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Abstract 

Glycosylation is an enzyme-directed, site-specific, post-translational modification of 

proteins and lipids. Numerous studies highlighted the roles of glycosylation in various 

metabolic diseases, cancers, inflammatory diseases, and in susceptibility to infectious 

diseases. Fucosylation is a type of glycosylation involving an enzymatic addition of fucose 

(Fuc). It is estimated that approximately 20% of Caucasians are “non-secretors” i.e., have an 

inactive fucosyltransferase FUT2 – an enzyme facilitating terminal α(1,2)-fucosylation in 

mucosae. “Non-secretor” individuals do not express ABO and most of the Lewis histo-blood 

group antigens on epithelial cells of the GIT and on secreted glycoproteins in mucus. Previous 

studies highlighted an association of FUT2 nonsense SNPs with an increased or decreased 

susceptibility to various viral and bacterial pathogens.  

Salmonella enterica serovar Typhimurium (S. Typhimurium) is a pathogenic gram- 

negative bacterium possessing multiple virulence factors, including type 3 secretion systems, 

flagella, and fimbriae. Previously, it was shown that the purified core π-class Std fimbriae, 

encoded in S. Typhimurium by the std fimbrial operon, can specifically bind terminal Fucα1,2 

in vitro. Nevertheless, the role of host fucosylation in Salmonella pathogenesis and the extent 

of Std fimbriae production in vivo were not known.  

To determine the role of α(1,2)-fucosylated glycans in Salmonella infection, in study I, 

we orally infected streptomycin-pretreated Fut2+/+ and Fut2-/- mice with S. Typhimurium and 

analyzed bacterial colonization and intestinal inflammation. We discovered that S. 

Typhimurium colonization and Salmonella-induced pathology and inflammation of the 

murine large intestine is Fut2-dependent. In study I, we demonstrated that Salmonella 

employs Std fimbriae to adhere to α(1,2)-fucosylated host glycoproteins or glycolipids in the 

large intestine of Fut2+/+ mice, as well as in the fucosylated primary epithelial organoid 

monolayers. We also showed that Std fimbriae are important for S. Typhimurium persistence 

in the gut of secretor Fut2+/+ mice. We concluded that in the fucosylated environment, S. 

Typhimurium benefits from Std-mediated binding to host Fucα1,2 residues which promotes 

persistence of the pathogen in the murine gut. 

Proteoglycans (PGs) are heavily glycosylated proteins found on cytoplasmic 

membranes of virtually every cell and in extracellular matrices. All PGs consist of the core 

protein linked to extensively branched glycosaminoglycans (GAGs), such as chondroitin 

sulfate, heparan sulfate, and heparin. The XylT2 gene encodes the β-D-xylosyltransferase 
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enzyme which initiates GAGs assembly in mammals. While PGs are crucial for cell-matrix 

and cell-cell interactions, previous studies demonstrated important roles of cell surface PGs in 

bacterial adhesion, invasion, and in immune responses. However, little is known about a role 

of PGs in Salmonella infection. 

To investigate the role of host PGs in S. Typhimurium infection, in study II, we utilized 

Chinese hamster ovary (CHO) cells, wild-type and xylosyltransferase-deficient (∆XylT2) 

mutant lacking PGs. We employed a widely used gentamicin protection assay to assess 

bacterial adhesion, invasion, and replication in CHO cells. While S. Typhimurium adhered to 

and invaded into CHO WT and CHO ∆XylT2 cells at comparable levels, we observed that 24 

hours after infection, proteoglycan-deficient CHO cells were significantly less colonized by S. 

Typhimurium. Notably, we could “rescue” this proteoglycan-dependent phenotype by 

addition of GAGs (heparin) to the cell culture medium, as well as by complementation of the 

CHO ∆XylT2 cells with human XYLT2 gene.  

By using chloroquine resistance assay and immunostaining in study II, we discovered 

that, in proteoglycan-deficient cells, bacteria within Salmonella-containing vacuoles (SCVs) 

are more susceptible to endocytosed gentamicin. Moreover, we were able to significantly 

increase (“rescue”) the S. Typhimurium burdens in CHO ∆XylT2 cells by inhibiting the 

activity of phosphatidylinositol 3-phosphate 5-kinase PIKfyve which orchestrates endo-

lysosomal fusion. We also discovered that CHO cells lacking PGs display elevated intra-

lysosomal pH levels; this observation confirms an important role of PGs for PIKfyve-

dependent vesicle fusion. To conclude, our results demonstrate, for the first time, that cell 

surface PGs affect survival of intracellular Salmonella in epithelial cells via modulation of 

PIKfyve-dependent endo-lysosomal fusion. 

Overall, the findings of our studies presented in this cumulative thesis highlight an 

importance of host glycosylation and glycoconjugates in Salmonella infection and provide a 

new insight into the mechanisms of glycan-mediated host-pathogen interactions.  
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Scientia vincere tenebras 

1. Introduction 

1.1 Gut microbiota and the host 

The human gastrointestinal tract (GIT) is heavily colonized by commensal microbes: 

the colon alone contains 1012 bacterial cell per gram representing over 70% of all the 

microbes in the human body (1). The intestinal microbiota consists of hundreds of species; its 

composition varies across the length of the GIT, as well as within its width (so-called spatial 

distribution). For example, Clostridium,  Lactobacillus, and Enterococcus spp. were detected 

only in the mucus layer and epithelial crypts of the murine small intestine, while the proximal 

and distal segments of the colon had a distinct microbial composition (2). The differences in 

composition between the mucosa-associated and the fecal microbiota has been identified in 

several disease conditions as well as in healthy volunteers (3,4).  

Commensal bacteria of the human gut provide essential nutrients, metabolize 

indigestible compounds, and hamper colonization by opportunistic pathogens (5). 

Furthermore, the bacterial symbionts modulate the host immune system via certain 

metabolites or pattern recognition receptors (PRRs) (6–8), regulate the multiple metabolic 

pathways (Figure 1), and even affect the behavior of the host (the microbiota-gut-brain axis) 

(9,10). Dramatic changes in composition and/or in functional configuration of the microbial 

community (for  example, upon antibiotic treatments or due to an infection) can disrupt the 

homeostasis between the host and the gut microbiota (11). Such state is referred to as 

dysbiosis – a concept coined by Ilya Metchnikov more than a hundred years ago. Dysbiotic 

gut microbiota had since been associated with a number of serious diseases, including 

inflammatory bowel disease (IBD) (12), colon cancer (13), irritable bowel syndrome (IBS) 

(14), obesity (15,16), and asthma (17).  

It should be noted that it is often difficult to establish or prove a causal link between a 

given condition/phenotype and the composition or function of the gut microbiota. Indeed, the 

interactions of the gut microbiota and a host are highly complex and reciprocal due to 

simultaneous  contributions of the host genetics (18,19), diet (20,21), lifestyle (22), mode of 

birth (21,23), and the environment (24,25). Moreover, the diverse species of the gut 

microbiota interact with each other, cross-feeding or competing for nutrients (26). While a 

host can be viewed as an ecosystem providing a niche and able to manipulate commensals to 

its benefit, the “meta-organism” or “holobiont”  paradigm considers the host organism and all 
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its associated microbes, including bacteria, viruses, archaea, and fungi, as one biomolecular 

network/entity (27,28). Such holistic approach may be also applied in a context of infection, 

to study host-pathogen-microbiota interactions. 

 

Figure 1. Gut microbiota alter host physiology. The affected host phenotypes are presented in the blue 

ellipses. AMPs, antimicrobial peptides; DC, dendritic cells; G+/G-, gram-positive/-negative bacteria; HPA, 

hypothalamus-pituitary-adrenal; PG, peptidoglycan; PSA, polysaccharide A; SCFAs, short chain fatty acids; 

SFB, segmented filamentous bacteria; ECs, enterochromaffin cells. Own work, adapted from (1,7,29,30). 

1.2 Structure and function of the intestinal mucosal barrier 

The epithelial surface of the human GIT comprises different cell types, namely, 

absorptive cells (enterocytes and colonocytes), stem cells, mucus-producing goblet cells, 

Paneth cells which produce antimicrobials, intestinal intra-epithelial lymphocytes (IELs), and 

enteroendocrine cells (Figure 2). Intestinal epithelial cells (IECs), interconnected with tight 

junctions and overlaid with mucus, constitute the mucosal barrier limiting bacterial invasion 

and, ultimately, prevent an access to the systemic circulation (31). Compromised gut barrier 

may lead to bacterial translocation with serious pathological consequences, such as 

autoimmunity (32), infection and inflammation (reviewed  in 33). Increased paracellular 

permeability (a condition referred to as “leaky gut”) due to a combination of genetic 

predisposition and environmental factors also causes inflammation and loss of antigen 

tolerance which may trigger the onset of IBD (34).   
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The mucosal barrier contains a plethora of glycoconjugates including high molecular 

weight mucins, forming the mucus gel, and membrane-associated glycoproteins and 

glycolipids, forming the glycocalyx (described in details in the Chapter 1.3). The hydrated 

mucus gel covers glycocalyx, overlays the feces, and acts as a selective molecular filter, 

which entraps particles and bacteria (35). The thickness of the mucus gel varies throughout 

the GIT, being thickest in the colon (e.g, approximately 0.7 mm in rats) (Figure 2) (36). 

Accordingly, the thickness, composition, and glycosylation of the glycocalyx depend on the 

anatomical location and on a cell type (37,38). It was estimated that the inner mucus layer in 

the distal colon of mice is being continuously replaced at the rate of 50 μm/ hour  by secretion 

from goblet cells (39). The conversion from the inner colonic mucus layer to the loosely 

attached outer mucus layer is facilitated by endogenous proteases (39). The constant 

renovation of the glycocalyx and mucus is crucial for maintaining barrier properties of the gut 

mucosa.  

The inner mucus layer of the large intestine is firmly attached to the epithelium and 

impenetrable to most bacteria, while the expanded outer mucus layer provides a niche for the 

microbiota (40,41). In contrast, the mucus layer in the small intestine is penetrable, but  

bacteria do not normally colonize the epithelium due a high concentration of AMPs (e.g., 

        

Figure 2.  The intestinal mucosae of jejunum (on the left) and colon (right panel) have a distinct structure. 

IECs, intestinal epithelial cells; AMPs, antimicrobial peptides; IELs, intestinal intraepithelial lymphocytes; DC, 

dendritic cell; SIgA, secretory immunoglobulin A. Reproduced from (42) with permission from the publisher. 
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lysozyme and secretory phospholipase A2) (43). The notable exception is segmented 

filamentous bacteria (SFB) or “Candidatus Arthromitus” – clostridia-related, spore-forming 

anaerobes commonly detected in the gut of vertebrates, including humans, mice, and chickens 

(44). SFB tightly adhere to absorptive epithelial cells and to Peyer’s patches in the ileum. The 

SFB abundance in the gut has been associated with reduced colonization and growth of 

pathogenic bacteria, including Salmonella (45), enteropathogenic E. coli (46), and Citrobacter 

rodentium (7), in rats, rabbits, and mice respectively. The recent study (47) demonstrated that 

SFB-colonized mice had accelerated epithelial cell turnover and were protected against 

rotavirus-induced diarrhea and infection.  

Indeed, the gut microbiota can modulate post-natal development and function of the 

intestinal mucosal barrier. For example, the important role of Paneth cells and indigenous 

microbiota in the development of the intestinal villus microvasculature was demonstrated by 

Stappenbeck et al. (48). Mice colonized with a probiotic strain Escherichia coli Nissle 1917 

were less susceptible to dextran sodium sulfate-induced colitis and displayed reduced colonic 

epithelial permeability (49). Notably, IECs isolated from these mice exhibited a more 

pronounced expression of Zonula occludens-1 (ZO-1) protein (49) – the scaffold  protein 

which cross-links and anchors the tight junctions to the actin cytoskeleton (50). More recent 

data indicated that the indigenous gut microbiota affects barrier properties of colon mucus in 

C57BL/6 mice (51).  

The second line of defense against bacteria (commensal or pathogenic) that breached 

the mucosal barrier includes the liver (52) and the mesenteric lymph nodes (mLNs) (53). An 

enhanced microbial translocation was observed in burn victims (54), patients with HIV (55), 

and in rats subjected to hemorrhagic shock (56), indicating an effect of the systemic stress and 

immunity on the intestinal barrier function. A contributions of the different host factors to the 

gut barrier integrity was demonstrated in the different models of murine colitis: mice deficient 

in either Muc2 mucins, core 1 O-glycans, Toll-like receptors 5 (Tlr5), or interleukin 10 (IL-

10), production had bacteria in a close proximity to the colonic epithelium (57).  

Gut associated lymphoid tissue (GALT) and the lamina propria are crucial for the 

immune response in the gut. In the lamina propria, the myeloid-derived dendritic cells (DCs) 

act as antigen-presenting cells (APCs): DCs collect luminal antigens via long dendrites 

projected between the epithelial cells (58). In the small intestine, antigens are also taken up 

and transported to the APCs by the microfold cells (M cells) overlying the lymphoid follicles 

of the Peyer's patches and isolated lymphoid follicles (59). Furthermore, the epithelial and 
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leukocyte cells of the mucosal barrier express pattern recognition receptors (PRRs) and 

secrete various protective and antibacterial proteins, such as mucins, antibodies, lysozyme, 

defensins, and galectins (42). Many of these proteins are glycosylated and the role of such 

glycosylation in mucosal defense is not fully understood.  

Secretory IgA (SIgA) is one of the key elements of the mucosal immunity able to 

modulate the gut microbiota and to keep pathogens at bay (60). Upon activation (e.g., by 

DCs) and class switching, newly generated IgA-producing B-cells leave the GALT and home 

to the intestinal lamina propria via the blood (61). About 3-5 g of dimeric IgA in humans, or 

40-60 mg/kg in mice, is being secreted per day under steady-state conditions (62). Notably, 

SIgA was detected in the mucus, co-localized with the gut bacteria (63). Indeed, preferential 

coating of the fecal microbiota with SIgA (64), as we as its tolerance to the commensal 

bacteria (65), had been shown previously. Interactions of SIgA with the microbiota are 

complex: monoclonal SIgA displayed cross-species reactivity (66) and can bind antigens in a 

canonical Fab-dependent and non-canonical glycan-dependent manner (67). Furthermore, 

SIgA can block bacterial toxins (e.g., cholera toxin (68) and toxin A of Clostridium difficile 

(69)) and directly interfere with an adherence of the pathogen (murine reovirus) to the 

intestinal epithelium (70). Most importantly, SIgA is able to limit access of pathogens to the 

epithelium in a stepwise process called “immune exclusion” (71).  

1.3 Glycans and protein glycosylation 

Glycoconjugates, or glycans, are complex biopolymers comprised of different sugar 

residues, such as N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), fucose 

(Fuc), sialic acid (NeuAc), mannose, glucose, and xylose (72). Glycans are essential for 

protein maturation and turnover, for cell differentiation, adhesion and trafficking, and for 

receptor binding and activation of signal transduction pathways (73). Because protein 

glycosylation is involved in most physiological processes and diseases, its dysfunction has 

been linked with a development of various infectious and chronic diseases, including cancer 

and severe inflammation (reviewed in 74,75). The inherited defects of nucleotide-sugar 

biosynthesis, lack of glycosyltransferases or dysfunction of vesicular transport lead to the 

congenital disorders of glycosylation (CDG); most types of CDG are associated with 

neurological impairments (76).  

Glycosylation, the attachment of sugar moieties, is an intricate and tightly regulated (77) 

post-translational modification involving the integrated action of multiple proteins, such as 

glycosylation enzymes, sugar nucleotide transporters, and trafficking proteins. It was 
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estimated that more than half of all proteins and many lipids in a human body are 

glycosylated (78). Glycosylation takes place in the endoplasmic reticulum (ER) and the Golgi 

complex: specific receptors in the trans-Golgi network bind the sugar moieties of soluble 

proteins and facilitate their transport to different cell organelles or to the cell membrane 

(Figure 3).  

Glycosylation drastically increases the diversity of the proteome due to highly variable, 

non-templated activity of specific enzymes which determines a glycosidic linkage, glycan 

composition, structure, and length. Glycosylation activity varies between the different cell 

type and intracellular compartments (79). Glycosyltransferases are enzymes that 

independently transfer certain mono- or oligosaccharides from a donor (a sugar nucleotide or 

dolichol) to growing oligosaccharide chains or proteins (80). Glycan processing in the ER and 

Golgi also requires glycosidases, enzymes that catalyze the hydrolysis of glycosidic bonds 

resulting in removal of sugars moieties. Each glycosidase cleaves a particular sugar (e.g., 

galactosidase). Importantly, glycosylation enzymes act in a step-wise manner, i.e., the 

completion of one enzyme reaction triggers the next one (81). 

To date, five different types of protein glycosylation were described. In the N-linked 

glycoproteins, the oligosaccharide is attached to the nitrogen atom of the lateral chain of 

asparagine in the ER, while the O-linked glycosylation implies an attachment to the hydroxyl 

group of the lateral chain of serine or threonine in the ER, Golgi, cystosol and nucleus. 

Glypiation is a special case of glycosylation of surface glycoproteins in eukaryotes and some 

 

Figure 3. Biosynthesis of the N-linked oligosaccharide in a nutshell. A lipid precursor with attached sugars is 

translocated across the cytosol into the lumen of the endoplasmic reticulum (ER). Then, the core oligosaccharide 

attaches to the nascent polypeptide, which is then folded (depicted as grey oval). Further modifications of the 

glycoprotein occur in the Golgi complex, including an addition of GlcNAc, GalNAc, galactose, fucose, and/or 

sialic acid to the oligosaccharide branches. Reproduced from (82) with permission from AAAS. 
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archaea that involves the covalent attachment of a glycosylphosphatidylinositol (GPI) anchor 

(83). Other unusual examples of glycosylation include C-mannosylation which produces 

carbon-carbon bonds by attaching mannose to the indole ring of tryptophan (84) and 

phosphoglycosylation (linking of glycans to serine or threonine via phosphodiester bonds) 

which is limited to parasites and slime molds (85). 

Glycosylation of proteins (N-linked or O-linked) generates extensively branched 

structures of glycans, which overcomes the limitations of the linear polypeptide chains (82). 

While up to 90% of proteins are N-glycosylated, O-glycosylation is crucial for the 

biosynthesis of mucins, proteoglycan core proteins, and some antibodies. “Mucin-type” and 

other mammalian O-linked glycans will be reviewed in the following subchapter. 

Glycoproteins may undergo a number of other modifications, such as methylation, 

phosphorylation, sulfation, O-acetylation, and addition of GlcNAc, mannose, or fucose (74). 

A role of fucosylated proteins and lipids in the intestine will be described in the Chapter 

1.3.2.  Proteoglycans – heavily glycosylated proteins – are discussed in the Chapter 1.3.3.   

1.3.1 Mucins 

Mucins are a family of GalNAc-based glycoproteins located at the mucosal surface of 

the GIT. The molecular structure of mucins determines their functions: the secreted O-

glycosylated mucins of high molecular weight and size, such as MUC2, MUC5AC, MUC6, 

and MUC19, have an ability to form viscoelastic gels. Membrane-associated mucins (i.e., 

MUC1, MUC3, MUC4, MUC12, MUC13, and MUC17) do not form gels, but form the 

glycocalyx attached to the membrane of epithelial cells  (86).  

Glycocalyx covers the apical cell membrane of enterocytes, the major cell type in the 

intestinal epithelium. Interestingly, a tissue-specific expression of the transmembrane mucins 

was reported: MUC3 was detected throughout the whole intestine, while MUC12 was mainly 

found in the colon (87), and MUC17 – in the small intestine (88). The membrane-associated 

mucins are very long monomers containing more than 4000 amino acids and extending for up 

to 1 μm into the gut lumen – further than any other membrane proteins (35). A recent study of 

Sun et al. (89) demonstrated the micrometer-long mucin filaments emerging from the tips of 

microvilli and forming an intricate three-dimensional columnar network (Figure 4). Thus, the 

glycocalyx protects the cell membrane of enterocytes by establishing a glycan-rich barrier.  
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Figure 4. An electron micrograph shows the apical region of an enterocyte of the murine small intestine. 

Tuft-like glycocalyx separates the brush border microvilli from the intestinal lumen. Scale bar, 500 nm. Adopted 

from (89) under a Creative Commons Attribution 4.0 International License (CC BY 4.0). 

Both membrane-bound and secreted mucins have a protein core (200–500 kDa) 

arranged into distinct regions (Figure 5A). Most MUC genes contain unique variable number 

tandem repeat (VNTR) sequences, encoding a central glycosylated region, rich in serine, 

threonine, and proline (STP repeats). The less O-glycosylated regions with a high proportion 

of cysteine are located at the N and C termini, or sometimes they are interspersed between the 

STP repeats (90). C-terminal Cystine Knot and von Willebrand factor (vWF)-type domains 

are found in cysteine-rich regions and involved in dimerization of secreted mucins and 

subsequent polymerization of the dimers via disulfide bond formation (Figure 5B-C).  

 

Figure 5. Schematic representation of the pig gastric mucin’s structure. Mucin monomer (A) contains 

heavily O-glycosylated regions. Dimers (B) and multimers (C) are formed via disulfide bonds in the non-

glycosylated regions giving rise to the high molecular weight of secretory mucins. Reproduced from (91) with 

permission from the publisher. 
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The oligosaccharide content and structures of mucins vary according to cell type, tissue 

location and developmental stage. The carbohydrate chain of mucins typically contains a 

GalNAc covalently attached to the Ser or Thr residue, eight different core structures, the 

backbone region produced by elongation units, and various terminal residues (Table 1). For 

example, in humans, core 4 structures were discovered in the highly fucosylated mucins of the 

small intestine, core 2 glycans have been found in the distal colon, while core 3 structures 

were widely distributed in the gut (92). Notably, many mucins, e.g., membrane-associated 

MUC1, MUC4 and MUC16, include regions rich in N-glycosylation sites (93). Bell et al. (94) 

demonstrated that two N-glycans located near the first and second cysteines of the knot, are 

crucial for dimer formation of the secreted MUC2 mucin.  

Terminal structures of glycan chains present in mucins (secreted and membrane-

associated) include Fuc, Gal, GalNAc or Neu5Ac residues forming histo-blood group 

antigens, such as ABH and Lewis antigens (Table 1, Figure 6). The ABH antigens are 

expressed in most epithelial tissues, on membrane glycoproteins and glycolipids, as well as 

soluble, secreted forms of these glycans (reviewed in 95). Histo-blood group antigens act as 

Table 1. Common O-linked oligosaccharide structures found in mucins. Adapted from (96). 

Nomenclature Structure 

Core type 

  Core 1 

  Core 2 

  Core 3 

  Core 4 

LacNAc elongation units 

  Type 1 chain 

  Type 2 chain 

Branching 

  i-antigen 

  I-antigen 

Terminal structures 

  Blood group H 

  Blood group A 

  Blood group B 

 Type 1 chain-based 

  Lewisa 

  Lewisb 

  Sialyl-Lewisa 

 Type 2 chain-based 

  Lewisx 

  Lewisy 

  Sialyl-Lewisx 

Sulfation 

  3-Sulfation 

  6-Sulfation 

Combined epitopes 

  H-1 antigen 

  Sialylated type-2 chain 

 

-Galβ1-3GalNAcα1-Ser/Thr 

-Galβ1-3(-GlcNAcβ1-6)GalNAcα1-Ser/Thr 

-GlcNAcβ1-3GalNAcα1-Ser/Thr 

-GlcNAcβ1-3(-GlcNAcβ1-6)GalNAcα1-Ser/Thr 

 

-Galβ1-3GlcNAc β1- 

-Galβ1-4GlcNAc β1- 

 

-Galβ1-3GlcNAc β1-3Galβ1- (unbranched) 

-Galβ1-3GlcNAc β1-3(-Galβ1-3GlcNAc β1-6)Galβ1- (branched) 

 

Fucα1-2Galβ1- 

Fucα1-2(-GalNAcα1-3)Galβ1- 

Fucα1-2(-Gal α1-3)Galβ1- 

 

Galβ1-3(-Fucα1-4)GlcNAc β1- 

Fucα1-2Galβ1-3(-Fucα1-4)GlcNAc β1- 

Neu5Acα2-3Galβ1-3(-Fucα1-4)GlcNAc β1- 

 

Galβ1-4(-Fucα1-3)GlcNAc β1- 

Fucα1-2Galβ1-4(-Fucα1-3)GlcNAc β1- 

Neu5Acα2-3Galβ1-4(-Fucα1-3)GlcNAc β1- 

 

HSO3-3Galβ1- 

HSO3-6GlcNAc β1- 

 

Fucα1-2Galβ1-3GlcNAc β1- 

Neu5Acα2-3-Galβ1-4GlcNAc β1- 
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ligands for the cell adhesion molecules (selectin, galectin families) and for bacterial adhesins 

(discussed in the Chapters 1.3.2 and 1.4).  

HMOs (human milk oligosaccharides) are a family of diverse unconjugated 

oligosaccharides structurally related to mucin glycans which are present in the abundance in 

human milk (5-15 g/L), as well as in the gut of breastfed babies (97). Recent studies 

suggested that HMOs can modulate epithelial and immune cell responses (e.g., mucosal 

leukocyte recruitment) and contribute to brain development by providing nutrients (reviewed 

in 98). HMOs are composed of the five basic monosaccharides: glucose, galactose, GlcNAc, 

fucose and sialic acid (Neu5Ac); notably, 50-80% of HMOs are fucosylated (98).  

1.3.2 Fucosylation in the gut. The secret(or) of blood sugars. 

Fucosylation is a type of glycosylation involving an enzymatic addition of fucose 

residues to a molecule. Fucosyltransferases transfer fucose from GDP-Fuc to Gal in an α(1,2)-

linkage and to GlcNAc in α(1,3)-, α(1,4)-, or α(1,6)-linkages (99). In humans, the FUT gene 

family comprises 13 different genes encoding fucosyltransferases displaying a complex 

tissue- and cell type–specific pattern of an expression (100). Alpha-2-fucosyltransferases 

(encoded in mammals by Fut1, Fut2, and Sec1 genes) are enzymes required for the 

biosynthesis of the terminal glycan motif Fucα2-Galβ-R (see Table 1, Figure 8B-C). Human 

FUT1 (H) and FUT2 (Secretor) genes are responsible for synthesis of ABH and Lewis histo-

blood groups (Figure 6).  

Upon glycosylation, α(1,2)-fucosylated proteins and lipids (101) can be directly 

secreted into the gut lumen or can be anchored to the apical side of the mucosal epithelium 

(102). Indeed, polyfucosylated (mostly Fucα1,2) N-linked tri- and tetra-antennary 

glycopeptides with blood group determinants were found in abundance in human small 

intestinal epithelial cells (103). In individuals with the functional α-2-fucosyltransferase 

FUT2 (so-called “secretor” phenotype, Se), ABH blood group antigens (analogous to those 

found on a surface of erythrocytes) are expressed on epithelial cells of higher respiratory tract, 

lower genito-urinary tract, on gastrointestinal epithelia and on mucins (Table 1) (104). For 

example, “secretors” produce Lewisb and H type 1 antigens (mirroring blood group O); H 

antigen structure can be further decorated by another glycosyltransferases with GalNAc- or 

Gal-residues thus creating A or B antigens (Figure 6A-B).  

