Controls used were bacteria with no fluorescent lectin (pink for E1 grown with Suc, 

blue for E1 grown with GlcNAc, green for E1 grown with Lac and teal for E1 grown with 2’FL). R. gnavus ATCC 

29149 was incubated with LCA (C) or RCAI (D) after being grown with 3’SL (dark green), Mel (red) or 2’FL (orange). 
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Controls used were bacteria with no fluorescent lectin (pink for ATCC 29149 grown with 3’SL, blue for ATCC 

29149 grown with Mel and green for ATCC 29149 grown with 2’FL). R. gnavus ATCC 35913 was incubated with 

LCA (E), SNA (F), RCAI (G) or GSLI (H) after being grown with 3’SL (dark green), Mel (red) or 2’FL (orange). Controls 

used were bacteria with no fluorescent lectin (pink for ATCC 35913 grown with 3’SL, blue for ATCC 35913 grown 

with Mel and green for ATCC 35913 grown with 2’FL).  

The data corresponding to the geometric mean fluorescence intensity (MFI) from each 

condition tested, calculated using the Flow Jo software are summarised in Fig. 19. In these 

results, we can see differences in the fluorescence profile of each strain depending on the 

carbohydrate source used to grow the bacteria: for example, in Fig. 19, we can see that MFI 

with ConA is stronger for E1 grown with Suc, Mel, Raf and DFL than with other carbohydrates. 

Also, there is a different of MFI between strains grown in the same conditions: for example, 

in Fig. 19, between E1 and ATCC 29149 grown in BHI-YH resulting in a higher MFI with ConA. 

These data suggest differences in cell surface polysaccharide composition between strains 

and depending on the carbohydrate source.  
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Figure 19: Summary of R. gnavus lectin binding screening by flow cytometry.  

Relative fluorescence level of lectin binding profile of R. gnavus strains grown on different carbohydrates as sole 

carbon-source.  
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3.2.2. Bioinformatics analysis  

Following the results from the lectin screening assay, bioinformatic analyses of the 

glucorhamnan and cps biosynthetic clusters in R. gnavus strains were carried out to gain 

further insights into potential differences in cell surface glycosylation. R. gnavus strain ATCC 

29149 synthesises glucorhamnan with a rhamnose backbone and glucose sidechains (Henke 

et al., 2019). The rhamnose backbone is made from α-(1,2)- and α-(1,3)-linked rhamnose 

units, and the sidechain has a terminal glucose linked to a α-(1,6)-glucose (Fig. 20). The 

biosynthetic cluster for this molecule is made of 23 genes encompassing four biosynthetic 

genes (RUMGNA_03521, RUMGNA_03528, RUMGNA_03529 and RUMGNA_03530) needed 

to convert glucose to rhamnose and five glycosyltransferases (GTs) (RUMGNA_03514, 

RUMGNA_03518, RUMGNA_03519, RUMGNA_03524 and RUMGNA_03532) needed to build 

the repeating pentasaccharide unit of the glucorhamnan (Fig. 20). 

 

Figure 20: R. gnavus ATCC 29149 cell surface glucorhamnan 

Polysaccharide structure composed of a rhamnose backbone and a glucose side chain. 

Using BLASTP, we identified genes in R. gnavus E1 and ATCC 35913 with homology to those 

encoded by R. gnavus ATCC 29149 glucorhamnan biosynthetic cluster, suggesting an overall 

conservation of the cluster in these strains (Fig. 21). However, some strain-specific differences 

within the cluster were found: out of the 23 genes in the R. gnavus ATCC 29149 cluster, 19 

genes were shared with E1, 4 genes were absent in E1 with 4 additional genes present in this 

strain. Nineteen genes from R. gnavus ATCC 29149 strain were shared with ATCC 35913, 4 

genes were absent in ATCC 35913 with 3 additional genes present in this strain (Fig. 21).  
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Figure 21: Bioinformatic analysis of glucorhamnan clusters.  

Comparison of glucorhamnan-like biosynthesis cluster in R. gnavus strains. Gene family functions are grouped 

by colour. Each gene homologues are labelled from 1 to 27 and associated label numbers are integrated in 

Supplementary data 2. Drawn using Clinker (Galaxy, USA). 

Further information on the predicted function of each protein encoded by the genes present 

in the glucorhamnan cluster of the three strains was obtained by searching for homologous 

proteins in the NCBI data bank (summarised in Supplementary data 2). Although the function 

of some of these genes could not be predicted, this analysis showed that the 4 genes (locus 

tags 11, 20, 21 and 22) predicted to encode rhamnose biosynthesis proteins in R. gnavus ATCC 

29149 were also present in both E1 and ATCC 35913, suggesting that the rhamnose 

polysaccharide is identical between the different strains. The three genes predicted to encode 

cell wall remodelling proteins were also conserved across the three strains, namely 

polyisoprenyl-teichoic acid-peptidoglycan teichoic acid transferase TagV (locus tag 2), LCP 

family protein (locus tag 5) and N-acetylmuramoyl-L-alanine amidase (locus tag 24), which 

suggests that the final steps leading to the transfer of the glucorhamnan from the lipid-linked 

precursor to the cell wall peptidoglycan are the same between the different strains. In 

addition, the two genes predicted to encode glucose priming proteins in R. gnavus ATCC 

29149 (locus tags 6 and 27) were present in both E1 and ATCC 35913 strains. Out of the two 

genes predicted to encode polyphosphoglycerol synthesis proteins in R. gnavus ATCC 29149 

(locus tags 13 and 26), only RUMGNA_03533 (locus tag 13) was present in both E1 and ATCC 
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35913 while RUMGNA_03523 (locus tag 26) was absent in these strains; and the gene 

RUMGNA_03515 (locus tag 4) predicted to encode oligosaccharide polymerisation protein in 

R. gnavus ATCC 29149 was also present in the two other strains. Also, R. gnavus E1 displays 

an additional transporter gene (locus tag 7), not present in the two other strains. Apart from 

this gene, R. gnavus ATCC 35913 gene cluster is identical to that of E1. 

Differences in the number and type of GTs (Summarised in Table 8) were observed between 

R. gnavus ATCC 29149 and the other two strains. As shown in Fig. 21, R. gnavus ATCC 29149 

cluster contained five genes encoding GTs, four belonging to GT2 family (locus tags 3, 8, 16 

and 25) and one belonging to GT4 family (locus tag 9), while R. gnavus E1 and ATCC 35913 

strains encode four GTs belonging to the GT2 family (locus tags 3, 8, 16 and 23) (Fig. 21). The 

three GT2 genes shared between R. gnavus ATCC 29149, E1 and ATCC 35913 strains are 

predicted to encode a rhamnosyltransferase (locus tag 3), a N-acetylglucosaminyl-diphospho-

decaprenol L-rhamnosyltransferase (locus tag 8) and a hyaluronan synthase (locus tag 16), 

therefore all implicated in the addition of rhamnose in the repeating unit of the cell surface 

polysaccharide. The GT4 (locus tag 9) and the GT2 (locus tag 25) genes unique to R. gnavus 

ATCC 29149 are predicted to encode a polysaccharide pyruvyl transferase family protein and 

a bactoprenol glucosyl transferase, respectively. The GT2 gene (locus tag 23) unique R. gnavus 

E1 and ATCC 35913 strains is predicted to encode a N-acetylgalactosaminyl-

diphosphoundecaprenol glucuronosyltransferase. Polyspecificity (enzymes with different 

donor and/or acceptor found in the same family) is common among GT families, which makes 

precise functional predictions difficult. However, while the GT2 family encompasses 

glucosyltransferases and rhamnosyltransferases, no rhamnosyltransferase has been reported 

in the GT4 family, suggesting that, in R. gnavus ATCC 29149 glucorhamnan biosynthetic 

cluster, this enzyme (predicted to encode for a polysaccharide pyruvyl transferase; absent in 

R. gnavus E1 and ATCC 35913) can hypothetically be responsible for the addition of glucose. 

Previous results obtained in the lectin binding screening showed that the strain ATCC 29149 

showed higher binding to ConA (which as affinity for glucose) than E1 and ATCC 35913 strains 

when grown in BHI-YH. Put together, those information prompt us to think that ATCC 29149 
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display on it cell surface one or several polysaccharides, comprising the glucorhamnan, 

containing glucose in their structure.  

Table 8: Summary of GTs present in the glucorhamnan cluster of R. gnavus strains.  
Homologous genes are represented on the same rows of the table. Blue corresponds to GT2 family, red to GT4 

family. 

Locus tag ATCC 29149 E1 ATCC 35913 GT family 

3 RGMGNA_03514 RUGNEv3_61017 RGNV35913_02506 GT2 

8 RGMGNA_03518 RUGNEv3_61022 RGNV35913_02510 GT2 

9 RGMGNA_03519 Not present Not present GT4 

16 RGMGNA_03524 RUGNEv3_61027 
RGNV35913_02516; 
RGNV35913_02517 

GT2 

23 Not present RUGNEv3_61034 RGNV35913_02524 GT2 

25 RGMGNA_03532 Not present Not present GT2 

 

In addition to the glucorhamnan cluster, R. gnavus ATCC 29149 harbours an additional cps 

cluster (see Fig. 22), which is also present in ATCC 35913 but reported to have nonsense 

mutations in several genes likely leading to a non-functional cluster Henke et al. (2021). Using 

BLASTN, taking as reference ATCC 29149 cps cluster genes, we showed that this cluster was 

absent in R. gnavus E1 strain.  
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Figure 22: R. gnavus ATCC 29149 cps biosynthetic gene cluster.  

(A) Biosynthetic cluster of the CPS in ATCC 29149. Gene family functions are grouped by colour. RUMGNA_02411 

correspond to the gene present on the far left. (B) Comparison of cps biosynthesis cluster between ATCC 29149 

and ATCC 35913. 

A 
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Using transmission electronic microscopy (TEM), we observed that R. gnavus ATCC 29149 

displayed a thick and dense capsular layer on its cell surface, in agreement with the presence 

of the cps biosynthetic cluster while R. gnavus ATCC 35913 strain only displayed a thin layer, 

also in accordance with the cps biosynthetic cluster being non-functional in this strain (Fig. 

23). The strain E1 couldn’t have been observed in TEM here but as it have been observed 

earlier, R. gnavus strain E1 display a thick capsule layer as for ATCC 29149, we would then 

expect E1 bacteria to form a thick and dense capsular layer on its cell surface as well. 

 

  

Figure 23: Transmission electronic microscopy (TEM) of R. gnavus strains. 

R. gnavus strain ATCC 29149 (A) and ATCC 35913 (B) grown in BHI-YH were negatively-stained with uranyl 

acetate and imaged by TEM. Images courtesy of Kathryn Gotts. 

 

3.2.3. Structural characterisation of R. gnavus cell surface polysaccharide 

Having shown strain-specific differences in the lectin binding profile of R. gnavus strains, 

supported by differences in their polysaccharide biosynthetic clusters, we next structurally 

A B 

ATCC 29149 ATCC 35913 
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characterised the cell surface polysaccharides of R. gnavus ATCC 35913 grown in BHI-YH by 

GC-MS and proton NMR.  

As described in section 2.4.1 and 2.4.2 and in Supplementary data 6, the freeze-dried bacteria 

were treated with citric acid and butanol, resulting in the generation of a pellet (sample S), 

aqueous phase (sample O), interphase (sample G) and butanol phase (sample P), 

corresponding to different component of the bacterial cells. To extract the cell surface 

polysaccharide, sample S was further treated with hydrofluoric acid. The pellet (sample S) and 

aqueous samples were converted to AMG (acetylated methyl glycosides) and analysed by GC-

MS along with oligosaccharide standards. The GC-MS chromatograms indicated the presence 

of glucose and rhamnose in the pellet (Fig. 24A) while glucose, rhamnose, mannose and ribose 

in the aqueous phase (Fig. 24B). 
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Figure 24: GC-MS analysis of the pellet fraction and the aqueous phase of R. gnavus ATCC 35913 cell surface 

polysaccharide. 

GC-MS analysis of (A) the sample S corresponding to the pellet fraction from the citric acid/butanol extraction 

and (B) the sample O corresponding to the aqueous phase with the AMG method. Rha for rhamnose, Man for 

mannose, Glc for glucose, Rib for ribose and Gal for galactose. 

 

Next, in order to determine the absolute configuration of glucose and rhamnose present in 

sample S, (R)-(-)-2-octanol was used to generate AOG (acetylated octyl glycosides) which were 

analysed using GC-MS. By comparing with standards, the monosaccharides present in the 

sample S were identified as L-rhamnose (Fig. 25) and D-glucose (Fig. 26).  
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Figure 25: Absolute configuration analysis of rhamnose by GC-MS of R. gnavus ATCC 35913 pellet fraction. 

