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SUMMARY 

 Although Clostridium difficile infection is the primary cause of nosocomial diarrhea 

and hospital acquired infection in the United States, the pathophysiology underlying CDI-

associated diarrhea is poorly understood. These studies were conducted to examine the 

effects of Clostridium difficile toxins on intestinal luminal ion exchangers in vitro, in vivo, 

and in human CDI. Specifically, we investigated the effects of C. difficile toxins TcdA and 

TcdB on Cl-/HCO3
- exchanger Down Regulated in Adenoma (DRA) using cell culture and 

a toxigenic mouse model. Our studies showed that purified TcdA and TcdB significantly 

decreased DRA protein, but not mRNA, levels both in vitro and in vivo. Importantly, the 

effects of both toxins on DRA appeared to be dependent on the glucosyltransferase 

activity of each toxin. 

These toxin-mediated effects appeared to be specific to DRA as PAT-1 and NHE3 

protein and mRNA levels remained unchanged in vitro and in vivo. We also examined the 

effects of TcdA and TcdB on various key intestinal ion transporters. We found that mRNA 

levels of MCT1, NHE2, PAT-1, CFTR, and SERT also remained unchanged in the 

presence of purified C. difficile toxins.  

 Given that DRA mRNA levels were not changed by C. difficile toxins, we 

hypothesized that TcdA and TcdB were causing downregulation of DRA at the post-

transcriptional level, possibly through increased protein degradation. To that end, we 

found that co-treatment of Caco2 monolayers with purified toxins and Bafilomycin A1, a 

known inhibitor of lysosomal and autophagic degradation, abrogated the effects of the 

toxins on DRA protein expression. These results indicated that C. difficile toxins may have 

induced the increased degradation of DRA protein.  
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SUMMARY (continued) 

Utilizing a toxigenic mouse model of CDI, we also found that TcdA alone and TcdA 

+ TcdB administration significantly reduced colonic DRA protein expression in mice 

without altering mRNA levels. Furthermore, mice administered TcdA and TcdA+TcdB 

also had reduced colonic expression of NHE3 without significant alterations in mRNA 

levels. Administration of purified TcdA also resulted increased mRNA levels of 

inflammatory cytokines and significant release of myeloperoxidase (MPO) in the murine 

colonic mucosa. Finally, our toxigenic mouse model also identified a possible role for 

autophagy in toxin-mediated CDI as TcdA-treated mice had decreased levels of 

autophagy related proteins ATG16L1 and Beclin-1. Likewise, LC3B, a necessary 

component in autophagosomal maturation and fusion with lysosomeas, was increased in 

mice administered TcdA. 

 Lastly, we obtained colonic biopsies from healthy and recurrent CDI patients. We 

found that patients with recurrent CDI exhibited a drastic loss of colonic DRA protein 

compared to healthy controls. In total, these studies show, for the first time, that toxin-

mediated downregulation of Cl- transporter DRA may play a key role in decreasing 

intestinal epithelial electrolyte absorption in CDI and hence may contribute to CDI 

associated diarrhea.  
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The human intestine possesses a large capacity for fluid absorption. Of the 8 to 10 

L of fluid presented to the intestine each day, the small intestine absorbs the majority (7L) 

(50, 73). Under normal physiological conditions, the remaining intestinal fluid content, 

approximately 100-200 mL, is then excreted in the stool (Figure 1). While the large 

intestine is capable of absorbing up to 5 L per day, it typically only receives 1.5-2 L (46, 

73). Importantly, this high absorptive capacity is critical in mediating the absorption of 

increased intestinal fluid during inflammation or infection also known as diarrhea. 

