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ABSTRACT 

Clostridioides difficile is the leading cause of antibiotic-associated diarrhea in the US. C. 

difficile-associated infection is precipitated by the antibiotic suppression of the normal intestinal 

flora and causes mild to life-threatening diarrhea. C. difficile produces up to three toxins: toxins A 

and B (TcdA and TcdB), and C. difficile transferase toxin. Many subtypes of TcdB exist, including 

the canonical TcdB1 and the isoform TcdB2, found in some outbreak-associated C. difficile strains. 

These toxins are essential for virulence and cause diarrhea; they inhibit actin polymerization and 

cause cell death in intestinal epithelial cells (IECs). Though there is some evidence of toxin-

mediated disruption of tight junction integrity and paracellular barrier function, the extent to which 

TcdA, TcdB1, and TcdB2 differentially impact tight junctions and the intestinal epithelial barrier 

has not been fully elucidated. We hypothesize that these C. difficile toxins differentially impact 

the localization and abundance of the tight junction protein occludin and its associated adaptor, 

tight junction-associated protein 1 (also ZO-1), and perturb the intestinal epithelial barrier. While 

immunoblotting and densitometric analysis of cells treated with TcdA, TcdB1, or TcdB2 show 

that occludin and ZO-1 abundance are unaltered, immunofluorescence of toxin-treated cells 

demonstrates that occludin and ZO-1 are relocalized and that TcdB1 impacts occludin and ZO-1 

distribution than TcdB2. Time courses measuring transepithelial electrical resistance across 

polarized cell monolayers demonstrate significant differences in resistance falls between apical 

and basolateral toxin treatments. From these studies, we conclude that TcdA, TcdB1, and TcdB2 

differentially impact the distribution of the tight junction protein occludin and its associated 

adapter, ZO-1, as well as barrier function. Overall, TcdB1 affected tight junction protein 

distribution and barrier function to a greater degree than TcdB2. We also demonstrated that, 

globally, receptor polarity impacts toxin-mediated barrier function loss. 
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Chapter 1: Introduction 

 

1.1 Clostridioides difficile and Pathogenesis 

1.1.1 C. difficile infection (CDI) 

Clostridioides (formerly Clostridium) difficile is an opportunistic, Gram-positive, spore-

forming bacterium. In the United States, Clostridioides difficile infection (CDI) is the leading 

cause of antibiotic and healthcare-associated diarrhea and is responsible for up to 500,000 cases 

each year, resulting in up to 12,800 deaths (1); CDI is estimated to be responsible for up to $5.4 

billion in economic costs in North America (2, 3).   

C. difficile spores are found ubiquitously in the environment, in the intestinal tracts of 

animals and humans, and on surfaces in healthcare facilities. Spores are easily spread and are 

transmitted through the fecal-oral route; when ingested, spores travel to the small intestine, where 

they germinate and proliferate in response to a disrupted gut microbiome and the presence of 

certain primary bile acids (14, 106). Vegetative cells proliferate further in the large intestine and 

produce up to three toxins: the two clostridial exotoxins, C. difficile toxin A (TcdA) and toxin B 

(TcdB), and C. difficile binary toxin (Cdt) (4).  

TcdA, TcdB, and Cdt act on colonic epithelial cells and induce cellular damage that results 

in the symptoms associated with CDI. Symptoms can include mild to life-threatening diarrhea, 

fever, nausea, loss of appetite, and in severe cases, bloody stool, and increased white blood cell 

counts (2, 6). Complications include dehydration, kidney failure, toxic megacolon, and death (2, 

4).  

Despite the environmental ubiquity of C. difficile spores, they rarely cause infection in 

healthy patients with robust gut microbiomes (7). Risk factors for CDI include advanced age, 



12 

 

antibiotic use, a weakened immune system, and long-term exposure to healthcare facilities (1, 7, 

8). The native flora within the gut help to prevent enteric bacterial infections through a series of 

interbacterial interactions and mechanisms known collectively as colonization resistance (9). 

Dysregulation of the gut flora by antibiotics impairs colonization resistance and increases 

susceptibility to bacterial infections; opportunistic bacteria like C. difficile enter the gut following 

dysbiosis of the gut flora and proliferate and compete in this expanded niche. Antibiotic use is 

considered one of the most important risk factors for CDI for this reason (1, 2, 6). Almost all 

antibiotics are associated with the onset of CDI, though clindamycin, ampicillin, cephalosporin, 

and fluoroquinolones have been most frequently associated with CDI (10). 

Though CDI is often exacerbated by antibiotic use, antibiotics are most prevalently used 

to treat CDI (2, 10). Metronidazole and vancomycin are used to treat mild to moderate CDI with 

equivalent success, without instances of widespread antibiotic resistance (10). The antibiotic 

fidaxomicin, approved for CDI treatment in 2011, more greatly reduces CDI recurrence in 

comparison to vancomycin, but is limited in use due to the high cost of the drug (10). For severe 

or recurrent infections, fidaxomicin and vancomycin are favored for antibiotic treatment (10). 

Fecal microbial transplantation has been used as a last-resort treatment for severe and recurrent 

cases with great success (10), but recent cases of bacteremia and, in one patient, death, linked to 

fecal microbial transplantations contaminated with extended spectrum beta lactamase-producing 

(ESBL) Escherichia coli prompted the FDA to issue safety alerts for this mode of treatment (11). 

There is no C. difficile vaccine approved for patient use; Phase III clinical trials for a bivalent 

toxoid vaccine candidate from Sanofi-Pasteur were terminated after researchers found it did not 

prevent infection in at-risk adults, while a bivalent toxoid vaccine candidate from Pfizer is 

currently in Phase III clinical trials (12, 13).  
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1.1.2 Using ribotyping to classify C. difficile strains  

Isolates of C. difficile are classified or typed using various techniques. Restriction 

endonuclease analysis, pulse-field gel electrophoresis, and PCR ribotyping are considered the 

standard methods of C. difficile strain typing (14), though PCR ribotyping, either by agarose gel 

electrophoresis or capillary gel electrophoresis, is a preferred strain typing method in research and 

clinical contexts. PCR ribotyping uses primers to amplify the intergenic spacer regions between 

the chromosomal 16S and 23S rRNA genes, yielding distinct banding patterns between C. difficile 

strains (15). This method relies on the heterogeneity of the intergenic spacer regions within C. 

difficile strains, and is preferred due to the reproducible nature of the banding patterns resulting 

from amplification and the rapid turnaround for PCR ribotyping results. (15).  