(A) The sample S corresponding to the pellet fraction from the citrate/butanol extraction described in section 

2.4.2, treated with (R)-(-)-2-octanol; (B) Rhamnose sample treated with racemic 2-octanol; (C) Rhamnose sample 

treated with (R)-(-)-2-octanol. L-Rha(-)oct stands for L-rhamnose-(-)-2-octanol and L-Rha(+)oct stands for L-

rhamnose-(+)-2-octanol. 
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Figure 26: Absolute configuration analysis of glucose by GC-MS of R. gnavus ATCC 35913 pellet fraction. 

(A) The sample S corresponding to the pellet fraction from the citrate/butanol extraction described in section 

2.4.2, treated with (R)-(-)-2-octanol; (B) Glucose sample treated with racemic 2-octanol; (C) Glucose sample 

treated with (R)-(-)-2-octanol. D-Glc(-)oct stands for D-glucose-(-)-2-octanol and D-Glc(+)oct stands for D-glucose 

-(+)-2-octanol. 

Finally, the linkage between the different monosaccharides was determined using the PMAA 

(partially methylated acetylated alditols) method. This reaction results in the methylation of 

the free hydroxide groups in the carbohydrate cycle, while the hydroxide groups generated 

after the separation of the different monosaccharides composing the polysaccharide are 

acetylated. The analysis of the PMAA compounds by GC-MS allows to identify which 

hydroxide group was involved in a linkage with another carbohydrate. The mass spectra 

associated with the GC showed the presence of 2-6-deoxy-hexose, 3-6-deoxy-hexose, 2,3-6-

deoxy-hexose, 3,4-6-deoxy-hexose, 2,4-6-deoxy-hexose, t-hexose, 3-hexose, 3-hexose, 4-

hexose, 6-hexose and 3,4-hexose (Fig. 27). This analysis indicates that the cell surface 

polysaccharide is composed of a terminal hexose and 6-deoxy-hexoses linked by either their 

carbon 2, 3 or both. 

B 

A 
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Figure 27: GC-MS analysis of the pellet fraction from ATCC 35913 glucorhamnan purification with the PMAA 

method.  

“hex” stands for hexose and “dhex” stands for 6-deoxy-hexose. 

Next, we used 2D NMR to determine the presence and configuration of polysaccharides 

present in the pellet. The analysis of the spectra indicates that the polysaccharide is 

composed of four α-6-deoxy hexose and β-1-hexose (Fig. 28). Together with the GC-MS 

results, these data indicate that the polysaccharide is composed of four α-L-rhamnoses and 

one β-D-glucose. Furthermore, based on the analysis of the 2D NMR spectra, we propose that 

the R. gnavus ATCC 35913 cell surface polysaccharide is a glucorhamnan with a backbone 

composed of four α-(1,2) and α-(1,3) linked rhamnose and sidechains composed of one β-

(1,3) linked glucose, therefore different from that of ATCC 29149 (Fig. 10A).  
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Figure 28: 2D NMR spectrum of R. gnavus ATCC 35913 glucorhamnan. 

(A) Superposed 2D NMR spectra of ATCC 35913 purified cell surface polysaccharide with HSQC (in red and pink) 

and HMBC (in blue). In the HSQC spectrum, red dots correspond to carbon bound to two hydrogens while pink 

dots correspond to carbon bound to one or three hydrogens. (B) Representation of the glucorhamnan structure 

established from 2D NMR with associated dot denomination. 

Large-scale culture of R. gnavus E1 grown in BHI-YH was provided to our collaborator in 

Naples. GC-MS and NMR showed the same structural composition as R. gnavus ATCC 35913 

purified cell surface polysaccharide (Cristina de Castro, personal communication). 

Then, to investigate the influence of the carbohydrate source on R. gnavus glucorhamnan 

composition, and based on the lectin-binding screening results, large-scale culture of R. 

gnavus ATCC 35913 strain grown with melibiose (D-Gal-α(1→6)-D-Glc) as sole carbon source 

was provided to our collaborator for structural characterisation. 1D NMR (shown in 

A 

B 
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Supplementary data 3) analysis revealed differences in the rhamnose/glucose ratio of R. 

gnavus ATCC 35913 glucorhamnan when the bacteria were grown with melibiose which was 

6.6 as compared to 5.1 when grown in BHI-YH while the rhamnose/glucose ratio of R. gnavus 

grown on BHI-YH was 3.2 (Table 9). The expected rhamnose/glucose ratio is theoretically 4 as 

each repeating unit is composed of 4 rhamnoses and 1 glucose. These data indicate that the 

glucorhamnan structure of R. gnavus ATCC 35913 and E1 strains, although displaying the 

same repeating unit structure and a similar biosynthetic gene cluster, can be influenced by 

growth conditions. This indicates a potential reshaping of the glucorhamnan structure which 

would be done after the initial synthesis, resulting in a different final composition of 

rhamnose/glucose in the glucorhamnan depending on the strain and the nutritional niche of 

the bacteria.  

Table 9: Relative quantification of monosaccharides of R. gnavus strains E1 and ATCC 35913 glucorhamnans. 

The cell surface polysaccharides of R. gnavus E1 grown in BHI-YH and ATCC 35913 grown in BHI-YH or 

LAB+melibiose were determined by 1D NMR and area under the curve was measured for each anomeric region 

peak of the spectra from Supplementary data 3. The values are normalised to the glucose anomeric region 

area conditions. Calculated rhamnose/glucose ratio displayed in the last row. Data from E1 grown in BHI-YH 

and ATCC 35913 provided by our collaborators from Cristina De Castro’s team in the University of Naples, Italy. 

Conditions E1 grown in BHI-YH ATCC 35913 grown in 

BHI-YH 

ATCC 35913 grown 

with melibiose 

Area Rha A 0.763158 1.016129 1.111111 

Area Rha B+C 15.52632 2.532258 3.148148 

Area Rha D 0.842105 1.596774 2.296296 

Area Glc 1 1 1 

ARha/Glc 3.2 5.1 6.6 
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3.2.4. R. gnavus gene transcription analysis of GTs from glucorhamnan and cps clusters 

To gain a better understanding of the factors underpinning the differences in the 

glucose/rhamnose ratio of the glucorhamnan between R. gnavus ATCC 29149 and ATCC 

35913 strains (section 3.2.3), we investigated the influence of the culture medium and growth 

phase on the gene expression level of GTs present in the glucorhamnan cluster of these 

strains. The bacteria were grown in BHI-YH (both strains) or minimal medium supplemented 

with melibiose (ATCC 35913 only) at exponential and stationary phase.  

Quantitative PCR was first used to determine the expression level of RUMGNA_03514, 

RUMGNA_03518, RUMGNA_03532 GT genes (encoding, respectively, predicted 

rhamnosyltransferase, N-acetylglucosaminyl-diphospho-decaprenol L-rhamnosyltransferase 

and bactoprenol glucosyl transferase homolog from prophage CPS-53) in R. gnavus ATCC 

29149 and RGNV35913_02506, RGNV35913_02510, RGNV35913_02516, RGNV35913_02524 

GT genes (encoding, respectively, predicted rhamnosyltransferase, N-acetylglucosaminyl-

diphospho-decaprenol L-rhamnosyltransferase, hyaluronan synthase and N-

acetylgalactosaminyl- diphosphoundecaprenol glucuronosyltransferase) in R. gnavus ATCC 

35913.  

As shown in Fig. 29A, in R. gnavus ATCC 29149 grown in BHI-YH, the three genes 

(RUMGNA_03514, RUMGNA_03518 and RUMGNA_03532) displayed similar levels of 

expression after 6 h of growth. Also, the expression of each GT gene tested was higher after 

6 h culture compared to the expression level after 24 h culture. These data are in accordance 

with previous results showing that the expression of several genes in the glucorhamnan 

cluster of R. gnavus ATCC 29149 (RUMGNA_03521, RUMGNA_03528, RUMGNA_03519, 

RUMGNA_03514 and RUMGNA_03524) decreased after 24 h of growth (Henke et al., 2019). 

Though, as these data were acquired using only one assay, this experiment would need 

repeating to confirm the results obtained. 

In R. gnavus ATCC 35913, the expression level varied among the selected GT genes from the 

glucorhamnan cluster. When R. gnavus ATCC 35913 was grown in BHI-YH, RGNV35913_02516 
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gene showed the highest expression level, followed by RGNV35913_02506, which showed a 

higher expression level than RGNV35913_02510 and RGNV35913_02524 after either 6 h or 

24 h culture; also, RGNV35913_02506 and RGNV35913_02516 showed higher expression 

level after 24 h than 6 h of growth while RGNV35913_02510 and RGNV35913_02524 showed 

higher expression level after 6 h than 24 h of growth. When R. gnavus ATCC 35913 was grown 

on melibiose, RGNV35913_02506 showed the highest level of expression after 6 h of growth, 

followed by RGNV35913_02516, which showed higher level of expression than 

RGNV35913_02516 and RGNV35913_02524; while RGNV35913_02516 showed the highest 

level of expression after 24 h of growth, followed by RGNV35913_02506, RGNV35913_02516 

and RGNV35913_02524.  

These results showed that differences in gene expression levels are dependent on the strain 

and growth medium. If we consider that each GT gene in the glucorhamnan cluster is 

responsible for the addition of one monosaccharide in the repeating unit composition of the 

glucorhamnan, as suggested by Henke et al. (2019), then the level of expression for each GT 

in this cluster may directly influence the composition of rhamnose and glucose in the 

glucorhamnan, consistent with the differences observed in the ratio of rhamnose to glucose 

in showed in Table 9. Together these data indicate that R. gnavus E1 and ATCC 35913 strains 

may display subtle differences in glucorhamnan composition although they possess the same 

repeating unit structure. 

 



111 | P a g e  
 
 

 

 

6
 h

2
4
 h

6
 h

2
4
 h

6
 h

2
4
 h

0 .1

1

1 0

1 0 0

A T C C  2 9 1 4 9  in  B H I-Y H
R

e
la

ti
v

e
 l

e
v

e
l 

o
f 

e
x

p
r
e

s
s

io
n

R U M G N A _0 3 5 14

R U M G N A _0 3 5 18

R U M G N A _0 3 5 32

A

6
 h

2
4
 h

6
 h

2
4
 h

6
 h

2
4
 h

6
 h

2
4
 h

0 .1

1

1 0

1 0 0

1 0 0 0

A T C C  3 5 9 1 3  in  B H I-Y H

R
e

la
ti

v
e

 l
e

v
e

l 
e

x
p

r
e

s
s

io
n R G N V 3 5 9 1 3 _ 0 2 5 0 6

R G N V 3 5 9 1 3 _ 0 2 5 1 0

R G N V 3 5 9 1 3 _ 0 2 5 1 6

R G N V 3 5 9 1 3 _ 0 2 5 2 4

B

6
 h

2
4
 h

6
 h

2
4
 h

6
 h

2
4
 h

6
 h

2
4
 h

0 .1

1

1 0

1 0 0

1 0 0 0

A T C C  3 5 9 1 3  in  m e lib io s e

R
e

la
ti

v
e

 l
e

v
e

l 
o

f 
e

x
p

r
e

s
s

io
n

R G N V 3 5 9 1 3 _ 0 2 5 0 6

R G N V 3 5 9 1 3 _ 0 2 5 1 0

R G N V 3 5 9 1 3 _ 0 2 5 1 6

R G N V 3 5 9 1 3 _ 0 2 5 2 4

C

 

Figure 29: R. gnavus glucorhamnan cluster GT gene expression.  

Expression of RUMGNA_03514, RUMGNA_03518 and RUMGNA_03532 GTs in R. gnavus ATCC 29149 grown in 

BHI-YH (A) and RGNV35913_02506, RGNV35913_02510, RGNV35913_02516 RGNV35913_02524 GTs in R. 

gnavus ATCC 35913 grown in BHI-YH (B) or melibiose (C). Analysis was carried out after 6 h or 24 h of culture. 