Diarrhea occurs via decreased absorption and/or increased secretion of electrolytes and 

water in the mammalian intestine. Diarrhea is a multifactorial disorder caused by intestinal 

viruses, parasites, bacteria, food intolerance, medications, and intestinal disorders (50, 

84, 113, 119) . 
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Figure 1: Fluid Homeostasis in the Human Intestine. Adapted from information found 
in (73). 
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1.1 The ion transport basis of diarrhea 

Diarrhea is the primary cause of mortality and morbidity in children under the age 

of 5 in developing countries with an estimated 700,000 children dying each year from 

complications of diarrhea (30). Although there have been reductions in childhood mortality 

from diarrhea in recent years, diarrhea remains a primary reason for hospitalization 

especially for children in developing countries. Risk factors for diarrheal disorders include 

poor hygiene, malnutrition, poverty, and diminished access to suitable healthcare (31) As 

mentioned previously, the pathophysiology of diarrhea is multifactorial and eventually 

occurs due to increased secretion and/or decreased absorption in the gastrointestinal 

tract (Figure 2). Water absorption is osmotically coupled to the transport of solutes 

including Na+, Cl-, and nutrients across intestinal epithelial cells. The absorption of these 

solutes establishes an osmotic gradient across intestinal epithelial cells, thereby allowing 

for the passive diffusion of water. The intestinal transport of  Na+ and Cl- occurs  through 

various mechanisms including: (1) secretion of Cl- via CFTR,  CaCC and ClC-2; (2) 

electrogenic Na+ absorption through ENaC and other nutrient co-transporters; and (3) 

electroneutral NaCl absorption (120). These secretory and absorptive mechanisms are 

described in detail below. 
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Figure 2: Diarrhea is caused by decreased absorption and/or increased secretion 
of solutes in the mammalian intestine 
 

 

 

1.1.2 Chloride Secretion 

 There are currently three channels known to secrete Cl- into the intestinal lumen: 

cystic fibrosis conductance regulator (CFTR); calcium-activated Cl- channels (CaCC); and 

chloride-channel type-2 (ClC-2) channels (106) (Figure 3). In general, intestinal chloride 

secretion through these apical channels requires the basolateral uptake of Cl- through the 

Na+/K+/Cl- symporter NKCC1. NKCC1 activity is driven by the Na+ gradient created by the 

Na+/K+ ATPase. Finally, the secretion of K+ through basolateral potassium channels 

creates the electrochemical gradient necessary to force apical secretion of Cl-  (154) 

(Figure 3).The primary transporter responsible for apical chloride secretion is CFTR, a 
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mammalian intestine (18, 66, 106). Mutations in CFTR lead to an increase in Cl- secretion 

and cause cystic fibrosis (CF), an autosomal recessive disorder characterized by heavy 

production of thick mucus leading to inflammation and infection in the lungs, pancreas, 

gut, and testes (18). Additionally, some CF patients experience chronic constipation 

further emphasizing the role for CFTR in intestinal chloride secretion. Intracellular Ca2+ , 

cGMP, and cAMP are all known activators of CFTR activity (47, 106, 138). Another Ca2+-

dependent route for chloride secretion is via the calcium-activated Cl- channel (CaCC). 

While less is known about these channels, electrode-based studies have convincing 

evidence for a cAMP-independent, calcium-dependent pathway of Cl- secretion through 

CaCC (8, 106). The final channel responsible for Cl- secretion is the ClC-2 channel, which 

are located close to tight junctions on the lateral membrane of enterocytes (106) Although 

Cl- secretion via ClC-2 has been shown in cultured cells, ClC2 KO mice do not exhibit 

secretory diarrhea, obstructions, or increased mortality (172). Thus, the overall 

contribution of ClC-2 to intestinal chloride secretion remains poorly understood. 
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Figure 3: Intestinal luminal chloride secretion is mediated by CFTR, Calcium-
dependent Chloride Channels, and ClC-2 
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membrane (97). ENaCs are predominantly expressed in the rectum and distal colon, 

where they are critical components of sodium absorption (97). ENaC function and 

expression has also been linked to inflammatory bowel disease. Specifically, the 

increased diarrhea seen in patients with ulcerative colitis (UC) has been linked to the 

downregulation of ENaC (120). On a molecular level, the basolateral Na+/K+ ATPase 

actively pumps out three Na+ ions for uptake of two K+ ions resulting in a negative 

electrochemical gradient. This action allows for the passive diffusion of sodium ions 

across the apical membrane through ENaC (Figure 4). Sodium absorption through ENaC 

is stimulated by various glucocorticoids and hormones including aldosterone  (130) 

(Figure 4). Amiloride, on the other hand, inhibits ENaC function and is commonly used 

as a diuretic (97, 130). Interestingly, studies have shown that ENaC directly interacts with 