In contrast, “non-secretors” (Se0) subjects are homozygous for the FUT2-inactivating 

nonsense mutation and, thus, express only the Lewisa antigen (with FUT3-dependent 
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Fucα1,4) instead of Lewisb and ABH antigens (105) (Figure 6A-B). Moreover, the “weak-

secretor” phenotype (Sew) which is characterized by an expression of both Lewisa and Lewisb 

antigens (Figure 6C-D) has been identified in Taiwanese, Polynesians, Japanese, and 

Australian aborigines (106). Sew phenotype is the result of a weak (mutated) form of the α-2-

fucosyltransferase (107). To conclude, a secretor status is determined by a concurrent action 

of two different enzymes, Secretor (FUT2) and Lewis (FUT3). Of note, Serpa et al. reported 

that only nine out of 47 Lewis-negative (i.e., FUT3-negative) individuals lacked the 

expression of Lewis antigens in gastric mucosa (Lea-, Leb-) indicating a possible contribution 

of another α-1,3/4 fucosyltransferase to Lewis antigens biosynthesis in the mucosa (108).  

Naturally occurring polymorphisms of FUT1 and FUT2 genes (due to fully or partially 

inactivating mutations) have significant epidemiological and functional consequences, 

highlighting the importance of α(1,2)-fucosylated glycans. Lack of both functional FUT1 and 

FUT2 alleles results in the very rare Bombay blood group (109) characterized by an absence 

of ABH antigens on erythrocytes (regardless of the blood group genotype) and in secretions 

(110).  Individuals with the Para-Bombay phenotype are also FUT1-negative, but do express 

the FUT2–encoded α(1,2)-fucosyltransferase, and thus “secretors” (111).  

 

Figure 6. Fucosylated blood group antigens and associated secretor phenotypes. (A) The α(1.2)-fucosylated 

(in red) H type 1 and Lewisb antigens correspond to blood group O. Group A and B antigens have additional 

GalNAc or Gal residues (blue), respectively. Sialylated Lewis antigens (depicted in pink) are up-regulated 

during inflammation and infection. (B) Biosynthesis pathways for blood group antigens with corresponding Se 

phenotypes. (C) Humans of Se, Se0, or Sew phenotype are characterized by the presence/absense of ABH and 

Lewisa antigens in salivary, milk, and GI tract secretions. (D) An activity of α1.2fucosyltransferase defines the 

secretor status. Reproduced from (112) under CC0 1.0 Universal Public Domain Dedication (no copyright). 
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FUT2 gene polymorphism is more common: it is estimated that approximately one-fifth 

of the global population are “non-secretors” unable to express α(1,2)-fucosylated glycans on 

mucosa  (102).  FUT2 gene, located on Chr19q13.33, has length of 9,980 bp, and it is 

composed of two exons separated by a 6,865-bp intron. Two functional alleles of FUT2 are 

commonly found in many populations: one is a so‐called reference allele (Se), and the other is 

the Se357 with a 357 C→T synonymous SNP (113). Nevertheless, more than 20 different 

single nucleotide polymorphisms (SNPs) in FUT2 conferring the “non-secretor” phenotype 

were described (114).  

Similarly to the population-specific Sew phenotype, the frequency of Se0 varies in 

different ethnic groups. For example, in populations of Caucasian, African, and central Asian 

descent, the most common nonsense SNP is a G→A substitution at base pair 428 (rs601338) 

(105). In contrast, Se385, an A→T substitution at base pair 385 (rs1047781), is the most 

frequent cause of  the  “non-secretor” phenotype in east Asians (107). Notably, within their 

respective populations, both aforementioned SNPs are distributed at similar frequencies 

(≈20%) (113). It seems that, at least in Eurasian and African populations, many FUT2 variants 

had a long history of  (probably pathogen-driven) balancing selection ensuring both Se and 

Se0 had an advantage (115). It is estimated that the Se428 mutation is at least 1.87 million years 

old (116). Fast spreading of the most recent, H8 haplotype (Se385), which appeared in East 

Asia about 256,000 years ago, might reflect a positive selection (113). To conclude, the 

world-wide distribution of Se0 phenotypes may be a result of on-going selective pressure 

providing an advantage for “non-secretor” in the certain cases. 

Possible associations between the secretor status and susceptibility to infections and 

diseases have been extensively studied. For instance, a recent study claimed that FUT2 SNPs 

rs601338 (Se428)  and rs602662 were associated with a higher risk of diarrhea and respiratory 

illnesses in infants, while a longer period of breastfeeding reduced risk of diarrhea, 

independent of FUT2 genotype (117). Furthermore, “secretors” were shown to be more 

susceptible to norovirus, rotavirus, HIV, Helicobacter pylori, and graft-versus-host disease, 

while “non-secretors” are more prone to Candida albicans, Streptococcus pneumoniae, 

Neisseria meningitidis, Haemophilus influenza infections, as well as to gastric cancer, primary 

sclerosing cholangitis, and Crohn’s disease (reviewed in 102).  

Some of the pathogens mentioned above can directly bind and adhere to α(1,2)-fucose 

residues (discussed in the Chapter 1.4.2), which explains the observed differences in 

colonization. Interestingly, while Fut2 gene expression affected the gut community assembly 
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in mice (118), no strong correlation between a secretor status and the composition of the 

human gut microbiota was detected in a twin cohort study (119). Finally, it should be noted, 

that “non-secretors” had increased levels of sialylated glycans (incl. Sialyl-Lewisx) expressed 

on MUC5B isolated from saliva, probably, due to reduced competition between 

glycosyltransferases (120). Enhanced sialylation may mask or aggravate Se0-dependent 

phenotypes. 

1.3.3 Proteoglycans and glycosaminoglycans 

Proteoglycans (PGs) are heavily glycosylated proteins involved in the cell-matrix and 

cell-cell interactions. Importance of PGs for bacterial adhesion/invasion and for immune 

responses has been previously demonstrated in a number of studies (reviewed in 121). All 

PGs consist of a core protein which is covalently linked to glycosaminoglycans (GAGs) 

chains. GAGs are long linear polysaccharides comprised of repeating disaccharide units of the 

amino sugar (D-GlcNAc or D-GalNAc) and an uronic acid, either D-glucuronic (D-GlcA) or 

L-iduronic acid (L-IdoA), or a galactose. Based on the structure of the disaccharide unit, 

GAGs are divided into four distinct families: heparan sulfate/heparin, chondroitin/dermatan 

sulfate, keratan sulfate, and hyaluronan (Table 2).  

Biosynthesis of the first two classes of GAGs is initiated by assembly of the common 

tetrasaccharide linker (D-GlcA-β1-3-Gal-β1-3-Gal-β1-4-Xyl-β-Ser) on a core protein. In 

humans, two β-D-xylosyltransferase enzymes, encoded by the XYLT1 and XYLT2 genes, 

facilitate the synthesis of a linker by transferring UDP-xylose residues to the serine moieties 

of a protein (122). A type of a linkage within the repeating units defines GAG structure: the β-

glycosidic bond at D-GalNAc results in a synthesis of chondroitin sulfate, while the α-

glycosidic bond characterizes a heparan sulfate. 

Table 2. Types of GAGs and respective PGs. Adapted from (123,124). 

Glycosaminoglycan Structure of the repeating unit Relevant PGs 

Chondroitin-sulfate 

(CS)  

Dermatan sulfate 

(DS) 

Heparan sulfate (HS)  

 

Heparin 

 

Keratan sulfate (KS) 

 

Hyaluronan (HA) 

-4)-β-D-GlcA-(1→3)-β-D-GalNAc4[6](OSO3-)-(1- 

 

-4)-α-L-IdoA-(1→3)-β-D-GalNAc4(OSO3-)-(1- 

 

-4)-β-D-GlcA-(1→4)-α-D-GlcNAc-(1- 

 

-4)-α-L-IdoA2(OSO3-)-(1→4)-α-D-GlcNSO3-,6(OSO3-)- 

 

-3)-β-D-Gal-(1→4)-β-D-GlcNAc6(OSO3-)-(1- 

 

-4)-β-D-GlcA-(1→3)-β-D-GlcNAc-(1- 

Phosphacan, versican, 

biglycan. 

Decorin, epiphycan. 

 

Syndecan 1-4, glypican 

1-6, testican 1-3, agrin. 

Serglycin (intracellular 

PG!) 

Lumican, keratocan, 

fibromudulin. 

* not linked to a protein 

core. 
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Heparan sulfate proteoglycans (HSPGs) are predominantly found on the cell surface: 

either in the pericellular matrix, or intimately associated with the plasma membranes via a 

transmembrane domain (syndecans 1–4, CD44v3, and betaglycan) or via a GPI anchor 

(glypicans 1–6) (Figure 7). Few HSPGs, namely, collagen type XVIII, agrin, and perlecan, 

are secreted into the extracellular matrix (125). Notably, serglycin (mostly CS- and heparin-

based PG) is the only truly intracellular PG which was originally discovered in the secretory 

granules of endothelial, endocrine, and hematopoietic cells (126).   

A main function of HSPGs localized at the basement membranes is to anchor cells (e.g., 

epithelial cells to lamina propria) by interacting with each other and with other constituents of 

the membrane, such as laminins, integrins, collagen type IV, and nidogen (127). Cell surface 

and pericellular HSPGs also act as receptors for proteases and protease inhibitors, bind 

cytokines and chemokines (128). Moreover, HSPGs participate in a formation of growth 

factor gradients, and, thus, are crucial in processes of embryogenesis, regeneration, and neural 

differentiation (reviewed in 129). Recently, a role of HSPGs in the intracellular events was 

acknowledged. It was shown that syndecan-2 enters the endosomal compartment and interacts 

with phosphatidylinositol 4,5-bisphosphate  (PtdIns(4,5)P2) –  a phospholipid component of 

the intracellular membranes(130).  

 

Figure 7. Schematic representation of the cell surface PGs, which include transmembrane type I (the N-

terminus is outside of the plasma membrane) PGs (four syndecans, CSPG4/NG2, betaglycan and phosphacan) 

and six GPI-anchored proteoglycans, glypicans 1–6. The type of GAG chain and the major protease-sensitive 

sites are indicated. Reproduced from (121) under the Attribution-NonCommercial-NoDerivatives 4.0 

International (CC BY-NC-ND) license.  
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Chondroitin- and dermatan sulfate-containing proteoglycans (CSPGs and DSPGs, 

respectively) are typically found in cartilages, intervertebral discs, tendons, corneas and in the 

brain. For example, phosphacan (Figure 7) is a CSPG which was originally isolated from rat 

brain; it was demonstrated that phosphacan can directly interact with neurons and neural cell-

adhesion molecules (131). Overall, CSPGs and DSPGs contribute to viscoelastic, osmotic, 

and structural properties of the extracellular matrix (ECM). The small leucine-rich 

proteoglycans (SLRPs) belong to the largest family of PGs structurally characterized by a 

protein core containing multiple leucine-rich repeats and covalently linked to CS or DS GAG 

chains. SLRPs (i.a., biglycan, epiphycan, podocan, decorin, lumican, osteoadherin) act both as 

structural constituent of ECM and as signaling molecules (reviewed in 132).  

Hyaluronan- and lectin-binding proteoglycans (hyalectans) represent another distinct 

family including four different PGs, namely aggrecan, versican, neurocan, and brevican (121). 

Hyalectans share the unique tri-domain structure: a hyaluronan-binding N-terminal domain, a 

central domain containing the GAG side chains, and a C-terminal domain that binds lectins 

(133). Similarly to phosphacan, versican together with brevican were shown to be a major 

component of the ECM in mature brain (134); versican is also produced by stromal cells and 

leukocytes. An eponym “versican” highlights versatile functionality of this PG which acts as a 

ligand for many receptors on the surface of immune cells (e.g., CD44, P-selectins, and TLRs), 

notably, versican expression is increased during inflammation (135).  

Keratan sulfate-based proteoglycans (KSPGs) are are abundant in the cornea, cartilages, 

intervertebral discs, and in the neural tissues (136). Due to high water retention ability, 

KSPGs in joints act as a cushion absorbing mechanical shock. KS GAGs were originally 

discovered in the cornea and identified as a linear polymer composed of GlcNAc, galactose, 

and sulfate (137). The repeating disaccharide units of KS (Table 2) can be sulfated at C6 

position of either or both the monosaccharides, thus creating the regions of high sulfation, 

mono-sulfation, and no-sulfation on KS chains (138). Unlike HSPGs and CSPGs, KSPGs are 

formed by an attachment of KS GAGs to a protein core via N-linked asparagine, or O-linked 

serine/threonine or mannose residues. Many SLRPs, such as fibromodulin, lumican, and 

keratocan, as well as hyalectans (aggrecan and versican) bear small N-linked KS-I chains 

(136). Importantly, the KS chains can be heavily fucosylated and/or sialylated (139).  

Finally, hyaluronan (HA) is a unique type of GAG which is not covalently attached to 

any PG and has no chain modifications (123). The HA polymerase enzymes, HA synthases, 

are inserted into the plasma membrane and release HA chains in the extracellular space (140). 
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HA synthases have two enzymatic components adding the monosaccharides (GlcA and 

GlcNAc) at the reducing end of the HA chain. In mammals, three phylogenetically conserved 

HA synthases have been found; interestingly, a number of bacterial spp. also possess HA 

synthases and can produce HA (141). Within ECM, HA is usually associated with proteins 

and/or PGs (with aggrecan, for instance) forming the extracellular HA-rich regions. A number 

of studies highlighted a role of such HA-rich matrices in skin inflammation and barrier 

function (reviewed in 142), in morphogenesis and fertility (143), and in the tumor 

microenvironment (144). 

1.4 Trick or treat: glycans as mediators of host-pathogen-microbiota interactions 

As discussed in the previous chapters, the GIT epithelium expresses a repertoire of 

glycoconjugates of different “flavors”. Mucosal glycoconjugates represent sensitive markers 

of intestinal and gastric epithelial cell differentiation (145). The overall GIT glycosylation 

pattern and structures of glycoconjugates are genetically pre-determined for each given 

individual by genes encoding specific, carbohydrate-active enzymes (e.g., glycosidases, 

glycosyltransferases, glycoside hydrolases). The degree and nature of mucosal glycosylation 

affects GIT colonization by the gut microbiota (146), which, in turn, influences mucosal 

protection, digestion, and gut homeostasis. Moreover, by comparing the glycosylation 

patterns of germ-free (GF) and conventional mice, it has been demonstrated that the gut 

microbiota affect the cellular and the subcellular distribution of glycans (147).  

Indeed, certain members of the gut microbiota can initiate a production of host 

glycoconjugates in vivo (148) or alter the state of glycosylation of the epithelial cells in the 

intestine (149). While alterations in mucin glycosylation have been associated with a number 

of human diseases, such as colonic cancer, ulcerative colitis and Crohn’s disease (86,150), a 

role of particular commensals/pathobionts in a development of the aforementioned conditions 

remains elusive. Finally, the diet which can shape gut microbiota and change the mucosal 

architecture and the mucus composition (151) is adding an additional layer of complexity to 

glycan-host-microbiota crosstalk.   

The carbohydrate moieties of mucosal glycans can serve as microbial attachment sites 

and/or as nutrients for the commensal microbes (152). The following two subchapters will 

explore these two functions of host sugars. 
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1.4.1 Glycan foraging – there's always room for dessert 

Previous studies demonstrated that several members of the human gut microbiota can 

degrade complex carbohydrates provided by the host and thus occupy a niche (153). So-called 

“mucin-degrading specialists” spp. include Akkermansia muciniphila, Bifidobacterium 

bifidum, Bacteroides thetaiotaomicron, Ruminococcus gnavus, and Ruminococcus torques, 

among others (154) (Table 3). Notably, a degree of glycan-degrading specialization can be 

substantial. For instance, Crociani et al. screened 290 strains of 29 Bifidobacterium spp. 

isolated from humans and animals for the ability to metabolize various glycan substrates: it 

was found that porcine gastric mucin was utilized exclusively by B. bifidum, B. infantis was 

the only species to degrade D-glucuronic acid; strains of B. longum fermented arabinogalactan 

and gum arabic; while α-L-fucose was a substrate for strains of B. breve, B. infantis and B. 

pseudocatenulatum (155).  

Comparative genomic analysis of the human gut microbiome revealed that 86% of the 

analyzed genomes had genes responsible for cleavage of mucin glycans; 89% genomes – for 

the catabolism of derived monosaccharides; 81% of the genomes had the predicted ability to 

degrade at least one type of mucins (156).  Interestingly, it was also suggested that 82% of the 

analyzed commensals could potentially form a mutualistic relationship and degrade glycans 

which are not degradable by any of the paired members alone (156). Commensal bacteria may 

also indirectly assist in colonization by other species by stimulating a production of the 

specific host glycoconjugates. For instance, it was demonstrated that SFB induce an 

expression of fucosyl asialo GM1 glycolipids on epithelium in the small intestine of BALB/c 

mice (157). 

To thrive on mucosal glycoconjugates, commensals employ multiple enzymes cleaving 

either sialic acids (Neu5Ac and Neu5Gc), Fuc, Gal, GlcNAc, or GalNAc (158). Structurally-

related, catalytic and carbohydrate-binding modules of enzymes that degrade, modify, or 

create glycosidic bonds are divided into families and described in the curated CAZy database 

(159). According to the CAZy classification, glycan-degrading enzymes of commensals 

represent different glycosyl hydrolase (GH) families. In the bacterial genomes, the 

corresponding genes are organized into polysaccharide-utilizing loci (PULs, see Table 3). To 

date, 1146 PUL-containing genomes belonging almost exclusively to the Bacteroidetes 

phylum were identified (http://www.cazy.org/PULDB/) (160).  

 

http://www.cazy.org/PULDB/
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Table 3. Mucus degradation and utilization by the members of the gut microbiota and by pathogens. 

PULs, Polysaccharide-Utilization Loci; PGM, pig gastric mucin; HMOs, human milk oligosaccharides. Adapted 

and modified from (161,162). 

Microbe Substrates 

tested 
Characterized 

enzymes/PULs 
Enzymatic activity Referenc

e 
Human fecal 

microbiota 
PGM  Sialidases, β-N-acetylglucosaminidase, β- 

galactosidase. 
(163) 

Akkermansia 

muciniphila 
PGM, human 

MUC2.  

PGM type III 

 α/β-galactosidase, α/β-fucosidase, α/β-N-

acetylgalactosaminidase, β-glucosidase, α-

mannosidase, β-N-acetylglucosaminidase. 

Sulfatase and glycosidase activity. 

(164–166) 

Bacillus indicus and 

Bacillus firmus 
PGM  Several candidate deacetylases, 

N-acetyl β-glucosaminidase. 
(167) 

Bacteroides fragilis PGM, pig 

colon mucin 
4 PULs are 

described in 

literature, 56 

predicted PULs; 

sgu gene cluster. 

α/β-galactosidase, glucose-6-sulfatase, α/β-

N-acetylgalactosaminidase, β-D-galactose-

3/6-sulfatase, N-acetylneuraminidase, α-

fucosidase.  

Sialidase. 

(168,169) 

 

 

 

(170) 

Bacteroides 

thetaiotaomicron 
HMOs, PGM 96 PULs  

described in 

literature 

α-fucosidase, β-galactosidase, α/β-N-

acetylgalactosaminidase, glycosulphatase, 

neuraminidase, xylosidase/arabinosidase. 

(171–173)  

Bifidobacterium 

bifidum 
PGM, human 

MUC2, HMOs 
AfcA  

AfcB  

AgaBb  

AgnB  

1,2-α-L-fucosidase; 

1,3-1,4-α-L-fucosidase; 

α1,3-galactosidase; 

α-N-acetylglucosaminidase (specific to 

GlcNAcα1-4Gal structure on O-glycans); 

Putative α-N-acetylgalactosaminidase. 

(174) 

 

(175) 

(176) 

 

(177) 
Bifidobacterium 

longum subsp. 

infantis 

Human 

intestinal 

mucin, HMOs 

Lacto-N-biose 

phosphorylase 

(LNBP) enzyme 

β-galactosidases specific for lacto-N-

tetraose, lactose (Lac) and type-2 HMOs. 
(178,179)  

Prevotella spp. PGM 

 
 
 
 

20 predicted 

PULs,  

MdsA (mucin- 

sulfatase) 
Sulfoglycosidase 

SGL 

α/β-galactosidase, glucose-6-sulfatase, 

α/β-N-acetylgalactosaminidase, β-D-

galactose-3/6-sulfatase, α-fucosidase, N-

acetylneuraminidase. 

Cleaves terminal 2-acetamido-2-deoxy-β-

D-glucopyranoside 6-sulfate. 

(180) 

 
 
 

(181) 

Ruminococcus AB 

strain VJ-268 
Blood group B 

salivary 

glycoproteins 

 Blood group B-degrading α-galactosidase 

activity. Degradation is not complete due to 

an absence of β-N-acetylhexosaminidases. 

(182) 

Ruminococcus 

torques strains IX-

70 and VIII-239 

PGM  Blood group A- and H-degrading α-

glycosidase, β-glycosidase and sialidase 

activities. 

(182) 

Clostridium 

perfringens 
PGM, blood 

group B 

glycoprotein 

eabC (Endo-β-

galactosidase) 
EabC liberated the A trisaccharide, 

GalNAcα1-3(Fucα1-2)Gal, and B 

trisaccharide, Galα1-3(Fucα1-2)Gal, from 

the blood group A and B glycotopes. 

(183) 

Enteroaggregative 

Escherichia coli 

(EAEC), Shigella 

flexneri 

Bovine 

submaxillary 

mucin; mouse 

cecal mucus 

Mucin serine 

protease 
Promoted growth in cecal mucus and 

induced its secretion. 
(184,185) 

Enterohemorrhagic 

Escherichia coli 

(EHEC) 

MUC 7; 

glycoprotein 

340 

StcE 

metalloprotease 
StcE cleaves MUC7 and gp340, assists an 

adhesion. 

(186,187) 

Vibrio cholerae PGM, 

salivary mucin 

and goblet cell 

surface mucin. 

HapA and TagA 

mucin proteases 
HapA is assisting in mucus gel penetration. 

TagA cleaves glycoproteins of mucin. 
(188,189) 
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The degradation of mucosal O-glycans usually starts from the terminal non-reducing 

end where bacterial neuraminidases/sialidases (eg., of GH family 33) cleave the α3-and α6-

linked sialic acids, allowing further degradation (190) (Figure 8B). The genes encoding 

sialidases and genes needed for sialic acid metabolism are often arranged in one cluster (nan 

clusters); such clusters were found in 46 bacterial species including 33 pathogens and 9 gut 

commensals (191). It is generally accepted that commensals are mostly involved in the 

cleavage of host glycans, while GIT-infecting pathogens utilize monosaccharides released by 

commensals (reviewed in 190,192). Moreover, considering that SIgA is heavily N- and O-

glycosylated (193) and it is very abundant in the gut, some members of microbiota may also 

degrade SIgA-linked glycans (67). The commensal and pathogenic bacteria which are able to 

degrade mucin sugars, as well as their relevant enzymes, are presented in the Table 3. 

Bacteroides thetaiotaomicron and Bifidobacterium bifidum are well-studied human gut 

symbionts known to thrive on dietary (e.g., HMOs, Figure 8C) and endogenous glycans 

(mucins, Figure 8B) by employing highly specific genes (Table 3, Figure 8D). It was 

estimated that approximately 60% of the GH-encoding enzymes identified in B. bifidum 

PRL2010 are involved in the degradation of mucin-derived oligosaccharides (194). Notably, it 

was shown that B. thetaiotaomicron is able to induce fucosylation of the intestinal glycocalyx 

 

Figure 8. Intestinal mucin glycans and HMOs feed the commensals. (A) The predominant core-1/2/3/4 

structures of gut mucin glycans (see also Table 1). (B) An example of a mucin O-glycan with the extended core-

4 structure isolated from the ileum (92) and the set of GHs required to cleave monosaccharides off the mucin to 

make them available for fermentation. (C) An example of branched HMO built upon a lactose core; note the 

similarity to the mucin glycan structure. (D) Putative operons of Bifidobacterium bifidum and Bacteroides 

thethaiotaomicron that encode multiple GHs. Reproduced from (195) with permission from the publisher. 



28 

 

(148), moreover, this bacterium utilizes FucR, a molecular sensor of L-fucose availability, 

which regulates expression of fucRIAK operon encoding enzymes of fucose metabolism 

(196). These findings indicate that “mucin-degrading specialists” can also create a suitable 

physiological niche by modulating the structure of gut glycans. 

In the pioneering studies of Hoskins and colleagues, it was proposed that the bacteria 

able to degrade complex glycans are adapted to a certain energy source (i.e., ABH blood 

group sugars) provided by a specific host (163,197). Interestingly, in the in vitro study 

employing a continuous-flow culture of anaerobic isolates from the gut microbiota, an 

addition of mucins to bacterial cultures significantly increased production of cell‐bound and 

extracellular glycosidases, implying a regulatory effect of host glycoproteins on bacterial 

growth and physiology (198).  

1.4.2 Sticking around: glycan-mediated bacterial adhesion.  

Significantly increased susceptibility to gram-negative enteric pathogens among 

individuals with blood groups B and AB was reported 50 years ago (199). Since then, various 

pathogenic and commensal bacteria were shown to directly bind glycosylated receptors 

expressed in the gut glycocalyx and on mucins using highly-specialized adhesins (Table 4). 

These adhesins are often fimbriae or pili – thin proteinaceous appendages expressed on a 

surface of many gram-positive and gram-negative bacteria (Figure 9). Apart from adhesion to 

biotic and abiotic surfaces, pili/fimbriae are also involved in biofilm formation, bacterial 

conjugation, phage transduction, and motility (reviewed in 200).  

Fimbriae/pili are important virulence factors of pathogens because they assist in initial 

attachment of bacteria to host tissues (201). In gram-negative bacteria, the best characterized 

are type I, type IV fimbriae and curli pili (Figure 9). Type 1 fimbriae are assembled via 

chaperone-usher pathway including non-covalent polymerization of fimbrial subunits into 

nascent rod structure (202). Many Proteobacteria, including human pathogens belonging to 

the Salmonella, Yersinia, Pseudomonas, Klebsiella, and Haemophilus genera use type 1 

fimbriae to mediate attachment (reviewed in 203). The canonical example of such interaction 

is FimH-mediated adherence of Escherichia coli to mannosylated receptors expressed on 

epithelial cells (204,205). Recent studies highlighted roles of pili in the pathogenesis of all 

three main streptococcal pathogens: group A and group B streptococci (201) and 

Streptococcus pneumoniae (Table 4). 
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Table 4. Glycan-specific adhesion of the selected commensals and pathogens. Adapted from (206).  

Bacterium Specific carbohydrate receptor of a host Bacterial adhesin Reference 

Bacteroides fragilis Neu5Ac NanU protein (207) 

Bacteroides 

thethaiotaomicron 

N-acetyllactosamine BT1043, an outer 

membrane lipoprotein 

(208) 

Lactobacillus reuteri Unknown components of PGM and hen 

intestinal mucus. 

mucus-binding protein 

MUB 

(209) 

Lactobacillus rhamnosus 

GG 

Terminal β‐galactosyl residues of intestinal 

glycoconjugates 

SpaC sub-unit of  

SpaCBA pilus 

(210) 

Bifidobacterium bifidum N- and O-linked glycoproteins sortase-dependent pili (211) 

Escherichia coli D-Mannose FimH, type 1 fimbriae (204) 

Escherichia coli 

O157:H7 (EHEC) 

Fibronectin, laminin, collagen IV. Long polar fimbriae 

(Lpf) 

(212) 

Enterotoxigenic E. coli 

(ETEC) 

Gal, Neu5Ac 

GalNAca1-3(Fuca1,2)Galß, blood group A 

Lewisa antigen. 