The 16SRg5 expression was used as reference to normalise the data. The experiment was done using one assay. 
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The qPCR approach was also used to determine the gene expression of one of the GT gene 

RUMGNA_02407 in R. gnavus ATCC 29149 cps biosynthetic cluster. The results confirmed the 

expression of the GT when the bacteria were grown in BHI-YH with 3.5-fold more expression 

during the exponential phase (6 h) than during the stationary phase (24 h) (Fig. 30). A similar 

pattern of expression was obtained for several GT genes of the R. gnavus ATCC 29149 

glucorhamnan cluster, indicating that both the glucorhamnan and CPS follow a similar 

synthesis pattern throughout the different stages of bacterial growth. 
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Figure 30: R. gnavus cps cluster GT gene expression. 

Relative expression of the cps biosynthetic cluster gene RUMGNA_02407 in R. gnavus ATCC 29149 after 6 h or 

24 h of growth. The 16SRg5 expression was used as reference to normalise the data. The experiment was done 

using one biological and technical replicate. 

 

3.3. Discussion 

The results from the lectin binding screening and bioinformatics analyses suggest strain-

specific differences in the cell surface glycosylation of R. gnavus. As the lectin binding is 

assessing the presence of different monosaccharides available on cell surface of the bacteria, 

this experiment limited the polysaccharide residue detection to the monosaccharide available 

at the apex of the capsule, as it is in vivo, where host immune cells only detects superficial 

residues while other saccharides hidden underneath the capsule would be undetected by the 
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host immunity, but other methods could have been used, like histochemistry or lectin 

microarrays, to investigate further R. gnavus strains cell surface whole cell surface 

glycosylation. PBS was used even though it does not contain Ca2+, needed for the binding of 

some lectins, therefore not allowing the experiment to be conclusive, TBS should be used 

here instead as it contains the necessary Ca2+ mentioned. Nonetheless, the strain-specific cell 

surface glycosylation was confirmed by structural analyses of R. gnavus ATCC 35913 using a 

combination of NMR and GC-MS approaches. We showed that although glucorhamnan was 

present in the three R. gnavus strains tested, its structural composition was different in R. 

gnavus ATCC 35913 and E1 strains as compared to the previously characterised ATCC 29149 

strain (Henke et al., 2019). The glucorhamnan of R. gnavus ATCC 35913 and E1 strains 

revealed a backbone composed of four α-(1,2) and α-(1,3)-linked rhamnoses and sidechains 

composed of one β-(1,3)-linked glucose (Fig. 31A).  

 

Figure 31: Structure of R. gnavus glucorhamnan.  

(A) ATCC 35913 (this work) and E1 (unpublished). (B) ATCC 29149 (Henke et al. 2019). 

A similar structure has been identified in Streptococcus uberis strain 233, and Streptococcus 

mutans serotype c, both pathogens in bovine and human, respectively, but no associated 

function has been elucidated yet (Czabańska et al., 2013; King et al., 2021) (Fig. 32A). Other 

polysaccharides with similar structure were found in Shigella flexneri strain 2a (Hlozek et al., 

2020) described in Fig. 32B, this polysaccharide has been shown to induce a pro-inflammatory 

immune response in mouse (Tian et al., 2021). 

A B 
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Figure 32: Polysaccharides sharing similar structures with R. gnavus glucorhamnan. 

Polysaccharides present on the cell surface of (A) Streptococcus uberis strain 233 (Czabańska et al., 2013) and 

(B) Shigella flexneri strain 2a (Hlozek et al., 2020). 

The strain-specific differences in the glucorhamnan structure between R. gnavus E1, ATCC 

35913 and ATCC 29149 is consistent with the differences in the GT profile observed in the 

glucorhamnan biosynthesis gene cluster of these three strains. However, the structural 

composition of R. gnavus CPS remains elusive since it was not possible to identify it using 

NMR and GC-MS methods in R. gnavus ATCC 29149 (Cristina deCastro, personal 

communication). Strain-specific differences in cell surface glycosylation have been reported 

for pathogens such as Streptococcus suis, a pathogen in pigs that can cause severe systemic 

infection in humans, where four strains showed differences in the structure of their CPS due 

to one single nucleotide polymorphism (SNP) present in the gene encoding a GT (Roy et al., 

2017). Differences were also reported from diverse strains of Neisseria (both N. meningitidis 

and N. gonorrhoeae) with lipooligosaccharide (LOS) structure and CPS greatly influencing the 

virulence of the organism and the host innate immune responses (Pridmore et al., 2003). The 

lipid A structure of both N. meningitidis and N. gonorrhoeae consists of α β-d-glucosaminyl-

(1′→6)-d-glucosamine disaccharide backbone with variable patterns of phosphorylation and 

fatty acid acylation (Kulshin et al., 1992; Takayama et al., 1986). These differences in cell 

surface polysaccharide composition could be a competitive advantage as it would give R. 

gnavus strains a broader diversity of microbial patterns recognised by the host, leading to a 

more likely tolerance and evading against the host immunity in comparison with other gut 

bacterial species. 
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In addition, the lectin binding screening suggests that R. gnavus cell surface glycosylation may 

be influenced by the carbon source accessible to the bacteria. This is particularly relevant to 

gut bacteria which depending on their biogeography along and across the GI tract live in 

different nutritional niches. This relates to R. gnavus, as previous work showed that some of 

R. gnavus strains are mucin polysaccharide foraging (such as R. gnavus ATCC 29149 or ATCC 

35913) whereas others such as E1 are non-mucin polysaccharide foraging strains (Crost et al., 

2013, 2016), suggesting differences in spatial colonisation of the gut (Bell et al., 2019). The 

influence of carbohydrate availability on cell surface glycosylation has been reported for E. 

coli strains K4 and K5, where the composition of the bacterial CPS and its secretion level 

differed following the carbohydrate used to grow the bacteria (Francesca Restaino et al., 

2017). However, less is known about strain-differences and the influence of the carbohydrate 

source on CPS in commensal bacteria. Furthermore, the data from GC-MS and NMR analysis 

showed differences in the rhamnose/glucose ratio displayed by E1 and ATCC 35913, and that 

following the condition of culture in which the bacteria were grown in. As the biosynthesis 

clusters in the two strains show no difference in GT profile, we can hypothesise that the 

differences observed could be due to the action of GTs and GH reshaping the glucorhamnan 

structure. To test that, the activity of GTs and GHs can be assessed using RT-qPCR with R. 

gnavus strains grown in different medium to quantify associated RNA level and corelate it 

with the rhamnose/glucose ratio. 

It is therefore possible that the cell surface glycosylation of R. gnavus strains inhabiting the 

mucus niche differ from R. gnavus luminal strains and as a result differentially impact host 

health. In the next chapters, we will investigate the effect of R. gnavus strains and their 

associated glucorhamnans on the host immune and epithelial cell responses.  

  



116 | P a g e  
 
 

 

 

 

 

 

 

 

 

Chapter 4: Effect of R. gnavus strain-specific cell 
surface glycosylation on gut barrier function 
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4.1. Introduction 

Interactions occurring at the mucosal interface between the gut microbiota and the host are 

critical to the development and maintenance of gut barrier function. This is particularly 

relevant to gut bacteria living in proximity to the host epithelium. As the mucus layer serve as 

a physical barrier between the gut microbiota and the intestinal monolayer, the bacteria 

inhabiting the gut secrete extracellular polysaccharides, extracellular proteins, indole, 

extracellular vesicles, short-chain fatty acids, but also bacteriocins which can interact with 

receptors on intestinal cells, enhancing the expression of tight junction genes, or in goblet 

cells, promoting the production of mucus (Kumar et al., 2020).  

Cell surface polysaccharides such as CPS, LPS or EPS expressed by members of the gut 

microbiota can influence gut barrier function through the modulation of the expression or 

distribution of tight junction proteins in the intestinal epithelium. For example, EPS from 

Lactobacillus plantarum strain HY7714 has been reported to upregulate ZO-1 and occludin in 

Caco-2 cells (K. Lee et al., 2021). In contrast, LPS from E. coli strain O111:B4 has been shown 

to disrupt gut barrier function in intestinal cells by down regulating the expression of tight 

junction genes like ZO-1, claudin-1 or occludin (Bian et al., 2021; J. Wu et al., 2020). 

Although less studied than in pathogens, the polysaccharides decorating the surface of gut 

commensal bacteria have also been shown to influence the production of cytokines by 

intestinal enterocytes. For example, the CPS from the probiotic strain E. coli Nissle 1917 (EcN), 

has been shown to induce the secretion of IL-10 or IL-12 by Caco-2 cells, leading to alleviation 

of intestinal inflammation (Q. Liu et al., 2020; Schlee et al., 2007). The interaction between 

the gut microbiota cell surface polysaccharides and the host immunity is permitted by the 

PRRs, which upon microbial polysaccharides exposure, will activate NF-ΚB and MAPK 

signalling cascades, directly enabling the expression of cytokines, chemokines and 

antimicrobial peptides encoding genes (Q. Liu et al., 2020). 

Since, in homeostatic conditions, R. gnavus strains are confined in the mucus layer in close 

proximity to the host epithelium, we next investigated the role of R. gnavus strains and 
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associated glucorhamnans characterised in Chapter 1 on intestinal epithelium cells focusing 

on cytokines and tight junction proteins. To that end, cytokine production was determined to 

assess the induction of immune response from intestinal cells. Also, gene expression analysis 

and assessment of cytokines and tight junction proteins production were run to investigate 

the effect or R. gnavus strains and derived glucorhamnan on gut barrier function. 

 

4.2. Results 

4.2.2. Effect of R. gnavus strains and glucorhamnans on gut barrier integrity 

Then, to investigated further the influence of R. gnavus on gut barrier function, the capacity 

of R. gnavus strains and purified glucorhamnan was first assessed using T84 cocultured with 

LS174T cells grown on transwells as a simplified model of the intestinal epithelium. LS174T 

are goblet-like cells able to produce mucus (van Klinken et al., 1996). T84 and LS174T cells 

were co-cultured on transwells (6.5 mm, coated with type I collagen) at a ratio 10:1 to form 

an epithelial monolayer (Fig. 33). Fluorescence-based immunohistochemical analysis of the 

T84/LS174T cells after fixation with 4% PFA confirmed the formation of a tight layer (with 

staining of tight-junction protein occludin) and the production of mucus by the goblet cells 

(by staining of MUC2) (Fig. 33). As the cytokine secretion is polarised in vivo, sample medium 

from apical and basolateral compartments will be extracted in the following experiments in 

order to assess the cytokine secretion in both the lumen and the lamina propria side, 

respectively. 
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Figure 33: Immunohistochemical fluorescence microscopyof T84 monolayer grown with LS174T on transwell.  

T84 and LS174T cells were grown on transwell at a ratio 10:1 respectively. The cells were fixed with 4% 

paraformaldehyde. (A) Antibodies used were rabbit anti-MUC2 antibody (with secondary antibody goat anti-

rabbit Alexa594 (red)) and mouse anti-occludin antibody conjugated to Alexa488 (green). Cell nuclei were 

counterstained with DAPI (blue). Image was acquired with Zeiss LSM880 confocal microscope and processed 

with ImageJ software (courtesy of Tanja Šuligoj). (B) Diagram of transwell setup for T84/LS174T cells epithelial 

monolayer growth. 

To investigate the effect of R. gnavus strains and associated glucorhamnans on gut barrier 

function, the effect of the treatments on expression of tight junction proteins in T84 cells on 

transwells was analysed at the protein level by western blotting and at the gene level by qPCR 

using RPS13 as house-keeping gene. T84 are human intestinal epithelial cell lines derived from 

colorectal adenocarcinoma. There was no significant change in gene expression level for ZO-

1, claudin-1 (CLN-1) and occludin, although a small decrease was observed with the 

glucorhamnan from ATCC 29149 grown in BHI-YH (Fig. 34). 

 

 

A B 
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Figure 34: Effect of R. gnavus strains and purified glucorhamnan on tight junction gene expression.  

T84 cells were grown on transwells and treated with R. gnavus E1, ATCC 29149 or ATCC 35913 or with associated 

glucorhamnans. The gene expression level of ZO-1, CLN-1 and occludin was determined by qPCR. RPS13 was 

used as house-keeping gene to normalise the data. The relative changes were calculated using 3 biological 

replicates. The dotted line indicates the level of expression in the ‘T84 cells only’ cells. Statistics were determined 

using the ΔCt values.  

To complete this experiment, western blotting was used to complete qPCR. As shown in Fig. 

35, ZO-1 and occludin were quantified using α-actin as a house-keeping reference gene, and 

the quantification results were put together in Fig. 36. As shown in Fig. 36, the influence of 
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bacteria and glucorhamnan treatments on protein production by T84 cells was not statistically 

significant although the mean relative quantity of ZO-1 and occludin seems to be down-

regulated by R. gnavus ATCC 35913 strain by 3.9-fold for ZO-1 and 2.4-fold for occludin. 