Of the over 15,000 distinct ribotypes found thus far, many, but not all, ribotypes can cause 

fulminant disease. Strains isolated from CDI patients all produce at least one of the C. difficile 

toxins (5, 16, 17, 18). Clinically prevalent C. difficile ribotypes may produce all three toxins, such 

as ribotypes 027 and 078, or they may produce one or two toxins. Toxin A+, toxin B+ (A+B+) 

strains (including ribotypes 002, 012, 014, and 106) are well-documented among CDI cases as 

causing fulminant disease.  However, the global prevalence of A-B+ strains (ribotypes 039 and 

017), variants which have 1.7 kb or 1.8 kb deletions in tcdA, and studies testing in vitro and in vivo 

effects of isogenic TcdA and TcdB mutants show that TcdB is sufficient to cause disease and 

mortality (19, 20, 21, 22, 23, 24). Recently, one A+B-Cdt- strain (no ribotype assigned yet) was 

isolated from a symptomatic patient in France; notably, this strain’s pathogenicity locus contains 

only tcdR, tcdA, and the holin-like protein-encoding uviB (25). A subsequent hamster study using 

this strain found an absence of typical clinical signs of CDI or mortality, while cecal damage was 
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observed in histological samples and colonization was comparable to nontoxigenic and other 

toxigenic strains (26). More clinical isolates must be found and characterized to determine whether 

these findings are consistent across various A+B-Cdt- isolates, or only of this isolate. A-B-Cdt+ 

strains (ribotype 033 and QX521) are less prevalent in clinical environments and have mostly been 

isolated in asymptomatic patients, but can cause symptomatic CDI in some patients (20, 27, 28).  

Outbreak-associated C. difficile strains characterized by higher-than-expected rates of 

patient morbidity and mortality are called “hypervirulent” in clinical settings to distinguish them 

from non-outbreak-associated endemic strains. One such strain is ribotype 027, first identified as 

the cause of a 2005 outbreak in Quebec, Canada and is prevalent worldwide (17, 29). Since its 

discovery and isolation, ribotype 027 was discovered to robustly produce TcdA, binary toxin, and 

an enzymatic variant of TcdB known as TcdB2. Ribotype 027 strains sporulate earlier and more 

efficiently than non-ribotype 027 strains (30, 31, 32) and have been linked to higher rates of 

symptomatic disease (33). Ribotype 027 strains also harbor a point mutation resulting in truncation 

of TcdC, the anti-sigma factor and negative regulator of the PaLoc, which is thought to contribute 

to increased production TcdA and TcdB (4).  

The distribution of ribotypes varies globally. Data gathered from a nationwide C. difficile 

surveillance project conducted by the USA Center for Disease Control and Prevention in 2017 

indicate that 143 distinct ribotypes were detected among the 1,050 isolates submitted (8). Ribotype 

027 was the predominant strain within healthcare-associated isolates, followed by ribotypes 106, 

002, and 014 (8).  Data from a 2016 C. difficile surveillance study conducted in 20 European Union 

countries by the European Centre for Disease Prevention and Control indicate that among the 1,326 

cases for which PCR ribotype data were available, ribotype 027 was the predominant strain among 

healthcare-associated isolates, followed by ribotypes 001, 014, 078, 002, and 020 (34). Meanwhile, 
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a descriptive epidemiological study conducted in 13 Asia-Pacific countries found the most 

prevalent C. difficile strain to be ribotype 017, followed by ribotypes 018, 014, 002, and 012 (20). 

These data reflect the global diversity of predominant disease-causing C. difficile strains, as well 

as highlight emerging strains which require further study. 

 

1.2 C. difficile toxin biology and known host responses 

1.2.1 Genetic organization and regulation 

The most important virulence factors of C. difficile are the toxins TcdA and TcdB, either 

or both of which are produced by many C. difficile strains. Toxin production is dependent on the 

presence of a pathogenicity locus (PaLoc), a 19.6 kb region within the bacterial chromosome (20). 

The PaLoc contains the tcdB and tcdA genes, which respectively encode TcdB and TcdA, flanked 

by tcdR, tcdE, and tcdC (Fig. 1). tcdR, a positive regulator located upstream of tcdB, encodes an 

alternative sigma factor which initiates toxin gene transcription. tcdE, downstream of tcdB and 

upstream of tcdA, encodes a holin-like protein which forms a pore in the bacterial membrane, 

presumably facilitating toxin secretion into the external environment (35, 36). tcdC, downstream 

of tcdA, encodes an anti-sigma factor-like protein which prevents TcdR binding to the promoters 

of tcdB and tcdA (36), presumably acting as a negative regulator of toxin expression. Toxin 

expression is controlled by multifactorial processes, including carbon catabolite repression, 

availability of cysteine and proline, sporulation, nutritional accessibility, the SOS regulatory 

network, and quorum sensing (20, 36).  
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Figure 1: Typical C. difficile PaLoc containing TcdA, TcdB, and regulatory components.  

 

1.2.2 Introduction to TcdA and TcdB structural domains 

Because of their integral role in virulence and pathogenesis, C. difficile toxins are well-

characterized. TcdA and TcdB are large exotoxins, with respective molecular weights of 308 kDa 

and 270 kDa (Table 1; 37, 38). Solved crystal structures show that both toxins contain four distinct 

domains (39, 40, 41, 42). The glucosyltransferase domain, located at the N-terminus of the toxins, 

contains the toxin’s enzymatic activity. The cysteine protease domain mediates autocleavage of 

the toxin within host endocytic vesicles. The delivery domain facilitates membrane translocation 

for toxin delivery within the host cell. The receptor-binding domain, located at the C-terminus, 

contains combined repeating oligopolypeptide units (CROPs) (Fig. 2a; 40, 42, 43). While TcdA 

and TcdB both share the same functional domains and associated functions, they are different sizes 

and share only 48% amino acid sequence identity (Fig. 2b; 39). The CROPs within the receptor 

binding domains of TcdA and TcdB differ in their sequential and spatial arrangement, contributing 

to their receptor specificity (39, 40). Together, these functional domains contribute to the host cell 

tropism and activity of the toxins (Table 1). 
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Figure 2: a) Organization of TcdA and TcdB domains. b) TcdA, TcdB1, and TcdB2 organization 

with amino acid positions and c) amino acid differences between TcdB1 and TcdB2 in the 1753-

1851 region of the receptor binding domain. Red letters indicate the positions at which TcdB2 

differs from TcdB1, while the highlighted area indicates the amino acids integral for cell 

penetration.  
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Table 1: Summary of C. difficile toxin molecular weights, mechanism of action, known host 

responses, and role in pathogenesis.  

 

1.2.3 Variants of TcdB and the emergence of TcdB2 as an outbreak-associated variant 

         Recent subtyping and phylogenetic analysis of TcdB sequences reveals eight distinct 

subtypes, of which TcdB1 and TcdB2 are the most prevalent (44). TcdB1 is the “historical” TcdB 

variant produced by many clinically relevant C. difficile strains and is the best-studied of the two 

TcdB variants. TcdB2 was discovered in outbreak-associated C. difficile strains, including in 

ribotype 027 strains, by Ballard and others (30) and exhibited differences in host uptake, potency, 

cytotoxic effects, and intracellular targets. The increased patient morbidity and mortality of CDI 

caused by TcdB2-containing strains is attributed in part to TcdB2.  