FY and F41 pili 

EtpA adhesin 

CFA/I fimbriae 

(213) 

(214) 

(215) 

Clostridium difficile  Galα(1,3) Galβ(1,4)GlcNAc Toxin A (216) 

Fusobacterium 

nucleatum  

GalNac, Gal Lectin-like adhesin (217) 

Helicobacter pylori Neu5Acα(2,3)Galβ(1,4), part of  Sialyl-

Lewisx 

Fuca1,2 of the Lewisb and H-1 blood group 

antigens. 

SabA adhesin 

 

BabA adhesin 

(218,219) 

 

(220) 

Pseudomonas aeruginosa D-Gal 

Lewisa antigen 

Lectin PA-IL 

Lectin PA-IIL 

(221) 

(222) 

Streptococcus 

pneumoniae 

Maltose/cellobiose, Galα/β and blood 

group A and H antigens. 

Mannose 

Pilus-1 proteins: 

RrgA and RrgC 

RrgB 

(223) 

Listeria monocytogenes Heparan sulfate PGs (syndecan-1) Surface protein ActA (224) 

Salmonella enterica 

serovar Typhimurium 

HSPGs and heparin (presumably) PagN adhesin/invasin (225) 

Neisseria meningitidis HSPGs, heparin Opc adhesin (226) 

Noroviruses (8 strains) H types 1 and 2, Lewisb, and Ley antigens. Capsid proteins (227) 

It was shown that the gut commensals, e.g., probiotic spp. of Lactobacillus and 

Bifidobacterium genera, utilize pili to adhere to mucus (Table 4). For example, Lactobacillus 

acidophilus strain lacking aggregation-promoting factor ApF displayed reduced adherence (of 

63.5% of the parental strain) to mucin in vitro (228). 

 

 Figure 9. Different types of pili found in gram-positive and gram-negative bacteria. Reproduced from (201) 

with permission from the publisher. 
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It is crucial to identify receptor-adhesin interactions, because it is feasible to apply 

endogenous glycans as soluble decoy receptors to reduce or prevent an adhesion of bacterial 

pathogens. For example, it was demonstrated that HMOs can hamper binding of 

Campylobacter jejuni to infant mucosal surfaces and thus decrease the number of 

Campylobacter-induced diarrhea incidents (229,230). Similarly, HMOs inhibited invasion of 

Salmonella enterica serovar Typhimurium of human intestinal epithelial cells (231). 

Furthermore, many receptors of immune cells, including the B cell antigen receptor (BCR), 

are highly glycosylated and may be potential targets for bacterial adhesins. For instance, it 

was shown that two fucose-binding lectins, BambL from Burkholderia ambifaria and LecB 

from Pseudomonas aeruginosa, activated B cells by binding, independently of BCR signaling 

(232). 

1.5 “Sweet but Psycho”. Salmonella infection and host glycans 

Salmonella is a genus of facultative anaerobic, non-spore-forming, gram-negative 

bacteria of the Enterobacteriaceae family. Salmonella spp. are motile rods of 2-5 μm length 

possessing 6-8 peritrichous flagella (233). The Salmonella genus comprises two species: 

Salmonella enterica and Salmonella bongori. S. enterica is divided into six subspecies which 

are ubiquitously found in the environment and in warm-blooded animals worldwide (234). S. 

bongori is generally restricted to cold-blooded animals, particularly reptiles, however, it was 

reported that S. bongori 48:z35:-strains endemic to Southern Italy cause acute enteritis in 

children (235). Aforementioned Salmonella taxa are further subdivided into more than 2,600 

serotypes (serovars) based on antigenic variation of flagella (“H-antigen”) and 

lipopolysaccharide (“O-antigen”) assessed by Kauffmann-White-Le Minor typing scheme 

(236). Salmonella was originally discovered in 1880, in spleens and in the Peyer's patches of 

typhoid patients, by Karl Joseph Eberth (237). In 1884, Georg Theodor Gaffky (Robert 

Koch’s disciple, born in Hannover) was first to obtain a pure culture of the “Gaffky-Eberth 

bacillus”, S. enterica serovar Typhi  (238).  

Human-restricted typhoidal S. enterica serovars (Typhi, Sendai, and Paratyphi A, B, or 

C) are highly adapted pathogens causing systemic disease (typhoid or paratyphoid fever) 

which can only be transferred from human-to-human via the fecal-oral route (239). In 

contrast, many non-typhoidal Salmonella (NTS) serovars, e.g., Typhimurium and Enteritidis, 

are zoonotic pathogens with broad host specificity which usually invade only the GIT and 

cause self-limiting gastroenteritis and diarrhea in humans (reviewed in 240). However, in sub-

Saharan Africa, probably due to HIV-, malaria-, or malnutrition-related immunodeficiency, 
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some NTS serovars can invade systemic tissues and cause bloodstream infection, with an 

associated case fatality of 20–25% (241). In Europe, Salmonella enterica serovar 

Typhimurium (S. Typhimurium) is a common food-borne pathogen and a major cause of 

gastroenteritis. According to the European Food Safety Authority, 91,857 confirmed cases of 

salmonellosis in humans were reported in the EU in 2018, including 1,580 cases of  food-

borne outbreaks (242).  

S. Typhimurium is an intracellular pathogen employing a plethora of virulence factors, 

such as flagella, fimbriae, type 3 secretion systems (T3SS) and effectors encoded in 

Salmonella Pathogenicity Islands (SPI)-1 and SPI-2, to infect host cells (reviewed in 243). 

Adhesion is a first, crucial step of Salmonella pathogenicity, as it is required for bacterial 

invasion. Not surprisingly, a large number of adhesins of different structure and specificity 

was found in Salmonella spp., including multiple fimbriae (Figure 10), SPI-2-inducible PagN 

adhesin/invasin, autotransporter adhesins (e.g., ShdA, MisL, and SadA), and the type I 

secreted large adhesins SiiE and BapA (reviewed in 244). While both ShdA and MisL 

adhesins of S. Typhimurium were shown to bind fibronectin (a high-molecular weight 

glycoprotein of the ECM) (245,246), the giant adhesin SiiE targets glycans with terminal 

GlcNAc and/or α(2,3)‐linked sialic acid expressed on polarized epithelial cells (247). 

Salmonella fimbriae can be produced via the chaperone/usher (CU) pathway, 

precipitation/nucleation, and type IV pathway. Thirty-eight unique fimbrial gene clusters 

(FGCs) were described in 34 different Salmonella serovars: each strain contains curli (csg) 

and on average 12 different CU fimbriae displaying some functional redundancy, while only a 

few serovars possess the type IV fimbriae (248). The “fimbriome” of S. Typhimurium 

consists of 13 fimbriae: seven core fimbriae, csg and CU (fim, bcf, sth, stb, stc-peg and std), 

four highly conserved FGCs (saf, stf, sti and lpf) and accessory pef and stj fimbriae (248). 

While a majority of fimbriae in S. Typhimurium are very poorly expressed in vitro (except fim 

and csg), at least 11 different fimbriae were shown to be produced in vivo as indicated by 

seroconversion of infected mice (249); moreover, six fimbrial operons (lpf, bcf, stb, stc, std, 

and sth) were required for long-term intestinal persistence (250). 

However, function and specificity of only few fimbriae of S. Typhimurium were 

characterized to date (Figure 10). For example, purified Std fimbriae was shown to bind 

terminal α-1,2 fucose residues in the tissue sections of murine cecum (251). A role of the 

fimbrial subunit FimH in binding mannosylated receptors and in bacterial aggregation on 

enterocyte surfaces was demonstrated in vivo (252). Specific binding of purified plasmid-
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encoded fimbriae (pef) of S. Typhimurium to the trisaccharide Galβ1–4(Fucα1–3)GlcNAc 

(Lewisx antigen) was detected by glycan arrays and ELISA (253). Long polar fimbriae lpf 

promoted an adhesion of S. Typhimurium to murine Peyer's patches (254), presumably, via 

attachment to ECM proteins (255). Moreover, different fimbriae and adhesins of Salmonella 

may be expressed in vivo concurrently, enhancing binding of host glycans via different 

moieties. 

 

Figure 10. S. Typhimurium employs different fimbriae to adhere to specific glycoconjugates expressed on 

intestinal epithelial cells. Relevant fimbriae and glycan receptors are indicated. PEF – plasmid encoded fimbriae, 

LPF – long polar fimbriae (in black), ECM – extracellular matrix. Adapted from (255) under a Creative 

Commons Attribution 4.0 International License (CC BY 4.0). 

Salmonella utilizes intestinal glycoconjugates not only for attachment, but also as 

energy source. According to the CAZY database, 22 different glycoside hydrolases (GH) 

families that encompass 48 glycosidases are present in Salmonella enterica (159). So far, only 

two GHs of S. Typhimurium, sialidase nanH and amylase malS, were linked to degradation of 

the glycocalyx of a colonic epithelial cell line (256). It is suggested that Salmonella spp. lack 

enzymes needed for a degradation of complex carbohydrates; however, they can thrive on 

simple sugars liberated by the gut microbiota. Indeed, it was shown that S. Typhimurium 

catabolizes microbiota-liberated free fucose and sialic acid (257).  

Overall, more than 60 carbon sources can be utilized by S. Typhimurium, including 

fructose, mannose, ribose, galactose, glucose, glycerol, galactitol, meso-inositol, and mannitol 

(258,259). Under anaerobic conditions, Salmonella can also degrade 1,2-propanediol – a 

terminal sugar of mucins and a product of the of L-fucose fermentation (260). Notably, 

Stecher et al. (261) demonstrated that the inflamed intestine expresses high levels of α(1‐2)‐

fucosylated and galactosylated mucins and that S. Typhimurium can sense gradients of 

galactose. To conclude, mucosal glycoconjugates act as receptors for adhesion and as 

nutrients for which Salmonella has to compete with resident microbiota.  
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2. Aims of the thesis 

We hypothesized that the differences in host glycosylation will affect the establishment 

of infection with S. Typhimurium and development of disease. Therefore, the main aim of this 

study was to investigate the roles of host glycoconjugates (PGs and Fut2-dependent 

glycoproteins/glycolipids) in S. Typhimurium infection.  

The specific objectives were: 

1. To determine the role of host fucosylation for the interaction with S. Typhimurium 

and the outcome of S. Typhimurium infection. 

2. To characterize the role of proteoglycans in S. Typhimurium infection of epithelial 

cells.  
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3. Summary of results 

Study I: Std fimbriae-fucose interaction increases Salmonella-induced intestinal 

inflammation and prolongs colonization. 

by Suwandi A, Galeev A, Riedel R, Sharma S, Seeger K, Sterzenbach T, Pastor LG, Boyle 

EC, Gal-Mor O, Hensel M, Casadesús J, Baines JF, Grassl GA.  

Published in: PLoS Pathogens. 2019 Jul 22;15(7):e1007915. 

https://doi.org/10.1371/journal.ppat.1007915 

Author contributions: Alibek Galeev (co-first author) planned and performed mouse 

infection experiments (Figures 5, 6, 7, and S9) and assessed bacterial burden and 

histopathology (Figure 1B, 2AC, 6B), carried out in vitro infection experiments using 

epithelial cell lines (Figures 3AB and Figure S4) and organoids (Figure 4), measured bacterial 

gene expression (Figure S5), evaluated fimbrial expression in vivo by immunostaining 

(Figures 5, S6, S7), performed western blotting (Figure 3D) and motility assay (Figure S8), 

generated E. coli stdABCD, S. Typhimurium ΔaroA stdAstop::gfp, and S. Typhimurium 

ΔaroAΔstdA strains; analyzed the data, wrote and edited the manuscript. 

Summary. 

In study I, we investigated the role of Fut2-dependent mucosal glycans in Salmonella 

infection. We proposed that S. Typhimurium may benefit from Std-mediated binding to 

α(1,2)- fucose residues which are present in abundance on the intestinal epithelium and in the 

mucus layer. To test our hypothesis, we utilized B6.129X1-Fut2tm1Sdo/J (Fut2-/-) mice – widely 

used Fut2-knockout mice to study non-secretor phenotype (262). Fut2+/+ and Fut2-/- mice, pre-

treated with streptomycin (day -1), were infected with either S. Typhimurium WT or 

attenuated S. Typhimurium ΔaroA strain, and sacrificed at day 1, 3 7, or day 14 post infection 

(p.i.). We found that compared to WT mice, mice lacking Fut2 were more susceptible to S. 

Typhimurium infection at an early time point (d1 pi.). In contrast, at the later stages of 

infection (d7 and d14 p.i.), Fut2-/- mice had significantly lower bacterial colonization and 

decreased histopathological changes in the colon and cecum. Moreover, 7 days p.i., in colons 

and ceca of Fut2+/+ mice, we detected significantly higher levels of the inflammation-

associated marker lipocalin-2. Accordingly, while compared to Fut2-/- mice, Fut2+/+ mice had 

significantly higher numbers of recruited neutrophils and macrophages in the colon tissue, as 

well as a significantly stronger infiltration of CD4+ T lymphocytes in the colonic lamina 

propria, as assessed by immunocytochemistry and flow cytometry.  

https://doi.org/10.1371/journal.ppat.1007915
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To test, whether gut fucosylation directly affects Salmonella colonization via interaction 

with Std fimbriae, we deleted stdAB genes (encoding the major fimbrial subunit and the 

membrane usher protein) in S. Typhimurium ΔaroA parental strain. In contrast to the 

infection with S. Typhimurium ΔaroA, upon infection with a S. Typhimurium ΔaroAΔstdAB 

strain, Fut2+/+ and Fut2-/- mice had comparable levels of bacterial colonization and gut 

inflammation (d7 p.i.). The role of Std fimbriae in vivo has been further confirmed by 

competitive index assays: the S. Typhimurium ΔaroAΔstdAB strain was significantly 

outcompeted by the Std-expressing S. Typhimurium ΔaroA strain in the large intestine and in 

feces of Fut2+/+ mice, but not in Fut2-/- mice. These results demonstrate that Std fimbriae are 

important in Fut2+/+ mice which implies a direct Std-fucose interaction. 

In addition, we assessed Std fimbriae production in vivo using RT-qPCR analysis, 

immunostaining with anti-Std serum, and reporter S. Typhimurium strains containing 

stdAstop::gfp fusion. These reporter strains produce sfGFP when stdA is expressed. Similar 

levels of stdA gene expression were detected in the colons of both infected Fut2+/+ and Fut2-/- 

mice. Notably, we observed that Std fimbriae are produced in the lumen of the large intestine, 

but not after invasion into the mucosa of both Fut2+/+ and Fut2-/- mice on day 1 and day 7 p.i. 

To assess the role of fucose-Std fimbriae interaction during bacterial infection in vitro, 

we utilized human intestinal epithelial cell lines, Caco-2 and mucus-producing HT29-MTX-

E12. Notably, differentiated, goblet cell-like HT29-MTX-E12 cells displayed extensive 

α(1,2)-fucosylation of the cell surface, detected by Ulex europaeus agglutinin I (UEA-I) lectin 

staining. Because only very small fraction of S. Typhimurium produces Std fimbriae in vitro, 

we expressed stdABCD in Escherichia coli (E. coli) under an anhydrotetracycline-inducible 

promoter and confirmed the Std production by flow cytometry and Western blotting. We 

found that stdABCD-expressing E. coli adhered significantly better to fucosylated cell lines 

compared to Std-negative control. Accordingly, in primary epithelial organoids isolated from 

Fut2+/+ mice, co-localization of Std fimbriae-expressing bacteria was observed with α(1,2)-

fucose residues, while Std-deficient bacteria were randomly distributed across all cells.  

Previously, differences in microbiota composition between Fut2+/+ and Fut2-/- mice have 

been reported (118). To evaluate a possible effect of commensals on S. Typhimurium 

colonization and infection, we collected the fecal samples of each mouse before and after 

infection and sequenced the 16S rRNA gene. In our mice, we did not detect significant 

differences in α-diversity (within sample) in species richness (Chao1), nor in evenness of 

distribution (Shannon’s H) (Figure 11A), before infection or on day 7 after infection. 
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Reduction of species richness at day 7 p.i. was probably caused by the presence of 

inflammation. We also assessed β-diversity (between samples) by applying UniFrac distance 

metrics and a constrained Principal Coordinate Analysis. Host Fut2 status, as well as stdA 

expression by Salmonella, did not influence gut community variability between the studied 

mice (Figure 11B). Thus, because we did not observe differences in microbiota composition 

between Fut2+/+ and Fut2-/- mice, we concluded that the phenotype observed in our study is 

due to a direct interaction between Std fimbriae and Fucα1,2. 

 

Figure 11. Unpublished data of the study I. (A) Analysis of microbial alpha diversity of Fut2+/+ (WT) and 

Fut2-/- (KO) mice, uninfected, or infected with either S. Typhimurium Δaro or with S. Typhimurium 

ΔaroAΔstdA. (B) Principle Coordinate Analysis (unweighted UniFrac based on sequence distances) of untreated 

and S. Typhimurium-infected mice. Microbial diversity was estimated from 97% species level OTUs. Shannon 

diversity index was calculated in R using the phyloseq package. Constrained analysis of principal coordinates 

(“capscale”) was done within phyloseq; the “anova.cca” function of the vegan R library was applied to evaluate 

significance. P values are indicated. Figures and data provided by Dr. Rene Riedel.  

In conclusion, our results demonstrate that Fut2-mediated fucosylation in the intestine 

enhanced Salmonella-triggered inflammation and colonization of the large intestine, due to a 

direct binding of bacterial Std fimbriae to host α(1,2)-fucosylated glycans.  
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Study II: Proteoglycan-dependent endo-lysosomal fusion affects intracellular 

survival of Salmonella Typhimurium in epithelial cells. 

by Galeev A, Suwandi A, Bekker H, Oktiviary A, Routier F, Krone L, Hensel M, Grassl GA. 

Published in: Frontiers in Immunology. 2020 Apr 29;11:731. 

https://doi.org/10.3389/fimmu.2020.00731 

Author contributions: Alibek Galeev (first author) planned and carried out the following 

experiments: cell cultures infections and evaluation of bacterial burdens (Figures 1A-C, 2, 

3C-E, 7, S3B, S7), cytotoxicity measurements (Figure S1B), gene expression assessment 

(Figures S2A, S9), infections with the S. Typhimurium reporter strains (Figure 3AB), cell 

labelling experiments (Figures 4A, 6A, S4, S5, S8), antibody uptake assay (Figure 5), endo-

lysosomal fusion assay (Figure 8), heparin internalization assay (Figure S10); performed 

related immunocytochemistry, microscopy, and data analysis; wrote and edited the 

manuscript. 

Summary. 

In study II, we utilized Chinese hamster ovary (CHO) epithelial cell lines, WT and 

proteoglycan-deficient CHO pgsA745 (referred hereafter as CHO ΔXylT), to elucidate the role 

of proteoglycans (PGs) in S. Typhimurium infection. Previously, proteoglycan-dependent 

adhesion of several pathogens, including Listeria monocytogenes and Neisseria meningitides, 

was reported. Lambert et al. (225) demonstrated that PagN adhesin of S. Typhimurium 

promoted bacterial invasion of CHO WT cells, but not of CHO ΔXylT cells. However, PagN 

is only expressed under intracellular (SPI-2)-inducing conditions. Furthermore, a role of PGs 

in intracellular survival or replication of S. Typhimurium was not known. While, our initial 

hypothesis was that bacterial adhesion to and/or invasion of host epithelial cells will be 

affected by PGs absence, we discovered that lack PGs affected intracellular Salmonella via 

altered endo-lysosomal trafficking. 

To assess a role of PGs in Salmonella infection, we infected CHO WT and CHO ΔXylT 

cells with S. Typhimurium. Surprisingly, we found that adhesion (30 min p.i), invasion (1.5 h 

p.i), and early replication (4 h p.i) of S. Typhimurium WT were comparable between CHO 

WT and CHO ΔXylT cells. Unexpectedly, 24 hours after infection, proteoglycan-deficient 

CHO cells were significantly less colonized by S. Typhimurium compared to CHO WT cells. 

Notably, the reduction of bacterial burden within CHO ΔXylT cells was dependent on the dose 

of gentamicin applied to the cell culture medium in order to eliminate extracellular bacteria. 

https://doi.org/10.3389/fimmu.2020.00731
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In general, epithelial cells do not efficiently take up gentamicin. However, several 

transporters, including the transient receptor potential channels (Trpv), Trpv1 and Trpv4, as 

well as the multidrug resistance protein 2 (Mrp2), have been shown to uptake and transport 

gentamicin in epithelial cells (263–265). In our study, non-infected and infected CHO WT 

and CHO ΔXylT cells had similar levels of expression of Trpv1, Trpv4, and Mrp2 genes. 

Moreover, no differences in the levels of total intracellular gentamicin concentration between 

CHO WT and CHO ΔXylT cells were detected by ELISA. Thus, our results indicate that the 

absence of PGs in CHO cells has no effect on active or passive gentamicin uptake. 

Intriguingly, gentamicin-dependent reduction of S. Typhimurium burden in CHO ΔXylT 

cells could be rescued by addition (upon bacterial invasion, for 24 hours) of the GAG heparin 

(a structural analog of heparan sulfate) to the CHO cell culture medium a dose-dependent 

manner, but not by other GAGs (e.g., chondroitin sulfate). Notably, heparin did not have an 

effect on S. Typhimurium numbers in CHO WT cells, neither on growth and gentamicin-

mediated killing of of S. Typhimurium in LB broth. In addition, the infected CHO ΔXylT 

cells, which were genetically complemented with the human XYLT2 gene (CHO cXylT cells), 

harbored significantly more bacteria at 24 h p.i. than the parental cells, but lower S. 

Typhimurium loads while compared to CHO WT cells. Accordingly, flow cytometry and 

immunostaining using anti-HS/heparin antibody revealed only partial complementation of 

PGs in CHO cXylT cells. Taken together, these data indicated that the phenotype observed in 

CHO ΔXylT cells is indeed proteoglycan-dependent. 

Upon invasion into epithelial cells, S. Typhimurium establishes a specific niche where 

bacteria can reside and multiple: Salmonella-containing vacuoles (SCVs) and Salmonella-

induced filaments (SIFs). Next, we questioned if PGs are important for intracellular 

localization of Salmonella. To address this, we utilized a S. Typhimurium reporter strain with 

constitutive DsRed protein expression and inducible sfGFP expression under control of the 

uhpT (hexose-6-phosphate transporter) promoter. Glucose-6-phosphate, abundant in 

eukaryotic cytoplasm, is a carbon source for Salmonella (266); the dual fluorescence reporter 

strain was used before to monitor release of S. Typhimurium into host cell cytosol (267). 

Microscopy revealed that in the CHO ΔXylT cells, significantly less bacteria were associated 

with SCVs compared to WT CHO cells at 24 hours p.i. We could corroborate this finding 

using chloroquine resistance assay. Chloroquine is an antimalarial drug, a weak base that 

increases intralysosomal pH (268). Treatment of cells with chloroquine, in combination with 

gentamicin protection assay, results in selective killing of bacteria within SCVs, thus, it is 
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possible to quantify cytosolic and intra-SCV Salmonella separately (269). Using this method, 

we found that infected CHO ΔXylT cells had more cytosolic bacteria comparing to CHO WT 

cells. We also utilized a S. Typhimurium ΔsifA mutant, unable to maintain SCVs and 

replicating only in the cytoplasm. Notably, even in presence of high concentrations of 

gentamicin in medium, cytosolic S. Typhimurium ΔsifA bacteria had similar replication rates 

in CHO WT and CHO ΔXylT cells. To conclude, by using three different approaches 

(microscopy, chloroquine resistance assay, Salmonella mutants) we demonstrate that reduced 

S. Typhimurium colonization of CHO ΔXylT cells, 24 h p.i., was due to a killing of bacteria in 

SCVs, while cytosolic S. Typhimurium were mostly unaffected by gentamicin.  

Then, we decided to look closely on gentamicin distribution within CHO cells. We 

conjugated gentamicin to Cy3-labelled NHS ester and used it in gentamicin protection assay. 

In agreement with our previous findings, we discovered that intracellular, Cy3-labelled 

gentamicin is associated with SCVs and bacterial debris in CHO ΔXylT cells, but not in CHO 

WT cells. We hypothesized that an intracellular routing of endocytosed cargo (other than 

gentamicin) may be altered in the absence of PGs. To investigate a role of PGs in vesicle 

trafficking, we used antibody uptake assay: CHO cells were infected with S. Typhimurium 

expressing sfGFP, and, after invasion of bacteria, an anti-Salmonella antibody was added to 

cell culture medium. We detected significantly higher numbers of double-positive, 

intracellular bacteria in CHO ΔXylT cells compared to CHO WT cells. Importantly, heparin-

treatment of CHO cells abrogated such difference. These data indicated an important role of 

PGs in intracellular vesicle trafficking. 

To test whether lack of PGs affects endo-lysosomal trafficking and formation of acidic 

late endosomes and lysosomes, we stained acidic vacuoles with Lysotracker. Lysotracker 

probes consisting of a fluorophore linked to a weak base are highly selective for acidic 

organelles. Notably, CHO ΔXylT cells (both non-infected and infected) displayed a 

significantly reduced staining with Lysotracker comparing to CHO WT cells, indicating 

abnormal endo-lysosomal and SCVs acidification. To further explore this phenomenon, we   

generated and utilized S. Typhimurium acid shock reporter strain expressing sfGFP under 

control of the acid shock response-activated promoter Pasr. In agreement with Lysotracker 

staining data, we detected (using flow cytometry) reduced SCV acidification within CHO 

ΔXylT cells infected with the acid shock reporter S. Typhimurium.  

Next, we asked, at which stage trafficking of endocytosed cargo is affected by the lack 

of PGs. Infected CHO WT and CHO ΔXylT cells were treated (upon invasion of bacteria) 
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with either inhibitor of clathrin-mediated endocytosis (dynasore), of phosphoinositide 3-

kinase PI3K (wortmannin), or of  FYVE finger-containing phosphoinositide kinase PIKfyve 

(YM201636) activity. While treatment of CHO cells with wortmannin did not affect 

intracellular S. Typhimurium numbers, inhibition of clathrin-mediated endocytosis resulted in 

significantly higher recovery of bacteria from CHO ΔXylT cells compared to the non-treated 

controls (as expected, see Discussion, Part II). Strikingly, PIKfyve inhibition increased 

Salmonella burdens in CHO ΔXylT cells, but decreased in CHO WT cells. YM201636-

mediated PIKfyve inhibition could be abrogated by heparin treatment demonstrating a direct 

effect of GAGs on PIKfyve-mediated endo-lysosomal fusion.  

To further investigate endo-lysosomal fusion, we utilized a modified dextran pulse-

chase assay: CHO WT and CHO ΔXylT cells were first incubated with dextran-Alexa568 for 

4 h, followed by 18 h chase in dextran-free CHO medium, to label lysosomes/late endosomes. 

Afterwards, cells were pulsed with dextran-Alexa488 for 10 min and then chased for 30 min, 

to label early endosomes. In order to evaluate endo-lysosomal fusion events, we calculated 

Pearson’s correlation coefficient and Manders split coefficients (M1 and M2). Notably, 

compared to CHO WT cells, CHO ΔXylT cells displayed significantly lower degree of co-

localization between the two labelled dextrans. Because these dextrans were initially present 

either in endosomes or lysosomes, low co-localization reflects a diminished occurrence of 

endo-lysosomal fusion events. Thus, we report here that endo-lysosomal fusion is delayed or 

reduced in proteoglycan-deficient CHO cells. 

To conclude, we could show that proteoglycans influence survival of SCV-associated 

intracellular Salmonella by affecting PIKfyve-dependent endo-lysosomal fusion which 

regulates vacuolar pH and re-distribution of endocytosed cargo. 