CFTR to modulate CFTR activity (11). This interaction, and its overall contribution to 

pathophysiological disorders like CF, remains an ongoing area of research. 
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Figure 4: ENaC Na+ channel mediates electrogenic sodium absorption in the 
mammalian intestine 
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for electroneutral Na+ and Cl- absorption, belonging to the SLC9 and SLC26 families, 

respectively, are described in further detail in later sections. Similar to the chloride 

secretion and sodium absorption mechanisms described earlier, electroneutral NaCl 

absorption is powered by the basolateral Na+/K+ ATPase pump (Figure 5). The efflux of 

Na+ ions through the Na+/K+ ATPase pump creates a gradient for apical Na+ absorption 

from the intestinal lumen. The SLC9 family transports Na+ across the apical membrane 

in exchange for the efflux of H+. This creates an alkaline environment inside enterocytes, 

which activates Cl-/HCO3
- exchange via the SLC26 family (Figure 5). Inside the cell, 

carbonic anhydrase (CA) generates the H+ and HCO3
- ions needed for Na+ and Cl- 

absorption (Figure 5). This finding is supported by studies showing that NaCl absorption 

is dependent on CA activity in the mammalian intestine (50). In addition to the 

transepithelial absorption of NaCl, Na+/H+ and Cl-/HCO3
- exchangers also play critical 

roles in intracellular pH. This role is best illustrated by the metabolic acidosis and alkalosis 

seen in patients with congenital sodium and chloride diarrheas, respectively (67, 161). An 

introduction to the ion transporters affected by these diseases and their role in intestinal 

electroneutral NaCl absorption is described below. 
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Figure 5: Electroneutral NaCl absorption is mediated by the SLC9 family of Na+/H+ 
exchangers and the SLC26 family of Cl-/HCO3

- exchangers 
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Na+ and water absorption and pH homeostasis (both in the cytosol and organelles) (37). 
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four NHEs are expressed in intestinal epithelial cells. NHE1 is a basolateral exchanger, 

while NHE2, NHE3, and NHE8 localize to the apical membrane (37) (Figure 6). The four 

intestine-specific NHEs will be described in the following sections. 

 

1.2.1 SLC9A3 (NHE3) 

NHE3 (SLC9A3) is the primary mediator of intestinal and renal Na+ absorption in 

the human intestine (37, 38, 50). NHE3 is expressed in a variety of tissues including the 

gall bladder, colon, small intestine, and kidney. In the mammalian intestine, NHE3 is 

predominantly expressed in the ileum and proximal/mid-colon with the functional coupling 

of NHE3 to Cl-/HCO3- exchanger DRA (SLC26A3) being the main route for electroneutral 

NaCl absorption in the ileum and colon (37, 138). The importance of NHE3 in intestinal 

sodium absorption has been shown in patients with congenital sodium diarrhea (CSD). 

CSD is caused by a genetic loss of function mutation in NHE3 resulting in impaired Na+ 

absorption, diarrhea, and metabolic acidosis (67). Additionally, NHE3 KO mice exhibit 

mild diarrhea, increased fluid retention in the intestine, reduced blood pressure, and 

higher mortality rates without proper Na+ supplementation (37, 163).  

NHE3 has also been implicated in various inflammatory and infectious models of 

diarrhea. Studies have shown that mucosal NHE3 function is decreased in patients with 

IBD, with both mRNA and protein expression levels decreasing as well (mRNA only in 

CD patients) (37, 92, 138). Studies have also shown that NHE3 function is significantly 

decreased in cells infected with EPEC (enteropathogenic E. coli) through the bacterial 

effector EspF (60). Pro-inflammatory cytokines IFN-g and TNF-a have been shown to 

downregulate NHE3 expression and/or function both in animal (27, 125) and cell culture 
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models (4). On the other hand, NHE3 mRNA and protein levels, along with Na+/H+ 

exchange activity, were increased in the presence of probiotic Lactobacillus acidophilus 

or its culture supernatant (141).  