 

Figure 35: Effect of R. gnavus strains and purified glucorhamnan on tight junction proteins in the T84 model. 

T84 cells were grown on transwells and treated with R. gnavus E1, ATCC 29149 or ATCC 35913 (MOI: 20:1) or 

with associated glucorhamnans (200 µg/ml). The level of ZO-1 (A) and occludin (B) in the total protein fraction 

was determined using western blotting with -actin as reference and in comparison with the ‘T84 cells only’ 

negative control. The extra broad molecular weight marker (5 - 245 kDa) is shown on the side of the membranes. 
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Figure 36: Effect of R. gnavus strains and purified glucorhamnan on tight junction proteins expression.  

T84 cells were grown on transwells and treated with R. gnavus E1, ATCC 29149 or ATCC 35913 or with associated 

glucorhamnans. The presence of ZO-1 (A) and occludin (B) in total protein fraction was assessed using western 

blotting (described in section 2.8.2.). The relative quantification of ZO-1 and occludin was done by ImageJ (NIH, 

USA) using β-actin as reference and in comparison with the ‘T84 cells only’ negative control (Original gels images 

represented in Supplementary data 6). The experiment was reproduced in 2 technical replicates. The dotted line 

indicates the level of expression in the ‘T84 cells only’ control. Statistics were determined using the ΔCt values.  

 

The integrity of the monolayer barrier function was further assessed using transepithelial 

electrical resistance (TEER) prior and after treatment (Fig. 37). The results obtained showed 

no significant effect of R. gnavus strains and their purified glucorhamnan on gut barrier 

integrity of T84 monolayer as the TEER stayed above the minimal value for good epithelium 

monolayer barrier function under the experimental conditions tested. 
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Figure 37: Transepithelial electrical resistance (TEER) of T84 cells grown on transwells and effect of R. gnavus 

strains and associated purified glucorhamnans. 

Measurements were done after 1, 4 6 and 7 days following seeding of the transwells with T84 cells. At day 6, 

the cells were treated with R. gnavus strains (ATCC 29149, ATCC 35913 and E1) and associated glucorhamnans 

and TEER measured after 18 h treatment. Data are presented as mean resistance of four independent replicates. 

The dotted lines represent the minimum considered value for good barrier function of the epithelium 

monolayer. 

 

4.2.1. Effect of R. gnavus strains and glucorhamnans on cytokine secretion  

Using the T84/LS174T cells, the effect of R. gnavus ATCC 29149, ATCC 35913 and E1 strains 

and their purified glucorhamnan was first screened using a panel of cytokines previously 

shown to be produced by T84 cells in presence of R. gnavus strains or other gut commensal 

bacteria (Gaisawat et al., 2022; Liévin-Le Moal & Servin, 2013; McGrath et al., 2022; Nikolić 

et al., 2017). Those cytokines include MIF, CXCL5, IL-1β, IL-8, IL-6, IL-17, IL-33, IL-4 and TNF-α. 

Briefly, the T84/LS174T monolayer was treated with R. gnavus ATCC 29149, ATCC 35913 or 

E1 strains (at MOI 20:1) or with glucorhamnans (at 200 μg/ml) purified from these strains for 
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18 h; the medium from the apical and the basolateral compartments was collected and the 

production of the cytokines was measured using U-PLEX Assay (Meso Scale Discovery). The 

quantification from obtained results were produced with AssayFit (assayfit.com). The results 

for the production of IL-1β and the chemokines CXLC5 and CXCL8 in the apical or basolateral 

sides are shown in Fig. 38 and Fig. 39, respectively.  

These results showed that R. gnavus ATCC 35913 was the only strain significantly enhancing 

the production of IL-1β, CXCL5 and CXCL8 (by 2.4-fold, 5.0-fold and 3.4-fold, respectively; p-

value<0.001) in the apical compartment and CXCL8 (by 2.5-fold, p-value<0.001) in the 

basolateral compartment, while R. gnavus E1 and ATCC 29149 led to a significant decreased 

production of IL-1β (E1: by 38%, p-value<0.01; ATCC 29149: by 34%, p-value<0.05) and CXCL8 

(E1: by 41%, p-value<0.01; ATCC 29149: by 35%, p-value<0.05) in the apical compartment. In 

addition, R. gnavus E1 and ATCC 29149 associated glucorhamnans induced a decreased 

production of IL-1β (E1: by 38%, p-value<0.01; ATCC 29149: by 50%, p-value<0.001) in the 

basolateral compartment. It is interesting to observe that the presence of LS174T cells change 

the profile of cytokine produced in this experiment. From that information, we can hypothesis 

that LS174T cells either produce themselves these cytokines, or, that the presence of mucus 

on the epithelial monolayer induce the production of these cytokines by the T84 cells. To 

investigate further this point, LS174T cells could be grown on their own on transwells in this 

experiment to assess the cytokine production profile by these cells. 

No increase in cytokine production could be observed with R. gnavus E1, ATCC 29149 and 

ATCC 35913 derived glucorhamnans. Additionally, no significant production of MIF, IL-6 and 

IL-29 was observed with any of the R. gnavus strains tested or their purified glucorhamnans 

in the T84/LS174T model (Supplementary data 4); and no detectable amount of cytokine IL-

4, IL-33, IL-17 and TNF-α cytokines production was observed in this model (data not shown, 

values being bellow LLOD). 
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Figure 38: Effect of R. gnavus strains and purified glucorhamnans on cytokine production by intestinal cells in 

apical side of the T84/LS174T model.  

R. gnavus ATCC 29149, ATCC 35913 and E1 a MOI of 20:1 (A, C and E) and purified glucorhamnan (200 μg/ml) 

from these strains (B, D and F) were incubated with T84/LS174T cells for 18 h. Neg ctrl refers to T84/LS174T cells 

cultured without bacteria or glucorhamnan. The panels provide the relative cytokine production in the apical 

side of the transwell of IL-1β (A and B), CXCL5 (C and D) and CXCL8 (E and F) by T84/LS174T cells as determined 

with the U-plex kit (MSD). The experiment was reproduced in 3 biological replicates. One way ANOVA was used 

for comparison with the negative control (* for p<0.05, ** for p<0.01, *** for p<0.001). 
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Figure 39: Effect of R. gnavus strains and purified glucorhamnans on cytokine production by intestinal cells in 

basolateral side of the T84/LS174T model.  

R. gnavus ATCC 29149, ATCC 35913 and E1 a MOI of 20:1 (A and C) and purified glucorhamnans (200 μg/ml) 

from these strains (B and D) were incubated with T84/LS174T cells for 18 h. Neg ctrl refers to T84/LS174T cells 

cultured without bacteria or glucorhamnan. The panels provide the relative cytokine production in the 

basolateral side of the transwell of IL-1β (A and B), CXCL5 (C and D) and CXCL8 (E and F) by T84/LS174T cells as 

determined with the U-plex kit (MSD). The dotted line corresponds to the LLOD (lower limit of detection) and 

any value beneath that limit cannot be considered. The experiment was reproduced in 3 biological replicates. 

One way ANOVA was used for comparison with the negative control (* for p<0.05, ** for p<0.01, *** for 

p<0.001). 
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As previously presented by McGrath et al., (2022), R. gnavus strain ATCC 35913 is supposed 

to induce the production of IL-29 in T84/LS174T cells, which goes against the results obtained 

here (Supplementary data 4). In order to address this difference, we next tested the effect of 

R. gnavus ATCC 29149, ATCC 35913 and E1 strains and their purified glucorhamnan on the 

production of IL-29 using ELISA. IL-29 is a pro-inflammatory cytokine belonging to the type 3 

interferon family which has been associated with antiviral, anti-proliferative, and 

immunomodulatory activities (De Weerd et al., 2007; Platanias, 2005). We showed that the 

three strains of R. gnavus tested were able to significantly induce the production of IL-29 (E1: 

by 114.3-fold, p-value<0.001; ATCC 29149: by 68.8-fold p-value<0.01; ATCC 35913: by 100.2-

fold p-value<0.001) by epithelium cells as shown in Fig. 40. Especially, R. gnavus E1 was the 

strain inducing the highest production of IL-29. In contrast, no IL-29 production was observed 

with the glucorhamnans purified from the three strains (Fig. 40B). 
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Figure 40: Effect of R. gnavus strains and glucorhamnan on IL-29 production by T84/LS174T cells.  

T84/LS174T cells were treated with R. gnavus E1, ATCC 29149 or ATCC 35913 at MOI of 50:1 (A) or associated 

glucorhamnans at 200 μg/ml (B). Neg ctrl refers to cells grown without bacteria nor glucorhamnan. The secretion 

of IL-29 was determined by ELISA. The experiment was reproduced in 3 biological replicates. One-way ANOVA 

was used for comparison with the negative control (* for p<0.05, ** for p<0.01, *** for p<0.001).  
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To determine the influence of mucus on the capacity of R. gnavus strains to modulate host 

response described above, these experiments were repeated using T84 cells grown on 

transwells in the absence of mucin-producing cells. In this model, the cells formed a polarised 

monolayer with an apical and basolateral compartment after 8 to 13 days as determined by 

TEER measurements (Fig. 37). As shown in Fig. 41, R. gnavus ATCC 35913 significantly induced 

the highest production of IL-29 (p-value<0.001), followed by ATCC 29149 (p-value<0.01), and 

E1. As shown for the T84/LS174T cell model, none of the purified glucorhamnans induced 

production of IL-29 when compared to the negative control (Fig. 41).  

However, no effect was observed on MIF, IL-6, IL-1β, CXCL5, CXCL8 and IL-29 production and 

no detection of IL-4, IL-33, IL-17 and TNF-α was observed in this experiment.  
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Figure 41: Effect of R. gnavus strains and glucorhamnan on IL-29 production by T84 cells.  

T84 cells were treated with R. gnavus E1, ATCC 29149 or ATCC 35913 at MOI (A) of 50:1 or with associated 

glucorhamnans at 200 μg/ml (B). Neg ctrl refers to cells grown without bacteria nor glucorhamnan. The secretion 

of IL-29 was determined by ELISA. The experiment was reproduced in 3 biological replicates. One-way ANOVA 

was used for comparison with the negative control (* for p<0.05, ** for p<0.01, *** for p<0.001). 

We next investigated the expression of a panel of cytokine genes, IL-29, IL-1β, IL-6, IL-10, TNF-

α, IFN-γ and CXCL5 and CXCL8 chemokines in response to the treatment of T84 cells grown 

on transwells with R. gnavus strains and associated glucorhamnans. The level of expression 
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of the previously mentioned cytokines was determined by qPCR using GAPDH, actin and 

RPS13 as reference genes. RPS13 showed consistent expression across all technical and 

biological replicates and was therefore chosen as reference house-keeping gene for 

subsequent gene expression analyses. The results obtained using GAPDH and actin as 

reference genes are presented in Supplementary data 5. To determine the effect of R. gnavus 

strains and associated glucorhamnan on the different assessed gene expression, the ΔΔCt 

method was used: briefly, the difference of Ct value for each test condition with reference 

gene expression from the same condition was calculated and this ΔCt was then compared to 

the negative control to determine the ΔΔCt, the fold change between the treatment and the 

‘T84 cells only’ control was then determined from this values. In contrast to the ELISA results, 

there was no significant changes in gene expression across all conditions tested and a major 

variation can be observed (Fig. 42) using either the whole bacteria or the purified 

glucorhamnans, which may be due a transient enhanced gene expression and degradation, 

which, unlike the effect on proteins, cannot be detected after 18 h treatment. 
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Figure 42: Effect of R. gnavus strains and associated glucorhamnan on cytokines gene expression. 

T84 cells were grown on transwells and treated with R. gnavus E1, ATCC 29149 or ATCC 35913 or with associated 

glucorhamnans. The gene expression level of IL-29, IL-1β, IL-6, TNF-α and CXCL8 was assessed using qPCR. RPS13 

was used as house-keeping gene to normalise the data. The relative changes were calculated using 3 biological 

replicates. The dotted line indicates the level of expression in the ‘T84 cells only’ cells. Statistics were determined 

using the ΔCt values. Statistics were determined using the ΔCt values.  
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Similarly, no significant change in expression of TLR4 gene could be detected across the 

different treatments. 
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Figure 43: Effect of R. gnavus strains and purified glucorhamnan on TLR4 gene expression.  