 

 

  



41 

 

4. Discussion 

Part I. 

Fucosylation is the final step in the biosynthesis of oligosaccharides. In humans, a 

fucosyltransferase encoded by FUT2 gene governs terminal α(1,2)-fucosylation of mucosal 

epithelial surfaces and of the secretions, such as saliva and mucus. Genome-wide association 

studies link the FUT2 gene variants with an increased risk for Crohn’s disease (150,270) and 

primary sclerosing cholangitis (271), as well as with increased or decreased susceptibility to 

various bacterial and viral infections (102). In study I, we investigated the role of Fut2 

expression for S. Typhimurium infection in mice and in human primary epithelial cells and 

immortalized epithelial cell lines. We demonstrate that Std fimbriae-fucose interaction was 

important for Salmonella-induced inflammation and intestinal colonization. 

Fut2 expression affects susceptibility to Salmonella-induced colitis. 

We utilized Fut2-knockout mice generated by Domino et al. (262). Fut2-/- mice lack L-

fucosylated epithelial glycans throughout antrum, cecum, and colon (272); analysis of 

oligosaccharides released from colonic mucins (mostly from Muc2) revealed complete 

absence of terminally fucosylated O-linked glycans (273). In the small intestine, 

fucosyltransferases Fut1 and Fut2 can both catalyze the addition of Fucα1,2: it was shown 

that fucosylation of M-cells in Peyer’s patches if Fut1-dependent, while Fut2 governs 

fucosylation of the intestinal epithelial cells (274). As expected, we detected strong α1,2-

fucosylation throughout GIT mucosa (especially, in the goblet cells of cecum and colon) in 

Fut2+/+ mice, while our Fut2-/-mice displayed residual Fucα1,2 in the small intestine only 

(jejunum and ileum). 

We confirmed the finding of Goto et al. (275) showing that mice lacking Fut2 are more 

susceptible to S. Typhimurium infection at an early time point (d1) post infection. However, 

we discovered that, at later time points of infection (d7, d14 p.i.), Fut2-/- mice are 

characterized by decreased intestinal colonization, by reduced pathology and inflammatory 

responses in the large intestine. We also observed a diminished recruitment of neutrophils, 

macrophages, and CD4+ T cells in colons of infected Fut2-/- mice, which correlated with a 

reduction in bacterial burdens in these mice. Of note, we detected the similar frequencies of B 

cells, DCs, and IELs in colonic lamina propria of both infected Fut2+/+ and Fut2-/- mice. 

Because a role of gut fucosylation in mucosal immunity is still not clear, more studies 

focusing on an immune response of  Fut2+/+ and Fut2-/- mice (also at steady state) are needed.  
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It was shown that Fut2 expression in the ileum of BALB/c mice is induced by IL-22 

produced by type 3 innate lymphoid cells (275), and is downregulated by IL-10-producing 

CD4+ T cells (276). Pickard et al. showed that the large intestine is constitutively fucosylated 

(277).  In accordance with Pickard et al. data (277), uninfected and infected Fut2+/+ mice have 

comparable Fut2 gene expression in colons (unpublished data of study I). Thus, it is tempting 

to speculate that IL-22-mediated “rapid fucosylation” is important for an early response to 

bacterial infections in the small intestine. In contrast, our data show that constitutive 

fucosylation of the large intestine enhances susceptibility to S. Typhimurium infection. 

Std fimbriae-fucose interaction is critical for Salmonella-induced 

inflammation and colonization.  

It is well known that host glycans can modulate bacterial adhesion to host tissues (96). 

Many eukaryotic, bacterial, and viral pathogens produce adhesins which can selectively bind 

specific glycan moieties present in the GIT. Among the pathogens which bind α(1,2)-

fucosylated glycans, H. pylori utilizing adhesin BabA to adhere to the fucosylated gastric 

mucosa and norovirus GII.4, were studied the most (220,227). Previously, it was shown that 

purified Std fimbriae of S. Typhimurium can bind terminal α(1,2)-fucose residues in vitro 

(251). Moreover, Weening et al. demonstrated that Std fimbriae are required for the long-term 

persistence of S. Typhimurium in the large intestine of resistant CBA mice (250). Based on 

the previously discussed data, we proposed that S. Typhimurium is able to benefit from Std-

mediated adhesion to α(1,2)-fucosylated glycans present in the large intestine of Fut2+/+ mice.  

Chaperone-usher Std fimbriae of S. Typhimurium are encoded by the std operon 

containing six genes (stdABCDEF) which are co-transcribed from a promoter located 

upstream of stdA. While StdA constitutes the major fimbrial subunit, StdB is a putative outer 

membrane usher protein, and StdC is a putative periplasmic chaperone; StdE and StdF are 

involved in Dam-dependent regulation of Salmonella SPI-1 expression (278). We generated 

and utilized S. Typhimurium ∆aroA∆stdAB mutant strain lacking Std fimbriae, but 

characterized by the same growth rate and motility as parental S. Typhimurium ∆aroA strain. 

We demonstrated a direct interaction between bacterial Std fimbriae and host Fucα1,2 in 

vivo by using S. Typhimurium ∆aroA∆stdAB strain and competitive index (CI) infection 

approach. Interestingly, in our study, Std fimbriae did not provide an advantage in the ileums 

of Fut2+/+ mice. Whether Std fimbriae are differentially produced in vivo, was not previously 

known. We observed, for the first time, a spatial expression of Std fimbriae in the murine 

intestine: Std-positive subpopulations of S. Typhimurium were detected in the lumen of the 



43 

 

ceca and colons, but not among invaded bacteria. This observation is in line with the fact that 

constitutive expression of StdE and/or StdF represses SPI-1 (278). Considering the fact that S. 

Typhimurium possesses multiple fimbriae and adhesins which are produced in vivo and may 

be important for persistence in the gut (e.g, lpf, sth fimbriae) (250), the differential expression 

of Std fimbriae may represent a mechanism of time/space-dependent bacterial colonization of 

the large intestine. 

Microbiota of Fut2+/+ and Fut2-/- mice and microbiota-liberated glycans did not 

influence S. Typhimurium infection. 

Mucosal glycans moderate a composition of the gut microbiota and thus may indirectly 

influence the susceptibility to various infections (102). For example, our group previously 

found that an expression of the histo-blood group-related glycosyltransferase B4galnt2 in the 

murine gut altered the microbial composition, which in turn affected Salmonella colonization 

(279). Previous studies highlighted a role of IL-22-mediated gut fucosylation in promoting of 

colonization resistance to murine pathogen Citrobacter rodentium (277) and to opportunistic 

Enterococcus faecalis (280). It should be noted that, in humans, it is still not clear whether a 

secretor status affects the gut microbiota composition (119,281). In the study of Rausch and 

colleagues (118), Fut2+/+ mice (housed and bred at the University of Kiel) were significantly 

associated with genus Odoribacter, while bacteria belonging to genera Prevotella, 

Lachnobacterium and Ruminococcus were enriched in the fecal microbiota of Fut2-/- mice. 

In contrast, Fut2+/+ and Fut2-/- mice (of the same genetic background, but housed and 

bred at the animal facility of the Hannover Medical School) used in our study I were similar 

in terms of the fecal microbiota (indicator spp. and α/β-diversity). Such discrepancies may be 

caused by differences in certain aspects of animal husbandry between the facilities in Kiel and 

in Hannover. Indeed, a considerable variation in the proportions of major phyla, in α- and β-

diversity of fecal microbiota of isogenic C57BL/6J mice were found in a study comparing 21 

different animal facilities across Germany (including Kiel and Hannover) (282). Further 

studies are needed to clarify an impact of Fut2 expression on the murine gut microbiota 

composition. 

Fucosylated complex glycans of mucins are degraded by the gut commensals; released 

free fucose can be then consumed by enteropathogens. Ng et al. showed that in mice mono-

associated with B. thetaiotaomicron, but not in germ-free mice, S. Typhimurium upregulate 

genes of the fucOAPIKUR operon responsible for fucose utilization (257). Notably, fucose 

utilization operon and 1,2-propanediol (a product of Fuc metabolism) utilization (pdu) operon 
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were found in all S. enterica serovars sequenced so far (260). The onset of intestinal 

inflammation is a hallmark of S. Typhimurium infection (283). Previous studies indicated that 

in the inflamed murine large intestine, S. Typhimurium produces at least three fucose 

utilization proteins, FucI, FucU, and FucA, (284) and gains growth advantage from 1,2-

propanediol utilization while using both aerobic and anaerobic respiration (285).  

However, no differences in the expression levels of fucI (encoding L-fucose isomerase) 

and pduBC (propanediol dehydratase) genes in feces and in colons of infected  Fut2+/+ and 

Fut2-/- mice were detected in our study. Pacheco et al. (286) described the FusKR, two-

component signal transduction system of EHEC, which senses fucose and represses an 

expression of certain virulence and metabolism genes in the mucus layer. Whether S. 

Typhimurium can sense fucose is not known. Furthermore, considering that “non-secretors” 

may have an increased abundance of sialylated glycans (120), additional studies on host 

glycan utilization by S. Typhimurium are required.  

Std fimbriae mediate adhesion of S. Typhimurium to intestinal epithelial cells 

in a fucose-dependent manner. 

We also investigated an interaction between Std fimbriae of S. Typhimurium and host 

Fucα1,2 in vitro. Due to a complex and tight regulation, fimH, lpf, and csg are the only 

fimbriae readily detected in S. Typhimurium grown under laboratory conditions (287). 

Expression of the std operon is bistable and produces a minor (0.3%) subpopulation of Std-

positive bacteria in vitro (288). Thus, we utilized an inducible heterologous expression of 

stdABCD genes in an afimbriated E. coli strain. We detected significantly increased adherence 

of Std-expressing E. coli to fucosylated human epithelial cell lines, which could be abrogated 

by the pretreatment of the cells with α(1,2)-fucose-binding lectin UEA-I.  

Accordingly, using confocal microscopy, we observed a preferential binding of Std-

producing E. coli to α(1,2)-fucosylated moieties in primary epithelial monolayers derived 

from Fut2+/+ mice. These observations are in line with the findings of Chessa et al. (251), who 

described Std-mediated adherence of S. Typhimurium to Caco‐2 cells which could be blocked 

by co‐incubation with H type 2 oligosaccharide (Fucα1‐2Galβ1‐4GlcNAc) or by pretreatment 

of cells with α1‐2 fucosidase. To conclude, expression of Std fimbriae resulted in increased 

bacterial adhesion to fucosylated human cell lines and murine intestinal crypt organoids. 
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Part II. 

Proteoglycans (PGs) are heavily glycosylated (50-60% carbohydrates) glycoconjugates 

containing a GAG chain attached to a protein core. PGs are abundant in connective tissues; 

nevertheless, they are also found in plasma membranes of virtually every cell type (121). PGs 

are crucial for ECM formation, moreover, a role of PGs in bacterial adhesion and invasion is 

acknowledged (123). In study II, we investigated how PGs (and absence thereof) influence S. 

Typhimurium infection of CHO epithelial cell line. We discovered that PGs represent a novel 

host factor crucial for PIKfyve-dependent endo-lysosomal fusion and for Salmonella survival 

within epithelial cells in a context of gentamicin protection assay. 

Heparan sulfate PGs are crucial for Salmonella survival within CHO cells 

In wild-type CHO cells, biosynthesis of PGs is initiated by the xylosyltransferase-II 

(Xylt2) enzyme adding xylose to a tetrasaccharide linker. We utilized PG-deficient CHO 

pgsA745 (ΔXylT2, referred to as ΔXylT) cell line generated by Esko et al. (122). A number of 

studies used this cell line to assess the contribution of PGs to the entry of bacteria and viruses 

into host cells (123). It should be noted, that hyaluronan GAG and keratan sulfate 

GAGs/KSPGs might still be present in CHO ΔXylT cells due to a different biosynthesis 

pathways (138,140). Moreover, it was recently reported that CHO ΔXylT cells carry an 

unspecific mutation in the Lama2 gene resulting in a deletion of the long isoform of the 

laminin subunit α-2. It was proposed that this mutation in CHO ΔXylT cells caused 

significantly reduced invasion of group B Streptococcus compared to CHO WT cells (289).  

Indeed, our CHO ΔXylT cells also lacked the expression of long laminin-2 isoform. 

Nevertheless, we detected similar levels of S. Typhimurium adhesion to and invasion into the 

CHO WT and CHO ΔXylT cell lines. Previously, Lambert et al. (225) observed reduced 

invasion of S. Typhimurium grown under pagN-inducing conditions into CHO ΔXylT cells. 

PagN is a SPI-2-induced adhesin and invasin which supposedly can bind HSPGs and heparin. 

While we did not evaluate pagN expression in our S. Typhimurium strains, we did not use 

pagN-inducing growth medium in the infection experiments. Importantly, previous studies in 

BALB/c mice identified that pagN gene is expressed during infection (290) and that S. 

Typhimurium pagN mutant had decreased competitiveness compared to the parental strain 

(291). Thus, further studies are needed to investigate a possible effect of PagN-mediated 

adhesion/invasion in vivo. 
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Notably, using a gentamicin protection assay, 24 h p.i., we detected a significant 

reduction of S. Typhimurium burden in PG-deficient CHO cells. This reduction could be 

abrogated by the addition of heparin, but not chondroitin sulfate, to cell culture medium. We 

also restored HSPGs production and “rescued” CHO ΔXylT cells by complementation with 

the human XYLT2 gene. Heparin is a degradation product of heparan sulfate (HS) isolated 

from porcine intestine or equine lungs; heparin is widely utilized as an anticoagulant drug and 

as cheap structural analog of HS. Compared to HS (20-100kDa), heparin is smaller (7-20 

kDs) and contains a higher percentage of sulfated residues (125). Taken together, our data 

indicated an important role of HS GAG (but not of HSPGs core proteins) in a survival of S. 

Typhimurium within CHO cells in a context of gentamicin protection assay.  

SCV-associated Salmonella are killed by gentamicin in proteoglycan-deficient 

CHO cells. 

Upon invasion of host cell, in order to establish a replication niche, S. Typhimurium 

recruits multiple host factors, including the small GTPases (RAB5, RAB7, ARL8), early 

endosome antigen 1 (EEA1), and Lysosome-associated membrane proteins (LAMPs) (292). 

We observed a recruitment of host ARL8B and Lamp1 to the Salmonella-containing vacuoles 

(SCVs) and to Salmonella-induced filaments (SIFs) in both CHO WT and CHO ΔXylT cells. 

Thus, we concluded that S. Typhimurium hijack endo-lysosomal trafficking and establish the 

SCVs/SIFs in both cell lines. However, 24 h p.i., CHO ΔXylT cells had significantly less 

SCV-associated S. Typhimurium, and more cytosolic bacteria in comparison to WT CHO 

cells, as was assessed by three different methods. 

Because lack of PGs affected the intracellular “lifestyle” of Salmonella, we 

hypothesized that the intracellular distribution of gentamicin might be altered in infected 

CHO ΔXylT cells, which may result in an increased exposure of certain bacterial populations 

to the antibiotic. Of note, a widely accepted notion of plasma membranes being impermeable 

to gentamicin is not entirely correct. Epithelial cells can take up gentamicin and other 

aminoglycosides via endocytosis-dependent and -independent pathways (293). Indeed, an 

accumulation of endocytosed gentamicin in lysosomes of kidney epithelial cells was 

previously observed (294). While we did not detect differences in the levels of total 

intracellular gentamicin between CHO WT and CHO ΔXylT cells (non- and infected), we 

discovered an increased co-localization of Cy3-labelled gentamicin and SCVs/bacterial debris 

in proteoglycan-deficient CHO cells. Brumell et al. (295) demonstrated that SPI-2 T3SS 

effector SifA is required for maintenance of the SCVs: Salmonella lacking SifA were 
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characterized by extensive cytosolic replication in epithelial cells. In our study, enhanced 

cytosolic growth of S. Typhimurium ΔsifA mutant was largely unaffected by increasing 

gentamicin concentrations, in both CHO cell lines.  

Thus, we postulate that a reduction of total S. Typhimurium counts in CHO ΔXylT cells, 

as well as an enhanced killing of bacteria in SCVs, is due to the altered intracellular re-

distribution of gentamicin within CHO ΔXylT cells.  

Proteoglycans are important for PIKfyve-dependent endo-lysosomal fusion. 

We detected an accumulation of anti-Salmonella IgG1antibody (added to cell culture 

medium), 24 h p.i., within SCVs/SIFs in proteoglycan-deficient CHO cells. Notably, it could 

be abrogated by addition of heparin to cell culture medium. The neonatal Fc receptor, FcRn, a 

MHC class I-related protein, mediates specific IgG uptake and transcytosis in many tissues, 

including primary human intestinal epithelial cells, the fetal yolk sac of rats, human placenta 

and fetal enterocytes (296). Epithelial CHO cells have Fcgrt gene which has 74% sequence 

similarity to a human FCGRT ortholog encoding FcRn (BLAST (297) data). It should be 

noted that we did not assess FcRn expression in our CHO cells. Because anti-Salmonella 

antibody reached (as was evident from immunostaining) intracellular bacteria in SCVs/SIFs, 

we reasoned that antibody was non-specifically endocytosed. 

 Recently, Liss et al. (298) demonstrated that S. Typhimurium SIFs can merge with 

endocytosed vesicles and expose bacteria to extracellular nutrients and/or antibiotics. To 

investigate a possible contribution of the SIFs to delivery of gentamicin to SCVs, we infected 

CHO cells with a S. Typhimurium ΔssaR strain – SPI-2 mutant lacking SIFs. In agreement 

with Liss et al. findings (298), intracellular S. Typhimurium lacking SIFs were less 

susceptible to a high gentamicin doses; but this was only seen in CHO WT cells. In contrast, 

in CHO ΔXylT cells, S. Typhimurium ΔssaR were as sensitive to gentamicin treatment as WT 

bacteria. Based on these findings we hypothesized that PGs may directly affect endo-

lysosomal trafficking of endocytosed cargo.  

Previously, no defects in endocytosis/phagocytosis were reported in CHO ΔXylT cells 

(289), which is also supported by our data regarding uptake of gentamicin in CHO cells. 

Accordingly, by inhibiting clathrin-mediated and caveolin-mediated endocytosis with 

dynasore, we could abrogate gentamicin-mediated killing of Salmonella our CHO ΔXylT 

cells. We also utilized inhibitors targeting phospholipids of late endosomes and lysosomes, 

including wortmannin – an inhibitor of phosphoinositide 3-kinases, and more specific 
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inhibitor of phosphatidylinositol 3-phosphate 5-kinase (PIKfyve), YM201636. PIKfyve 

converts phosphatidylinositol 3-phosphate (PtdIns3P) into phosphatidylinositol 3,5-

bisphosphate (PtdIns(3,5)P2). A role of PIKfyve kinase in the fusion of S. Typhimurium 

macropinosomes with the late endosomes/lysosomes has been indicated by Kerr et al. (299).  

In our study, in agreement with Kerr et al. data (299), a specific inhibition of PIKfyve kinase 

activity in CHO WT cells resulted in a reduction of bacterial loads compared to untreated 

cells (Salmonella was unable to establish a niche). In contrast, inhibition of PIKfyve in PG-

deficient CHO ΔXylT cells resulted in increased S. Typhimurium counts.  

Moreover, using a dextran pulse-chase assay, we detected an inhibited/delayed endo-

lysosomal fusion in CHO ΔXylT cells. Thus, we propose that PGs are required for PIKfyve-

dependent endo-lysosomal fusion and associated trafficking/recycling of endocytosed cargo. 

We postulate that in the absence of PGs, more endocytosed gentamicin (or other cargo) 

retains within endosomes which are then merged with bacterial macropinosomes. Further 

studies are required to confirm this hypothesis. 

To our knowledge, study II is the first report on specific interactions between host 

phosphoinositides and cell surface GAGs/PGs in a context of infection. Our findings are in 

line with a study of Krishna et al. who showed a role of PIKfyve kinase in the re-distribution 

of endocytosed cargo from/to lysosomes (300). It was also shown that PtdIns(3,5)P2 (ergo, 

PIKfyve) is required for syntenin-mediated syndecan recycling pathway (130) and for a 

delivery of endocytic cargo to  multivesicular endosomes or bodies (MVBs) (301). MVBs can 

fuse with lysosomes or can be exported as exosomes. Notably, previous studies also 

highlighted an involvement of HSPGs (syndecans) in the formation of MVBs and exosomes 

(302,303). On the other hand, S. Typhimurium interferes with endo-lysosome trafficking, 

which disturbs assembly of the endosomal sorting complex required for transport (ESCRT) 

system (304) and exocytosis (305,306). Overall, the mechanisms of PGs/GAGs – endo-

lysosomal system – SCV/SIF interactions need further clarification. 

Proteoglycan-dependent endo-lysosomal fusion alters vacuolar pH. 

We also discovered that CHO ΔXylT cells had reduced Lysotracker staining, which 

indicated elevated pH levels within late endosomes/lysosomes. By using an acid shock 

response reporter Salmonella strain, we found that CHO WT and CHO ΔXylT cells had 

comparable early acidification of the SCVs, however, at a later time point, acidification of 

SCVs in PG-deficient CHO cells was indeed impaired. Previous studies demonstrated that 

phagolysosomal alkalinization (e.g., caused by chloroquine or ammonium chloride) can lead 
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to increased killing of intra-vacuolar Staphylococcus aureus (307) and Coxiella burnetii 

(308), probably, by improving efficacy of antibiotics. Indeed, it was shown that the acidic pH 

of lysosomes depresses the antibacterial activity of gentamicin and of other aminoglycosides 

and prevents their accumulation in vacuoles (309). Previously, an important role of intra-

phagosomal pH for susceptibility of S. Typhimurium to gentamicin was shown in 

macrophages (310).  

We propose that alkalinization of lysosomes in PG-deficient CHO ΔXylT cells may be a 

result of abnormal PIKfyve-dependent endo-lysosomal fusion and may enhance gentamicin-

mediated killing of Salmonella. Thus, the observed differences in pH could represent another 

mechanism (apart from a re-distribution of gentamicin discussed earlier) of the PG-dependent 

phenotype of intracellular Salmonella survival. Additional studies are required to actually 

measure pH values within organelles of CHO ΔXylT cells and to further investigate the 

functional consequences. 
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5. Conclusions and outlook 

In conclusion, our results show a substantial role of host glycoconjugates in the 

susceptibility to S. Typhimurium infection. In study I, we demonstrated that Std fimbriae 

binding of terminal α-1,2 fucose residues mediate bacterial adherence to host glycoproteins or 

glycolipids. Our results conclusively demonstrate that during the course of infection, S. 

Typhimurium benefits from host fucosylation in the large intestine, in a mechanism that 

requires an expression of Std fimbriae by Salmonella in the gut lumen.  

In study II, we discovered that in the absence of cell surface proteoglycans (PGs), 

epithelial cells display reduced or delayed endo-lysosomal fusion resulting in abnormal 

intracellular vesicle trafficking and in reduced vesicle acidification. We showed that PIKfyve-

dependent fusion and intra-vacuolar pH are crucial for intracellular bacteria to survive in a 

replicative niche, Salmonella–containing vacuole. To conclude, we describe a novel role of 

host PGs in S. Typhimurium infection. 

Finally, our findings raised the following questions which can be addressed in the future 

studies: 

• Does secretor status affect a composition of mucus-associated and fecal microbiota in 

mice? 

• Will Salmonella mutants unable to utilize fucose have a reduced colonization in secretor 

mice? Can sialic acid utilization compensate this defect? 

• Is it possible to modulate S. Typhimurium colonization of the large intestine by using 

fucosylated HMOs?  

• Shang et al. (311) reported that keratan sulfate isolated from shark cartilage altered the gut 

microbiota taxonomy and increased the prevalence of Lactobacillus spp. Do HSPGs 

influence a composition or function of the gut microbiota? If so, how exactly? 

• Can gut commensals degrade/utilize glycans present of GAG chains of PGs? 

• Do PGs mediate bacterial adhesion or intracellular survival of commensals and of 

pathogens in the gut?  

• Can S. Typhimurium bind cell surface PGs by utilizing PagN adhesin in vivo? 

• What is a role of PG-dependent endo-lysosomal fusion in macrophages?  

• What are the other functional consequences of the elevated intra-lysosomal pH in PG-

deficient CHO cells? Is there an effect on lysosomal ROS production?   
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Abstract

Expression of ABO and Lewis histo-blood group antigens by the gastrointestinal epithelium

is governed by an α-1,2-fucosyltransferase enzyme encoded by the Fut2 gene. Alterations

in mucin glycosylation have been associated with susceptibility to various bacterial and viral

infections. Salmonella enterica serovar Typhimurium is a food-borne pathogen and a major

cause of gastroenteritis. In order to determine the role of Fut2-dependent glycans in Salmo-

nella-triggered intestinal inflammation, Fut2+/+ and Fut2-/- mice were orally infected with S.

Typhimurium and bacterial colonization and intestinal inflammation were analyzed. Bacterial

load in the intestine of Fut2-/- mice was significantly lower compared to Fut2+/+ mice. Analy-

sis of histopathological changes revealed significantly lower levels of intestinal inflammation

in Fut2-/- mice compared to Fut2+/+ mice and measurement of lipocalin-2 level in feces cor-

roborated histopathological findings. Salmonella express fimbriae that assist in adherence

of bacteria to host cells thereby facilitating their invasion. The std fimbrial operon of S. Typhi-

murium encodes the π-class Std fimbriae which bind terminal α(1,2)-fucose residues. An

isogenic mutant of S. Typhimurium lacking Std fimbriae colonized Fut2+/+ and Fut2-/- mice to

similar levels and resulted in similar intestinal inflammation. In vitro adhesion assays

revealed that bacteria possessing Std fimbriae adhered significantly more to fucosylated

cell lines or primary epithelial cells in comparison to cells lacking α(1,2)-fucose. Overall,

these results indicate that Salmonella-triggered intestinal inflammation and colonization are

dependent on Std-fucose interaction.
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Author summary

The intestinal epithelium is a crucial biological interface, interacting with both commensal

and pathogenic microorganisms. It’s lined with heavily glycosylated proteins and glycolip-

ids which can act as both attachment sites and energy sources for intestinal bacteria. Fut2,

the enzyme governing epithelial α1,2-fucosylation, has been implicated in the interaction

between microbes and intestinal epithelial cells. Salmonella is one of the most important

bacterial gastrointestinal pathogens affecting millions of people worldwide. Salmonella
possesses fimbrial and non-fimbrial adhesins which can be used to adhere to host cells.

Here we show that Salmonella expresses Std fimbriae in the gastrointestinal tract in vivo
and exploit Std fimbriae to bind fucosylated structures in the mucus and on the intestinal

epithelium. Furthermore, we demonstrate that the Std fimbriae-fucose interaction is nec-

essary for bacterial colonization of the intestine and for triggering intestinal inflammation.

These data lend new insights into bacterial adhesion-epithelial interactions which are

essential for bacterial pathogenesis and key factors in determining tissue tropism and host

susceptibility to infectious disease.

Introduction

Glycosylation is an important type of post-translational modification of proteins and lipids

and is involved in the regulation of a wide range of processes at the cellular and molecular

level. The gastrointestinal tract is home to a vast array of glycan structures and glycoconjugates

[1], where the mucosal surface is the site of complex interactions between the intestinal micro-

biota, intestinal barrier, and immune system. The mucosal surface is characterized by a heavily

glycosylated mucus layer produced by goblet cells as well as membrane-bound glycosylated

proteins and lipids that form them [2]. These glycoconjugates can be utilized by intestinal

commensal bacteria and pathogens as molecular attachment sites or as nutrients [3]. Impor-

tantly, host-derived glycans can help foster beneficial relationships with symbiotic microbes,

such as Bacteroides thetaiotaomicron, by providing an energy source in the absence of dietary

polysaccharides [4].