 

1.2.2 SLC9A2 (NHE2) 

 NHE2 (SLC9A2) is localized to the brush border membrane of the small intestine, 

colon, and gallbladder (37). It is also expressed in the stomach, endothelial cells of the 

blood brain barrier, and various parts of the kidney (37). In the small intestine, NHE2 is 

localized to the brush border of villus and upper crypt cells while its localization in the 

proximal and distal colon is in the apical membrane of surface and crypt cells (37). While 

some roles of NHE2 have been identified, the precise physiological significance of NHE2 

function in the intestine remains unclear. Few studies suggested that NHE2 might be 

involved in repair of the intestinal epithelial cell barrier (166). However, NHE2 KO mice 

do not have diarrhea and NHE2/NHE3 double KO mice do not have more severe diarrhea 

than NHE3 single KO mice (37, 119).  

 

1.2.3 SLC9A8 (NHE8) 

 NHE8 is ubiquitously expressed in both human and mouse, but is predominantly 

expressed early in development. NHE8 is localized both intracellularly and at the apical 

membrane in the kidney and intestine. Although NHE8 is the primary intestinal brush 

border NHE in neonates, NHE8 KO mice (2-3 weeks old) do not have a diarrheal 

phenotype (165) thereby limiting its possible involvement in electroneutral NaCl 

absorption.  
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1.2.4 SLC9A1 (NHE1) 

 NHE1 is expressed in most mammalian cell types including cardio myocytes, 

fibroblasts, and intestinal epithelial cells (37). In intestinal epithelial cells, NHE1 is 

expressed in the basolateral membrane thus limiting its contribution to luminal sodium 

absorption (37, 97). Important functions of NHE1 include its mediation of cell alkalization 

and restoration of cellular volume through its efflux of H+ and absorption of Na+ (97). 

Interestingly, the role of NHE1 in IBD remains unclear as different studies have reported 

both increases and decreases in NHE1 expression (44, 144). 
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Figure 6: Na+/H+ exchangers mediate electroneutral Na+ absorption in the human 
intestine 
 

 

 

1.3 The SLC26 Family of Cl-/HCO3
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role in Cl- /HCO3
- exchange in the mammalian intestine and will be described in the 

following sections (Figure 7). 

 

1.3.1 SLC26A3 (DRA) 

 SLC26A3, also known as DRA or Down-Regulated in Adenoma, was originally 

considered as a possible tumor suppressor gene as its expression was significantly 

downregulated in carcinomas and adenocarcinomas. DRA is primarily expressed in the 

duodenum and colon with limited expression in the ileum and jejunum. In Caco2 cells, an 

intestinal epithelial cell line, DRA expression is only detected in post-confluent Caco2 

cells and its predicted molecular weight ~70 kDa (50, 85). Expression of DRA in the 

murine intestine is similar to the regional expression pattern seen in humans with the 

highest expression seen in the cecum, distal colon, and proximal colon (50, 120). Mouse 

DRA is detected at ~85 kDa; this higher molecular weight is thought to be due to the 

glycosylation of DRA which also results in a larger molecular weight in rabbits (50).  

 Although DRA was originally characterized in adenomas (135), it has now been 

established as the main chloride transporter involved in electroneutral sodium chloride 

absorption via its functional coupling to NHE3 (47, 74, 138) (Figure 5). The contribution 

of DRA to electroneutral chloride absorption is evidenced by its dysfunction in a rare 

genetic disorder called congenital chloride diarrhea (CLD) (161). CLD is characterized by 

decreased Cl- absorption, metabolic alkalosis, and profuse chloride-rich diarrhea (>90 

mmol/L vs. 10-15mmol/L in normal individuals). Furthermore, this aberrant chloride 

absorption and subsequent diarrhea seen in CLD patients is fatal without lifelong 

electrolyte supplementation (161). Evidence for DRA as the primary candidate for 
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vectorial Cl- absorption is also supported through studies in knockout mice. DRA KO mice 

exhibit decreased Cl- absorption and a severe diarrheal phenotype similar to that of CLD 

patients (161)  

 

1.3.2 SLC26A6 (PAT-1) 

 SLC26A6, also known as putative anion transporter 1 or PAT-1, is Cl-/HCO3
- 

exchanger that is predominantly expressed in the ileum, jejunum, and duodenum with 

limited expression in the colon. This follows an expression pattern opposite to that of 

DRA, which has the highest expression in the cecum and colon (50, 120). Like DRA, PAT-

1 is expressed in the apical membrane of intestinal enterocytes and has an estimated 

molecular weight of ~90 kDa (3, 159).  