         TcdB2 contains amino acid sequence variations in the delivery domain (Fig. 2b-c), 

differentially impacting toxin entry. TcdB2 is taken up more efficiently by Chinese hamster ovary 
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(CHO-K1) cells and accumulates in acidified early endosomes to higher detectable levels than 

TcdB1 (45).   Previous reports also indicate that TcdB2 enters CHO-K1 and murine cardiac muscle 

(HL-1) cells more rapidly than TcdB1 and that TcdB2-treated cells exhibited greater dose-

dependent cytotoxicity than TcdB1-treated cells (30). In vivo effects of TcdB2 were more 

pronounced than those of TcdB1; zebrafish embryos treated with TcdB2 suffered extensive 

necrosis while those treated with TcdB1 exhibited cardiac damage, and mice treated with TcdB2 

succumbed at a lower lethal dose and experienced extensive brain hemorrhaging (30, 31). While 

these studies have revealed much about TcdB2’s significance and host effects, the differential in 

vivo and in vitro effects of TcdB2 and its contribution to virulence in the context of the intestinal 

epithelium remain poorly understood.  

 

1.2.4 Host receptors of TcdA and TcdB 

 The receptor-binding domain of secreted toxins facilitates toxin entry into the host cell (9). 

The identified receptors of TcdA are expressed widely amongst enterocytes and colonocytes across 

many species (46). TcdA efficiently binds to carbohydrates with a core N-acetyllactosamine 

structure, which exist on the surface of many human cells (Table 2; 47, 48). HSP90B1, also known 

as glycoprotein 96 (gp96), a plasma membrane-binding protein on the apical surface of human 

colonocytes, was identified as a receptor for TcdA, though siRNA knockouts of HSP90B1 did not 

completely ablate TcdA-mediated cytopathic and cytotoxic effects (49). LDL receptor related 

protein 1 (LRP1), expressed primarily in hepatic and colonic epithelial tissues, was recently 

identified as an internalizing receptor for TcdA in murine embryonic fibroblasts (MEFs) and in 

Caco-2 cells (50). Immunoblotting of TcdA-treated MEFs and Caco-2 cells demonstrated that, 

unlike LRP1, gp96 was not internalized in either cell line. These studies suggest that TcdA may 



20 

 

utilize both endocytic and non-endocytic receptors and further supports previous work detailing 

the significance of N-acetyllactosamine as a toxin binding motif (Gerhard 2004).  

Currently, three receptors for TcdB have been identified: chondroitin sulfate proteoglycan-

4 (CSPG4), nectin-3, and frizzled proteins (FZDs) 1, 2, and 7 (Table 2). MicroRNA-adapted short-

hairpin RNA (shRNAmir) library-mediated knock-down screening identified CSPG4, frequently 

expressed in human melanoma cells and in intestinal subepithelial myofibroblasts, as a functional 

cell surface receptor for TcdB in HeLa and HT-29 cells (51, 52). Subsequent independent studies 

demonstrate that CSPG4 binding is dependent on the CROP domain of TcdB (53, 54). The 

physiological relevance of CSPG4 is unclear: neither Caco-2 cells nor human colonic tissue 

express CSPG4 (53, 55). 

CRISPR/Cas9-mediated genome screening in HeLa cells identified Frizzled (FZD) family 

proteins, G protein-coupled receptors which activate the Wnt signaling pathway necessary for gut 

homeostasis, as TcdB receptors (54). TcdB binds FZDs 1/2/7 expressed by HeLa, HT-29, and 

Caco-2 cells, colonic organoids, and colonic epithelial tissue in mice and humans, and competes 

with Wnt for FZD binding (54, 56). These studies also suggest that TcdB-FZD binding is 

independent of CROPs within the receptor binding domain, confirmed by treatment of FZD7-

expressing cells with TcdB and generated CROP mutants (53). Furthermore, crystal structures of 

the FZD2-TcdB interaction show that TcdB recognizes the cysteine-rich domain of FZD2 by using 

a FZD-bound lipid cofactor which interacts with Wnt, implying that Wnt signaling is impacted by 

TcdB (56). 

Nectin-3, also referred as PVRL3 by LaFrance and others (55), is a transmembrane protein 

in cell adherens junctions and widely expressed in enterocytes and colonocytes. Gene-trap 

insertional mutagenesis screening in Caco-2 cells identified nectin-3 as a TcdB receptor candidate, 



21 

 

confirmed by short-hairpin RNA (shRNA) and CRISPR/Cas9-mediated knock-downs in HeLa 

cells (55). Pull-down assays showed direct interaction between TcdB and nectin-3, and nectin-3 

antibodies protected against cytotoxicity in Caco-2 cells. Both proteins colocalized in colonic 

explants and in a colonic sample from a patient with CDI, confirming the physiological relevance 

of nectin-3 as a TcdB receptor (55). Notably, nectin-3 is the only characterized C. difficile toxin 

receptor distributed basolaterally in intestinal epithelial cells.   

 

Table 2: Summary of known C. difficile toxin receptors and cellular distribution and location. 

 

1.2.5 Toxin entry and mechanism of action 

Upon receptor binding, toxin uptake is mediated by endocytosis; TcdA uptake is dependent 

on PACSIN2-mediated endocytosis (43), while TcdB is internalized into endosomes via clathrin-

mediated endocytosis (43). Subsequent endosomal acidification leads to a conformational change 

that exposes the hydrophobic region of the delivery domain and allows the insertion of the toxin 
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within the membrane, in turn exposing the glucosyltransferase and cysteine protease domains to 

the cytoplasmic environment (43). The host signal molecule inositol hexakisphosphate (InsP6) 

induces autoproteolytic cleavage of the toxin by binding the cysteine protease domain, releasing 

the glucosyltransferase domain into the host cytosol (38, 43, 47).  

In the cytosol, the glucosyltransferase domain targets host Rho-family proteins for 

glucosylation, catalyzing the addition of UDP-glucose onto Rho-family GTPases in a near-

irreversible reaction resulting in GTPase inactivation (43, 47). TcdA and TcdB target RhoA, 

Cdc42, and Rac; Rap1/2 and R-Ras2 are minor substrates of TcdA, but not TcdB (43). This 

variation in substrate specificity may contribute in part to differences in cytopathic and cytotoxic 

effects observed between the two toxins.  