The FUT2 gene encodes the α-1,2-fucosyltransferase, a glycosyltransferase well known for

its role in the expression of ABH and Lewis histo-blood group antigens on the gastrointestinal

epithelium and in bodily secretions. Individuals expressing a functional allele are commonly

described as ‘secretors’ whereas those homozygous for loss-of-function mutations display a

‘non-secretor’ phenotype. Variation in host glycosylation may directly influence susceptibility

to enteric pathogens such as enterotoxigenic Escherichia coli [5], Helicobacter pylori [6], and

norovirus [7]. Recent studies have shown the importance of host glycans in supporting a bene-

ficial relationship with the endogenous microbiota by nourishing the microbiota during the

stress of systemic infection [8] or by controlling opportunistic pathogens within the micro-

biota in the context of infection (e.g. Enterococcus faecalis) [9]. The non-secretor phenotype is

also associated with an increased risk to develop chronic inflammatory bowel diseases [10].

This is possibly due to the altered composition of the intestinal microbiota, which may in turn

influence the capacity of pathogenic bacteria to bind to host mucosal surface structures [11].

Salmonella enterica serovar Typhimurium (S. Typhimurium) is one of the most successful

mucosal pathogens, colonizing the human gastrointestinal tract and causing severe inflamma-

tory diarrhea [12]. S. Typhimurium carries several virulence genes including fimbrial adhesins,

which are hair-like appendages on the outer membrane and are involved in adherence to host

epithelial cells. Adhesion to host tissues is critical for invasion and pathogenicity of S.
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Typhimurium [13]. Type 1 fimbriae are one of the best characterized fimbrial adhesins and are

encoded by the fim operon. FimH, a lectin-like protein, directly binds to high mannose oligo-

saccharides conjugated to surface glycoproteins of eukaryotic cells [14,15]. Another fimbrial

operon, std, encodes the π-class Std fimbriae, which have been described to bind terminal α-

1,2 fucose residues [16].

The expression of bacterial adhesins possibly involved in binding fucosylated host proteins

suggests that these fimbriae may facilitate Salmonella to establish or maintain infection in the

highly fucosylated large intestine. Here, we investigated the role of host fucosylation in disease

development during Salmonella infection using mice with and without expression of the Fut2
gene (Fut2+/+ and Fut2-/-). Taken together, our results demonstrate that Std-fucose interaction

contributes to S. Typhimurium persistence and inflammation.

Results

Fut2 expression affects susceptibility to Salmonella-induced colitis

To test the hypothesis that expression of Fut2 influences host susceptibility to enteric patho-

gens, a model of S. Typhimurium-induced colitis was utilized. Fut2+/+ and Fut2-/- littermates

were treated with streptomycin, and 24 hours later, infected with wild-type S. Typhimurium.

One day post infection (p.i.), the cecal tissue of Fut2-/- mice contained more S. Typhimurium

than Fut2+/+ mice (S1A Fig) in agreement with the observations of Goto and colleagues [17].

However, in contrast to their results, we found the total cecum weight and histopathology

scores (S1B–S1D Fig) were comparable between Fut2+/+ and Fut2-/- mice.

Under most conditions wild-type Salmonella kill C57BL/6 mice within approximately one

week. Therefore, in order to follow the infection to later time points mice were infected with

the S. Typhimurium ΔaroA mutant strain which is attenuated for systemic disease but causes

extensive intestinal inflammation [18]. There was no significant difference in bacterial coloni-

zation or resulting inflammation of Fut2+/+ and Fut2-/- mice on day 1 p.i. (S1 Fig) or on day 3

p.i. (S2A–S2C Fig). However, on day 7 and day 14 p.i., a significantly reduced Salmonella bur-

den in the intestine of Fut2-/- compared to Fut2+/+ mice was detected (Fig 1A, S2A–S2C Fig).

Furthermore, 7 days p.i., the histopathological changes in the colon were significantly less

severe in Fut2-/- mice compared to Fut2+/+ animals (Fig 1B and 1C). Notably, the colons of

infected Fut2+/+ mice were characterized by a higher number of detached epithelial cells within

the colon lumen, increased inflammatory cell infiltration within the mucosa, and stronger sub-

mucosal edema. Additionally, the levels of the inflammation-associated marker lipocalin-2

were quantified in the large intestine after S. Typhimurium infection. The concentration of

lipocalin-2 in the colon and cecum 7 days p.i. were significantly higher in Fut2+/+ mice in com-

parison to Fut2-/- (Fig 1D, S2D Fig).

Next, colon tissue sections were analyzed by immunohistochemical staining and subse-

quent quantification of CD68- and MPO-positive cells, which represent macrophages and

neutrophils, respectively. Consistent with elevated histopathological scores, significantly

higher numbers of recruited neutrophils and macrophages were detected in the colon tissue of

Fut2+/+ mice compared to Fut2-/- mice (Fig 2A–2C). In addition, a significantly stronger infil-

tration of CD4+ T lymphocytes in the colonic lamina propria of Fut2+/+ mice compared to

Fut2-/- mice was detected by immunofluorescence staining and by flow cytometry (Fig 2A and

2D). No statistically significant differences were found in the numbers or infiltrate composi-

tion with respect to cytotoxic T lymphocytes, B lymphocytes, or dendritic cells by flow cyto-

metric quantification of CD8+, CD19+, and CD11chi cells, respectively (S3 Fig).

To summarize, Fut2-expressing mice exhibited higher bacterial load in the intestine at later

time points, which was also associated with an increase in inflammation assessed by
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Fig 1. Fut2 expression affects susceptibility to Salmonella induced colitis. Streptomycin-treated mice were infected with S. Typhimurium ΔaroA for 7 days.

(A) S. Typhimurium loads were determined in cecum tissue, cecum content, and colon tissue by plating homogenates on LB agar supplemented with

streptomycin (n = 5 mice per group). (B) Histology scoring revealed higher inflammation in Fut2+/+-infected colons in comparison to Fut2-/--infected colons

at day 7 post infection (p.i.). Uninfected colons of Fut2+/+ and Fut2-/-mice had low histology scores. (C) H&E staining of colon tissue sections at 7 days p.i.

Scale bars, 50 μm. Fut2+/+ and Fut2-/- uninfected mice had a normal tissue and no signs of pathology. Higher numbers of cells in the lumen (L), an increased

number of inflammatory cells in mucosa (M), elevated epithelial cell desquamation, and the formation of submucosal edema (E) upon S. Typhimurium

infection were observed in Fut2+/+ mice comparing to Fut2-/- mice. (D) Lipocalin-2 levels measured by ELISA in supernatants of colon tissues homogenates

(n = 5 per group) were higher in Fut2+/+ mice compared to Fut2-/- mice. Graphs are representative of three independent experiments. �p<0.05; ��p<0.01,

Mann-Whitney test.

https://doi.org/10.1371/journal.ppat.1007915.g001
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histopathology and lipocalin-2 levels, demonstrating that Fut2-mediated fucosylation in the

intestine plays an important role in Salmonella-triggered inflammation and colonization of the

intestine.

Std fimbriae mediate adhesion to intestinal epithelial cells in a fucose-

dependent manner

The Fut2 protein facilitates intestinal epithelial fucosylation by catalyzing the addition of L-

fucose residues via an α(1,2) linkage to the terminal β-D-galactose residue of glycans. The std
operon of S. Typhimurium encodes a fimbrial adhesin known to be important for the attach-

ment to fucosylated structures on intestinal epithelial cells [16]. To investigate the role of

fucose-Std fimbriae interaction during Salmonella adherence, human intestinal epithelial cell

lines HT29-MTX-E12 and Caco-2 were utilized. HT29-MTX-E12 are colon epithelial cells that

differentiate into goblet-like cells and produce mucus after three weeks of in vitro culture [19].

Ulex europaeus agglutinin I (UEA-I) lectin staining revealed extensive fucosylation of cell sur-

face and mucus in the differentiated HT29-MTX-E12 cells in contrast to undifferentiated

HT29-MTX-E12 cells. Wheat germ agglutinin (WGA) lectin staining for the ubiquitously

expressed N-acetylglucosamine was positive in both differentiated and undifferentiated

HT29-MTX-E12 cells (Fig 3A).

Fig 2. Increased infiltration of immune cells in Fut2-expressing mice after Salmonella infection. (A) Immunofluorescence

staining showed that Fut2+/+ mice have higher numbers of CD3- (red) and CD68- (green) positive cells in the colon mucosa at day

7 p.i. Nuclei were stained with DAPI (blue). (B) Enumeration of stained cells indicated that Fut2+/+ mice have higher numbers of

CD68+ cells in colon mucosa at day 7 p.i. (C) MPO signal (red) showed increased recruitment of neutrophils in Fut2+/+ mice.

UEA-I (green) positive staining was detected only in Fut2+/+ mice. Scale bars 50 μm. (D) Flow cytometry revealed a higher

frequency of CD4+ (CD3+CD4+) cells present in colonic lamina propria of Fut2-expressing mice compared to Fut2-deficient mice

(n = 4–6). Scale bars, 50 μm. �p<0.05, Mann-Whitney test.

https://doi.org/10.1371/journal.ppat.1007915.g002
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Previous studies have shown that bacterial expression of Std fimbriae is a subject of complex

and tight regulation, both in vivo and in vitro [20,21]. Only a very small proportion of the Sal-
monella population express std fimbriae in vitro [22] and the std operon is completely absent

in E. coli. Therefore, to analyze the role of Std fimbriae in vitro, an inducible expression plas-

mid containing the Salmonella stdABCD operon encoding the structural genes of Std fimbriae

was transformed into a common laboratory E. coli K-12 and afimbriated E. coli ORN172.

Upon induction with anhydrotetracycline, Std fimbriae were expressed by E. coli (referred as

E. coli StdON) as confirmed by flow cytometry and Western blotting (Fig 3C and 3D).

HT29-MTX-E12 cells were infected with either std-expressing (E. coli StdON) or non-express-

ing bacteria (E. coli StdOFF). In contrast to E. coli StdOFF, only E. coli StdON strain showed

increased adherence to differentiated HT29-MTX-E12 cells (Fig 3B). Importantly, expression

of Std fimbriae had no effect on adhesion of E. coli StdON to undifferentiated HT29-MTX-E12

cells which do not contain fucosylated glycoproteins (Fig 3B). Similarly, E. coli ORN172

Fig 3. Std fimbriae mediate adhesion to intestinal epithelial cell culture in a fucose-dependent manner. (A) UEA-I

(green) and WGA (red) staining in formalin-fixed HT29-MTX-E12 cells, at day 1 after seeding (undifferentiated) and

at day 21 after seeding (differentiated). Positive UEA-I staining was present only in differentiated cells. Scale bars,

20 μm. (B) E. coli overexpressing stdABCD operon (StdON) displayed higher adherence to differentiated

HT29-MTX-E12 cells; this effect was absent in differentiated HT29-MTX-E12 cells infected with E. coli StdOFF and in

undifferentiated HT29-MTX-E12 cells infected with either strain. ���p<0.001; n.s. = not significant, ANOVA with

Tukey’s multiple comparison test. (C) Flow cytometry analysis of std expression in E. coli strains. (D) Specificity of the

serum and Std expression were additionally confirmed by Western blotting. E. coli RpoD (70kDa) was used as a

control.

https://doi.org/10.1371/journal.ppat.1007915.g003
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StdON bacteria adhered significantly better to Caco-2 cells compared to E. coli lacking Std

expression. Addition of fucose-binding UEA-1 lectin to the cells prior to infection abrogated

the adhesion of the std-expressing strain. In contrast, addition of dolichus biflorus aggluttinin

(DBA), which binds to N-acetylgalactosamine, did not affect binding of E. coli ORN172

StdON to Caco-2 cells (S4A and S4B Fig). Atomic force microscopy showed Std piliation of E.

coli ORN172 StdON and the absence of pili in the empty vector control bacteria (S4C Fig). In

conclusion, Std fimbriae are important for binding α(1,2)-fucosylated residues on cell lines

corroborating the results by Chessa and colleagues [16].

Next, Std-dependent bacterial adherence to primary epithelial cells was investigated. To

this end, primary intestinal epithelial cells were isolated from Fut2+/+ mice and cultivated as

three-dimensional organoids in matrigel. These enteroids were expanded and seeded onto

transwell filters resulting in the formation of a 2D monolayer consisting of various primary

epithelial cell types. Monolayer barrier integrity and the degree of differentiation were evalu-

ated by measuring transepithelial electrical resistance. Polarized monolayers were infected

with E. coli StdON and StdOFF bacteria and adherence was analyzed by immunofluorescence.

We counted the number of E. coli bacteria attached to UEA-1-positive and -negative cells. E.

coli StdON bacteria were primarily associated with fucosylated cells, while E. coli StdOFF

adhered equally to fucosylated and non-fucosylated cells (Fig 4A). Furthermore, a significantly

higher number of the α(1,2)-fucose-associated E. coli StdON cells compared to the α(1,2)-

fucose-associated E. coli StdOFF bacteria was detected (Fig 4B). Overall, this data demonstrate

that std-expressing bacteria preferentially bind to fucosylated cells.

Std fimbriae-fucose interaction is critical for Salmonella-induced

inflammation and colonization

Using cut sections of the cecum of CBA/J mice, it was previously demonstrated that purified

Std fimbriae of S. Typhimurium are able to bind terminal α(1,2)-fucose residues in the mucosa

[16]. However, the functional consequences of this interaction for disease development, as well

as the extent of Std fimbriae expression in vivo are not known.

To assess Std fimbriae production in vivo, stdA gene expression was first examined using

RT-qPCR. Similar levels of stdA gene expression were detected in the colon of both Fut2+/+

and Fut2-/- mice infected with S. Typhimurium ΔaroA strain (S5A Fig). In order to determine

whether the absence of std or the presence of intestinal fucosylated glycans affects expression

of fucose or 1,2-propanediol utilization pathways we quantified levels of fucI and pduBC by

RT-qPCR. We saw comparable levels of these genes expressed in either mouse strain in std-

containing and std-deficient bacteria (S5B and S5C Fig). In order to look more closely at the

spatial regulation of Std expression, we used reporter strains of S. Typhimurium containing a

stdAstop::gfp fusion [22] and staining of tissue sections with anti-Std serum. Std was observed

to be specifically expressed in the lumen of the large intestine of both Fut2+/+ and Fut2-/- mice

on day 1 (S6 Fig) and day 7 p.i. (Fig 5 and S7 Fig). In contrast, Std-expressing Salmonella were

not observed after invasion of the mucosa (Fig 5, S6 and S7 Figs). These data demonstrate that

there is a tight spatial regulation of Std-expression whereby Std fimbriae are expressed prior to

invasion of the large intestine.

Fut2-/- mice lack terminal fucose on intestinal epithelium [23]. To test whether epithelial

fucosylation directly affects Salmonella colonization via interaction with Std fimbriae, the stdA
mutation was transferred into the S. Typhimurium ΔaroA background strain. This mutant

strain lacked functional Std fimbriae (S. Typhimurium ΔaroAΔstdA) yet had the same growth

rate and motility as the parental S. Typhimurium ΔaroA strain (S8 Fig). Fut2+/+ and Fut2-/-

mice were then infected with S. Typhimurium ΔaroAΔstdA via oral gavage for 7 days. In
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contrast to S. Typhimurium ΔaroA (Fig 1), the S. Typhimurium ΔaroA ΔstdA strain colonized

the colon of Fut2+/+ and Fut2-/- mice to similar levels (Fig 6A). In addition, histopathology

scores showed similar intestinal inflammation of Fut2+/+ and Fut2-/- mice. H&E staining of

colonic tissue showed moderate numbers of necrotic epithelial cells, mild inflammatory cell

infiltration within intestinal mucosa and mild submucosal edema (Fig 6B and 6C), which was

Fig 4. E. coli overexpressing Std fimbriae bind to fucosylated cells in primary intestinal epithelial monolayers. (A) 2D

monolayers of Fut2+/+ murine colon organoids were infected with either E. coli StdON or E. coli StdOFF and

immunofluorescently stained using anti-E. coli and UEA-1 lectin. Image analysis of the infected monolayers revealed co-

localization of Std-expressing E. coli bacteria (red) and the α(1,2)-fucosylated cells (green) (A, enlarged region and its orthogonal

section). Nuclei were stained with DAPI (blue). Scale bar, 20 μm. (B) Fucose-associated and non-associated E. coli were

quantified microscopically using at least 20 fields of view (FOV) per sample. A significantly higher numbers of the fucose-

associated bacteria were detected when Std fimbriae were expressed. Data represents four independent biological repetitions.
���p<0.001; n.s. = not significant, ANOVA with Tukey’s multiple comparison test.

https://doi.org/10.1371/journal.ppat.1007915.g004
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similar in both mouse genotypes. In addition, lipocalin-2 concentrations were similar in

colons of both Fut2+/+ and Fut2-/- mice after infection with S. Typhimurium ΔaroA ΔstdA (Fig

6D).

Fig 5. Std fimbriae are differentially expressed in vivo. Fut2+/+ (A) and Fut2-/- (B) mice (n = 4) were infected with the reporter

S. Typhimurium ΔaroA stdAstop::gfp strain. Mice were sacrificed at day 7 p.i. and colon sections were subjected to

immunohistochemistry. GFP-positive bacteria were detected with an anti-GFP antibody. Std(GFP)-expressing S. Typhimurium

were localized in the lumen of the colon, but not within the mucosa. Scale bars, 10 μm.

https://doi.org/10.1371/journal.ppat.1007915.g005
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In order to further explore whether Std fimbriae play a role in the colonization of S. Typhi-

murium in the presence or absence of host intestinal fucosylation, competitive index (CI)

experiments were performed by orogastrically infecting both Fut2+/+ and Fut2-/- mice with

equal numbers of S. Typhimurium ΔaroA and S. Typhimurium ΔaroA ΔstdA. Fecal pellets

Fig 6. Std fimbriae-fucose interaction impacts Salmonella-induced inflammation and colonization of the colon. (A) S. Typhimurium ΔaroAΔstdA loads

were determined in colon by plating homogenates on LB agar with streptomycin. Both Fut2+/+ and Fut2-/- mice showed similar bacterial loads. (B) Histology

scoring revealed comparable inflammation in Fut2+/+ and Fut2-/- infected colons at day 7 p.i. (C) H&E staining of colon tissue sections at 7 days p.i. Scale bars,

50 μm. Moderate numbers of necrotic epithelial cells, mild inflammatory cell infiltration within intestinal mucosa, and mild submucosal edema were observed in

both Fut2+/+ and Fut2-/- mice upon S. Typhimurium ΔaroAΔstdA infection. (D) Lipocalin-2 levels were measured by ELISA in supernatants of colon tissue

homogenates. Graph shows representative data of three independent experiments (n = 5–6 per group). n.s = not significant, Mann-Whitney test.

https://doi.org/10.1371/journal.ppat.1007915.g006
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were collected at 1, 3, and 5 days p.i. and bacterial counts of both strains were determined.

After 7 days, the bacterial load in intestinal tissues and luminal content was determined and

the CI ratio of the two strains was calculated. Interestingly, in cecum and colon, S. Typhimur-

ium ΔaroA significantly outcompeted the isogenic Std-deficient strain in Fut2+/+ mice, but not

in Fut2-/- mice (Fig 7). Accordingly, CI results from feces at day 1, 3, and 5 showed that S.

Typhimurium ΔaroA outcompeted the isogenic ΔstdA mutant in Fut2+/+ mice (S9 Fig). Taken

together, our in vivo data demonstrate that Std fimbriae are important for Salmonella coloniza-

tion, persistence, and induction of inflammation in a fucosylated host environment.

Discussion

Variation in human glycosylation influences various metabolic diseases, cancers, inflammatory

diseases, and susceptibility to infectious pathogens. Genome-wide association studies show

that FUT2 nonsense polymorphisms are associated with increased risk for Crohn’s disease

[10] and primary sclerosing cholangitis [24]. Genetic variation in FUT2 is also linked to sus-

ceptibility to infections with bacterial and viral pathogens including Helicobacter pylori [25],

norovirus [26, 27], Enterotoxigenic E. coli [5], and progression of HIV [28]. In this study, we

investigated the role of Fut2 expression for S. Typhimurium infection and found that Std fim-

briae-fucose interaction was important for Salmonella-induced inflammation and

colonization.

Host mucosal glycans can influence the susceptibility to infection indirectly or directly.

Indirectly, glycan-dependent differences in microbiota composition may contribute to the sus-

ceptibility to infection with a particular pathogen. For example, we previously reported an

influence of the histo-blood group related glycosyltransferase gene B4galnt2 on host suscepti-

bility to S. Typhimurium infection. The expression of B4galnt2 in the gut results in differences

Fig 7. Std fimbriae provides a competitive advantage in a fucosylated environment. Competitive index (CI) was determined by

infecting Fut2+/+ and Fut2-/- mice (n = 10 per group) with an equal amount of S. Typhimurium ΔaroA and S. Typhimurium

ΔaroAΔstdA. Organ and feces homogenates were plated on LB agar containing streptomycin (total Salmonella) and on LB plates

with streptomycin+kanamycin (S. Typhimurium ΔaroAΔstdA only). (A) In cecum and colon, S. Typhimurium ΔaroA
outcompeted the isogenic ΔstdA mutant in Fut2+/+ mice, but not in Fut2-/- mice. Graph shows data for individual mice and

median values, p values are indicated for each group as determined by Wilcoxon signed-rank test.

https://doi.org/10.1371/journal.ppat.1007915.g007
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in microbial composition which in turn affect the extent of Salmonella colonization, and

hence, disease pathology [29]. Many complex carbohydrates degraded by the intestinal micro-

biota produce metabolites that can be utilized by Salmonella Typhimurium and Clostridium
difficile thereby facilitating their expansion within the gut [4]. Host glycans can also directly

influence a host’s susceptibility to infection by modulating bacterial attachment to host tissues.

Many bacteria produce specific adhesins which bind to host glycans. For example, the H. pylori
adhesin BabA mediates adherence to the gastric mucosa of individuals with fucosylated ABO

(H)/Lewis b blood group antigens [30, 31]. Norovirus (strain GII.4) and rotavirus (strains with

spike protein VP8) encode adhesins which bind α(1,2)-fucosylated glycans resulting in

increased susceptibility in individuals with a secretor phenotype [32,33].

While Fut2 expression in the small intestine is inducible by ILC3-derived IL-22 [17], the

large intestine is constitutively fucosylated [8]. Mice lacking Fut2 are more susceptible to S.

Typhimurium infection at an early time point post infection, as demonstrated by Goto and

colleagues [17] and confirmed in the present study. In contrast, we demonstrate that at later

time points, a lack of Fut2 expression is associated with decreased intestinal colonization,

pathology, and inflammatory responses. It has been hypothesized that at one day post S.

Typhimurium infection, α(1,2)-fucose-containing glycans secreted from goblet cells may

interfere with the attachment of Salmonella to intestinal epithelial cells, although this has not

been proven so far [34]. Our study suggests that at later time points post infection, Salmonella
exploits α(1,2)-fucose-containing glycans present in the intestine of Fut2+/+ mice to their

advantage. Fucose and its metabolic products such as 1,2-propanediol can be utilized by S.

Typhimurium as carbon and energy sources [35]. In vivo, during intestinal inflammation,

1,2-propanediol is generated and serves as a nutrient source for Salmonella [36]. Our data do

not show any differences in the expression of fucI and pduBC in Fut2+/+ and Fut2-/- mice, even

in the absence of stdABCD genes, suggesting that these pathways are not regulated by Std

fimbriae.

It was previously shown that purified Std fimbriae of S. Typhimurium can bind terminal α
(1,2)-fucose residues [16]. Salmonella enterica encodes up to 13 fimbrial and at least 7 non-

fimbrial adhesins depending on the serovar [13,37]. The production of adhesins involves com-

plex and tight regulation since inappropriate expression could be detrimental for bacterial col-

onization and pathogenesis. While the majority of adhesins are expressed in temporal and

spatially highly controlled manner during animal infections, they are often not produced

under laboratory conditions [20, 38]. In vitro expression of the S. Typhimurium std operon is

bistable resulting in the emergence of a minor subpopulation of Std-positive cells [22]. There-

fore, to investigate the role of Std fimbriae in vitro we took advantage of an Std-expressing E.

coli strain. Our in vitro infection experiments revealed enhanced attachment of Std-expressing

E. coli to fucosylated cell lines, which could be specifically blocked by the addition of the α
(1,2)-fucose-binding lectin UEA-I. These observations confirm the findings of Chessa and col-

leagues [16] and were further corroborated by preferential binding of Std-expressing E. coli to

fucosylated cells in primary epithelial monolayers. Altogether, bacteria expressing Std fimbriae

exhibited increased adhesion to human cell lines and murine intestinal crypt organoids when

terminal α(1,2)-fucose was present.

The extent and localization of Std fimbriae expression in vivo was not previously known.

Notably, we observed the spatial expression pattern of Std fimbriae in vivo. In this work, we

present, for the first time, evidence that Std fimbriae are differentially produced during intesti-

nal infection. Std-positive Salmonella were found predominantly in the intestinal lumen,

which corroborates the existence of a regulatory fimbrial switch.

Previous work has shown that Std fimbriae are required for the long-term S. Typhimurium

colonization of CBA mice [39]. In agreement with these data, we show that Std fimbriae are
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important for persistence in C57Bl/6 mice and demonstrate that this is strictly dependent on

the ability of Std fimbriae to adhere to fucosylated host glycoproteins or glycolipids in the large

intestine. While the expression of α(1,2)-fucose on enterocytes and goblet cells is facilitated by

Fut2, M cells in the follicle associated epithelium overlying Peyer’s patches [40] and Paneth

cells [41] are α(1,2)-fucosylated via Fut1. Thus, based on our CI data, we can conclude that

Fut2-dependent fucosylation is important for Salmonella persistence only in the large intes-

tine. Furthermore, we present evidence that Std fimbriae are also important for the induction

of host intestinal pathology and inflammation in a Fut2-dependent manner.

In conclusion, our results demonstrate a substantial role for glycosylation of the intestinal

mucosa in the susceptibility to S. Typhimurium infection. Std fimbriae binding of terminal α-

1,2 fucose residues mediate bacterial adherence to host glycoproteins or glycolipids. Taken

together, our results conclusively demonstrate that host fucosylation in the intestine is

exploited by S. Typhimurium during the course of infection in a mechanism that requires Sal-
monella expression of Std fimbriae.

Material and methods

Mice

B6.129X1-Fut2tm1Sdo/J (Fut2-/-) [42] mice were purchased from the Jackson Laboratory and

intercrossed with wild-type C57BL/6J (Fut2+/+) mice. Mice were backcrossed for 14 genera-

tions. Heterozygous breeding pairs produced litters of mixed genotypes. Slc11a1 (Nramp1) is

an important resistance gene for S. Typhimurium. 129X1 mice harbor Slc11a1 resistant alleles

while in C57Bl/6J mice a point mutation results in Slc11a1 sensitive alleles. The Slc11a1 geno-

type of mice was verified as described [[43]] using a common reverse primer and forward

primers (S2 Table) specific for the sensitive and resistant allele, respectively. All mice were

homozygous for the Slc11a1 sensitive allele. Mice were housed together under specific patho-

gen-free conditions in individually ventilated cages (IVC). Standard chow and water were pro-

vided ad libitum. Experiments were conducted in the animal facilities of the University of Kiel

and Hannover Medical School in Germany.