 While PAT-1 mediates the exchange of Cl- and bicarbonate along the length of the 

intestine, studies suggest that it is most important for chloride absorption in the upper GI 

tract (158). Additionally, some reports have suggested that PAT-1, like DRA also 

functionally couples to NHE3 to mediate NaCl absorption (171) 

 As mentioned earlier, loss of DRA in DRA KO mice causes severe diarrhea and 

decreased chloride absorption (136). On the other hand, PAT-1 KO mice do not have 

symptoms of diarrhea although their Cl-/HCO3
- exchange activity is markedly decreased 

(159). Interestingly, while PAT-1 KO mice did not have diarrhea, these animals exhibited 

altered oxalate absorption in the small intestine leading an increase in kidney stone 

formation (159). Thus, PAT-1 has emerged as a regulator of oxalate secretion in the small 

intestine, whereas DRA is known predominantly for its role in electroneutral NaCl 

absorption. 
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Figure 7: Intestinal Cl-/HCO3
- exchange is mediated by SLC26 members DRA 

(SLC26A3) and PAT-1 (SLC26A6) 
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1.4  DRA and NHE3 dysregulation in diarrheal disorders 

 In addition to its role in CLD, DRA function and expression has been shown to be 

altered in a variety of inflammatory and infectious intestinal disorders including IBD. 

Inflammatory bowel disease (IBD) is a general term to describe disorders characterized 

by chronic inflammation and diarrhea in the intestinal tract (104, 120). Common types of 

IBD include Crohn's disease (CD) and Ulcerative colitis (UC). UC is inflammation 

predominantly localized to the intestinal lining of the colon whereas inflammation caused 

by CD can occur anywhere in the digestive tract (104). Studies by Yang et al found that 

DRA mRNA and protein expression were drastically reduced in patients with UC (168). 

In murine models of inflammation, DSS-induced colitis caused a significant reduction in 

DRA mRNA and protein expression without a significant loss of colonic epithelium in 

these animals. In another study, a decrease in DRA mRNA expression was also found in 

IL-10 KO mice with the reduction in DRA directly linked to the intestinal inflammation of 

these animals and not the specific loss of IL-10 (168). In addition, mice overexpressing 

TNF-a also exhibited a significant loss in DRA mRNA and protein levels (164). 

Dysregulation of DRA function and expression is also seen in infectious models of 

diarrhea. Infection with Citrobacter rodentium, a murine pathogen closely related to 

enteropathogenic E. coli (EPEC), led to significant loss of DRA mRNA and protein (83). 

Similarly, Caco2 cells infected with EPEC had decreased function and surface levels of 

DRA due to microtubule disruption and subsequent alterations in endocytosis/exocytosis 

(51, 54) . Taken together, these studies highlight the critical role of DRA in chloride and 

water absorption in the mammalian intestine.  
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Similarly, NHE3 has also been implicated in various intestinal pathologies including 

inflammatory bowel disease (IBD), EPEC infection, and congenital sodium diarrhea (61, 

67, 144). Thus, electroneutral electrolyte absorption by both NHE3 and DRA represents 

a therapeutic target for diarrheal diseases. One such diarrheal disease is Clostridium 

difficile infection (CDI), which is the primary cause of hospital- and antibiotic-associated 

diarrhea in the United States (39). Interestingly, studies using Clostridium difficile TcdB 

have shown internalization of NHE3 from the apical surface in various cell lines after toxin 

administration (57). Furthermore, decreased NHE3 expression and function were also 

shown in patients with CDI (42). However, whether C. difficile toxins affect DRA in vitro 

has not been explored. 