 

1.2.6 Toxin-mediated host cell responses 

 Given their central role in modulating cell signaling networks, Rho proteins are targets for 

bacterial toxins and other virulence proteins. As master regulators, Rho-family proteins are integral 

in controlling cell signaling pathways responsible for cytoskeletal remodeling, vesicular transport, 

and transcriptional regulation (57). Together, Rho GTPases and their associated proteins form a 

tightly regulated switch-like mechanism (Fig. 3). Receptor-mediated signals induce the 

recruitment of Rho guanine exchange factors (GEFs), which activate Rho GTPases by catalyzing 

the exchange of GDP for GTP (57). Rho GTPase signaling is terminated by Rho GTPase-activating 

proteins (GAPs), which catalyze the exchange of GTP for GDP. Rho guanine nucleotide-

dissociation inhibitors (GDIs) sequester GDP-bound Rho GTPases by inhibiting nucleotide 

exchange and GTP hydrolysis (58).  
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Figure 3: Rho GTPase activation and regulation 

  Rho inactivation directly interferes with actin dynamics; glucosylation prevents Rho-

mediated F-actin polymerization, redistributing intracellular actin and causing cell rounding (43, 

59, 60, 61). TcdA and TcdB-mediated cytoskeletal disruption also results in the loss of intestinal 

epithelial barrier function (59, 60, 61). C. difficile toxins also induce apoptosis (60). TcdA induces 

caspase-3, 8, and 9, causing programmed cell death in intestinal epithelial cells (62), while TcdB 

has been shown to induce apoptosis in neuronal cells and in endothelial cells (43). TcdB also 

causes cytopathic effects independent of Rho inactivation: high concentrations of TcdB induce 

reactive oxygen species (ROS) production via NADPH oxidase, release of lactate dehydrogenase, 

ATP depletion in HeLa and Caco-2 cell lines and necrotic cell death in human colonic explants 

(63). These toxin-mediated cytopathic and cytotoxic effects ultimately cause diarrhea and the 

symptoms of CDI (Table 3).  
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1.3 Introduction to the intestinal barrier and cell junctions 

The intestinal epithelium is comprised of a single layer of simple, columnar epithelial cells 

which separate the gut lumen from endothelial and deeper tissues (64, 65). These rapidly renewing 

enterocytes absorb water, ions, and nutrients during digestion and prevent the infiltration of 

luminal microbes. Intestinal epithelial cells are often a target for bacterial pathogens, which can 

release effectors and toxins that act on cell transporters or components of cell junctional 

complexes. The integrity of the intestinal epithelium and its homeostasis are dependent on cell 

junction complexes. The apical-most of these complexes is the tight junction complex, which 

regulate the barrier and fence functions (61, 65, 66). The second-most apical complex, the adherens 

junctions, ensures epithelial tissue integrity and separates the apical and basolateral regions of the 

paracellular space (65). Desmosomes and gap junctions function as “spot welds”, ensuring the 

integrity of the basolateral paracellular space (61, 66).  

1.3.1 Tight junctions: functions and components  

 Tight junctions maintain the barrier and fence functions of intestinal epithelial cells. The 

barrier function regulates the passive movement of molecules through two mechanisms: the 

charge-selective permeation pathway allows for the diffusion of ions and small molecules and the 

size-selective pathway allows larger macromolecules to diffuse through the paracellular space 

(65). The fence function preserves cell polarity; tight junction proteins physically separate apical 

and basolateral cell-surface proteins and curtail their translocation. 

 Tight junctions are comprised of two major subcellular structures: transmembrane proteins 

(occludin, claudin-family proteins, and junctional adhesion molecules) and the junctional plaque 

(65) (Fig. 4a). Though occludin is known to be important in preserving the paracellular barrier, its 

precise role is not fully understood (67). Studies measuring epithelial transport and barrier function 
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in occludin-deficient mice demonstrated that occludin depletion did not result in barrier function 

loss but altered transport function; this demonstrated that paracellular barrier function and 

transport is not solely reliant on occludin (68). Claudins, which are tetraspan transmembrane 

proteins, are thought to maintain barrier function by creating size- and charge-selective ion 

channels with their extracellular loops (66, 69). Junctional adhesion molecules (JAMs) are 

immunoglobulin-like proteins which regulate cell polarity and mediate tight junction formation by 

interacting with the cell polarity protein PAR-3 (66).  

Junctional plaques are complex networks of transmembrane, adapter, and cytoskeletal 

linker proteins which interact with parts of the cytoskeleton and span intracellularly and 

paracellularly. Adapter proteins interact with both transmembrane and intracellular proteins; the 

archetypal example of which are the ZO-family proteins. ZO-family proteins, such as ZO-1, 

interact with cytoskeletal linker proteins and filamentous actin (F-actin) at the carboxyl terminal 

and interact with transmembrane proteins at the N-terminal (61, 65, 66). Together, the 

transmembrane and junctional plaques regulate the barrier and fence functions of tight junctions.  

Tight junctions are maintained by the routine trafficking and transport of its proteins; Rho-

family proteins modulate these processes and modulate actin turnover and actomyosin dynamics. 

Inhibition of Rho GTPases and ATP depletion conditions causes decreased localization of occludin 

and ZO-1 (70, 71). Occludin is continually endocytosed, trafficked, and replaced with newly 

synthesized protein at low levels (72). However, according to proteomic analysis of tight junction 

proteins and their associations with trafficking and endocytic proteins, ZO-1 has fewer associations 

with these cellular proteins and may not be as dependent on turnover as occludin (72, 73). 

Intestinal epithelial cells have perijunctional actomyosin rings in the apical intracellular 

domain. These actomyosin rings, made of F-actin and myosin II filaments, are linked to tight 
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junction proteins via ZO-family adapters (74, 75). Contraction and relaxation of the actomyosin 

ring also regulates paracellular permeability; contraction increases paracellular permeability by 

pulling apart the transmembrane proteins of the tight junctions, allowing the passage of larger 

molecules and solutes (Fig. 4b; 61, 74, 76). Rho-family proteins tightly regulate these actomyosin 

dynamics by signaling actin turnover and by inducing ring contraction (61,76, 77). Rho GTPases 

can activate Rho-associated protein kinases which, in turn, phosphorylate the myosin light chain, 

unfolding the actin-binding domain and causing contraction (77).  

  

 

Figure 4: a) The tight junction complex in intestinal epithelial cells (85, modified with 

permission). Occludin and claudins, along with JAMs, are transmembrane proteins, while ZO-

family proteins are intracellular adapter proteins which interact with transmembrane proteins and 

the perijunctional actomyosin ring to form the cytosolic plaque. b) Contraction of the 

perijunctional ring in adjacent cells causes physical expansion of the paracellular space and allows 

increased diffusion of ions and solutes.  
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1.3.2 Cell polarity and organization in intestinal epithelial cells 

Cell polarity, the asymmetric organization of subcellular components, is necessary for cells 

to perform specialized functions such as asymmetric cell division, cell adhesion and migration, 

directional intracellular trafficking, and the formation of epithelial and endothelial barriers (78, 

79). In intestinal epithelial cells, distinct apical and basolateral membrane domains, separated by 

the tight junction complex, are integral for barrier formation and for paracellular and transcellular 

transport and uptake of nutrients and other solutes (78, 80). The apical portion of the cell is 

comprised of microvilli, the perijunctional actomyosin ring, and the tight junction complex, while 

the basolateral membrane domain is composed of the adherens junctions, desmosomes, and gap 

junctions (Fig. 4a). 