Ethics statement

Animal experiments were conducted in direct accordance with the German Animal Protection

Law consistent with the ethical requirements and approval of the Animal Care Committee of

the Ministry of Energy, Agriculture, the Environment and Rural Areas of Schleswig-Holstein,

Germany (protocol # V244-7224.121.3 (99-10/10)) and by the Niedersächsisches Landesamt

für Verbraucherschutz und Lebensmittelsicherheit (protocol # 33.12-42502-04-16/2071).

Bacteria

S. Typhimurium SL1344 (S. Tm) [44], S. Tm ΔaroA [18] were grown at 37˚C with shaking in

lysogeny broth (LB) supplemented with 100 μg/ml streptomycin. S. Tm ΔaroAΔstdAB
(referred to as S. Tm ΔaroAΔstdA) double mutant was generated by P22 phage transduction of

the ΔstdAB deletion from the S. Tm NCTC 12023 ΔstdAB [38] to the S. Tm SL1344 ΔaroA
background. S. Tm ΔaroA stdAstop::gfp strain was created by P22 transduction of the ΔaroA
deletion into the parental S. Tm stdAstop::gfp strain [22]. For in vivo infection, S. Tm

ΔaroAΔstdA and S. Tm ΔaroA stdAstop::GFP strains were grown overnight in LB broth sup-

plemented with kanamycin 50 μg/ml at 37˚C. The E. coli Std strain containing the anhydrote-

tracyclin (AHT)-inducible Salmonella stdABCD operon was generated by electroporation of

the plasmid p4394 [45] into E. coli Turbo (New England Biolabs) K-12 strain (referred as WT).

Salmonella fimbriae interaction with host glycans

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007915 July 22, 2019 13 / 22

https://doi.org/10.1371/journal.ppat.1007915


For in vitro infection experiments, E. coli stdABCD was grown overnight in LB broth supple-

mented with carbenicillin 50 μg/ml at 37˚C and then grown to logarithmic phase in the pres-

ence (StdON) or absence (StdOFF) of AHT (IBA, 100 ng/ml). The non-fimbriated E. coli
ORN172 strain [38] harboring the empty vector or a plasmid for expression of the Salmonella
stdABCD operon under control of the tetR PtetA expression cassette were grown in LB broth.

Expression was induced by addition of 100 ng/ml anhydrotetracycline (AHT). Imaging of bac-

teria by atomic force microscopy (AFM) was performed as previously described [45].

S. Typhimurium infection of mice

Fut2-/- and wild-type (Fut2+/+) littermates were pretreated by oral gavage with 20 mg of strep-

tomycin (Sigma-Aldrich) 24 hours before infection. Mice were orally gavaged with either

3x106 S. Tm, S. Tm ΔaroA, S. Tm ΔaroAΔstdA, S. Tm stdAstop::gfp, or S. Tm ΔaroA stdAstop::

gfp in 100 μl HEPES buffer (100 mM, pH 8.0; PAA Laboratories). Control mice (mock infec-

tion) were given 100 μl HEPES buffer. To enumerate luminal and tissue-invaded bacteria,

colon and cecum tissues were harvested and the intestinal contents were separated from the

tissues. Tissues were then treated with PBS containing 100 μg/ml gentamicin at 4˚C for 30

minutes to kill bacteria on the tissue surface. Intestinal tissues and intestinal contents were

homogenized, serially diluted, and plated on LB agar containing streptomycin (100 μg/ml).

Competitive index (CI)

Fut2+/+ and Fut2-/- mice were pre-treated with 20 mg of streptomycin and infected with a mix-

ture of S. Tm ΔaroA and S. Tm ΔaroAΔstdA strains (1:1, 3x106 total bacteria per mice). During

the infection, fecal pellets were collected at days 1, 3, and 5 p.i. At 7 days p.i., mice were sacri-

ficed and bacterial loads in cecum tissue, cecum content, colon tissue, colon content, and

ileum were enumerated. Feces and intestinal tissues were homogenized and plated on selective

LB agar plates supplemented with either streptomycin (100 μg/ml) alone (to determine total

Salmonella load) or with streptomycin (100 μg/ml) and kanamycin (50 μg/ml) (to enumerate

S. Tm ΔaroAΔstdA). The number of S. Tm ΔaroA was calculated by subtracting the CFU

counts of S. Tm ΔaroAΔstdA from the total Salmonella counts. Competitive index (CI) was cal-

culated as the ratio of (ΔaroA / ΔaroAΔstdA) at the time of sampling divided by (ΔaroA /

ΔaroAΔstdA) of the inoculum.

Motility assay

Motility was assessed by inoculating motility agar plates (10 g/l tryptone, 5 g/l NaCl, and 0.3%

Bacto-agar) with saturated bacterial cultures grown overnight in LB broth. Motility halos were

compared after incubation at 37˚C for 6 hours.

Pathology and histology

Organs were fixed in 10% formalin, dehydrated with ethanol, and embedded in paraffin. Paraf-

fin sections were stained with hematoxylin-eosin (H&E) according to standard laboratory pro-

cedures. Histological scores of ceca and colons were determined as previously described [46].

Briefly, pathological changes were assessed by evaluating the presence of necrotic epithelial

cells and neutrophils in lumen; desquamation and ulceration in surface epithelial cells; crypt

abscesses; infiltrating inflammatory and immune cells in mucosa and submucosa layer; and

the formation of edema in submucosa layer.
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In vitro infection

Human colon epithelial clonal cell line, HT29-MTX-E12 [47,48] (a kind gift from Marguerite

Clyne, University College Dublin), and the colorectal carcinoma cell line, Caco-2BBe1 (ATCC

CRL-2102), were grown in DMEM supplemented with 10% fetal bovine serum (Biochrom)

and 1% MEM non-essential amino acids solution (Gibco, Life Technologies). Cells were

seeded in 24 well plates and incubated at 37˚C in a humidified 5% CO2 atmosphere. Cells were

grown for 7 days (Caco-2-BBe1) or 21 days (HT29-MTX-E12) to achieve differentiation of the

monolayers. Cells were then infected with E. coli StdOFF or E. coli StdON, E. coli ORN172

StdOFF or E. coli ORN172 StdON for 30 min at an MOI of 50. For quantification of adherence,

cells were washed four times with PBS and lysed in PBS containing 1% (v/v) Triton X-100. The

number of adherent bacteria was determined by serial dilutions plating. Where indicated, 30

min prior to infection, cells were incubated with medium in presence of 0.3 mM UEA-I or

DBA lectins (CosmoBio) at 37˚C in a humidified 5% CO2 atmosphere.

Intestinal epithelial organoids

Primary colonic and ileal crypts were isolated from Fut2+/+ mice as described [49] with modifi-

cations. Briefly, mice were sacrificed by cervical dislocation. Intestines were opened longitudi-

nally, cut into small pieces and washed three times with 5 ml of ice-cold DPBS. Tissues were

then incubated in 10 ml of ice-cold crypt chelating buffer (10 mM EDTA in DPBS) for 90 min

on an orbital shaker. The supernatant was discarded and the settled tissue fragments were

resuspended twice in 5 ml ice-cold DPBS. Crypts were centrifuged for 5 min at 800 rpm at 4˚C

and pellets were resuspended in 1 ml ice-cold DPBS. About 100 crypts were resuspended in

25 μl organoid medium (Advanced DMEM/F12 medium (Thermo Fischer Scientific) supple-

mented with 2 mM GlutaMax, 50% L-WRN-Supernatant (ATCC CRL3276), 10 mM HEPES,

100 U/ml penicillin, 100 μg/ml streptomycin, B27 supplement, 50 ng/ml recombinant mouse

epidermal growth factor (rm EGF), 500 nM A83-01 (Tocris), 10 μM SB202190 (Tocris), 10 nM

Gastrin I (Tocris), 1 mM N-Acetyl-L-cysteine (Sigma), and 10 μM Y27623 (Tocris)). 25μl

Matrigel (Corning) was added into a well of a pre-warmed 24-well plate. The plate was incu-

bated for 0.5 h in a 37˚C incubator with 5% CO2 to allow complete polymerization of the Matri-

gel. Crypts were covered with 500 μl of the organoid medium. To form 2D monolayers, 3D

organoids were resuspended in ice-cold PBS and centrifuged at 1500 rpm for 10 min at 4˚C.

Pellets were resuspended in 1 ml warm 0.05% trypsin/EDTA and incubated for 5 min at 37˚C

in a water bath. Organoids were dissociated by pipetting and washed with ice-cold DMEM/10%

FCS and resuspended in monolayer medium (Advanced DMEM/F-12, 50% L-WRN-Superna-

tant, 20% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin,

10 μM Y-27632, 50 ng/ml rm-EGF). Cell suspensions were seeded onto Transwell permeable

supports (polyester; 6.5 mm diameter; 0.4 μm pore size; Corning) that had been coated for 2 h

at 37˚C with Matrigel (diluted 1:40 in PBS). Monolayer medium was replaced every two days

and monolayer barrier integrity was evaluated by measuring transepithelial electrical resistance

(TEER) using a volt-ohmmeter (Millipore). On day 5 after seeding, medium was changed to dif-

ferentiation medium (Advanced DMEM/F-12, 5% L-WRN-Supernatant, 20% fetal bovine

serum, 2 mM L-glutamine, 50 ng/ml rm-EGF, 5 μM DAPT). For the next two days, differentia-

tion medium was changed every day and TEER was measured. 2D monolayers were infected

with either E. coli StdON or E. coli StdOFF (7 x 107 bacteria per Transwell), incubated for 30

min at 37˚C, washed four times with PBS, and fixed with 4% paraformaldehyde (PFA). Adher-

ent fucose-associated and non-associated bacteria were counted microscopically, using at least

20 fields of view (FOV) per sample.
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Immunofluorescence

Formalin-fixed paraffin-embedded tissue sections (5 μm) were deparaffinized and rehydrated.

Heat-induced epitope retrieval was performed using 10 mM sodium citrate buffer (pH 6.0)

and blocking was achieved using 2% normal goat serum (NGS). The following antibodies were

used for immunohistochemistry (see S1 Table for a full description): anti-StdA serum [38],

Salmonella O Antiserum Group B (BD Difco), anti-GFP (DSHB), CD3 (Abcam), CD68

(Abcam), myeloperoxidase (MPO) (Thermo Fisher Scientific), and fluorescently-labeled sec-

ondary antibodies (Invitrogen). Counterstaining of nuclei was done with 4,6-Diamidin-2-phe-

nylindol (DAPI) (Invitrogen). HT29-MTX-E12 and Caco-2 Bbe1 cells were seeded on

coverslips in 24 well plates and fixed with 4% PFA before and after differentiation. Blocking of

non-specific binding was done using 2% NGS. Fluorescently-labeled lectins UEA-1 (Ulex
Europaeus agglutinin-1) (CosmoBio) and WGA (wheat germ agglutinin) (Vector laboratories)

were used to visualize α(1,2)-fucosylation and the presence of sialic acid / N-acetylglucosami-

nyl residues, respectively. Fixed primary epithelial cell monolayers were stained with the anti-

E.coli antibody (Abcam), UEA-1 lectin (CosmoBio), and DAPI. Images were obtained on a

Zeiss Apotome.2 microscope using AxioVision 4.9.1 software (Zeiss) and on a Leica DMi8

confocal laser scanning microscope using LAS X 3.3.0.16799 software (Leica). Brightness and

contrast were adjusted using ImageJ 1.52e software.

Flow cytometry

Isolation of colonic lamina propria cells was achieved using the Lamina Propria Dissociation

Kit (Miltenyi Biotec) according to the manufacturer’s protocol. Leukocyte isolation was per-

formed with 40% / 80% discontinuous Percoll gradient (GE Healthcare). Cells were incubated

with FcγR blocking reagent (rat anti-mouse CD16/CD32, BD Biosciences) for 30 minutes on

ice prior to incubation with the other antibodies. Antibodies used for flow cytometry analysis

are listed in S1 Table. To detect expression of Std fimbriae, flow cytometry was performed as

previously described [16] with modifications. In brief, approximately 5x108 bacteria were fixed

with 10% formalin and incubated at room temperature for 20 minutes. After washing with

PBS, cells were resuspended in 2% NGS diluted in PBS and incubated at room temperature for

30 minutes. Polyclonal rabbit anti-StdA serum [38] was added to the cell suspensions following

incubation at room temperature for 30 min. After washing with PBS, fluorescently labeled sec-

ondary antibodies (Invitrogen) were added. Flow cytometry was performed using a MACS-

Quant Analyzer 10 (Miltenyi Biotec). The data were analyzed using FlowJo v.10 software

(TreeStar).

ELISA

Supernatants from the organ homogenates were collected and stored at −20˚C. Lipocalin-2

levels were detected using mouse lipocalin-2/NGAL DuoSet ELISA (R&D Systems) according

to the manufacturer’s protocol. Absorbance was measured using a Synergy HTX microplate

reader and acquired using Gen5 software (Biotek).

Western blot

E. coli StdOFF and E. coli StdON were grown in LB broth supplemented with carbenicillin

(50 μg/ml) and to induce std fimbrial expression anhydrotetracycline (100 ng/ml) at 37˚C

until an OD600 of 0.6 was reached. 108 bacteria were pelleted, resuspended in PBS, mixed with

an equal volume of Laemmli buffer supplemented with 10% DTT, and boiled for 10 min.

These whole-cell lysates were spun down and supernatants were loaded immediately onto a
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SDS-PAGE gel (15%). Proteins were transferred to Hybond-P 0.45 PVDF (Amersham) mem-

branes using a Trans-Blot semi-dry transfer cell (Bio-Rad). After blocking with Roti-block

(Carl Roth), membranes were incubated first with anti-StdA [38] serum (Humphries et al.,

2003) diluted 1:500 in blocking buffer, and then with a goat anti-rabbit-HRP conjugate, and

finally with Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific). Images were

obtained using the ImageQuant LAS 4000 system (GE Healthcare).

Salmonella gene expression in vivo
Feces of the infected Fut2+/+ and Fut2-/- mice (day 7 p.i.) was immediately stored in RNAlater

(Ambion). Total RNA was extracted using the High Pure RNA Tissue Kit (Roche) and reverse

transcription was performed with the cDNA Synthesis Kit (Roche) in accordance with the

manufacturer’s instructions. Quantitative real-time PCR (qPCR) was performed on a CFX96

Real-Time PCR Detection System (Bio-Rad) using the Power SYBR Green PCR Master Mix

(Applied Biosystems). Gene-specific primers are listed in S2 Table. Data were normalized

to the house-keeping gene rpoD and analyzed by ΔΔCt method [50] with median values of

Fut2+/+ mice infected with S. Tm ΔaroA as calibrators.

Statistical analyses

All data were analyzed using GraphPad Prism V7.0d software. Statistical analyses were per-

formed using one-way analysis of variance followed by Tukey’s multiple comparison test or

Wilcoxon-Mann-Whitney test as indicated. Graphs display the mean values ± SD, unless

stated otherwise. Competitive index data were analyzed by the Wilcoxon signed-rank test by

comparing medians with a hypothetical value of 1.

Supporting information

S1 Table. Antibodies and lectins used in this study.

(DOCX)

S2 Table. Primers used in this study.

(DOCX)

S1 Fig. Fut2-deficient mice are more susceptible to Salmonella infection on day 1 p.i. Strep-

tomycin-treated mice were infected with WT S. Typhimurium SL1344 or S. Typhimurium

ΔaroA and sacrificed at day 1 p.i. (A) S. Typhimurium loads were determined in the cecum by

plating homogenates on LB agar with streptomycin (n = 4–5 mice per group). Higher bacterial

loads were observed in Fut2-/- mice infected with wildtype Salmonella. (B) Histology scoring

revealed similar levels of inflammation in both Fut2+/+ and Fut2-/- ceca at day 1 p.i. (C) H&E

staining of cecum tissue sections at 1 day p.i. Scale bars, 50 μm. Ceca of Fut2+/+ and Fut2-/-

mice were characterized by high numbers of cells in the lumen (L), increased numbers of

inflammatory cells in mucosa (M), massive epithelial cell desquamation, and the formation of

submucosal edema (E) upon S. Typhimurium wildtype and ΔaroA infection. (D) Similar

cecum weights in both Fut2+/+ and Fut2-/- mice were observed (n = 4–5 mice per group).
�p<0.05; n.s = not significant, Mann-Whitney test.

(TIF)

S2 Fig. Fut2+/+ mice carry higher bacterial burden at later infection time points. Streptomy-

cin-treated Fut2+/+ and Fut2-/- mice were infected with S. Typhimurium ΔaroA for 3 and 14

days. (A-C) S. Typhimurium loads were determined in cecum tissue, cecum content and colon

by plating homogenates on LB agar supplemented with streptomycin (n = 4–8 mice per
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group). (D) Lipocalin-2 levels measured by ELISA in supernatants of cecum tissues homoge-

nates (n = 5) were higher in Fut2+/+ mice comparing to Fut2-/- mice (day 7 p.i.). � P<0.05;

n.s. = not significant, Mann-Whitney test.

(TIF)

S3 Fig. Immune cells in murine colon tissue after Salmonella infection at day 7 p.i. Similar

frequencies of (A) CD19+, (B) CD11c+ and (C) CD3+CD8+ cells were detected in colonic lam-

ina propria of both Fut2+/+ and Fut2-/- using flow cytometry (n = 6 mice per group). n.s. = not

significant, Mann-Whitney test.

(TIF)

S4 Fig. Std fimbriae mediate adhesion to intestinal epithelial cell culture in a fucose-depen-

dent manner. (A) Caco-2 cells were infected with E. coli ORN172 expressing Std fimbriae

(StdON) or not (empty vector). UEA-I (green), F-actin (purple) and StdA (red) staining of for-

malin-fixed Caco-2 cells displaying StdA-expression by StdON strain (top) and different

degrees of fucosylation by Caco-2 cells. Scale bars, 20 μm. (B) E. coli ORN172 overexpressing

Std (StdON) exhibited higher adherence to differentiated Caco-2 cells compared to E. coli
ORN172 (empty). Adherence of E. coli StdON was abrogated upon addition of UEA-I lectin

but not by addtion of DBA lectin prior to infection. ��p<0.002; n.s. = not significant, ANOVA

with Tukey’s multiple comparison test. (C) Imaging of Std fimbriae on E. coli ORN172 StdON

by atomic force microscopy (AFM). The height profile is indicated by heatmaps. Insert show

2.5-fold enlarged details of the cell envelope.

(TIF)

S5 Fig. Bacterial gene expression in vivo. Salmonella gene expression in feces of Fut2+/+ and

Fut2-/- mice infected with either S. Typhimurium ΔaroA or S. Typhimurium ΔaroAΔstdA was

measured. Gene expression was normalized to rpoD. Comparable levels of stdA expression was

observed in both Fut2+/+ and Fut2-/- mice infected with S. Typhimurium ΔaroA (A). Neither

fucI (B) nor pduBC (C) transcription was affected by Fut2 genotype or the presence or absence

of stdAB genes. No significant differences were detected using one-way ANOVA with Tukey’s

post test.

(TIF)

S6 Fig. Std fimbriae are differentially expressed in vivo on day 1 p.i. Fut2+/+ and Fut2-/-

mice (n = 5 of each genotype) were infected with the reporter strain S. Typhimurium stdA-
stop::gfp. Mice were sacrificed on day 1 p.i. and colon sections were stained with anti-GFP

antibody to detect GFP-positive bacteria. Std(GFP)-expressing S. Typhimurium were found

mostly in lumen of colon, and only few bacteria expressed Std within mucosa. Scale bars,

10 μm.

(TIF)

S7 Fig. Std producing Salmonella in vivo on day 7 p.i. stained with anti-Std antiserum.

Colon sections of Fut2+/+ and Fut2-/- mice were stained with an anti-Salmonella antibody

(green). A subset of Salmonella stained positive with anti-Std antiserum (red). Fucosylation

was visualized with UEA-1 lectin staining (grey) and nuclei were stained with DAPI (blue).

Scale bars, 10 μm.

(TIF)

S8 Fig. Deletion of stdAB genes does not affect motility and growth of S. Typhimurium.

(A) S. Typhimurium SL1344 WT and S. Typhimurium SL1344 ΔstdA are similar in terms of

motility. Deletion of stdAB genes has no effect on bacterial growth rate in WT (B) and ΔaroA
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(C) backgrounds.

(TIF)

S9 Fig. Competitive index in feces. Competitive index (CI) was determined by infecting

Fut2+/+ and Fut2-/- mice (n = 10 per group) with an equal amount of S. Typhimurium ΔaroA
and S. Typhimurium ΔaroAΔstdA. Fecal homogenates from day 1, 3, 5 p.i. of both Fut2+/+ and

Fut2-/- mice were plated on LB agar containing streptomycin (total Salmonella) and on LB

plates with streptomycin+kanamycin (S. Typhimurium ΔaroAΔstdA only). Wilcoxon signed-

rank test, p values are indicated.

(TIF)
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Supplementary data:  

S1 Table. Antibodies and lectins used in this study. 

Antibody Reference/Manufacturer, RRID and catalog 

number 

Polyclonal rabbit anti-StdA serum Humphries et al., 2003 

F(ab)2-Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 

Secondary Antibody, HRP 

Thermo Fisher Scientific Cat# A10547, 

RRID:AB_2534046 

CD3 antibody Abcam Cat# ab5690, RRID:AB_305055 

CD68 antibody [KP1], prediluted  Abcam Cat# ab845, RRID:AB_306567 

Anti-Myeloperoxidase (Mature / Immature Myeloid Cell 

Marker) Ab-1 Polyclonal Antibody, Unconjugated 

Lab Vision Cat# RB-373-A, RRID:AB_59597 

F(ab)2-Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor 633 

Thermo Fisher Scientific Cat# A-21053, 

RRID:AB_2535720 

F(ab)2-Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor 546 

Thermo Fisher Scientific Cat# A-11071, 

RRID:AB_2534115 

CD16/CD32 antibody BD Biosciences Cat# 553142, RRID:AB_394657 

APC/Cyanine7 anti-mouse CD45 antibody BioLegend Cat# 103116, RRID:AB_312981 

APC anti-mouse CD4 antibody BioLegend Cat# 100411, RRID:AB_312696 

PE/Cy7 anti-mouse Ly-6G antibody BioLegend Cat# 127618, RRID:AB_1877261 

CD3 Monoclonal Antibody (17A2), FITC, 

eBioscience(TM) 

Thermo Fisher Scientific Cat# 11-0032-80, 

RRID:AB_2572430 

CD11c Monoclonal Antibody (N418), FITC, 

eBioscience(TM) 

Thermo Fisher Scientific Cat# 11-0114-82, 

RRID:AB_464940 

CD8a Monoclonal Antibody (53-6.7), PE, 

eBioscience(TM) 

Thermo Fisher Scientific Cat# 12-0081-81, 

RRID:AB_465529 

F4/80 Monoclonal Antibody (BM8), PerCP-Cyanine5.5, 

eBioscience(TM) 

Thermo Fisher Scientific Cat# 45-4801-82, 

RRID:AB_914345 

CD11b Monoclonal Antibody (M1/70), PE, 

eBioscience™ 

Thermo Fisher Scientific Cat# 12-0112-82, 

RRID:AB_2734869 

Rat Anti-Mouse Ly-6C Monoclonal Antibody, APC 

Conjugated, Clone AL-21 

BD Biosciences Cat# 560595, 

RRID:AB_1727554 

PerCP-Cy™5.5 Rat Anti-Mouse CD19  Clone  1D3 BD Biosciences Cat# 561113, 

RRID:AB_10563071 

Purified anti-E. coli RNA Sigma 70 antibody BioLegend Cat# 663202, RRID:AB_2564410 

Polyclonal rabbit anti-E. coli antibody Abcam Cat# ab137967 

Anti-CD324 (E-Cadherin) Alexa Fluor® 647 100 ug 

antibody 

Thermo Fisher Scientific Cat# 51-3249-82, 

RRID:AB_1210532 

Green fluorescent protein (GFP) antibody - DSHB; 

University of Iowa 

DSHB Cat# DSHB-GFP-12A6, 

RRID:AB_2617417 

Salmonella O Antiserum Group B Factors 1, 4, 12, 27 BD Difco Cat# 229731 

F(ab)2-Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor 488 

Thermo Fisher Scientific Cat# A-11017, 

RRID:AB_2534084 

Lectin Manufacturer, RRID and catalog number 

Ulex europaeus [UEA-I] (FITC) lectin CosmoBIO Cat# CAC-JOM-J519, accession 

#P22972 

Wheat germ agglutinin [WGA] (Rhodamine) lectin Vector Laboratories Cat# RL-1022, 

RRID:AB_2336871 

Dolichos biflorus agglutinin [DBA] (FITC) lectin Vector Laboratories Cat# FL-1031, 

RRID:AB_2336394 

 



Table S2. Primers used in this study. 

Primer  Sequence (5' to 3') Description 

gNRAMP1 fw s CAGCATCCCGCTGTGGGA 

NRAMP1 genotyping gNRAMP1 fw r CAGCATCCCGCTGTGGGG 

gNRAMP1 re ACAGCCCGGACAGGTGGG 

rpoD-fw GGTCTGACCATCGAACAGGTG 
rpoD housekeeping gene 

rpoD-re ATCAGACCGATGTTGCCTTC 

stdA-fw CGG CTG CCG GTA TGA TGT 
stdA gene expression 

stdA-rw GGG CCT GCT GTG GGT GTA 

STm fucI-fw CGCCGCCTGTGAAGAAAAAT 
fucI gene expression 

STm fucI-re GTAAACCGCCCCAGGACGCT 

pduBC-F CACCAGCTTTAGTAACGAAGC pduBC genes expression; 

 Fuchs and Staib, 2015 pduBC-R CAAAGCCGTCCTGATTCAC 

 

 

  



 

S1 Fig. Fut2-deficient mice are more susceptible to Salmonella infection on day 1 p.i. 

 

  



 

S2 Fig. Fut2
+/+ mice carry higher bacterial burden at later infection time points. 

 

  



 

S3 Fig. Immune cells in murine colon tissue after Salmonella infection at day 7 p.i. 

 

  



 

S4 Fig. Std fimbriae mediate adhesion to intestinal epithelial cell culture in a fucose-

dependent manner. 

 

  



 

S5 Fig. Bacterial gene expression in vivo. 

 

  



 

S6 Fig. Std fimbriae are differentially expressed in vivo on day 1 p.i. 

 

  



 

S7 Fig. Std producing Salmonella in vivo on day 7 p.i. stained with anti-Std antiserum. 

 

  



 

S8 Fig. Deletion of stdAB genes does not affect motility and growth of S. Typhimurium. 