T84 cells were grown on transwells and treated with R. gnavus E1, ATCC 29149 or ATCC 35913 or with associated 

glucorhamnans. The gene expression level of TLR4 was determined using qPCR. RPS13 was used as the house-

keeping gene to normalise the data. The relative changes were calculated using 3 biological replicates. The 

dotted line indicates the level of expression in the ‘T84 cells only’ cells. Statistics were determined using the ΔCt 

values.  

 

4.3. Discussion 

Using two epithelium cell models, we showed that the capacity of R. gnavus to modulate 

intestinal epithelium response in vitro was strain dependent. R. gnavus ATCC 35913 was the 

strain showing the highest induction of cytokines in the multiplex and the ELISA experiments 

(IL-1β, CXCL5, CXCL8 in T84/LS174T model and IL-29 in T84 model); these cytokines are 

involved in pro-inflammatory mechanisms. Since this was not observed with the purified 

glucorhamnan, it is likely that other components of R. gnavus ATCC 35913 cell surface are 
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involved in the epithelium response. These results also underline the importance of the 

presence of goblet cells (and therefore mucus), in the interaction between R. gnavus strains 

and epithelial cells and show the importance of analysing the production of cytokines in both 

apical and the basolateral compartments. Also, in these experiments, no positive control was 

used as epithelial cells are producing little to no amount of certain cytokines unlike immune 

cells, which produce high quantity of cytokines when activated. 

R. gnavus ATCC 29149 glucorhamnan showed significant induction of CXCL8 production by 

epithelial cells which was not observed with the whole bacteria. This may be due to the 

presence of R. gnavus CPS masking the effect of glucorhamnan, as previously suggested for 

R. gnavus RJX1120 strain with immune cells (Henke et al., 2021). 

It is also interesting to note that R. gnavus ATCC 29149 glucorhamnan, which possesses a 

different structure than E1 and ATCC 35913 glucorhamnans induced the highest decrease in 

the production of IL-1β in the T84/LS174T model, therefore showing that differences in 

glucorhamnan structure, and cell surface glycosylation in general, can impact the cytokine 

response by epithelial cells. Though, the level of IL-1β obtained in this experiment was low 

and close to the LLOD values, limiting the possible interpretation of the experiment. Also, the 

results have to be put in the context that R. gnavus cell surface harbour more cell surface 

polysaccharides than the glucorhamnan, such as the CPS previously mentioned in section 

1.4.3, which mute the immune response in the host. 

Most pro-inflammatory cytokines including IFN-γ, TNF-α, IL-12 and IL-1β have been shown to 

cause an increase in tight junction permeability, while some anti-inflammatory cytokines such 

as IL-10 and TGF-β protect against the disruption of intestinal tight junction barrier and 

development of intestinal inflammation (Al-Sadi, 2009; Onyiah & Colgan,(Al-Sadi, 2009; 

Onyiah & Colgan, 2016). However, despite the pro-inflammatory response observed in 

response to treatment with some R. gnavus strains or glucorhamnans, the gut barrier integrity 

remained intact, as shown by TEER measurement and analysis of tight-junction proteins.  
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Additionally, the mucus production have not been assessed here but we could hypothesise 

that there is an effect of R. gnavus strains on the either the production by epithelium cells or 

through its digestion, as it has been previously mentioned in other gut bacteria in section 

1.2.3. 

Collectively these data suggest that, unlike infection with pathogens such as 

enteropathogenic Escherichia coli (EPEC) which often lead to disrupted barrier (Singh & Aijaz, 

2016; Van Nhieu & Romero, 2016), the host can maintain epithelium integrity even when in 

direct contact with R. gnavus strains in vitro. This is particularly important in 

pathophysiological conditions, where disruption of the mucus layer may lead to enhanced 

contact of commensal bacteria inhabiting the mucus niche with the intestinal epithelium. 

However, this is likely to be context- and strain-dependent, as shown in vivo where while R. 

gnavus ATCC 29149 (isolated from a healthy donor) had little or no effects on intestinal 

permeability in mice (in line with our in vitro work), while lupus-derived R. gnavus strains 

induced functional alterations associated with leaky gut (including R. gnavus translocation to 

mesenteric lymph nodes, increased serum levels of zonulin and serum IgG anti-R. gnavus cell-

wall lipoglycan) and features of autoimmunity (Silverman et al., 2022). 
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Chapter 5: Effect of R. gnavus strain-specific cell 
surface glycosylation on host immune response 
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5.1. Introduction 

Bacterial cell surface polysaccharides are part of microbial-associated molecular patterns 

(MAMPs). MAMPs are recognised by toll-like receptors (TLRs) and other pattern recognition 

receptors (PRRs) which will respond by activating signalling cascades involving adaptor 

proteins which activate regulator protein complex like NF-κB or NFAT (Nuclear factor of 

activated T-cells), leading to the induction of a broad range of immunity and defense 

associated genes encoding cytokines, chemokines or antimicrobial peptides (Claes et al., 

2012; Q. Liu et al., 2020). For example, the polysaccharide A (PSA) from B. fragilis induces the 

production of IL-10 production in Foxp3+ Tregs through the interaction with TLR2 

(Mazmanian et al., 2005). EPS isolated from L. reuteri strain DSM 17938 and L26 BiocenolTM 

exerts up-regulation of the mRNA level of IL-1β, NF-κB, TNF-α, and IL-6 in IPEC-1 cells 

(Kšonžeková et al.(Kšonžeková et al., 2016). The β-glucan produced by B. bifidum has been 

shown to modulate the host immune response by inducing Treg (regulatory T cells) activation, 

preventing intestinal inflammation (Verma et al., 2018). The anti-inflammatory effects of F. 

prausnitzii HTF-F cell surface polysaccharide have been shown to be mediated through TLR2-

dependent modulation of IL-12 and IL-10 cytokine production in antigen presenting cells 

(Rossi et al., 2015).  

In addition to TLRs, C-type lectin receptors (CLRs) are another example of PRRs expressed by 

immune cells which are involved in the regulation of the host innate immunity through 

recognition of microbial polysaccharides (see section 1.1.4.3). Their interaction with 

commensal bacteria or pathogens contributes to homeostasis or inflammation, respectively 

(M. Li et al., 2022; T.-H. Li et al., 2019). CLRs recognise a range of carbohydrate structures on 

the surface of microbes via their carbohydrate through their carbohydrate recognition 

domain (CRD) in a Ca2+-dependent manner. While CLRs have mainly been studied for their 

interaction with pathogens, some studies have reported their recognition by gut commensal 

bacteria such as L. rhamnosus, L. acidophilus or L. reuteri, leading to pro- and anti-stimulation 

in lymphocytes and monocytes (Bene et al., 2017; Konieczna et al., 2015).  
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Having shown that R. gnavus strains harbour differences in cell surface glycan structure and 

since R. gnavus ATCC 29149 has been shown to influence host immune response in a TLR-4-

dependent manner resulting in the production of pro-inflammatory TNF-α in BMDCs (Haynie 

et al., 2021; Henke et al., 2019) while CPS-containing strains were shown to be tolerogenic 

(inducing an immune tolerance, here in mBMDCs) (Henke et al., 2021). In this study, R. gnavus 

RJX1120 strain harbouring CPS inhibited the activation of T cells, and the production of IL-1β 

and TNF-α in vivo, while it enhanced the production of Treg cells as compared to R. gnavus 

RJX1125 strain which does not produce CPS (Henke et al., 2021). We therefore hypothesised 

that these differences in strain-specific glycosylation may influence host immune response 

through interactions with C-type lectins in order to understand the mechanisms inplimcated 

in the recognition and interaction process of the host immunity in the context of health and 

inflammation in vivo.  

To investigate this, the effects of R. gnavus ATCC 29149, E1 and ATCC 35913 strains and their 

purified glucorhamnans on cytokine production were determined in mBMDCs while mDectin-

2, mDectin-1 and SIGN-R1 reporter cells and THP1-Blue™ NF-κB reporter cells were used to 

further investigate the receptors of the interaction and signalling pathway involved in the 

host immune response. 

 

5.2. Results 

5.2.1. Effect of R. gnavus and glucorhamnan on cytokine production in mBMDCs 

The immunomodulatory properties of R. gnavus E1, ATCC 29149 and ATCC 35913 strains and 

their respective purified glucorhamnans were assessed in vitro by monitoring cytokine 

production in mBMDCs. Here, the production of 10 cytokines (TNF-α, IFN- γ, IL-1β, IL-4, IL-6, 

IL-10, IL-12p40, IL-13, CCL2 and CXCL1) was quantified using an MSD multiplex method as 

described in section 2.8.3 and the results are shown in Fig. 44. In addition, IL-10, an anti-

inflammatory cytokine, was quantified by ELISA as described in section 2.8.3. The results are 

presented in Fig. 45.  
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As shown in Fig. 44 and 45, R. gnavus ATCC 35913 enhanced significantly more production of 

several cytokines at p-value<0.001 in mBMDCs than the two other strains tested, including IL-

6 (43% more than E1, p-value<0.001 ;and 34% more than ATCC 29149, p-value<0.01), CXCL1 

(29% more than E1, p-value<0.001; and 25% more than ATCC 29149, p-value<0.001), CCL2 

(29% more than E1, p-value<0.001; and 13% more than ATCC 29149, p-value<0.001) and IL-

10 (40% more than E1, p-value<0.001; 47% more than ATCC 29149, p-value<0.001). R. gnavus 

ATCC 29149 showed higher induction of CCL2 than E1 (by 12%, p-value<0.001) while a 

decreased expression of CXCL1, was observed with E1 and ATCC 29149 in comparison with 

the negative control (by 13% and 14% respectively, p-value<0.01). These data indicate that R. 

gnavus ATCC 35913 is the most immunogenic R. gnavus strain under the conditions tested. 

The purified glucorhamnans also showed an effect on cytokine production in mBMDCs, in 

contrast to the lack of effect on intestinal epithelium cells (section 4.2.1.). The glucorhamnan 

isolated from R. gnavus ATCC 35913 grown with melibiose induced significantly more 

production of CXCL1 and CCL2 than the glucorhamnans from E1 (by 16% and 18% respectively, 

p-value<0.05) and ATCC 35913 grown in BHI-YH (by 22% and 24% respectively, p-value<0.01) 

while the glucorhamnan from R. gnavus ATCC 29149 grown in BHI-YH induced more 

production of IL-6 (by 54%, p-value<0.001) and IL-12p40 (by 60%, p-value<0.01) than the 

glucorhamnan from ATCC 35913 grown in BHI-YH. Interestingly, the glucorhamnan from R. 

gnavus ATCC 35913 showed different cytokine responses depending on the medium used for 

its growth where the glucorhamnan isolated from R. gnavus ATCC 35913 grown with 

melibiose induced significantly more production of IL-6, CXCL1 and CCL2 (by 28%, 22% and 

24% respectively, p-value<0.01) than the glucorhamnan from R. gnavus ATCC 35913 grown in 

BHI-YH. This suggests that difference in cell surface glycosylation induced by the influence of 

the carbon source in the growth media can influence immunogenicity of R. gnavus strains. 
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Figure 44: Effect of R. gnavus strains and purified glucorhamnans on cytokine production by mBMDCs.  

mBMDCs were incubated with R. gnavus ATCC 29149, ATCC 35913 or E1strains at a MOI of 50:1 or with purified 

glucorhamnan (200 μg/ml) from these strains for 18 h. Neg ctrl refers to mBMDCs cultured without bacteria or 

glucorhamnan. The panels provide the relative cytokine production by mBMDCs of TNF-α following treatment 

with whole bacteria (A) or glucorhamnans (B), IL-1β following treatment with whole bacteria (C) or 

glucorhamnans (D), IL-6 following treatment with whole bacteria (E) or glucorhamnans (F) using the U-plex kit 

(MSD). LPS from E. coli O111:B4 at 100 μg/ml was used as a positive control. The experiment was reproduced in 

3 biological replicates. One way ANOVA was used for comparison with the negative control (* for p<0.05, ** for 

p<0.01, *** for p<0.001). 
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Figure 45: Effect of R. gnavus strains and purified glucorhamnans on cytokine production by mBMDCs.  

mBMDCs were incubated with R. gnavus ATCC 29149, ATCC 35913 or E1strains at a MOI of 50:1 or with purified 

glucorhamnan (200 μg/ml) from these strains for 18 h. Neg ctrl refers to mBMDCs cultured without bacteria or 

glucorhamnan. The panels provide the relative cytokine production by mBMDCs of CXCL1 following treatment 

with whole bacteria (A) or glucorhamnans (B), CCL2 following treatment with whole bacteria (C) or 

glucorhamnans (D) and IL-12p40 following treatment with (whole bacteria (E) or glucorhamnans (F)) using the 

U-plex kit (MSD). LPS from E. coli O111:B4 at 100 μg/ml was used as a positive control. The experiment was 

reproduced in 3 biological replicates. One way ANOVA was used for comparison with the negative control (* for 

p<0.05, ** for p<0.01, *** for p<0.001).  
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Figure 46: Effect of R. gnavus strains and purified glucorhamnan on IL-10 production by mBMDCs.  

mBMDCs were incubated with R. gnavus ATCC 29149, ATCC 35913 or E1 strains (at MOI of 50:1) (A) or with 

purified glucorhamnan (200 μg/ml) from these strains (B) for 18 h. The panels refer to the relative cytokine 

production of IL-10 as determined by ELISA. LPS from E. coli O111:B4 at 100 μg/ml was used as a positive control. 