 

1.5 Clostridium difficile infection 

 Clostridium difficile is a gram-positive, obligate anaerobe belonging to the 

Firmicutes phylum responsible for Clostridium difficile infection (CDI). CDI is an infectious 

diarrhea characterized by symptoms ranging from self-limiting diarrhea to 

pseudomembranous colitis, sepsis, and death (1, 137). CDI has become the leading 

cause of nosocomial diarrhea in the United States resulting in an estimated 14,000 deaths 

and hospital costs up to $4 billion annually (1, 137). Additionally, the high recurrence rate 

of CDI (estimated at 20-30%) results in increased costs and comorbidities. Until recently, 

CDI was primarily found in hospital settings among the elderly and immunocompromised, 

but the emergence of hypervirulent strains and a drastic increase in community acquired 

infections illustrate the rapidly changing epidemiology of CDI. The majority of CDI cases 

occur due to prior antibiotic treatment. The use of broad spectrum antibiotics including 
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clindamycin, cephalosporins, penicillins, and fluoroquinolones change the composition of 

the gut microbiota allowing C. difficile to flourish.  

 

1.5.1 C. difficile pathogenesis 

C. difficile is an obligate anaerobe belonging to the Firmicutes phylum, and is 

acquired through the fecal-oral transmission of spores. C. difficile spores are 

exceptionally hardy and can survive in a variety of environments (39, 137). Given this, C. 

difficile infection is most commonly acquired in hospitals and, until recently, was rarely 

found outside of hospital settings (33). However, recent studies have shown that C. 

difficile epidemiology is affecting different demographics with 1/3 of reported cases 

occurring outside of hospitals (33, 137).This is explained, in part, by the widespread use 

of antibiotics, predominantly penicillins, cephalosporins, and clindamycin. Under normal 

circumstances, the human gut consists of a wide variety of microbes integral energy 

metabolism, intestinal repair, and immune system maturation (77). However, widespread 

use of antibiotics decreases microbial diversity in the gut allowing for colonization by 

pathogenic bacteria. Additional risk factors for CDI include increasing age (>65 years), 

use of proton pump inhibitors, and IBD, among others (Figure 8) (137). Once ingested, 

C. difficile spores germinate and colonize the intestine. It is important to note that not all 

ingested C. difficile causes disease. One reason for this is that normal commensal 

microbes compete with C. difficile for nutrients thereby inhibiting its growth. The loss of 

commensal bacteria after antibiotic exposure, however, may allow for C. difficile to better 

colonize the intestine. This is due, in part, to the key role of commensal gut bacteria in 

bile acid metabolism (35, 156). Increased bile acid availability (due to loss of commensal 
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microbes), specifically taurocholate, has been shown to promote germination of C. difficile 

spores (137, 156). 

 

 

 

 

Figure 8: Clostridium difficile life cycle and pathogenesis. Used with permission 
(137) 

 

 

 

1.5.2 C. difficile toxins: TcdA, TcdB, and CDT 

CDI is a toxin-mediated disease relying on the use of three known toxins during 

pathogenesis. The primary mediators of CDI are large glucosyltransferases – toxins A 

(TcdA) and B (TcdB). An estimated 5-30% of clinical isolates produce a third toxin CDT, 

or binary toxin (19, 49, 156). CDT is an ADP ribosyltransferase that alters actin, but its 

overall contribution to disease remains poorly understood. Some hypervirulent strains, 
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like the epidemic BI/NAPI/027 North American strain, produce CDT in addition to higher 

levels of toxins (147). One established role for CDT is the formation of microtubule-based 

protrusions from the apical surface of intestinal epithelial cells (133, 134). These 

protrusions have been shown to increase bacterial adhesion and promote more robust 

colonization in the intestinal lumen.  

 

1.5.3 TcdA and TcdB  

 TcdA and TcdB (tcda and tcdb) are encoded by a 19.6 kb pathogenicity locus 

PaLoc along with three other additional genes –tcdR, tcdE, and tcdC –encoding an RNA 

polymerase sigma factor, a toxin repressor, and bacteriophage holin for toxin secretion, 

respectively (21, 147). TcdA and TcdB are large (308 and 207 kDa, respectively) 

monoglucosylating toxins sharing 66% sequence similarity and 48% sequence identity 

(2) (Figure 9). Each toxin consists of four domains: (A) The GTD domain responsible for 

the glucosyltransferase activity of the toxins; (B) the receptor binding domains consisting 

of Ca2+-binding repeats forming combined repetitive oligopeptide structures (CROPs); (C) 

the cysteine protease domain responsible for toxin cleavage and (D) a hydrophobic region 

allowing for acidification of endosomes to promote toxin release (35, 147) (Figure 9). 
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Figure 9: The four domains of C. difficile toxins TcdA and TcdB. Used with 
permission (2) 