 

  



 

S9 Fig. Competitive index in feces. 
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Proteoglycans (PGs) are glycoconjugates which are predominately expressed on cell
surfaces and consist of glycosaminoglycans (GAGs) linked to a core protein. An initial
step of GAGs assembly is governed by the β-D-xylosyltransferase enzymes encoded
in mammals by the XylT1/XylT2 genes. PGs are essential for the interaction of a
cell with other cells as well as with the extracellular matrix. A number of studies
highlighted a role of PGs in bacterial adhesion, invasion, and immune response. In
this work, we investigated a role of PGs in Salmonella enterica serovar Typhimurium
(S. Typhimurium) infection of epithelial cells. Gentamicin protection and chloroquine
resistance assays were applied to assess invasion and replication of S. Typhimurium in
wild-type and xylosyltransferase-deficient (1XylT2) Chinese hamster ovary (CHO) cells
lacking PGs. We found that S. Typhimurium adheres to and invades CHO WT and
CHO 1XylT2 cells at comparable levels. However, 24 h after infection, proteoglycan-
deficient CHO 1XylT2 cells are significantly less colonized by S. Typhimurium compared
to CHO WT cells. This proteoglycan-dependent phenotype could be rescued by
addition of PGs to the cell culture medium, as well as by complementation of the
XylT2 gene. Chloroquine resistance assay and immunostaining revealed that in the
absence of PGs, significantly less bacteria are associated with Salmonella-containing
vacuoles (SCVs) due to a re-distribution of endocytosed gentamicin. Inhibition of endo-
lysosomal fusion by a specific inhibitor of phosphatidylinositol phosphate kinase PIKfyve
significantly increased S. Typhimurium burden in CHO 1XylT2 cells demonstrating an
important role of PGs for PIKfyve dependent vesicle fusion which is modulated by
Salmonella to establish infection. Overall, our results demonstrate that PGs influence
survival of intracellular Salmonella in epithelial cells via modulation of PIKfyve-dependent
endo-lysosomal fusion.

Keywords: Salmonella, proteoglycans, glycosaminoglycans, xylosyltransferase, PIKfyve, gentamicin
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INTRODUCTION

Proteoglycans (PGs) are heavily glycosylated proteins facilitating
cell-matrix and cell-cell interactions and are also playing an
important role in bacterial adhesion, invasion, and immune
response (1). All PGs consist of a core protein substituted
with glycosaminoglycans (GAGs) – long linear polysaccharides
comprised of repeating disaccharide units. Based on the structure
of the disaccharide unit, GAGs are divided into four distinct
families: heparan sulfate (HS)/heparin, chondroitin/dermatan
sulfate, keratan sulfate, and hyaluronan (2). The biosynthesis
of the first two GAGs is initiated by the assembly of the
tetrasaccharide linker D-GlcA-β1-3-Gal-β1-3-Gal-β1-4-Xyl-β-
Ser. The initial, rate-limiting step is the transfer of Xyl from
UDP-D-α-xylose to serine moieties of the core protein and is
catalyzed by the isoenzymes β-D-xylosyltransferase-I and -II
(EC 2.4.2.26) (3) encoded in humans by the XYLT1 and XYLT2
genes, respectively.

In the past years, a number of studies highlighted an
importance of PGs in bacterial pathogenesis. Proteoglycan-
mediated adhesion and invasion has been previously reported
for various gram-positive and gram-negative bacteria, including
Listeria monocytogenes (4), Neisseria gonorrhoeae (5), Borrelia
burgdorferi (6), and Salmonella enterica serovar Typhimurium
(S. Typhimurium) (7). S. Typhimurium is a successful food-
borne pathogen able to colonize the human gastrointestinal tract
and to cause severe diarrhea. S. Typhimurium manipulates actin
and membrane trafficking pathways of epithelial cells initiating
entry via actin-mediated macropinocytosis (8). A hallmark of
Salmonella infection is an extensive alteration of the endo-
lysosomal system and phosphoinositide metabolism of the
host (9). After invasion, S. Typhimurium translocates effectors
through a type 3 secretion system (T3SS) encoded by genes in
Salmonella pathogenicity island 2 (SPI2) into the host cytoplasm
in order to establish a replicative niche called the Salmonella-
containing vacuole (SCV). At later stages of infection, mature
SCVs acquire late endosomal markers, such as LAMP1, and
fuse with the late endosomes and other organelles (ER, Golgi
apparatus) forming an extensive network of tubules called
Salmonella-induced filaments (SIFs) (10, 11). Previous studies
identified that SIF formation by S. Typhimurium is dependent
on various host factors, including the lysosomal glycoproteins
LAMPs (12), vacuolar vATPase (13), the late endosomal small
GTPase Rab7 (14), and secretory carrier membrane proteins
(SCAMPs) (15). Moreover, there is a growing body of evidence
suggesting that Salmonella interferes with the exocytic transport
machinery and with secretory pathways (16, 17).

Phosphatidylinositol (PI) belongs to the class of the
phosphatidylglycerides – glycerol-based phospholipids which are
a major component of biological cell membranes. Phosphorylated
forms of PI (called phosphoinositides) play important roles in cell
signaling, cell growth and death, and membrane trafficking (18).
For example, the monophosphorylated phosphatidylinositol-3-
phosphate (PtdIns3P) orchestrates recruitment and membrane
association of early endosomal proteins EEA1 and Rab5 (19).
Furthermore, it was demonstrated that phosphatidylinositol-
3,5-bisphosphate (PtdIns(3,5)P2) regulates endosomal fission

and fusion, as well as multivesicular body (MVB) formation
and detachment (20). PIKfyve is a lipid kinase that converts
PtdIns3P into PtdIns(3,5)P2 in the endocytic microdomains
of mammalian cells (21). While it is known that Salmonella
can modulate phosphoinositide pathways in host cells (22,
23), limited knowledge exists on possible interactions of
phosphoinositides with PGs.

To investigate the contribution of surface and intracellular
PGs to Salmonella infection we utilized a proteoglycan-deficient
Chinese hamster ovary (CHO) cell line (3). We demonstrate
that absence of PGs in epithelial CHO cells results in an
altered PIKfyve-dependent endo-lysosomal trafficking affecting
intracellular Salmonella survival.

MATERIALS AND METHODS

Cell Lines
Chinese hamster ovary (CHO) CHO-K1 WT and CHO-K1
pgsA745 (aka 1XylT2, referred to as 1XylT) (3) cells were
routinely cultured in DMEM/F-12 GlutaMAX growth medium
(Life Technologies) supplemented with 10% (v/v) fetal bovine
serum (Biochrom).

CHO 1XylT Cell Line Complementation
CHO 1XylT mutant was complemented with a plasmid
expressing human XYLT2 as described (24). Complementation
of a G418-selected clone was confirmed by flow cytometry using
the heparan sulfate-specific phage display antibody AO4B08 (25).
The overlaid histograms with the peak heights were normalized
to mode (% of Max). The data were analyzed using FlowJo v.10
software (TreeStar).

Bacteria and Growth Conditions
Salmonella enterica serovar Typhimurium (S. Typhimurium)
14028s (26), S. Typhimurium SL1344 WT (27), S. Typhimurium
SL1344 eGFP (pFPV25.1) (28), S. Typhimurium SL1344 1ssaR
(29), and S. Typhimurium SL1344 1sifA (30) were grown
overnight at 37◦C with shaking in lysogeny broth (LB)
supplemented with 100 µg/mL streptomycin, 100 µg/mL
ampicillin, or 50 µg/mL kanamycin, when appropriate. The
reporter strain S. Typhimurium SL1344 p4889 (31) was grown
in presence of carbenicillin 50 µg/mL. Listeria monocytogenes
EGD strain (32) was grown at 37◦C in Brain Hearth Infusion
(BHI) broth. For infection, overnight cultures of bacteria were
sub-cultured and grown for 3 h at 37◦C to mid-log phase.

Generation of Acid Shock Reporter
Plasmid
The acid shock-responsive promoter of asr was used to control
expression of sfGFP. A dual fluorescence reporter was generated
based on p4889, and PuhpT in p4889 was replaced by Pasr by
Gibson assembly (GA) cloning. Primers Vf-p4889 and Vr-p4889
were used to PCR amplify the vector backbone of p4889, and
1f p4889-Pasr and 1r Pasr-sfGFP were used to amplify the Pasr
region from genomic DNA of S. Typhimurium. GA resulted
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in plasmid p5386 that was confirmed by DNA sequencing, and
functional analyses of response of sfGFP expression upon acid
shock exposure in synthetic media buffered to various pH.

Gentamicin Protection Assay
CHO WT, CHO 1XylT, or complemented CHO 1XylT cells
(CHO cX) were seeded in 24-well plates (105 cells/well) and
incubated overnight in 5% CO2 at 37◦C. The next day, cells
were infected with either Listeria monocytogenes EGD, or with
different Salmonella strains at MOI 10, 50, or 100 (as indicated).
For quantification of adherent bacteria, 30 min (or 60 min for
Listeria) post infection (p.i.), cells were washed 3 times with PBS
and lysed in PBS containing 1% (v/v) Triton X-100 and 0.1% (v/v)
sodium dodecyl sulfate (SDS). The cell lysates were then serially
diluted in PBS and plated on LB agar or on BHI agar for colony-
forming unit (CFU) count. For later time points, upon washing,
culture medium was replaced with a medium supplemented with
100 µg/mL gentamicin (Sigma) to kill extracellular bacteria.
The number of invaded bacteria was determined by plating
the cells lysates 1.5 h p.i. (2.5 h p.i. for Listeria). Medium was
replaced by medium containing the indicated concentrations of
gentamicin and bacterial intracellular survival or replication was
assessed 4 and 24 h p.i.

Gene Expression Analysis
Total RNA was extracted from CHO cells using the High
Pure RNA Isolation Kit (Roche) following the manufacturer’s
guidelines. Reverse transcription of 1 µg RNA of each
sample was done with the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Gene expression was
assessed by qPCR using the Power SYBR R© Green PCR
Master Mix (Applied Biosystems) using gene specific primers
(Supplementary Table S1). Relative gene expression was
calculated by the 11Ct method (33) and normalized to Gapdh
and Rps9 housekeeping genes.

Gentamicin ELISA
To determine levels of intracellular gentamicin, CHO WT and
CHO 1XylT cells were washed four times with PBS and
lysed. The concentration of gentamicin in cell lysates was
measured using the GEN ELISA Kit (Cusabio) according to the
manufacturer’s protocol.

Gentamicin Cy3 Conjugation and Cell
Labeling Experiments
Gentamicin sulfate salt (Sigma-Aldrich) was mixed with the
Sulfo-Cyanine3 NHS ester (Lumiprobe) in 50:1 molar ratio and
incubated for 1 h at room temperature. The conjugate (Gen-Cy3)
was isolated by reversed-phase chromatography (column C18),
aliquoted, dried, and stored in the dark at -20◦C. Prior to usage,
the conjugate was resuspended in sterile water, absorbance at
548 nm was measured, and a concentration was calculated using
the molar attenuation coefficient of the Sulfo-Cyanine3 NHS
ester. In the cell labeling experiments, gentamicin sulfate used in
a protection assay was replaced with Cy3-conjugated gentamicin
(GEN-Cy3) at the indicated concentrations. CHO WT and CHO

1XylT cells incubated with GEN-Cy3 were fixed at different time
points post infection.

CHO WT and CHO 1XylT cells were seeded on coverslips
and then infected with S. Typhimurium eGFP at an MOI of
50. Upon bacterial invasion, CHO cells were incubated for 2,
7, or 24 h in presence of 50 nM Lysotracker Red DND-99
(Sigma-Aldrich). Then, CHO cells were extensively washed with
PBS, fixed with 4% paraformaldehyde (PFA) and stained with
4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen) (1:1000) to
visualize nuclei. Images were recorded on a Zeiss Apotome.2
microscope using AxioVision 4.9.1 software (Zeiss).

Immunocytochemistry
CHO WT and CHO 1XylT cells were seeded on coverslips
in 24 well plates, fixed with 4% PFA, washed 3 times with
PBS, and permeabilized with Triton-X100 (0.1%). Unspecific
binding was blocked using 2% normal goat serum (NGS),
cells were then incubated with the AO4B08 antibody (25)
(1:100) recognizing both heparin and HS. Infected cells were
additionally stained with rabbit anti-Salmonella antibody (1:100).
Upon washing, bound AO4B08 antibodies were detected by
incubation with mouse anti-VSV tag IgG antibody P5D5
(1:400), followed by Alexa 488-conjugated goat anti-mouse IgG
(1:1000) and Alexa 568-conjugated goat anti-rabbit IgG (1:1000)
(Thermo Fisher Scientific). Phalloidin-iFluor 647 (1:1000)
(Abcam) and DAPI (Invitrogen) were applied to visualize F-actin
and nuclei, respectively. For a list of antibodies used see
Supplementary Table S2.

Chloroquine Resistance Assay
To determine the number of cytosolic S. Typhimurium within the
CHO cells, chloroquine (CHQ) resistance assay was performed
as described (34). Briefly, CHO WT and CHO 1XylT cells were
infected as described above. 24 h p.i., the cells were incubated
for 1 h in the presence of CHQ (400 µM) and gentamicin
(cytosolic bacteria) or with gentamicin only (total intracellular
bacteria). CHO cells were then lysed, and serial dilutions plated
on LB agar plates.

Infection With S. Typhimurium Reporter
Strains
CHO WT and CHO 1XylT cells seeded on coverslips were
infected with S. Typhimurium p4889 reporter strain at MOI
100. Upon bacterial invasion, CHO medium was supplemented
with 100 µg/mL gentamicin. 24 h p.i., the infected cells
and uninfected controls were fixed with 4% PFA, and then
incubated with DAPI (1:1000). Images were recorded with a Zeiss
Apotome.2 microscope using AxioVision 4.9.1 software (Zeiss).
Bacteria in cytoplasm and in Salmonella-containing vacuole were
enumerated in 20 random fields of view (FOV) using the Fiji
software (35).

To test exposure of intracellular bacteria to acidic endosomal
environments, CHO WT and CHO 1XylT were infected with
S. Typhimurium harboring p5386 at MOI of 10. Cells were
incubated with or without gentamicin as indicated. CHO cells
were detached 2 h after infection, chloramphenicol was added
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in a final concentration of 200 µg/mL to stop further bacterial
protein biosynthesis, and incubation was continued at 4◦C in
order to allow full maturation of all synthesized sfGFP molecules.
To control the effect of host cell endosomal acidification on
intracellular S. Typhimurium, acidification was abrogated by
vATPase inhibitor bafilomycin added after infection in a final
concentration of 100 nM. For quantification, at least 50,000
CHO cells were analyzed by flow cytometry on an Attune
NxT (Thermo Fisher) instrument. Cells were gated for DsRed-
positive, i.e., S. Typhimurium-infected population, and sfGFP
fluorescence of this population was determined as proxy for the
level of acidification.

Transfection
106 CHO WT and CHO 1XylT cells were resuspended in 100
µl Nucleofector Solution and mixed with 5 µg of p4605 plasmid
encoding human ARL8B (ADP Ribosylation Factor Like GTPase
8B) (36) and transfected using the Nucleofector Program U-027
(Lonza). Immediately after transfection, cells were resuspended
in CHO medium, seeded onto cover slips in 24 well plates, and
incubated for at least 18 h prior to infection.

Antibody Uptake Assay
CHO WT and CHO 1XylT cells seeded on coverslips were
infected with S. Typhimurium WT or with S. Typhimurium
WT eGFP at an MOI of 50. 1.5 h p.i., medium was replaced
with medium containing 10 µg/mL gentamicin and rabbit
anti-Salmonella antibody (Difco). 24 h p.i., cells were fixed
with 4% PFA, and bacteria were stained with the Alexa 546-
conjugated donkey anti-rabbit IgG. In case of WT bacteria,
samples were additionally stained with mouse anti-Salmonella
antibody (Meridian Life Science) and Alexa 488-conjugated
donkey anti-mouse IgG secondary antibody (Thermo Fisher
Scientific). Bacteria were enumerated in 20 random FOVs.

Endo-Lysosomal Fusion Assay
CHO WT and CHO 1XylT cells were seeded on coverslips for
pulse-chase experiments. In brief, CHO cells were first incubated
with dextran-Alexa568 (10,000 MW, 0.4 mg/mL) (Invitrogen) for
4 h, washed and incubated in dextran-free CHO medium for
18 h. Cells were then pulsed with dextran-Alexa488 (10,000 MW,
0.4 mg/mL) for 10 min, washed and incubated in CHO medium
for 30 min. CHO WT and CHO 1XylT cells were fixed with
4% PFA, and stained with phalloidin-iFluor 647 Reagent (1:1000)
(Abcam) and DAPI. Images of 20 random FOVs were acquired on
Zeiss Apotome.2 microscope with 63 × oil immersion objective
using AxioVision 4.9.1 software (Zeiss). Spatial resolution of
images was 9.7674 pixels per micron, pixel size: 0.1024 × 0.1024
micron2. Endo-lysosomal fusion was scored by quantifying co-
localization between the two labeled dextrans using ImageJ
version 1.52e and JACoP plugin for pixel intensity spatial
correlation analysis (37). Pearson’s correlation coefficient and
Manders split coefficients (M1 and M2, thresholds set manually
for both channels) were calculated.

Cytotoxicity Assay
CHO cells were infected with S. Typhimurium WT strain as
described previously. 24 h p.i., supernatants were collected and an
activity of the lactate dehydrogenase (LDH) was measured using
the Pierce LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific)
following the manufacturer’s instructions.

Statistical Analysis
Data were analyzed using Prism V7.0d software (GraphPad).
Statistical analysis was done using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test, or
Dunnett’s multiple comparison test, the Kruskal-Wallis test
followed by Dunn’s multiple comparison test, unpaired two-
tailed t-test, or Wilcoxon-Mann-Whitney test as indicated. The
results were considered statistically significant when p-values
were smaller than 0.033. Graphs display the mean values ± SD
and represent three independent biological repetitions unless
stated otherwise.

RESULTS

Proteoglycans Are Crucial for Salmonella
Survival Within CHO Cells
Proteoglycans were shown to contribute to Salmonella invasion
via interaction with the bacterial adhesin PagN (7). However,
PagN is only expressed under intracellular (SPI2)-inducing
conditions and when PagN is not expressed, invasion of host
cells is PG-independent. Furthermore, it is not known if PGs are
important for intracellular survival or replication. To test this,
CHO WT and proteoglycan-deficient CHO 1XylT cells were
infected with S. Typhimurium WT strains. Bacterial adhesion
(30 min p.i), invasion (1.5 h p.i), and early replication (4 h
p.i) were comparable between CHO WT and CHO 1XylT
cells. However, 24 h p.i., we detected a significant reduction
of intracellular bacteria in CHO 1XylT compared to CHO
WT cells incubated in presence of 100 µg/mL gentamicin
(Figure 1A). Gentamicin-mediated killing of S. Typhimurium
14028S and SL1344 strains CHO 1XylT cells was dose-
dependent (Figure 1B). In contrast, when ampicillin was applied
instead of gentamicin, a dose-dependent reduction of bacterial
intracellular numbers was detected in the both CHO WT and
CHO 1XylT cells infected with S. Typhimurium 14028S at 24
p.i. (Supplementary Figure S1). To determine whether the effect
on intracellular survival is Salmonella-specific, we infected CHO
WT and CHO 1XylT cells with another intracellular pathogen,
Listeria monocytogenes. In contrast to Salmonella, reduction of
intracellular Listeria was dependent on the gentamicin dose but
not dependent on the presence of proteoglycans (Figure 1C).

Next, we asked whether proteoglycan can affect the uptake
of gentamicin into CHO cells as increased uptake of gentamicin
by CHO 1XylT cells could contribute to increased killing
of intracellular Salmonella. CHO cells were infected with
S. Typhimurium WT as described above and intracellular
gentamicin concentrations were measured by ELISA. No
differences in intracellular gentamicin levels were detected
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FIGURE 1 | Proteoglycans influence survival of intracellular S. Typhimurium. (A) CHO WT and CHO 1XylT cells were infected with S. Typhimurium WT at MOI 10 for
30 min, washed three times with PBS and then lysed to assess adherence. Remaining wells were incubated for 1 h with 100 µg/mL gentamicin to kill extracellular
bacteria, and then either lysed immediately to evaluate invasion or at various time points post infection (p.i.) following incubation with media supplemented with
100 µg/mL gentamicin, as indicated. Lysates were collected, serially diluted and plated on agar plates. CHO 1XylT (open circles), CHO WT cells (closed circles).
(B) CHO WT and CHO 1XylT cells were infected with S. Typhimurium SL1344 or with S. Typhimurium 14028s at MOI 50. Inhibition of bacterial growth (of both
strains) in CHO 1XylT cells was dependent on the gentamicin concentration used. (C) CHO WT and CHO 1XylT cells were infected with either S. Typhimurium WT
for 30 min., or with L. monocytogenes for 1 h (MOI 50) followed by treatment with 100 µg/mL gentamicin for 60 min. At 1.5 h (Salmonella) or 2.5 h (Listeria) medium
was replaced with medium containing the indicated concentration of gentamicin. (D) Total cell lysates of the CHO WT and CHO 1XylT cells at 24 h p.i.
(non-infected, or infected with S. Typhimurium WT) incubated with 10 mg/mL or 100 µg/mL gentamicin were collected and levels of the intracellular gentamicin were
measured by ELISA. Data points, means and SD of representative results of three independent experiments are depicted. One-way ANOVA with Tukey’s multiple
comparison test, n.s. (not significant), ***p < 0.001.

between CHO WT and CHO 1XylT cells, or between uninfected
and infected cells (Figure 1D). Previous studies emphasized a role
of the transient receptor potential channels (Trpv), Trpv1 (38)
and Trpv4 (39), and the multidrug resistance protein 2 (Mrp2 or
Abcc2) (40) in the cellular uptake and transport of gentamicin,
respectively. Expression of Trpv1, Trpv4, and Mrp2 genes was
comparable in non-infected and infected CHO WT and CHO
1XylT cells (Supplementary Figures S2A–C). Collectively, these
findings indicate that a lack of proteoglycans in CHO cells does
not affect active or passive gentamicin uptake.

To verify that the observed phenotype is indeed due to the
proteoglycan deficiency, we complemented the CHO 1XylT
cells with the human XYLT2 gene. When compared to the
proteoglycan-deficient CHO 1XylT cells, complemented CHO
cXylT cells harbored similar levels of Salmonella after invasion (at
1.5 h p.i.), but significantly more bacteria at 24 h p.i. (Figure 2A).
However, while compared to CHO WT cells, complemented

CHO cXylT cells still had lower S. Typhimurium loads 24 h p.i.,
which correlated with lower amounts of proteoglycans present on
CHO cXylT cells, as assessed by flow cytometry (Supplementary
Figure S3A), indicating only partial complementation of PGs.
Next, we tested if addition of proteoglycans to the medium
could also complement Salmonella survival in CHO 1XylT cells.
Addition of heparin (a structural analog of heparan sulfate) to
the medium increased bacterial survival in CHO 1XylT cells in
a dose-dependent manner, but did not affect Salmonella survival
in CHO WT cells (Figure 2B). In contrast, addition of equimolar
amounts of chondroitin sulfate A (Figure 2C) or 2-fucosyllactose
(Figure 2D) did not affect intracellular bacterial numbers in
either CHO cell line. Notably, heparin did not support or inhibit
growth of S. Typhimurium in LB medium and did not affect
killing of Salmonella in LB broth supplemented with 100 µg/mL
gentamicin (Supplementary Figure S3B). To summarize, these
results indicate that host proteoglycans are important for the
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FIGURE 2 | Proteoglycan-dependent phenotype can be rescued by an addition of the external GAGs as well as by XylT2 gene complementation. CHO WT and
CHO 1XylT cells were infected with S. Typhimurium WT and incubated for 24 h with 100 µg/mL gentamicin or lysed immediately to evaluate invasion. (A) Infection
of complemented of CHO 1XylT cells (indicated as cXylT, in black squares) resulted in significantly higher numbers of intracellular Salmonella in comparison to CHO
1XylT cells. Mann–Whitney U test, *p < 0.033. CHO WT and CHO 1XylT cells were infected with S. Typhimurium WT at MOI 50. Gentamicin (100 µg/mL) was
added 30 min p.i. Heparin sodium salt (B), chondroitin sulfate (C) or 2′-fucosyllactose (D) was added at indicated concentrations 1.5 h p.i. Data points, means and
SD of representative results of three independent experiments are depicted. One-way ANOVA with Dunnett’s multiple comparison test, not significant differences are
not indicated, ***p < 0.001.

survival of Salmonella in epithelial cells when gentamicin is added
to the tissue culture medium.

CHO Cells Lacking Proteoglycans
Display a Lower Abundance of
SCV-Associated Salmonella
To investigate if a lack of proteoglycans might affect subcellular
localization of intracellular bacteria, CHO WT and CHO
1XylT cells were infected with a S. Typhimurium reporter
strain expressing DsRed protein constitutively and sfGFP only
when bacteria are located in the cytosol (31). Microscopy
revealed that CHO 1XylT cells incubated with 100 µg/mL
gentamicin had significantly lower numbers of total bacteria,
but significantly higher numbers of GFP-expressing, cytosolic
Salmonella compared to CHO WT at 24 h p.i., as shown
by an elevated ratio of cytosolic/total bacteria in infected
cells (Figures 3A,B). Addition of chloroquine selectively kills
Salmonella within SCVs (34). Therefore, we used a combination
of chloroquine resistance assay and gentamicin protection assay
to determine cytosolic and intra-SCV bacteria corroborating
our results obtained with the reporter strains (Figure 3C). To
further investigate the subcellular localization of Salmonella, S.
Typhimurium 1sifA strain was utilized. This mutant is not

able to maintain SCV integrity upon infection, which results in
an extensive cytosolic replication of bacteria (30). Intracellular
replication was analyzed by gentamicin protection assay, and
expressed as a ratio of replicated (CFU at 24 h p.i)/invaded
(CFU at 1.5 h p.i) bacteria. Intracellular proliferation of S.
Typhimurium 1sifA in CHO WT cells in the presence of
100 µg/mL gentamicin was about two times higher when
compared to S. Typhimurium WT. In contrast, in CHO 1XylT
cells, S. Typhimurium 1sifA intracellular replication was about
50 times higher compared to S. Typhimurium WT strain
(Figure 3D). The differences in late replication were even
more pronounced in CHO and CHO 1XylT cells incubated
with 200 µg/mL gentamicin (Figure 3D). Overall, these data
indicate that the reduction of bacterial burden in CHO 1XylT
cells was due to a diminished number of bacteria in SCV,
while cytosolic bacteria were largely unaffected by increasing
concentrations of gentamicin.

Recently, it has been shown that Salmonella-induced filaments
(SIFs) can increase the exposure of bacteria to internalized
antibiotics in the SCV (41). To evaluate a contribution of the
SIF network to the observed phenotype, CHO WT and CHO
1XylT cells were infected with either S. Typhimurium WT or
S. Typhimurium 1ssaR (a SPI-2 mutant lacking SIFs) (29). In
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FIGURE 3 | Salmonella in SCV, but not cytosolic bacteria, are affected by gentamicin in proteoglycan-deficient cells. (A,B) CHO WT and CHO 1XylT cells were
infected at MOI 100 with S. Typhimurium [p4889] and then incubated in presence of 100 µg/mL gentamicin. 24 h p.i., cell monolayers were washed, fixed with 4%
PFA and stained with DAPI. Microscopy revealed a significantly higher number of GFP-expressing, cytosolic Salmonella (indicated by arrows) in CHO 1XylT cells
compared to CHO WT. Scale bars, 10 µm. Mann–Whitney U test, **p < 0.002. (C) CHO WT and CHO 1XylT cells were infected with S. Typhimurium WT at MOI 50,
and gentamicin (100 µg/mL) was added 30 min after infection. 24 h p.i., cells were treated with 400 µM chloroquine for 1 h, then washed with PBS and lysed.
Mann–Whitney U test, ***p < 0.001. (D–E) CHO WT and CHO 1XylT cells were infected with either S. Typhimurium WT, S. Typhimurium 1sifA, or S. Typhimurium
1ssaR at MOI 50. Gentamicin (100 µg/mL) was added 30 min after infection. 1.5 h p.i. medium was replaced with medium containing gentamicin at 10, 100, or
200 µg/mL as indicated. Intracellular CFU counts were determined 1.5 and 24 h p.i. and depicted is the intracellular replication (CFU ratio of 24 to 1.5 h).
(D) Cytosolic bacteria (1sifA) showed higher intracellular replication than WT Salmonella in both CHO cell types. Data points, means and SD of representative results
of two independent experiments are depicted. Mann–Whitney U test, n.s. (not significant), *p < 0.033. (E) Intracellular replication of S. Typhimurium 1ssaR mutant
compared to WT S. Typhimurium was increased in CHO WT but not in CHO 1XylT cells. Data points, means and SD of representative results of three independent
experiments are depicted. Unpaired t-test, n.s. (not significant), ***p < 0.001.

agreement with the findings by Liss et al. (41), incubation of the
infected CHO WT cells with 200 µg/mL gentamicin for 24 h
resulted in a significantly higher intracellular proliferation of S.
Typhimurium 1ssaR compared to the WT strain. In contrast,
numbers of both intracellular Salmonella WT and 1ssaR were
strongly decreased in CHO 1XylT cells (Figure 3E) indicating
that the gentamicin-mediated inhibition of bacterial growth in
CHO 1XylT cells is independent of SIFs.