When the fence function is disrupted, proteins or receptors formerly restricted to 

specialized subcellular domains can be redistributed to other, anomalous, locations, resulting in 

cell polarity loss. Some bacterial pathogens impact tight junction functions in this way; 

enteropathogenic E. coli perturbs the tight junction fence function by redistributing basolateral 

integrins to the apical surface of intestinal epithelial cells (81) and Yersinia pseudotuberculosis, 

which uses basolateral integrins as a receptor for cell invasion, exploits neutrophil migration across 

the intestinal epithelial monolayer, resulting tight junction disruption, and subsequent 

redistribution of integrins to the apical surface, for cell entry (82).  

The integrity of the intestinal epithelial barrier is primarily measured as a function of 

extracellular ion or solute flux, or as a function of transepithelial electrical resistance (TEER). 

TEER is measured by applying Ohm’s law to calculate the resistance generated to a current passed 

through polarized monolayers (59, 60). Little to no change in TEER implies an intact barrier is 



28 

 

maintained throughout the cell monolayer, while resistance fall suggests barrier function loss. 

While TEER measures the flux of all ions across a polarized cell monolayer, it cannot distinguish 

between size-selective pore transport and passive leak transport; additionally, decreases in TEER 

can also result from cell death. Therefore, TEER can only indicate changes in overall barrier 

function and cannot be used to parse changes in paracellular barrier function.   

1.4 Knowledge gaps in C. difficile toxin biology 

 C. difficile toxins are essential for virulence and toxin-producing C. difficile strains vary in 

global distribution. The global emergence and increasing prevalence of disease-causing C. difficile 

strains which produce only one toxin coupled with the emergence of TcdB2-containing ribotype 

027 as a leading cause of CDI-associated morbidity and mortality indicate an urgent need for 

expanding the current repertoire of C. difficile toxin knowledge.  

Though much has been solved regarding the role of C. difficile toxins in virulence (Table 

3), many knowledge gaps remain. Previous studies showed that TcdB redistributes the tight 

junction protein occludin and its adapter ZO-1 (60, 66, 83; Table 3). The impact of TcdB on tight 

junction protein distribution in intestinal epithelial cells requires direct comparison with TcdA-

mediated tight junction effects. Effects on total abundance of targeted tight junction and tight 

junction-associated proteins with TcdA or TcdB treatment in physiologically relevant cell lines 

are underreported; changes in abundance of an array of tight junction and adherens junction 

proteins were reported for TcdA-treated cells, though similar studies in TcdB-treated cells are 

unavailable (84; Table 3).  

Hecht and others demonstrated that treatment of cultured colonocyte monolayers with 

purified TcdA or TcdB results in barrier function loss, (59, 60, 83, 85, 86). Since these studies 

were conducted, the receptors of TcdB were described and characterized, including a basolateral 
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TcdB receptor (Table 2). Crucially, receptor-dependent effects on intestinal epithelial barrier 

function are unknown. 

 The epidemic-associated ribotype 027 produces the TcdB isoform TcdB2. Critically, the 

molecular basis for TcdB2’s contribution to C. difficile virulence and disease is poorly understood; 

how TcdB2 differs from TcdB1 and TcdA in mediating tight junction protein distribution and 

abundance, as well as its impacts on intestinal epithelial barrier function, are still unknown. TcdB2-

specific impacts on the intestinal epithelium are also poorly understood; TcdB2 research was 

conducted primarily in CHO and cardiac cell lines and these effects have thus far not been tested 

in intestinal epithelial cell lines or tissues (31, 45).  

 TcdA and TcdB are essential for C. difficile virulence and through Rho-glucosylation, 

inhibit actin polymerization; since Rho-associated actin dynamics contribute to the regulation of 

the intestinal epithelial barrier, we investigated C. difficile  toxin-mediated effects of this actin 

cytoskeletal disruption on tight junction and associated proteins and intestinal epithelial barrier 

function. We hypothesize that C. difficile toxins A, B1, and B2 differentially impact barrier 

function and tight junction protein abundance and distribution.  
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Table 3: Summary of known TcdA and TcdB1-mediated effects on barrier function, tight junction 

protein abundance, distribution, and cytoskeletal components. *” TcdB” refers to TcdB1. TcdB2 

is not represented as no published data exist for these host effects. 

Chapter 2: Materials and Methods 

2.1 Cell culture and Clostridioides difficile toxins 

Caco-2Bbe (C2Bbe; ATCC CRL-2102) human intestinal epithelial cells (ATCC, Manassas, VA), 

brush border-expressing subclones derived from the Caco-2 human colorectal carcinoma cell line 

(87), were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Corning Life Sciences, 

Corning, NY) supplemented with 25mM glucose, 10% fetal bovine serum, and 20 mM HEPES 

and  incubated at 37°C with 5% CO2. Cells between passages 18 and 25 were used for experiments 

7-10 days post-seeding. 

Purified C. difficile toxin A (TcdA) was obtained commercially (List Labs, Campbell, CA). C. 

difficile toxin B1 (TcdB1) and toxin B2 (TcdB2) were generously provided by Dr. Jimmy Ballard 

(46).  

2.2 Vero cell-rounding assay 

 Vero (ATCC CCL-81) monkey kidney cells (ATCC, Manassas, VA) were cultured at a 

cell density of 1.5*104 cells per well on 96-well plates in DMEM supplemented with 25mM 

glucose, 10% fetal bovine serum, and 20 mM HEPES and incubated at 37°C with 5% CO2. Cells 

between passages 8 and 13 were used for experiments 3-4 days post-seeding.  

 Seeded Vero cells were replenished with serum-free DMEM 22 hours before C. difficile 

toxin treatment. 7.4 ng/mL of TcdB1 or 7.4 ng/mL of TcdB2 was applied to cells incubated at 
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37°C for 6 hours. Each treatment group had n=3 technical replicates. Three representative images 

per well were taken every hour using the EVOS FL microscope (Thermo Fisher Scientific, 

Waltham, MA) with a 20x/0.45 objective, observed for changes in cell morphology, and stored 

digitally.  

2.3 Toxin treatment of cultured cells 

  C2Bbe cells seeded at a cell density of 3.5*104 cells per well were replenished with serum 

supplemented DMEM 18-22 hours before C. difficile toxin treatment. 700 ng/mL of purified TcdA 

(2.27 nM), TcdB1 (2.59 nM), or TcdB2 (2.59 nM) was applied to cells (60), which were incubated 

at 37°C for 5 hours and subsequently processed for immunofluorescence and immunoblot analysis. 