 

 

 

 

1.5.4 Cellular receptors of TcdA and TcdB 

 Although TcdA and TcdB are taken up by the same general process, they are 

known to have different receptors. Various TcdA receptors are known including 

isomaltase (rabbit intestinal epithelial cells), Lewis I, X, Y, receptors (human intestinal 

epithelial cells) (2).  Most recently, glycoprotein gp96 has been nominated as another 

receptor for TcdA (107). Gp96 is expressed on the apical membrane of human 

colonocytes and in the cytoplasm. However, anti-gp96 antibodies only partially inhibit 

TcdA-induced cytotoxicity suggesting that gp96 is not the main receptor for TcdA (107). 

Thus, it is unclear what major receptor is responsible for the pathophysiological effects of 

TcdA is and what cell types it is expressed in.   

Receptors for TcdB have also recently been identified. Utilizing genetic screening 

techniques like TALEN along with CRISPR/Cas9 gene knockout, CSPG4 has recently 
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been identified as a receptor for TcdB (170). CSPG4, chondroitin sulfate proteoglycan 4, 

is a membrane bound proteoglycan that facilitates both TcdB binding and internalization 

into host cells (170). It has also been theorized that this surface proteoglycan plays a role 

in cell migration, induction of cell polarity, and proliferation (94). CSPG4 has been found 

in numerous cell types including mesenchymal stem cells, skeletal myoblasts, 

oligodendrocyte precursors, and HeLa and HT29 cell lines (170). Another receptor 

identified for TcdB using the aforementioned techniques is the Wnt receptor Frizzled 

(FZD) (151). FZD receptors are critical components of the Wnt signaling pathways that 

regulate embryonic development, stem cell development, and cancer (78). Unlike binding 

to other known receptors, TcdB does not interact with FZD via its CROPs domain (152). 

Furthermore, TcdB binding to FZD blocks its binding to Wnt thus inhibiting induction of 

Wnt-dependent signaling (152).The last putative TcdB receptor is the poliovirus receptor-

like 3 (PVRL3), an immunoglobulin-like protein related to the poliovirus receptor PVR 

(also called nectin-3) (86). Although PVRL3 is expressed in epithelial cells, its overall 

contribution to TcdB-mediated cytotoxicity remains unclear as PVRL3 was not identified 

in the CRISPR/Cas9 screen. Additionally, recombinant PVRL3 does not block TcdB 

induced cytotoxicity whereas recombinant FZD does (86, 152). 

 

1.5.5 TcdA and TcdB mechanism of action 

 Upon colonization in the colon, C. difficile releases toxins that are delivered to the 

host cell cytosol in seven distinct steps: (1) toxin binding to host cell receptors; (2) 

receptor-mediated endocytosis of toxins into cell; (3) endsomal acidification mediated by 

tcdD hydrophobic region; (4) pore formation inside the cellular endosome; (5) Endosomal 
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release of glucosyltransferase domain (GTD) into the host cytosol; (6) inactivation of Rho 

family GTPases and (7) downstream effects in host cells (21) (Figure 10).  

After endosomal release of the GTD domain, both toxins A and B irreversibly 

inactivate Rho family GTPases, including RhoA, B, C, Rac1-3, Cdc42, and RhoG TcdA 

and TcdB both mono-O-glycosylate Rho at Thr37 and all other Rho GTPases at Thr35, a 

critical component of the effector switch I region. This switch I effector region is conserved 

across the Ras superfamily of GTPases and is the region responsible for GTP-binding 

and subsequent activation of GTPases (26). Additionally, both toxins A and B are known 

to bind each Rho GTPases with varying specificities (21). It is widely accepted that much 

of C. difficile pathogenesis is attributed to the inhibition of Rho proteins and their 

downstream effectors. Rho GTPases are involved in several cellular functions including 

cytoskeletal organization, cytokine production, regulation of cell cycle progression and 

division, and regulation of phagocytosis (35, 103, 147, 162). These Rho-dependent 

changes, in addition to known Rho-independent functions (24) comprise the trademark 

cytotoxic and cytopathic effects of TcdA and TcdB (21, 117, 147). The cytopathic effects 

of both TcdA and TcdB include various morphologocial changes including cell rounding, 

cell shrinking, increased epithelial cell permeability, loss of tight junction complexes, and 

alterations in the actin cytoskeleton (21, 147). These various pathologies all contribute to 

the diarrheal phenotype commonly associated with CDI (35). After the initial cytopathic 

events, cell adherence is also reduced thus causing increased apoptosis and cell death 