Proteoglycans Are Important for
PIKfyve-Dependent Endo-Lysosomal
Fusion
Our observation that CHO WT and CHO 1XylT cells had
similar levels of intracellular gentamicin was based on ELISA
measurements of whole cell lysates. Next, we tested whether

intracellular localization of gentamicin is altered in the absence
of proteoglycans. Indeed, in infected CHO 1XylT cells Cy3-
labeled gentamicin was found close to Salmonella, or bacterial
debris, while in CHO WT cells gentamicin-Cy3 was distributed
more randomly (Figure 4A). Of note, uninfected CHO WT and
1XylT cells were similar in terms of a distribution of labeled
gentamicin (Supplementary Figure S4). Such re-distribution of
an antibiotic may enhance Salmonella killing within modified
compartments of CHO 1XylT cells. Association of bacteria with
vacuolar markers such as LAMP-1 or ARL8B was similar in CHO
WT and CHO 1XylT cells (Figure 4B).

We hypothesized that a lack of PGs may also alter intracellular
routing of cargo other than antibiotics. To test this, we employed
an antibody uptake assay. Cells were infected with GFP-
expressing S. Typhimurium, and an anti-Salmonella antibody
was added to cell culture medium 1.5 h p.i. (after invasion of
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FIGURE 4 | Intracellular gentamicin is associated with Salmonella in CHO 1XylT cells. (A) CHO cells were infected with S. Typhimurium WT, incubated with
Cy3-labeled gentamicin 30 min p.i., and 7 h p.i. fixed with 4% PFA, stained with anti-Salmonella antibody, Phalloidin-iFluor647 and DAPI. Microscopy revealed an
enhanced co-localization of Cy3-labeled gentamicin and Salmonella in CHO 1XylT cells (bottom row) resulting in a degradation of bacteria (enlarged section,
indicated by arrows). Scale bars, 10 µm. A representative image of three biological repetitions is shown. (B) CHO WT and CHO 1XylT cells were transfected with a
plasmid encoding the human ARL8B gene fused to eGFP. Cells were infected with S. Typhimurium WT at MOI of 50. Eight hours p.i. cells were fixed and stained for
S. Typhimurium (in red). Representative images of two biological repetitions, scale bars, 10 µm or 5 µm (in enlarged sections).

bacteria). 24 h p.i., we observed that significantly higher numbers
of intracellular S. Typhimurium were stained with the anti-
Salmonella antibody in infected CHO 1XylT cells compared to
CHO WT cells (Figures 5A,B). Addition of heparin to the cell
culture medium 1.5 h p.i. reduced the number of double-positive
bacteria in the infected CHO 1XylT cells, while the total number
of S. Typhimurium increased. These data indicates an important
role of PGs in proper vesicle trafficking (Figure 5C).

Vacuole acidification is sensed and manipulated by
Salmonella. To test whether endo-lysosomal trafficking and
acidic vacuole formation is affected by proteoglycans we stained
acidic organelles by incubation with Lysotracker. Strikingly,
CHO 1XylT cells (both non-infected and infected) were less
stained than CHO WT cells when incubated with Lysotracker
(Figure 6A). Interestingly, complemented CHO cXylT cells
displayed an intermediate degree of Lysotracker staining
(Supplementary Figure S5). To test if a lack of PG affects
SCV acidification, we used a Salmonella strain harboring

dual fluorescence reporter p5386 to monitor exposure of
intracellular Salmonella to acidic pH (Supplementary Figures
S6AB). The reporter features constitutive expression of DsRed,
allowing the localization of intracellular Salmonella, and
sfGFP under control of the acid shock response-activated
promoter Pasr (42, 43). In vitro analyses demonstrated the Pasr
is activated if Salmonella is exposed to media of pH 5.0 or lower.
Exposure to media with higher pH did not lead to synthesis
of sfGFP under control of Pasr (Supplementary Figure S6C).
Inhibition of acidification of the SCV by addition of vATPase
inhibitor bafilomycin fully ablated expression of Pasr :sfGFP
(Supplementary Figure S6D). Expression of Pasr :sfGFP at
2 h p.i. was not affected by presence of absence of gentamicin
in the cell culture medium (Figure 6B). However, at 8 h p.i,
we observed lower expression of Pasr :sfGFP in CHO 1XylT
cells compared to CHO WT cells (Figure 6C). Taken together,
the acidification of endosomal compartments is impaired in
PG-deficient cells as indicated by the lower signal intensity
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FIGURE 5 | Endocytosed cargo in infected proteoglycan-deficient CHO 1XylT cells co-localizes with Salmonella. CHO cells were infected with S. Typhimurium
eGFP. Gentamicin (100 µg/mL) was added 30 min after infection and 1.5 h p.i. anti-Salmonella antibody was added to the medium. 24 h p.i. cells were fixed with 4%
PFA, and stained with DAPI. (A) Double-positive bacteria are indicated with arrows in enlarged section. Scale bars, 10 µm. (B) Number of double-positive bacteria
was counted in 20 FOVs. Mann–Whitney U test, **p < 0.002. (C) 1.5 h p.i. heparin (30 µM) was added to growth medium containing anti-Salmonella antibody. 20
random FOVs were counted, mean values with 95% CI are shown. Mann–Whitney U test, n.s., not significant.

of Lysotracker labeling and lower expression of Pasr :sfGFP in
1XylT cells.

To identify, at which stage trafficking of endocytosed cargo
is affected by the lack of PGs, we utilized inhibitors of
clathrin-mediated endocytosis (dynasore), phosphoinositide 3-
kinase PI3K (wortmannin), as well as an inhibitor of FYVE
finger-containing phosphoinositide kinase (PIKfyve) activity
(YM201636). Application of dynasore 1.5 h p.i. (added after
invasion of bacteria resulted in a significantly higher recovery
of S. Typhimurium from CHO 1XylT cells compared to the
non-treated controls. In contrast, dynasore treatment had no
significant effect on intracellular bacterial numbers in CHO
WT cells (Figure 7A). In addition, treatment of either CHO
WT or CHO 1XylT cells with wortmannin had no significant
effect on intracellular S. Typhimurium numbers (Supplementary
Figure S7). When PIKfyve activity in CHO WT cells was
inhibited with YM201636, S. Typhimurium numbers were
reduced in a dose-dependent manner in agreement with the

results by Kerr et al. (44). However, YM201636 treatment of
CHO 1XylT cells resulted in significantly more intracellular
bacteria compared to non-treated cells (Figure 7B). Heparin
treatment abrogated the dose-dependent effect of YM201636
on Salmonella survival (Figure 7C) implying a direct effect
of PGs on PIKfyve activity. Soluble heparin was detected
within endosomal compartments and SCVs in the heparin-
treated CHO 1XylT cells as revealed by immunostaining
(Supplementary Figure S10). Application of YM201636 also
resulted in diminished numbers of double-positive bacteria in
both CHO cell lines in an antibody uptake assay (Figure 7D).
Furthermore, incubation of CHO WT and CHO 1XylT cells
with PIKfyve-inhibitor dramatically enhanced the size of acidic
lysosomes (Supplementary Figure S8). These data demonstrate
a critical role of proteoglycans in PIKfyve-mediated fusion events.

To assess if endo-lysosomal fusion is abrogated in CHO
1XylT cells, we employed a modified pulse-chase assay using
Alexa568- and Alexa488-labeled dextrans to label lysosomes/late
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FIGURE 6 | Acidic organelles in CHO 1XylT cells display reduced labeling by Lysotracker. (A) Uninfected CHO WT and CHO 1XylT cells, or cells infected with S.
Typhimurium EGFP at MOI of 50, were incubated for 2 h with 50 nM Lysotracker Red. Cells were fixed with 4% PFA. Representative images of three biological
repetitions, scale bars, 10 µm. (B,C) Acidification of Salmonella is dependent on the presence of PGs. CHO WT or CHO 1XylT cells were infected with Salmonella
WT harboring an acid shock sensor. Infection and analyses by flow cytometry were performed as described in Supplementary Figure S6. After infection for 30 min,
cells were treated with 100 µg/mL gentamicin for 1 h followed by 10 µg/mL gentamicin for 1 h (B) or 7 h (C). The mean sfGFP fluorescence intensity is displayed for
CHO cells harboring DsRed-positive Salmonella. X-means and standard deviations are shown for triplicate samples, and the data shown are representative for three
biological replicates with similar outcome. Unpaired t-test, n.s., not significant, ***p < 0.001.

endosomes and early endosomes, respectively, as described
by Kerr et al. (44). CHO WT and CHO 1XylT cells were
incubated with dextran-Alexa568 for 4 h, followed by incubation
in dextran-free CHO medium. 18 h later, cells were incubated
with dextran-Alexa488 for 10 min, washed and incubated in
CHO medium for another 30 min before fixation with 4% PFA.
To assess vesicle fusion events, Pearson’s correlation coefficient
and Manders split coefficients (M1 and M2, thresholds set
manually for both channels) were calculated. CHO 1XylT cells
had significantly lower degree of co-localization between the
two dextrans compared to CHO WT cells indicating a delayed
or reduced endo-lysosomal fusion in proteoglycan-deficient
cells (Figure 8).

DISCUSSION

In the present study, we report a novel role of PGs for endo-
lysosomal fusion. PG deficiency abrogates endo-lysosomal fusion
which affects Salmonella survival within epithelial cells in a

context of gentamicin protection assay. Wild-type CHO cells
exclusively utilize Xylt2 for PGs biosynthesis and lack detectable
Xylt1 gene expression (45). CHO pgsA745 (1XylT2) cells lack the
xylosyltransferase-II enzyme and thus, are PG-deficient (3). This
cell line has been extensively used to investigate the contribution
of PGs to the entry of bacterial and viral pathogens into host cells
(46). Recently, it has been identified that CHO 1XylT cells also
carry a mutation in the Lama2 gene. The resulting deletion of
the long isoform of the laminin subunit α-2 significantly reduced
invasion of group B Streptococcus in CHO 1XylT compared to
CHO WT cells (47). Indeed, while both the short and the long
isoforms of laminin-2 were expressed in our CHO WT cells, CHO
1XylT cells lacked the long isoform expression (Supplementary
Figure S9). In addition, it was shown that when Salmonella
is grown under pagN-inducing conditions there was a reduced
uptake into CHO 1XylT cells (7). However, in our study, no
differences in terms of S. Typhimurium adhesion to and invasion
into the CHO WT and CHO 1XylT cell lines were detected.

Upon invasion, Salmonella hijack endo-lysosomal trafficking
and acquire host factors including LAMP1 and ARL8B in
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FIGURE 7 | Inhibition of endo-lysosomal fusion increases Salmonella burdens in CHO 1XylT cells. CHO WT and CHO 1XylT cells were infected with S. Typhimurium
WT at MOI = 50 and incubated for 24 h in presence of 100 µg/mL gentamicin and increasing concentrations of (A) dynasore or (B) YM201636. One-way ANOVA
with Dunnett’s multiple comparison test, n.s. (not significant), *p < 0.033, **p < 0.002, ***p < 0.001. (C) CHO WT and CHO 1XylT cells were first infected with S.
Typhimurium WT at MOI of 50. After 30 min, cells were incubated with 100 µg/mL gentamicin, heparin (30 µM), and different concentrations of YM201636 for 24 h.
One-way ANOVA with Dunnett’s multiple comparison test, not significant differences are not indicated. (D) CHO cells were infected with S. Typhimurium eGFP.
Gentamicin (100 µg/mL) was added 30 min after infection and 1.5 h p.i. anti-Salmonella antibody and 0.8 µM YM201636 were added to the medium. 24 h p.i., cells
were fixed with 4% PFA. 20 random FOV were counted. Graph shows mean values with 95% CI. Mann–Whitney U test, **p < 0.002, n.s., not significant.

order to establish a Salmonella-containing vacuole (SCV) and
later on, Salmonella–induced filaments (SIFs). Microscopy and
chloroquine resistance assays revealed that in the absence of
PGs, significantly less bacteria were associated with SCVs when
compared to WT CHO cells, while similar numbers of cytosolic
bacteria were found in CHO WT and CHO 1XylT cells. It
should be noted that no differences in the levels of a total
intracellular gentamicin between CHO WT and CHO 1XylT
cells were detected. Thus, we reasoned that an intracellular
localization of gentamicin might be altered in the infected CHO
1XylT cells, which leads to an increased exposure of specific
bacterial populations to the antibiotic. Although cell membranes
are generally regarded to be impermeable to gentamicin,
aminoglycosides can be transported into epithelial cells via
endocytosis-dependent and -independent pathways (48). It was
previously reported that endocytosis of gentamicin resulted in
its accumulation within lysosomes and in increased lysosomal
ROS production in kidney epithelial cells (49). CHO 1XylT

cells are not defective in terms of endocytosis/phagocytosis (47),
which is supported by our data regarding uptake of gentamicin
(Cy3-labeled and by ELISA). However, during infection, we
observed an increased co-localization of gentamicin and SCV-
associated bacteria in proteoglycan-deficient CHO cells. Indeed,
the S. Typhimurium 1sifA mutant, which cannot establish
a functional SCV and therefore localizes to the cytoplasm
(50), was significantly less affected by increasing gentamicin
concentrations than WT Salmonella, in both CHO cell lines.
To conclude, the intracellular re-distribution of gentamicin in
proteoglycan-deficient CHO cells was associated with a drastic
reduction of Salmonella counts.

In addition, we detected increased accumulation of an
anti-Salmonella antibody in SCV/SIF compartments in CHO
1XylT compared to CHO WT cells. This process could
be blocked by addition of heparin to cell culture medium
or by inhibiting of PIKfyve activity in CHO 1XylT cells.
CHO WT cells treated with a specific PIKfyve inhibitor
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FIGURE 8 | CHO 1XylT cells display reduced degree of endo-lysosomal fusion. CHO WT and CHO 1XylT cells were seeded on cover slips and pulsed for 4 h with
dextran-Alexa568, followed by incubation with CHO medium. 18 h later dextran-Alexa488 was added for 10 min, cells were washed and 30 min later, cells were
fixed with 4% PFA. (A) Co-localization of Alexa-labeled vesicles can be seen in the merged section. Scale bars, 5 µm. (B) Pearson correlation coefficient was
calculated for 20 FOVs per cell line. (C) CHO 1XylT cells have same fraction of late endosomes overlapping with early endosomes (M1), but smaller fraction of early
endosomes co-localizing with late endosomes (M2). Mander’s overlap coefficient calculated for each of 20 FOVs, Mann–Whitney U test, *p < 0.033, **p < 0.002.
Data are representative of two biological repetitions, median values are indicated on graphs.

(YM201636) were characterized by significantly reduced bacterial
loads compared to untreated controls which is in line with
observations by Kerr et al. (44). In contrast, inhibition of
PIKfyve in CHO 1XylT cells increased S. Typhimurium
counts. PIKfyve is a kinase that converts PtdIns3P into
PtdIns(3,5)P2. It has been suggested that PIKfyve orchestrates
the fusion of Salmonella macropinosomes with organelles of
the late endosomal/lysosomal system (44), and more recent
data link PIKfyve activity with the recycling of tight junction
proteins (51) and with a re-distribution of endocytosed cargo
from/to lysosomes occurring at late stages of endocytic vacuole
maturation (52). As we observed a different distribution of Cy3-
labeled gentamicin and endocytosed antibody within the CHO
WT and CHO 1XylT cells, we speculated that proteoglycans
are required for PIKfyve-dependent endo-lysosomal fusion and
subsequent trafficking/recycling pathways. Interestingly, CHO
1XylT cells displayed reduced labeling with Lysotracker, which
was increased upon treatment with YM201636. The pH inside the
SCV can affect bacterial survival in multiple ways: for example,
phagosomal pH in macrophages is important for susceptibility of

S. Typhimurium to gentamicin (53). In addition, there is evidence
that autophagosome-lysosome fusion in CHO cells is affected by
the pH in acidic compartments (54). While, in our experiments,
early acidification of the SCV in CHO WT and CHO 1XylT
cells was similar as determined by acid shock response reporter
strains, at the later time points acidification of SCV in CHO
1XylT cells was impaired.

Our results raise the question of specific interactions between
phosphoinositides and PGs in the context of infection. For
example, it was shown that binding of the transmembrane
heparan sulfate PG syndecan-4 to phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P2) is required for formation of focal
adhesions (55). Because phosphoinositides are essential for
actin assembly, it is not surprising that Salmonella can deplete
PtdIns(4,5)P2 by the effector SigD which results in membrane
fission during bacterial invasion (56). However, the role of PGs in
SCV/SIF biogenesis and endo-lysosomal trafficking is less clear.
Several studies showed that syndecans, along with the endosomal
sorting complex required for transport (ESCRT) proteins, are
involved in the formation of multivesicular endosomes or bodies
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(MVBs) (57, 58). MVBs can fuse with lysosomes or be exported as
exosomes. It is known that Salmonella disturbs normal endosome
to lysosome trafficking, affecting the ESCRT system (23) and
exocytosis (16, 17). PtdIns(3,5)P2 (hence, PIKfyve) regulates
endosomal fission and fusion, and MVB formation (20).

Taken together, our data show that altered routes of
endocytosed cargo in PG-deficient epithelial cells interfere
with vesicle acidification and Salmonella-modulated PIKfyve-
dependent fusion to establish a replicative niche and thereby
elucidate a novel role of PGs in intracellular vesicle trafficking
and SCV formation.
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FIGURE S1 | Intracellular Salmonella are sensitive to treatment with ampicillin. (A)
CHO cells were infected with S. Typhimurium 14028s WT at MOI 10, and
ampicillin was used instead of gentamicin in a protection assay. 24 h p.i., cells had
similar low CFU counts. Dotted line indicates limit of detection, ND – not detected.
(B) Infected CHO WT and CHO 1XylT cells had comparable levels of released
lactate dehydrogenase as measured by LDH assay kit. Dotted line indicates limit
of detection. Kruskal–Wallis test with Dunn’s multiple comparison test, n.s.
(not significant).

FIGURE S2 | CHO WT and 1XylT cells had comparable expression levels of
gentamicin transporters genes. Gene expression was measured in CHO WT and
CHO 1XylT cells, non-infected and infected with S. Typhimurium WT. Control
CHO cells were incubated without gentamicin. Gene expression was normalized
to Gapdh and Rps9, and control CHO WT data used as a calibrator. Comparable
levels of Abcc2 (A), Trpv1 (B), and Trpv4 (C), expression were observed in both
CHO WT and 1XylT cells, regardless infected or not. One-way ANOVA with
Tukey’s multiple comparison test and Mann-Whitney test, not significant
differences are not indicated.

FIGURE S3 | Presence of PGs in CHO cells. (A) CHO WT, CHO 1XylT, and
complemented CHO 1XylT cells (indicated as CHO cXylT) were stained with
heparan sulfate-specific antibody and analyzed by flow cytometry. (B) S.
Typhimurium WT was grown for 6 h in LB broth in presence/absence of 30 µM
heparin, and OD600 was recorded every 10 min. Mean values of three technical
replicates of a representative experiment out of two are shown.

FIGURE S4 | Gentamicin uptake in CHO WT and CHO 1XylT cells. CHO cells
were incubated for 7 h with gentamicin-Cy3 conjugate and then fixed with 4%
PFA. Microscopy revealed a similar distribution of the labeled antibiotic within the
CHO WT and CHO 1XylT cells.

FIGURE S5 | Labeling by Lysotracker correlates with PGs expression in CHO
cells. CHO WT, CHO 1XylT, and complemented CHO cXylT cells were infected
with S. Typhimurium EGFP at MOI 50 and incubated for 24 h with 50 nM
Lysotracker Red added upon invasion of bacteria. CHO cXylT cells had an
intermediate staining (compare to Supplementary Figure S3A). Representative
images of two biological repetitions. Scale bars, 10 µm.

FIGURE S6 | A dual fluorescence reporter for acid shock exposure of Salmonella.
(A) Plasmid map of p5386, encoding DsRed constitutively under control of
promoter PEM7, and sfGFP under control the acid shock-inducible promoter Pasr .
(B) Flow cytometry and gating of Salmonella without fluorescent protein
expression, or constitutive expression of DsRed or sfGFP. (C) Acid shock of
cultured bacteria induces sfGFP expression. Salmonella WT harboring p5386
(S.Tm WT) was grown in PCN, pH 7.5 to mid-log phase. Bacteria were pelleted,
washed twice in sterile saline, and resuspended in PCN buffered to the indicated
pH. Culture was continued for 1 h, bacteria were harvested by centrifugation and
resuspended in PCB containing 200 µg/mL chloramphenicol to stop further
protein biosynthesis. The bacteria were incubated for at least 2 h at 4◦C to allow
full maturation of sfGFP, and subjected to flow cytometry. (D) For in vivo analyses,
S.Tm WT harboring p5386 was subcultured for 3 h and used to infect ca. 2 × 105

CHO WT or CHO 1XylT cells at MOI of 10. If indicated (+ Baf), bafilomycin was
added to a final concentration of 100 nM. Cells were infected for 30 min, washed
three times to remove non-internalized bacteria and incubated 2 h with or without
gentamicin addition as indicated in Fig 6B. A representative example of an assay
with a constant concentration of 10 µg/mL gentamicin is shown. After washing,
cells were detached using biotase, chloramphenicol was added to final
concentration of 200 µg/mL and incubated for at least 4 h at 4◦C for allow full
maturation of sfGFP. Flow cytometry was performed by gating of CHO cells and
the level of DsRed and sfGFP fluorescence was determined for at least 50,000
infected host cells.

FIGURE S7 | Inhibition of PI3K does not affect intracellular Salmonella. CHO WT
and CHO 1XylT cells were infected with S. Typhimurium WT at MOI of 50 and
incubated for 24 h with 100 µg/mL gentamicin and increasing concentrations of
specific inhibitors. Addition of wortmannin had no effect on Salmonella survival in
either CHO cell line. One-way ANOVA with Dunnett’s multiple comparison test,
only significant differences are indicated.

FIGURE S8 | PIKfyve kinase inhibition increased labeling by Lysotracker in both
CHO WT and CHO 1XylT cells. CHO cells infected with S. Typhimurium EGFP
were incubated for 24 h with 50 nM Lysotracker Red added upon invasion, in
presence/absence of 0.8 µM YM201636. Microscopy revealed enlarged
lysosomes/endosomes in YM201636-treated CHO cells. Representative images,
scale bars, 10 µm.

FIGURE S9 | CHO 1XylT cells lack Lama2 expression. cDNA of the uninfected
CHO cells was used to screen for an expression of Lama2 isoforms.
ND – not detected.
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FIGURE S10 | Addition of heparin to the medium results in intracellular
accumulation of heparin in the endo-lysosomal system. CHO 1XylT cells,
uninfected and infected with S. Typhimurium WT at MOI of 50 were incubated for
24 h with 100 µg/mL gentamicin and with 30 µM heparin. Heparin (green) was
detected inside CHO 1XylT cells, in the same compartment as bacteria (red). In
CHO WT cells, in the absence of added heparin, HS staining shows localization of

HS at the cell surface but also in endo-lysosomal compartments. Representative
images of two biological repetitions, scale bars, 10 µm or 5 µm (in enlarged
sections).

TABLE S1 | Primers used in this study.

TABLE S2 | Antibodies used in this study.
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Supplementary data 

Table S1. Primers used in this study. 

Gene/Primer 

name 

Sequence 

Gapdh Fw: CGTATTGGACGCCTGGTTAC  

Rv: GGCAACAACTTCCACTTTGC  

Rps9 Fw: TTTACCCTGGCCAAGATCC  

Rv: TGGGTCCTTTTCGTCCAG  

Trpv1 Fw: GGTGCTACATGCCCTGGT  

Rv: GTCACGAACTTGGTGTTGTCA  

Trpv4 Fw: GAAGGTGTGTGACGAGGATG  

Rv: GATGGTGAGCTTGAACAGGTC  

Abcc2 Fw: CACATGGCTCCTGGTGTTAG 

Rv: ACTCAGAAATGAAGCCGTGG 

Vf-p4889 

Vr-p4889 

Fw: ATGCGCAAAGGCGAAGAACTGTTTACCGGTGT 

Rv: GGCCGGCATCACCGGCGCCACAG 

1f Pasr-sfGFP 

1r Pasr-sfGFP 

Fw: GGCGCCGGTGATGCCGGCCCACGCCTGAAAAGAAATAATCC 

Rv: GTTCTTCGCCTTTGCGCATTTTGATACCCTCGATTTGGTTTTC 

 

Table S2. Antibodies used in this study. 

Antibody Reference/Manufacturer, RRID and 

catalog number 

Mouse Anti-Salmonella Typhimurium-LPS 

Monoclonal Antibody, Unconjugated, Clone 

1E6 

Meridian Life Science Cat# C86309M, 

RRID:AB_152809 

Rabbit Salmonella O Antiserum Group B 

Factors 1, 4, 12, 27 

BD Difco Cat# 229731 

F(ab)2-Goat anti-Rabbit IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

546 

Thermo Fisher Scientific Cat# A-11071, 

RRID:AB_2534115 

F(ab)2-Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

488 

Thermo Fisher Scientific Cat# A-11017, 

RRID:AB_2534084 

AO4B08, Anti-heparan sulfate Phage 

Display Antibody with VSV tag 

Dam et al., 2003 

Mouse Anti-VSV-G tag Monoclonal 

Antibody, Unconjugated, Clone P5D4 

Abcam Cat# ab50549, RRID:AB_883494 

 



 

FIGURE S1.  Intracellular Salmonella are sensitive to treatment with ampicillin. 

 

  



 

FIGURE S2. CHO WT and CHO ∆XylT cells had comparable expression levels of 

gentamicin transporters genes. 

 

  



 

FIGURE S3. Presence of PGs in CHO cells.  

 

  



 

FIGURE S4. Gentamicin uptake in CHO WT and CHO ∆XylT cells. 

 

  



 

FIGURE S5. Labeling by Lysotracker correlates with PGs expression in CHO cells. 

 

  



 

FIGURE S6. A dual fluorescence reporter for acid shock exposure of Salmonella. 

 

  



 

FIGURE S7. Inhibition of PI3K does not affect intracellular Salmonella cells. 

 

  



 

FIGURE S8. PIKfyve kinase inhibition increased labeling by Lysotracker in both CHO WT 

and CHO ∆XylT cells. 

 

  



 

FIGURE S9. CHO ∆XylT cells lack Lama2 expression. 

 

  



 

FIGURE S10. Addition of heparin to the medium results in intracellular accumulation of 

heparin in the endo-lysosomal system. 
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