2.4 Immunofluorescence 

 Cultured C2Bbe monolayers were grown on poly-L-lysine-coated coverslips for 7-10 days 

post-seeding and fixed with a 1:1 mixture of methanol and acetone or with a solution of 4% 

paraformaldehyde in PBS after treatment (88, fixation solution modified to be methanol and 

acetone). Coverslips were rehydrated in PBS and permeabilized with 0.2% Triton-X-100 in PBS 

(PBS-T). All coverslips were blocked with 5% IgG-free BSA (Jackson ImmunoResearch, West 

Grove, PA) in PBS-T. Coverslips fixed in methanol-acetone solution were incubated overnight at 

4°C with anti-occludin AlexaFluor 594-conjugated monoclonal antibodies (Thermo Fisher 

Scientific, Waltham, MA) diluted 1:20 in PBS-T. Coverslips fixed in 4% paraformaldehyde in 

PBS were incubated overnight at 4°C with anti-ZO-1 AlexaFluor 488-conjugated monoclonal 

antibodies (Thermo Fisher Scientific, Waltham, MA). Coverslips were washed with 1% IgG-free 

BSA in PBS-T before washing with 5% IgG-free BSA and PBS-T. After DAPI (Invitrogen, 

Carlsbad, CA) staining, coverslips were washed with PBS and affixed with ProLong Gold Antifade 
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Reagent (Invitrogen, Carlsbad, CA) to microscope slides. Each treatment group had n=2 technical 

replicates. Three representative images per field were taken using a DeltaVision Elite 

deconvolution microscope with an Olympus 60x/1.42 objective and image processing was 

completed using ImageJ software (NIH, v.1.52a). Processed images were stored digitally.  

2.5 Protein extraction and immunoblot analysis  

 At each ending timepoint, cells were washed with ice-cold, sterile PBS, scraped, harvested 

via centrifugation at 400 x g for 7 minutes, resuspended in urea buffer (7 mol/L urea, 2 mol/L 

thiourea, 50 mmol/L 1,4-dithiothreitol, and 4% CHAPS), and lysed via silica bead-beating. 

Resulting protein extracts were separated by 4-20% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (BioRad, Hercules, CA) at 60V for approximately 6 hours (88, modified SDS-

PAGE gel percentage). After a 7-minute transfer via TransBlot Turbo transfer machine (BioRad, 

Hercules, CA) to 0.2-micrometer nitrocellulose membranes (BioRad, Hercules, CA), membranes 

were blocked with a solution of 10% nonfat milk in Tris-buffered saline (BioRad, Hercules, CA) 

containing 0.1% Tween-20 in 5-minute washes. Nitrocellulose membranes were incubated 

overnight at 4°C with anti-occludin (Invitrogen, Carlsbad, CA), anti-actin, or anti-ZO-1 primary 

antibody (Life Technologies, Carlsbad, CA) diluted 1:1,000 in blocking solution. After six washes 

with blocking solution, secondary antibody probing was performed for 2 hours at room 

temperature with horseradish-peroxidase-conjugated goat anti-rabbit antisera (MilliporeSigma, St. 

Louis, MO) diluted 1:15,000 in blocking solution. Membranes were developed using a ChemiDoc 

imager (BioRad, Hercules, CA). Each treatment group had n=3 technical replicates. Densitometric 

analysis was completed using ImageJ.  
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2.6 Measurement of transepithelial electrical resistance (TEER)  

Polarized C2Bbe cells cultured at a cell density of 3.5 x 104 cells/well on 0.33-cm2 collagen-

coated transwell inserts (Corning) (88) were apically or basolaterally treated with TcdA, TcdB1, 

or TcdB2 as described in section 2.3. Measurements were taken every hour for eight hours after 

toxin treatment using EVOM2 epithelial volt-Ohm voltmeter (World Precision Instruments, 

Sarasota, FL), then at 24 hours post-treatment. TEER was calculated by applying Ohm’s Law.  

2.7 Statistical analyses 

Significant changes for all pairwise sample comparisons in experiments involving 

quantitation were assessed by analysis of variance with the Tukey HSD post hoc test via XLSTAT 

(Addinsoft, v.2020.5). All collaborators had access to the study data and digitally stored images.   

Chapter 3: Toxin effects on tight junction proteins and barrier function 

3.1: Rationale and Goals 

Diarrhea is caused by a disruption in the transport and exchange of ions, solutes, water, 

and nutrients. Many enteric pathogens cause diarrhea by disrupting cellular transport proteins or 

components of cell junctions via differing mechanisms; this is especially true of C. difficile and its 

toxins, which cause mild to life-threatening diarrhea (61, 64). Though TcdB2 is produced by 

virulent and epidemic-associated C. difficile strains, its role in CDI virulence and pathogenesis in 

intestinal epithelial cells is the least understood and its impacts on tight junctions and the intestinal 

epithelial barrier are unknown. Given that TcdA and TcdB inactivate Rho-family proteins, which 

in turn modulate both paracellular barrier function and tight junction dynamics, we hypothesize 

that C. difficile toxins A, B1, and B2 differentially impact the abundance, distribution, and function 

of tight junction proteins, specifically occludin and its adapter, ZO-1. We compared the cytopathic 
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impacts of TcdB1 and TcdB2 to preliminarily evaluate toxin potency. We also evaluated toxin-

mediated effects on occludin and ZO-1 abundance and distribution with immunoblotting and 

immunostaining techniques. Finally, we compared apical and basolateral toxin application to cell 

monolayers to assess cell polarity-dependent effects on intestinal epithelial barrier function.  

3.2: Results  

3.2.1 Assessing cytopathic effects of TcdB1 and TcdB2 

 To qualitatively assess and compare the cytopathic effects of TcdB1 and TcdB2, we 

performed a cell rounding assay with Vero monkey kidney cells. Confluent Vero cells in a 96-well 

plate were treated with 7.4 ng/mL of either TcdB1 or TcdB2 and were observed each hour for 6 

hours. While mock-treated cells maintained their characteristic spindle-like shape over time, cells 

treated with either TcdB1 or TcdB2 began rounding within 1 hour (Fig. 5). By 2 hours, most 

TcdB1-treated cells in the well demonstrated rounding and clumping. However, the kinetics of 

cytopathic effects in cells treated with TcdB2 were delayed. At 1 hour, most TcdB2-treated cells 

kept their spindle-like shape, while cells began rounding at 2 hours and showed distinct rounding 

and clumping at 3 hours post-treatment. These data indicate that TcdB1 causes cell rounding and 

clumping more quickly than TcdB2 and that in Vero cells, TcdB1 is more potent than TcdB2.  
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Figure 5: Mock (top row)-, TcdB1 (middle row)-, or TcdB2 (bottom row)- treated Vero cells 

imaged over 3 hours. Imaged using the EVOS FL microscope under a 20x/0.45 objective lens.  

   

3.2.2 Toxin-mediated effects on ZO-1 and occludin abundance 

 To determine toxin-mediated effects on the total abundance of ZO-1 or occludin, we 

harvested C2Bbe monolayers treated with 700 ng/mL of TcdA, TcdB1, or TcdB2 5 hours post-
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treatment. Protein extracts were then separated on SDS-PAGE gels, transferred to nitrocellulose 

membranes, and probed for ZO-1, occludin, and actin (Fig 6a). We then conducted densitometric 

analysis (Fig. 6b) with the imaged blots. Occludin and ZO-1 levels were not significantly changed 

in toxin-treated cells relative to mock-treated controls, though in TcdB1 treated cells, there appears 

to be a trend toward increased occludin abundance. These data indicate that C. difficile toxins do 

not significantly impact the total abundance of occludin and ZO-1 at 5 hours post-treatment.  