The experiment was reproduced in 3 biological replicates. One way ANOVA was used for comparison with the 

negative control (* for p<0.05, ** for p<0.01, *** for p<0.001). 

 

5.2.2. Role of NF-κB activation pathway in the interaction between R. gnavus and immune 

cells  

Here, human THP1-Blue™ NF-κB cells were used to determine the effect of R. gnavus strains 

and associated glucorhamnans on the NF-κB signal transduction pathway. This cell line is 

derived from the human THP-1 monocyte cell line by stable integration of an NF-κB-inducible 

SEAP (secreted embryonic alkaline phosphatase) reporter construct. As a result, THP1-Blue™ 

NF-κB cells allow the monitoring of NF-κB activation by determining the activity of SEAP in the 

cell culture supernatant which can be monitored by spectrophotometry at 610 nm using 

QUANTI-Blue™, a SEAP detection reagent. This cell line is highly responsive to PRR agonists 

that trigger the NF-κB pathway comprising TLR4. More precisely, these reporter cells are 

particularly responsive to TLR2, TLR1/2 and TLR2/6 interactions with cognate ligands followed 

by TLR4, TLR5, TLR8 while responses to TLR3, TLR7 and TLR9 are hardly detectable. THP1-

Blue™ NF-κB cells also respond to NOD1 and NOD2 agonists (Zuliani-Alvarez et al., 2017). As 
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shown by Henke et al. (2019), the induction of pro-inflammatory cytokines in immune cells, 

more precisely, the production of TNF-α in mBMDCs is independent to TLR4. Here, we want 

to assess further this by using THP1-Blue™ NF-κB cells in order to validate this hypothesis. 

The results showed that R. gnavus ATCC 35913 strain induced the highest response in THP1-

Blue™ NF-κB cells among the three R. gnavus strains tested (p-value<0.001) (Fig. 47). In 

addition, the purified glucorhamnans from all three strains were shown to activate the NF-κB 

pathway in a strain-dependent manner. The glucorhamnan derived from R. gnavus E1 and 

ATCC 35913, which share the same structure, showed the same extent of activation which 

was significantly higher (p-value<0.001) than the response generated with the glucorhamnan 

from ATCC 29149, which has a different structure (see section 3.3).  
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Figure 47: Effect of R. gnavus strains and purified glucorhamnans on the NF-κB pathway.  

THP1-Blue™ NF-κB cells were incubated with R. gnavus ATCC 29149, ATCC 35913 or E1 strains at MOI of 50:1 (A) 

or with their associated glucorhamnans (100 µg/ml) (B) for 18 h. NF-κB activation was measured by monitoring 

absorbance at 610 nm. at 100 μg/ml. HKLM (heat killed Listeria monocytogenes) was used as a positive control. 

The experiment was reproduced in 3 biological replicates. One-way ANOVA was operated in comparison with 

negative control (* for p<0.05, ** for p<0.01, *** for p<0.001). 

These results showed that R. gnavus ATCC 35913 is the bacterial strain showing the most 

immunogenicity by inducing the production of IL-6, CXCL1, CCL2 and IL-10 cytokines.  
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5.2.3. Role of CLRs in the interaction between R. gnavus and immune cells  

The interaction of R. gnavus ATCC 29149, E1 and ATCC 35913 strains with CLR was 

investigated using BWZ.36 reporter cells expressing mDectin-2, mDectin-1 and SIGN-R1, and 

compared to BWZ.36 mock cells. In the reporter cells, binding to C-type lectin leads to the 

activation of NFAT-LacZ construct which will allow the expression of β-galactosidase, resulting 

in changes in absorbance at 595 nm in the presence of chlorophenol-red β-d-

galactopyranoside (CPRG), a substrate for galactosidase which turns red when cleaved by β-

galactosidase. This will allow us to investigate the involment of other PRR than TLR, studied 

in the previous section, and assess the role of CLR in the interaction of the host immunity with 

R. gnavus strains, and more specifically, the R. gnavus strains cell surface glycosylation, of 

which CLR are specific to. 

R. gnavus ATCC 35913 consistently showed increased signal in the three reporter cell lines 

tested but this was also observed with mock cells (Fig. 48). In mDectin-2 reporter cells, the 

increase was comparable to that induced by furfurman used as positive control (Fig. 48A). 

However, a similar response was also observed using mock cells or mDectin-2 QPD inactive 

mutant carrying E168Q and N170D mutations in the carbohydrate recognition domain (Fig. 

48A), suggesting that the response was not CRD mediated. 
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Figure 48: Analysis of the interaction between R. gnavus strains and C-type lectin reporter cells.  

C-type lectin reporter cells and mock cells (Mock) were incubated with R. gnavus ATCC 29149, ATCC 35913 orE1 

strains at a MOI of 50:1. (A) mDectin-2 wild type (mDectin-2 WT) or carbohydrate recognition domain mutant 

mDectin-2 (mDectin-2 QPD mutant), (B) mDectin-1 wild type (mDectin-1), and C) SIGN-R1 wild type (SIGN-R1). 

The activation of the reporter gene was measured by spectrophotometry at 595 nm. Furfurman (10 µg/ml), 

scleroglucan (10 µg/ml) or H. alvei LPS (10 µg/ml) were used as positive control for mDectin-2, mDectin-1, and 

SIGN-R1 reporter cells, respectively. The experiment was reproduced in 3 biological replicates. Two-way ANOVA 

was operated in comparison with negative control or between same condition in mDectin-2, mDectin-1 or SIGN-

R1 and Mock cell lines (* for p<0.05, ** for p<0.01, *** for p<0.001). 

Significant differences were also reported in mDectin-1 and SIGN-R1 cell reporter cells with 

the different R. gnavus strains tested (Fig. 48B and Fig. 48C). However, the positive controls, 

scleroglucan from Sclerotium rolfsii for mDectin-1 failed to trigger activation in these cell 

reporter cells in the conditions tested, which prevented conclusive interpretation of the 

results.  
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5.3. Discussion 

Of the three R. gnavus strains tested for their immunological properties, R. gnavus ATCC 

35913 showed the highest induction of cytokine production in mBMDCs including IL-6, CXCL1, 

CCL2 and IL-10. Also, for CCL2, R. gnavus ATCC 29149 induced more production than E1, 

indicating strain-dependent response of the following pattern ATCC 35913 > ATCC 29149 > E1 

in the conditions tested. This pattern was also observed in epithelial cells (Chapter 4) where 

R. gnavus ATCC 35913 showed the highest induction of multiple cytokines in epithelium cell 

models, with highest TNF-α and IL-10 production. In these experiments, the concentration of 

glucorhamnan used was 200 µg/ml, which is higher than usual polysaccharide concentration 

used in immunoassays. This choice was made because of the data obtained in an optimation 

process described in section 2.6.3. (Fig. 14) where lower values of glucorhamnan failed to 

activate mBMCDs cytokine production. The results should therefore be interpreted in the way 

that the glucorhmnan influence on immune cells is far from what could be seen in vitro and 

are rather indicative of the difference of cytokine production induction between the different 

strains of R. gnavus depending on the glucorhamnan structure. 

This strain-specific immunomodulation has been reported in other gut commensal bacteria 

such as B. longum CCDM 372 which showed enhanced production of cytokines TNF-α, IL-10, 

IL-6 and IL-12p70 in mBMDCs compared to the strain CCM 7952 from the same species 

(Srutkova et al., 2015). These differences may be clade specific as shown for human 

associated L. reuteri strains which differed in their ability to modulate human cytokine 

production (TNF-α, MCP-1, IL-1β, IL-5, IL-7, IL-12, and IL-13) by myeloid cells (Spinler et al., 

2014). Interestingly, a pangenome analysis of R. gnavus metagenomic sequencing data 

identified two distinct clades of R. gnavus strains, one of which is enriched in IBD patients 

(Hall et al., 2017). Although it is not known whether the increased abundance of R. gnavus in 

IBD is a cause or effect of inflammation, it is possible that the immunoregulatory properties 

of R. gnavus strains associated with IBD contribute to the exacerbated immune response to 

the gut microbiome.  
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In contrast to the results obtained with epithelial cells (Chapter 4), the glucorhamnans 

purified from R. gnavus E1, ATCC 29149 and ATCC 35913 induced the production of cytokines 

in mBMDCs (IL-1β, IL-6, IL-10, IL-12, TNF-α, CXCL1 and CXCL2), further expanding previous 

results reporting TNF-α and IL-6 production by R. gnavus ATCC 29149 glucorhamnan in 

mBMDCs (Henke et al., 2019; Haynie et al., 2021). Shigella flexneri strain 2a presents a similar 

glucorhamnan structure on its cell surface (Hlozek et al., 2020) and this polysaccharide has 

been shown to induce a pro-inflammatory immune response enabling the immunisation 

against the bacteria in mouse (Tian et al., 2021). As mentioned in section 3.3, S. uberis strain 

233 and S. mutans serotype c strains also display a cell surface polysaccharide similar to that 

of ATCC 35913 and E1 strains but its inflammatory properties have not been investigated. 

In addition, we showed that the role of glucorhamnan in modulating host immune response 

was dependent on the carbohydrate source used to grow the bacteria, as the glucorhamnan 

from R. gnavus ATCC 35913 grown with melibiose showed increased induction of IL-6, CXCL1, 

CCL2 and IL-12p40 in comparison with the glucorhamnan from the same strain grown in BHI-

YH. This supports the notion that the carbon source has an influence on the glucorhamnan 

structure, which in turn, will influence the immunomodulatory properties of the strains and 

their impact on host immunity, even though the glucorhamnan must not be the only 

component influencing the immunomodulation of the bacteria, comprising the CPS 

harboured by ATCC 29149 (Henke et al., 2021).  

The use of NF-κB reporter cells demonstrated that R. gnavus ATCC 35913 strain and its 

associated glucorhamnan had the highest capacity to induce a NF-κB-associated immune 

response in monocytes, indicating, here again, that R. gnavus ATCC 35913 was the most 

immunogenic strain of the three strains tested. The glucorhamnan from R. gnavus E1 and 

ATCC 35913 (which share the same structure) induced a stronger response than the 

glucorhamnan from R. gnavus ATCC 29149 in these cells, suggesting that R. gnavus E1 and 

ATCC 35913 glucorhamnan (composed of repeating units of 4 rhamnoses and 1 glucose) is 

more immunogenic than the glucorhamnan from R. gnavus ATCC 29149 (composed of 

repeating units of 3 rhamnoses and 2 glucoses). The NF-κB signaling pathway in these reporter 
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cells is dependent on R. gnavus interaction with PRRs such as TLR2, TLR1/2, TLR2/6, TLR4, 

TLR5, TLR8, NOD1 and NOD2 which are all known to be expressed in this cell line. The cells 

used here were monocytes as those cells have been shown to harbour a larger panel of PRRs 

on their cell surface than other immune cell types like macrophages, making them good 

candidates for their use as reporter cells in this experiment. Our results are in agreement with 

previous work showing that R. gnavus ATCC 29149 glucorhamnan induction of TNF-α and IL-

6 was TLR4 dependent as this response was abrogated using mBMDCs isolated from TLR4 

knockout mice (Haynie et al., 2021; Henke et al., 2019). The results obtained here have to be 

considered with the potentiality that other components on the cell surface of the bacteria, 

coming from the bacterial growth medium or from the purification process, can interfere with 

the experiment results obtained while assessing the interaction between the bacteria and the 

immune cells. To address this issue, different methods can be used as fixation of bacteria 

before the incubation with the immune cells, using for example paraformaldehyde; another 

method that could be used is blocking assays, using lectin or antibodies specific to R. gnavus 

cell surface polysaccharides, this process will allow to observe the interaction between the 

bacteria and the immune cells without the influence of these polysaccharides. 

Since the glucorhamnans of R. gnavus E1 and ATCC 29149 strains induced a NF-κB response 

but not the whole bacteria, it may be that other compounds on R. gnavus cell surface of these 

two strains may be masking or inhibiting the interaction of glucorhamnans and PRRs. This 

supports the notion that the glucorhamnan from R. gnavus ATCC 29149 activates a response 

in immune cells through the interaction with TLR4 but that this interaction may be prevented 

when using whole bacterial cells by the presence of non-immunogenic cell surface 

components, such as CPS, as previously proposed (Henke, et al., 2021). Since R. gnavus cell 

surface glucorhamnan is composed of D-glucose and L-rhamnose and that rhamnose is a 

deoxy-mannose, we further hypothesised that the R. gnavus strains could interact with 

mDectin-2. Using mDectin-2, mDectin-1 and SIGN-R1 reporter cells, the results obtained were 

inconclusive due to technical aberrations like false positive values in mock cell and negative 

control conditions, showing that these preliminary results would need to be repeated. The 
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problem encountered here might be due to deficiency in the mDectin-1 gene expression, 

avoiding the recognition by the cells of Dectin-1-specific ligand scleroglucan. To address this 

issue, the cell line reporter gene could be investigated using PCR to detect its presence.  

Our in vitro work supports that the sum of bacterial cell surface factors contributes to the 

development of different immune responses induced by R. gnavus strains leading to pro- and 

anti-inflammatory response. This is particularly relevant to the in vivo situation where 

disruption of the gut barrier function triggers excessive inflammation, as seen in the case of 

IBD or IBS which are both associated with increase in R. gnavus relative abundance (Crost et 

al., 2023). In a recent study, the cytokine profile (IL-1β, IL-2, IL-8, IL-10, IL-13, IL-17, TNF-α and 

IFN-γ) of colonic biopsies stimulated ex vivo with a range of commensal bacteria including R. 

gnavus showed differences in cytokine release between biopsies from post-Infectious IBS 

patients and healthy controls (Sundin et al., 2015), while it induced the production of IL-17A 

in mouse colitis models (Grabinger et al., 2019). Together, these findings show that the 

capacity of R. gnavus to influence the host immune response, by inducing the production of 

anti-inflammatory or pro-inflammatory cytokines, is dependent on the strain but also the 

experimental model and the conditions tested. 
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Chapter 6: General discussion 
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The gut microbiota plays a major role in human health and an alteration in gut microbiota 

structure and function has been implicated in several diseases. In humans, some of the gut 

bacteria such as R. gnavus have evolved to inhabit the colonic mucus niche. R. gnavus is an 

important member of the ‘normal’ gut microbiota and over-represented in IBD. IBD 

encompassing Crohn’s disease and ulcerative colitis, is characterised by a prolonged 

inflammation resulting in damages in the GI tract. In 2020, more than 6.8 million persons 

experienced IBD-related symptoms (Jairath & Feagan, 2020). There is therefore interest in 

deciphering the mechanisms implicated in the establishment of the disease, its associated 

symptoms and potential treatment. 

The gut microbiota plays a major role in human health and an alteration in gut microbiota 

structure and function has been implicated in several diseases. In humans, some of the gut 

bacteria such as R. gnavus, have evolved to inhabit the colonic mucus niche. R. gnavus is an 

important member of the ‘normal’ gut microbiota and over-represented in inflammatory 

bowel disease.  

The type-strain R. gnavus ATCC 29149 has been extensively studied and shown to be 

implicated in inducing a pro- or anti-inflammatory response depending on the gut 

environment. In addition, structural features have been associated with this strain such as the 

presence of cell surface polysaccharides of different size and composition, glucorhamnan 

(Henke et al., 2019; Haynie et al., 2021) and CPS (Henke et al., 2021). However, accumulating 

evidence shows that R. gnavus strategy of adaptation to the gut, like the production of GH to 

degrade mucin polysaccharides or immunomodulatory factors are strain-specific, as recently 

reviewed (Crost et al., 2023) and this may contribute to the capacity of some of R. gnavus 

strains to proliferate in IBD conditions. 

Here, we tested the hypothesis that different strains of R. gnavus influence differently the 

host response and investigated the contribution of strain-specific cell surface glycosylation on 

gut barrier function and host immune response.  
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In this work, we focused on three R. gnavus strains, ATCC 29149, ATCC 35913 and E1, isolated 

from adult healthy donors. Using a combination of approaches including GC-MS and NMR, we 

showed that the three strains shared glucorhamnan as a cell surface polysaccharide but with 

differences in the repeating unit composition, as also reflected in the biosynthesis clusters of 

the strains. Furthermore, we could observe differences in the cell surface glycosylation linked 

with the carbon source used for the bacterial growth which may be relevant to the nutritional 

niche of R. gnavus strains in vivo. Furthermore, we could observe differences in the cell 

surface glycosylation through the use of lectin-binding assay which showed evidence that the 

carbon source used for the bacterial growth also had an effect on the cell surface glycosylation 

additionally to the difference observed between the strains. This was also demonstrated 

through the differences observed in the gene expression level between the different strains 

when using different carbon source for bacterial growth and at different growth stages. Taken 

together, this information shows that R. gnavus display on its cell surface glycosylations, 

comprising the glucorhamnan, influenced by environmental factors but also differ among the 

strains. 

Polysaccharides with composition and structure similar to R. gnavus glucorhamnans have 

been described in pathogens such as Shigella flexneri strain 2a (Hlozek et al., 2020), 

Streptococcus uberis strain 233 (Czabańska et al., 2013), and Streptococcus mutans serotype 

c (King et al., 2021). Therefore, we next tested the effect of R. gnavus strains and their purified 

glucorhamnan structures on the gut epithelial barrier function and immune response. 

We showed that R. gnavus ATCC 35913 was the most immunogenic strain when measuring 

cytokine response in both epithelium and immune cells as compared to the two other strains. 

However, none of the R. gnavus strains (nor their glucorhamnans) affected the integrity of 

the gut barrier. Then, the glucorhamnan from the different strains seemed to have no 

influence on the epithelial cell cytokine production either. Also, no effect of the different 

strains or purified glucorhamnans could be observed on gut barrier function of epithelial cells 

tested. These results shows that R. gnavus has no strong effect on epithelial cells, neither on 
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the immune response or the gut barrier function, to the exception of ATCC 35913, that was 

able to induce some cytokine production in those cells. 

Finally, the interaction of R. gnavus strain but also their purified glucorhamnan with the host 

immunity was investigated through the use of dendritic cells (mBMDCs) and PRR reporter 

cells, comprising CLR reporter cells and TLR reporter cells. Using this, we were able to observe 

the following: first, as seen with the epithelial cells, ATCC 35913 seems to be the most 

immunogenic strain in all models tested, followed by ATCC 29149. Furthermore, the 

glucorhamnans seemed to have great impact on the mBMDCs cytokine production and 

reporter cells activation, which wasn’t the case in epithelial cells, and allowed us to note 

several interesting points: in first place, the glucorhamnan from E1 and ATCC 35913 both 

grown in BHI-YH shared the most similarity of immunogenicity, while the ATCC 29149 

glucorhamnan had the most outlying effect on immune response induced. After that, the 

glucorhamnan from ATCC 35913 grown in either BHI-YH or with melibiose as sole carbon 

source displayed significant differences in immunogenicity (the glucorhamnan from ATCC 

35913 grown with melibiose being the most immunogenic among those two). This 

observation can be correlated with the fact that the glucorhamnan from those two conditions 

were shown to harbour different rhamnose/glucose ratio in their glucorhamnan structure, 

therefore potentially influencing the lectin-binding profile and immunogenicity outcome of 

the strain and associated glucorhamnan. The cytokines induced by R. gnavus ATCC 35913 

strain in the assays reported in this work (IL-29, IL-1β, CXCL5 and CXCL8) are involved in pro-

inflamatory mechanisms, suggesting an induction of immunity in the host. 

In contrast, R. gnavus glucorhamnans affected cytokine production by mBMDCs and NF-κB 

reporter cells activation. Interestingly, the glucorhamnan isolated from R. gnavus E1 and ATCC 

35913, which shared a common structure led to similar immunogenicity, while the 

glucorhamnan isolated from R. gnavus ATCC 29149 with a distinct repeating unit composition, 

led to a different host immune response. These differences were also observed when using 

R. gnavus ATCC 35913 glucorhamnans grown on different carbohydrate sources which also 

reflects differences in the rhamnose/glucose ratio of their glucorhamnan structure.  
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However, the purified glucorhamnans do not always recapitulate the response obtained with 

the whole bacteria. For example, we showed induction of CXCL8 production by epithelial cells 

with R. gnavus ATCC 29149 glucorhamnan but not with the whole bacteria. This may be due 

to the presence of CPS masking the effect of glucorhamnan, as previously suggested (Henke 

et al., 2021) although this CPS remains to be fully characterised at the structural level. In 

addition, more work is needed to determine the function of the proteins encoded by the 

glucorhamnan and the CPS biosynthetic gene clusters in R. gnavus strains, in particular GTs. 

This information will allow us to explore genomic information of R. gnavus strain sequenced 

to date to better predict the type of cell surface polysaccharides encoded by R. gnavus strains, 

reducing the need for labour-intensive structural characterisation.  

These results also showed that the TLRs are involved in R. gnavus strains recognition by 

immune cells as shown in section 5.2.2. Those cells, the THP1, which are human T cells, have 

their reporter gene expression triggered through the binding with TLR1/2, TLR2/6, TLR4, TLR5 

and TLR8, following suppliers’ information (www.invivogen.com/thp1-blue-nfkb).  

Results reported by Henke et al. (2019) shows that TLR2 was only slightly involved in the 

induction of TNF-α production by BMDCs by R. gnavus ATCC 29149 glucorhamnan. Taken 

together, those data indicate that the NF-ΚB induction in THP1 cells by R. gnavus strains was 

therefore mainly induced by TLR4 and TLR5.  

As described in section 1.1.4.3., TLR4 is implicated in the recognition of bacterial-derived cell 

surface components like LPS, lipid A and mannans, while TLR5 is implicated in the recognition 

of flagellin, not present on R. gnavus cell surface. This mean R. gnavus strains interact with 

TLR4 through their cell surface glycosylation, playing therefore an important role in the 

interaction with host immunity. 

Altogether, the data acquired in this project supports the idea that the carbon source present 

in R. gnavus strains environment influences the glycosylation present on their cell surface, 
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which will have in turn an influence on the gut epithelium and the host immunity, suggesting 

that R. gnavus indeed influence the host health outcome, and this in a strain-dependent way.  

Similar results were observed with other bacteria like Lactobacillus acidophilus and 

Lactobacillus plantarum which were shown to stimulate TLR2 in Caco-2 cells, and induced the 

relocalisation of ZO-1 and occludin on the apical side of the epithelial layer (Rose et al., 2021). 

Other clusters for CPS and EPS biosynthesis have been identified in gut microbiota-associated 

bacteria as playing a major role in gut homeostasis. For example, B. longum strain 105-A 

harbours an EPS biosynthesis cluster composed of 24 putative genes, and the knockout of this 

cluster affects bacterial physical properties, including the loss of a thick capsule but also an 

enhanced fimbriae formation in comparison with the wild-type strain (Tahoun et al., 2017). 

Additionally, the mutant bacteria showed a higher rate of sedimentation in liquid culture 

(Tahoun et al., 2017), as also observed in our work for R. gnavus ATCC 35913, which does not 

produce the CPS as shown by electronic microscopy and sedimented the easiest out of the 3 

strains tested. Unfortunately, despite promising results using the Clostron methodology (Bell 

et al., 2019), R. gnavus is not genetically tractable, hampering the generation of mutant CPS 

or glucorhamnan mutant strains. 

The cytokines induced by R. gnavus ATCC 35913 strain in the assays reported in this work (IL-

29, IL-1β, CXCL5 and CXCL8) are involved in pro-inflammatory responses, in line with the 

absence of tolerogenic CPS on R. gnavus ATCC 35913 cell surface. IL-1β is involved in the 

activation of several immune cell types like monocytes while CXLC5 and CXCL8 are 

chemokines produced by epithelial cells and are neutrophiles chemoattractant, which may 

lead to the recruitment of immune cells involved in the phagocytosis of pathogens. Also, the 

results obtained here underlined the importance of the involvement of goblet cells and 

mucus-production in the interaction of R. gnavus strains with epithelial cell layer as the 

cytokine production in the two epithelium models used were differing significantly. This is 

relevant with the findings recently obtained by Asnicar et al. (2021), where they were able to 

find a negative correlation between R. gnavus present in the gut microbiota and the host 
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health, more specifically, R. gnavus was correlated with increased fasting and postprandial 

inflammation. 