 

Figure 6: a) Representative Western blot of extracted proteins from C2Bbe monolayers treated with 

purified C. difficile toxins (700 ng/mL); n=3 technical replicates in each treatment group.  b) 

Densitometric analysis of average relative occludin or ZO-1 abundance among control and toxin-

treated cells. Data represent mean ± SEM; P>0.05 for TcdA-, TcdB1-, TcdB2- treated cells relative 

to controls. 
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3.2.3 Assessment of occludin and ZO-1 distribution 

 Previous studies demonstrated that TcdA and TcdB1 impact the distribution of tight 

junction and associated proteins (Table 3; 83, 85, 86). To recapitulate these studies and evaluate 

TcdB2-mediated effects on tight junction protein distribution, we compared the distribution of ZO-

1 and occludin in control with TcdA or TcdB1 or TcdB2-treated C2Bbe monolayers by conducting 

immunofluorescence staining. Mock-treated cells displayed the “chickenwire” or honeycomb 

pattern characteristic of intact junctions for both occludin and ZO-1 (Fig.7, upper left and lower 

right images). Toxin-treated cells demonstrated occludin and ZO-1 disruption; cells treated with 

TcdA demonstrated occludin loss from junctions and localization in the cytoplasm, while occludin 

was almost entirely lost from the cell junctions in TcdB1-treated cells (Fig. 7, upper panel). In 

contrast, junctions in cells treated with TcdB2 were diffusely stained in places where occludin was 

not lost (Fig. 7, upper right). ZO-1 was also lost from junctions in TcdB1-treated cells, while ZO-

1 in TcdB2-treated cells was more localized at junctions and appears to be internalized into the 

cytosol (Fig. 7, lower panel). Together, these data suggest that C. difficile toxins impact occludin 

distribution more readily than that of ZO-1 and suggest that TcdB1 impacts both occludin and ZO-

1 distribution to a greater degree than TcdB2.  
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Figure 7: Control and toxin-treated cells (700 ng/mL)-treated cells were fixed and stained with 

occludin monoclonal conjugated antibody (red staining, upper panel) or ZO-1 monoclonal 

conjugated antibody (green staining, lower panel) and counterstained with DAPI (blue staining). 

Images were captured using the DeltaVision Deconvolution microscope at 60x magnification 

under oil and processed using ImageJ. These data were generated in collaboration with Dr. Jennifer 

Roxas. 

 

3.2.4 Time course of toxin TEER response  

 To compare toxin-mediated effects on intestinal barrier function, we measured the mean 

change in TEER of polarized intestinal epithelial cells. The TEER of cells treated apically or 

basolaterally with C. difficile toxins was measured over time to determine whether the polarized 

distribution of C. difficile TcdB receptors has differential impacts on barrier function. After apical 
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or basolateral toxin treatment, the mean change in TEER was measured over 8 hours, then at 24 

hours.  

 With apical or basolateral treatment, TcdA, TcdB1, and TcdB2 induced a significant 

decrease in TER as early as 3 hours post-treatment (Fig. 8a and 8b). The TEER for all toxin-treated 

monolayers continued to decrease, with nearly 60% TEER reduction compared to mock 

monolayers at 24 hours post-treatment (Fig. 8c-e). For TcdB1- and TcdB2-treated monolayers, the 

kinetics of TEER reduction were more pronounced with basolateral treatment compared with 

apical treatment; by 3 hours post-treatment, TEER of basolaterally-treated monolayers treated with 

TcdB1 or TcdB2 fell by nearly 50% and 20%, respectively (Fig. 8d, e). In contrast, TcdA-treated 

monolayers experienced comparable resistance falls between apical and basolateral treatment (Fig. 

8).  

 Our results show that TcdA, TcdB1, and TcdB2 perturb the intestinal epithelial barrier; 

differential TEER fall occurs within 8 hours, while staying near a 60% fall in TEER  24 hours-

post treatment across all toxin treatment groups. TcdB2 appears to have a less pronounced kinetic 

effect on TEER over 8 hours compared with TcdB1 in apical and basolateral treatment conditions. 

The enhanced kinetics of TcdB1- and TcdB2-mediated resistance fall in basolaterally-exposed 

cells suggests the involvement of a basolateral TcdB receptor, nectin-3, in allowing toxin uptake 

and subsequent effects. 
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Figure 8: Time course of TEER in response to 700 ng/mL treatments of TcdA, TcdB1, or TcdB2. 

a) Time course of mean TEER change elicited by apical toxin treatment for up to 8 hours.  b) Time 

course of mean TEER change elicited by basolateral toxin treatment for up to 8 hours. c-e) Mean 

percent fall in TEER elicited by apical (8d) or basolateral (8e) toxin treatment at 24 hours post-

treatment. Data represent mean ± SEM; P<0.05 for TEER measured from 2 hours onward in toxin-

treated cells vs. control. 

 

3.3 Conclusions 

The C. difficile glucosylating toxins TcdA and TcdB are essential for virulence, and strains 

lacking these toxins are avirulent in animal models (23, 89). Various groups have contributed to 

the current understanding of these toxins, including their structure, host cell receptors, enzymatic 

activity, cellular targets, and impacts on host cell physiology (Tables 1-3). While the impact of 

these toxins on intestinal tight junctions and paracellular barrier function has been noted previously 

(Table 3), several questions remain unanswered. The epidemic-associated ribotype 027 strains 

produce a TcdB variant, known as TcdB2; studies using non-intestinal cells suggest that this 

variant has a different receptor and host target repertoire, and is more toxic than the ancestral 

TcdB1 (30, 31, 45, 90, 91).  The impact of TcdB2 on intestinal epithelial tight junctions and barrier 
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function, however, has not been explored.  Our studies, therefore, were designed as a comparative 

assessment of the impact of these toxins on tight junction proteins and barrier function. 

 Our Vero cell rounding assay demonstrated that at small concentrations, TcdB1 and TcdB2 

cause cell rounding within 3 hours, indicative of cytopathic effects. TcdB1 appears to more 

potently impact Vero cells than TcdB2; TcdB1 caused cytopathic effects more rapidly than TcdB2 

at the same toxin concentration. This finding is inconsistent with viability assays by Ballard and 

others, who noted that TcdB2 is more toxic than TcdB1 in CHO and rat endothelial cell lines (30).  

 TcdA, TcdB1 and TcdB2 did not significantly alter the abundance of the tight junction 

protein occludin, or of ZO-1 in C2Bbe cells by 5 hours post-infection. Zeiser and colleagues 

previously noted an increase in occludin and JAM levels, and a decrease in ZO-1 and claudin after 

24 hours of TcdA treatment of Caco-2 cells (84). Thus, barrier disruption may precede any changes 

in tight junction protein abundance, but prolonged toxin exposure may also directly impact protein 

levels.   