Our results also showed that TLRs are involved in R. gnavus strains recognition by THP1 

immune cells, in line with previous work showing that TLR4 is implicated in the recognition of 

ATCC 29149 strain using mBMDCs derived from TLR4-K/O mice (Henke et al., 2019). TLR4 has 

been shown to interact with bacterial-derived cell surface components like LPS, lipid A and 

mannans. In the future, it will be interesting to use TLR4-reporter cells to confirm direct 

interaction with glucorhamnan structures and identify the epitopes involved in the 

recognition.  

Lactobacillus acidophilus and Lactobacillus plantarum have been shown to stimulate TLR2 in 

Caco-2 cells, and to induce the relocalisation of ZO-1 and occludin on the apical side of the 

epithelial layer (Rose et al., 2021). Also, E. coli strain Nissle 1917 showed to alter both the 

expression and relocalisation of ZO-2 to cell boundaries in T84 cells (Zyrek et al., 2007a) while 

L. plantarum induced the translocation of ZO-1 in tight junction regions in Caco-2 cells 

(Karczewski et al., 2010a). Here, using two types of intestinal epithelium models (T84 and 

T84/LS174T cells), we did not observe any changes in tight junction expression or permeability 

following treatment with R. gnavus strains or their derived glucorhamnans. However, it would 

be interesting in future work to determine the effect on their spatial distribution. In addition, 

other molecular mediators, not tested in this work, may influence the ability of R. gnavus 

strains to affect gut barrier function. For example, butyrate produced by gut bacteria can 

promote the expression of tight junction genes in vitro (X. Ma et al., 2012), repress 

paracellular permeability in vivo (L. S. Liu et al., 2018), and inhibit permeability-promoted 

claudin-2 tight junction protein expression (L. Zheng et al., 2017). Furthermore, 

Bifidobacterium infantis has been shown to secrete an extracellular protein that up-regulates 

the secretion of occludin and ZO-1 tight junction proteins, improving mucosal barrier in 

mouse (Ewaschuk et al., 2008). 
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Another potential role of bacterial cell surface polysaccharides in the gut beyond their 

immunomodulatory properties and role in modulating gut barrier function is that they could 

be a source of nutrients for other gut bacteria, therefore playing a role in shaping the gut 

microbiota. For example, EPS from B. longum IPLA E44 and B. animalis subsp. lactis IPLA R1 

were able to induce changes in the gut microbiota composition and metabolic activity of 

human faecal microbiota (Salazar et al., 2008, 2009). B. breve UCC2003 EPS has been found 

to be metabolised by the infant gut microbiota, leading to differential microbial metabolite 

by-products, which may contribute to differences in health outcome in these infants (Püngel 

et al., 2020). Several EPS synthesised by lactic acid bacteria are used as fermentable substrate 

by the intestinal microbiota (Salazar et al., 2016). Since gut bacteria can produce glycoside 

hydrolases such as glucosidases and rhamnosidases, the possible use of R. gnavus 

glucorhamnan as a nutrient source in the gut microbiota may be worth investigating in the 

future. 

Also, the polysaccharide harboured by B. thetaiotaomicron has been shown to play an 

important role in the bacterial resistance against other bacteria in the gut, phages and the 

host immunity, and acapsular strains loses in competitive colonisation against strains 

harbouring a capsule (Hoces et al., 2023). A process of defence that have been put in place by 

microbial bacteria against phages was identified in B. thetaiotaomicron strain VPI-5482 and 

consists of the expression of non-permissive CPS variants which are selected under the phage 

predation (Porter et al., 2020). Interestingly, phages have been shown to co-exist with R. 

gnavus population in the gut of mice (Buttimer et al., 2023), while patients with IBD had an 

overrepresentation of R. gnavus virome (Buttimer et al., 2023). As phages only infect strains 

harbouring a specific capsule complex, they drive the loss of capsule for survival, therefore 

leading to a serotype switch in vivo, as shown for Klebsiella pneumoniae (de Sousa et al., 

2020), a scenario that may be also relevant to R. gnavus strains in the gut. In the pathogen K. 

pneumoniae strain ST258, a high frequency of recombination and large-scale genomic 

rearrangements was associated with switching and variation of the CPS encoding locus, 

allowing the bacteria to evade bacteriophage predation (Venturini et al., 2020). In the future, 
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it would be interesting to assess the link between R. gnavus CPS loss (in some of the strains) 

and phages. 

In our work we looked at tight junction genes expression and presence in the cells but not 

relocation on tight junction sites which may be interesting to do in the future as there has 

been example showing the influence of gut microbiota on the relocalisation of tight junction 

proteins like ZO-1 or ZO-2, this through the stimulation of TLR2 by gut bacteria (Blackwood et 

al., 2017; Karczewski et al., 2010b; Zyrek et al., 2007b). It would therefore be interesting to 

determine if R. gnavus strains has an influence on these tight junction proteins relocalisation 

on tight junction sites and therefore on the gut barrier function.  

Another information that needs to be deciphered following information acquired about cell 

surface glycosylation difference between the different strains of R. gnavus would be to 

determine the precise function of each gene in the glucorhamnan and the CPS cluster in R. 

gnavus different strains, and more specifically the different GT function in those biosynthetic 

clusters. This would allow us to further understand the biosynthetic pathways leading to the 

production of the different cell surface polysaccharides on R. gnavus strains cell surface and 

understand better the genetic mechanism behind the differences between the different 

strains.  

Also, the influence of the carbon source used to grown E1 and ATCC 35913 seemed to have 

an influence on the rhamnose/glucose ratio of the glucorhamnan in those strains influenced 

by the GT expression and activity, depending on the growth phase and the carbon source the 

bacteria dispose of. The influence of this rhamnose/glucose ratio on the immunogenicity of 

the resulting glucorhmnan should be investigated to understand better the dynamic of R. 

gnavus strains interaction with the host in vivo. 

Altogether, our in vitro data support the notion that R. gnavus strains adapted to different 

nutritional niches in the gut may differentially influence host health outcome in a strain-

dependent way implicating cell surface polysaccharides.  
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This work should contribute to advance in the development of diagnostic tools and potential 

treatment against IBD associated conditions in patients, by understanding better the role of 

R. gnavus strains in this disease, establishing specific biomarkers and make advances in 

therapeutic fields like faecal microbiota transplantation, where the relation between the gut 

microbiota and the host health outcome needs to be understand further to allow efficient 

application of such a treatment. 

This work therefore underlines the importance of studying R. gnavus but also other microbial 

species at a strain level. Data generated by future work in this field should contribute to 

advance our understanding of the role of R. gnavus in health and diseases and inform the 

development of strain-specific biomarkers and potential treatment against R. gnavus-

associated conditions in patients.  
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Supplementary data 

 

  

Amino acid 10x 
Ingredients:  g/L 
l-Histidine  1.7 
l-Isoleucine  2.4 

l-Leucine  10 

l-Methionine  1.25 

l-Valine   7 

l-Arginine  7.2 

l-Cysteine  2 

l-Glutamic acid  6 

l-Phenylalanine  4 

l-Proline  7 

l-Asparagine  5 

l-Aspartic acid  0.5 

l-Glutamine  6 

l-Serine   5 

l-Threonine  5 

l-Alanine  4 

Glycine   3 

l-Lysine   5 

l-Tryptophan  2 

l-Tyrosine  3 

 

Nucleotides 100x 
Ingredients:  g/L 

Adenine  1.1 

Guanine  0.56 

Uracil   2.3 

Xanthine  0.38 

 

Salt & minerals 1 1000x 

 

Ingredients:  g/L 

ZnSO4·7H2O  5 

CoCl2·6H2O  0.19 

CuSO4 (anhydrous) 0.12 

H3BO3   0.75 

KI   0.11  

MnSO4·H2O  0.11 

 

(NH4)6Mo7O24·4H2O 0.19 

FeCl3   3 

FeSO4.7H2O  4 

EDTA   7.34 

Nitrilotriacetic acid 7.34 

 
 
 
 
 

Salt & minerals 2 10x 

 

Ingredients:   g/L 

KCH3CO2 (Potassium acetate) 9 

Ammonium citrate dibasic 17 

MgCl2    3.86 

NaCl    30 

CaCl2 (anhydrous)  0.302 

K2SO4    0.23 

 

Vitamins & Antioxidants 1000x 

 

Ingredients:  g/L 

myo-Inositol  2 

L-Glutathione reduced 15 

Biotin   6 

Thiamine HCl  0.56 

Riboflavin  0.9 

Pyridoxamine . 2 HCl 5 

Niacin   0.9 

Pyridoxine HCl  4.8 

Calcium Pantothenate 1.2 

Folic acid  0.56 

p-Aminobenzoic acid 0.056 

Lipoic acid  1 

 

Ascorbic acid 100x 

 

Ingredients:  g/L 

Ascorbic acid  50 

 

Supplementary data 1: Composition of stock solutions used for the preparation of LAB medium 
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Supplementary data 2: Proteins encoded by the glucorhamnan biosynthetic gene cluster in R. gnavus ATCC 

29149, E1 and ATCC 35913 strains. 

Homologous proteins are represented on the same rows with percentage of identity and coverage (into 

brackets) . The proteins are colour-coded based on their predicted function: glycosyltransferase (dark blue), 

rhamnose biosynthesis (green), cell wall remodelling (light blue), transporter (purple), regulatory genes 

(magenta), glucose priming (red), 2-O-(α-D-glucopyranosyl)-D-glycerate synthesis (light green), rhamnose 

synthesis (dark green), and oligosaccharide polymerisation (yellow). Uncharacterised proteins or proteins not 

associated with a function are depicted in orange. The predicted function of each gene is shown next to each 

gene of the cluster. 
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RGNV35913_02
504 

514 
100% 
(99%) 
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(99%) 

Cohesin domain 
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Supplementary data 3: 1H NMR spectra of glucorhamnan purified from R. gnavus strains. 

Glucorhamnan was extracted and purified from R. gnavus ATCC 35913 grown with melibiose (top), from ATCC 

35913 grown in BHI-YH (middle), and from E1 grown in BHI-YH (bottom). Each letter corresponds to a 

monosaccharide of the glucorhamnan repeating unit (A, B C and D corresponding to rhamnose-associated 

peaks and E to glucose-associated peak). 
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Supplementary data 4: Effect of R. gnavus strains and purified glucorhamnans on cytokine production by 

intestinal cells in the apical side of the T84/LS174T model.  

R. gnavus ATCC 29149, ATCC 35913 and E1 (MOI of 20:1) (A, C and E) and purified glucorhamnan (200 μg/ml) 

from these strains (B, D and F) were incubated with T84/LS174T cells for 18 h. Neg ctrl refers to T84/LS174T 

cells cultured without bacteria or glucorhamnan. The relative cytokine production of MIF (A and B), IL-6 (C and 

D) and IL-29 (E and F) by T84/LS174T cells was determined in the apical side of the transwells with the U-plex 

kit. The experiment was carried out in 3 biological replicates. Horizontal line on each graph indicates the lower 

limit of detection (expect for MIF, where it indicates upper limit of detection). Empty bars indicate when no 

cytokine was detected. One way ANOVA was used for comparison with the negative control (* for p<0.05, ** 

for p<0.01, *** for p<0.001). 
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Supplementary data 5: Effect of R. gnavus strains and purified glucorhamnans on tight junction gene 

expression in the T84 model. 

T84 cells were grown on transwells and treated with R. gnavus E1, ATCC 29149 or ATCC 35913 (MOI of 20:1) or 

with associated glucorhamnans (200 μg/ml) and incubated for 18 h. The gene expression level of IL-29 (A), IL-1β 

(B), IL-6 (C), TNF-α (D), TLR4 (E), CXCL8 (F), ZO-1 (G), CLN-1 (H) and occludin (I) was determined by qPCR. GAPDH 

and actin were used as house-keeping gene to normalise the data. The relative changes were calculated using 3 

biological replicates. The dotted line indicates the level of expression in the untreated control T84 cells. Statistics 

were determined using the ΔCt values. 
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Supplementary data 6: Set of methods used for the structural analysis of R. gnavus ATCC 35913 cell surface 

polysaccharide. 

Chemical reactions are shown framed, in blue are represented the acetylated alditols products and in red the 

analysis that can be done from those. 

 

 

 