 Consistent with work done by Chen and colleagues and Zemljic and colleagues in T84 

cells, our immunofluorescence data demonstrate that all three toxins displace occludin and ZO-1 

from the tight junctions, resulting in cytosolic internalization (31, 83). We observed differential 

impacts of the toxins on occludin and ZO-1 distribution, especially in response to TcdB1 or TcdB2 

treatment; we found that TcdB1 alters occludin and ZO-1 distribution more dramatically than 

TcdB2, which is consistent with our previous cell rounding observations and our subsequent TEER 

assays.     

Hecht and colleagues showed differential apical and basolateral barrier function loss in TcdA-

treated T84 monolayers, suggesting that apical-basolateral polarity of C. difficile toxin receptors 
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may contribute to toxin activity (60). Our TEER assays demonstrated TcdA- or TcdB1-mediated 

decline in resistance over time in C2Bbe monolayers, largely consistent with results observed in 

T84 cells (59, 60, 83, 85, 86). Notably, our results differ from published literature of TEER assays 

in T84 cells in that the overall kinetics of resistance fall shown here are slower, which can be 

attributed to the cell lines used  since the toxin concentrations we used remained the same as 

previously reported (59, 60). Along with demonstrating that TcdB1 has a more pronounced impact 

on barrier function loss relative to TcdB2, we further showed cell polarity-mediated effects 

between the TcdB variants; TcdB1 and TcdB2 basolateral data demonstrate steeper barrier loss 

effects than in apical treatment. In contrast to Hecht and colleagues’ observations of differential 

apical and basolateral resistance fall in TcdA-treated cells, our data show comparable TEER fall 

in monolayers apically or basolaterally treated with TcdA. 

Chapter 4: Discussion, limitations, and future directions 

The results of our studies are subject to some limitations. First, our research was largely 

conducted using Caco-2Bbe cells, which are just one of several brush border-expressing intestinal 

epithelial cell lines derived from colorectal cancer patients (92). Because previous findings 

assessing toxin effects on paracellular barrier function and tight junction distribution using T84 

cell lines and our studies diverge, we recognize that toxin-mediated impacts on intestinal epithelial 

cells may vary by cell line. Utilizing primary intestinal epithelial cell lines in future studies are 

necessary to confirm our findings and to investigate differential toxin-mediated effects in 

additional physiologically applicable in vitro models. Furthermore, these studies in cell lines must 

be validated with models which more closely recapitulate the human intestine, such as human 

intestinal enteroids, biopsy samples, and intestinal explants.  
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Second, while our research focused on assessing the intestinal epithelial tight junction and 

barrier impacts of C. difficile toxins, whether only full-length toxins cause tight junction and barrier 

perturbation and which amino acid sequences remain essential for toxin activity remain to be 

investigated in this context. Therefore, the applications of our results are limited to full-length 

toxins and do not account for toxin mutants which still cause disease. Further studies using toxins 

with mutations in key functional domains can confirm whether toxin mutants can also cause tight 

junction protein redistribution or barrier function loss. For example, glucosyltransferase domain 

mutants can demonstrate whether the toxins’ Rho glucosylating activity is solely responsible for 

tight junction protein displacement and barrier function loss. Experiments with receptor binding 

domain mutants, especially of the TcdB isoforms in the amino acid region indicated by Ballard 

and colleagues, may show whether this domain is responsible for the differential toxin impacts we 

report (45).  

The known C. difficile toxin receptors differ in abundance and distribution across human 

tissues. For instance, gp96, LRP1, and FZD proteins are widely expressed in many cell types, 

including in hepatic, endothelial, intestinal, and colonic cells (49, 50, 54, 56, 93, 94). Meanwhile, 

though CSPG4 is expressed in intestinal subepithelial myofibroblasts, it is not expressed in 

intestinal epithelial cells, throwing into question the physiological relevance of CSPG4 as a TcdB 

receptor (51). The potency of TcdB1 and TcdB2 were compared in vivo in the context of cardiac 

and brain impacts and have yet to be compared in the context of the intestinal epithelia (30, 31). 

 The differential impacts of the toxins on T84 and Caco-2 lineages may be explained by 

differential receptor expression and distribution in these cell lines. Several receptors have been 

identified for the C. difficile glucosylating toxins (Table 2), but there have been limited studies on 

receptor expression and distribution in the various cell lines used for toxin studies. CSPG4 was 
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not detected in Caco-2 cells, but is present in HeLa cells (40, 59). Additionally, nectin-3 is widely 

expressed in Caco-2 cells, and depletion of this receptor abrogated TcdB mediated toxicity (53, 

55). Additionally, Caco-2 cells express nectin-3 and FZD7 instead of FZD2 (53, 75). Current 

research suggests that Caco-2 cells have one basolateral TcdB receptor, nectin-3, and one widely-

expressed receptor, FZD-7. Caco-2 expression of TcdA receptors gp96 is inconclusive, and the 

distribution of LRP1 is unknown (Table 2), though the TcdA TEER we presented suggest that the 

known TcdA receptors are expressed widely in Caco-2 lineages, including C2Bbe. A more detailed 

assessment of receptor expression in the various cell lines routinely used in C. difficile toxin 

research could help resolve the differential toxicity and barrier impacts of the various toxin 

isoforms.  

Apart from receptor abundance and expression, it is crucial to assess their polarized 

distribution. A widely accepted model of C. difficile toxin action based on early publications 

performed in T84 cells was that TcdA binds to apical receptors on intestinal epithelial cells and 

disrupts the paracellular barrier (42, 43). This would then allow TcdB to access predominantly 

basolateral receptors, resulting in increased host cell cytopathic and cytotoxic effects, including 

further barrier disruption. However, studies since then have revealed that both TcdA and TcdB 

differentially interact with multiple host cell receptors (Table 2; 49, 50, 52, 53, 55, 94). The 

demonstrated existence of A-B+ C. difficile strains causing fulminant disease and mortality, as 

well as animal studies showing that isogenic A-B+ strains cause increased mortality compared to 

A+B- strains, imply that this model does not reflect toxin action in TcdA-negative C. difficile 

strains (21, 23, 24). Additionally, our studies with C2Bbe cells show that TcdA, TcdB1, and TcdB2 

individually decrease TEER when applied apically or basolaterally. Thus, our data are not 

consistent with the TEER observations made in T84 cells, and do not conform with this model of 
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differential toxicity. Therefore, all differential impacts of C. difficile toxins need to be correlated 

with the receptors expressed in the host cell lines being assessed, and with evaluation of the 

polarized expression of these receptors. Ultimately, it is critical to assess receptor abundance and 

distribution in human intestinal epithelial cells by using untransformed primary cells, enteroids, 

biopsy specimens, and explants. 
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