(70, 98, 110). TcdA and TcdB also cause cytotoxic effects in infected cells. These effects 

include the inactivation of RhoA, which leads to the downstream production of pro-

apoptosis genes and activation of the inflammasome (48). In addition to apoptosis, C. 
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difficile toxins can also cause cell death via necrotic mechanisms (24), although the role 

of toxins’ glucosyltransferase activity during necrosis remains unclear.  

 

 

 

 

Figure 10: Clostridium difficile delivers TcdA and TcdB to host cell cytoplasm via 
receptor-mediated endocytosis. Used with permission (2) 
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1.5.6 C. difficile Transferase (CDT) 

 In addition to the primary cytotoxins TcdA and TcdB, an estimated 10% of C. 

difficile clinical isolates produce a third toxin, C. difficile transferase (CDT) or binary toxin 

(1, 49, 140). Unlike toxins A and B, CDT is an actin disrupting toxin belonging to the family 

of ADP-ribosylating toxins that includes C. perfringens iota toxin and C. botulinum C2 

toxin, among others (49, 114). The genes encoding the two subunits of CDT (CDTa and 

CDTb) are not located in the PaLoc, but rather in a separate 6.2 kb region named the 

CDT locus or CdtLoc (1, 49) (Figure 11A). CDT consists of two separate toxin 

components: CDTa and CDTb, the enzymatic and binding subunits, respectively. CDTa 

is a 48 kDa protein that shares 80-85% sequence similarity with the enzymatic 

components of other ADP-ribosylating toxins (49). The binding subunit, CDTb, also 

shares sequence identity with various family members, but this similarity ranges from 

~40-80% depending on the toxin (49).  
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Figure 11: CDT consists of two polypeptides, CDTa (enzymatic component) and 
CDTb (receptor binding domain) and binds to lipolysis stimulated lipoprotein 
receptor (LSR). Used with permission (49) under open access license 
 

 

 

 

1.5.7 CDT uptake and mechanism of action 

In 2013, studies by Papatheodorou et al identified the CDT receptor using gene 

trapping in haploid (HAP1 cells) (114). Lipolysis-stimulated lipoprotein receptor (LSR) is 

a 68 kDa single-pass transmembrane protein that is highly expressed in the liver, small 

intestine, colon, kidney, lung, adrenal glands, testes, lung, and ovaries (Figure 11B) (49, 

114). Early on, LSR was shown to be important in clearance of lipoproteins (169). Recent 

evidence has also emerged showing that LSR is essential for the maintenance of 
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epithelial tricellular junctions (102). Interestingly, all clostridial iota-like toxins use LSR for 

receptor-based entry into host cells (114). 

 Upon release into the intestinal lumen, CDTb heptamers interact with LSR forming 

a complex that is internalized into host cells (1, 49, 114) (Figure 12). After endocytosis, 

CDTb forms pores in the acidified endosome allowing for the release of the enzymatically 

active CDTa. Once in the cytosol, CDTa ADP-ribosylates actin at Arg177, thus trapping 

actin in its monomeric form. This ribosylation prohibits actin polymerization and induces 

destruction of the actin cytoskeleton. Near the cell surface, the dissolution of cortical actin 

by CDT leads to the formation of microtubule-based protrusions from intestinal epithelial 

cells (2, 133). These protrusions are known to increase bacterial adherence 4-5 fold 

during C. difficile colonization, both in vitro and in vivo (134, 140) (Figure 12). Moreover, 

studies have also shown that patients infected with CDT+ C. difficile strains have a drastic 

increase in peripheral WBC and 30 day mortality rates (49, 52). Thus, while insights into 

the precise pathogenic role of CDT remain scarce, C. difficile binary toxin may represent 

an important virulence factor in CDI and remains an active area of toxin-mediated CDI 

research. 
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Figure 12: Binary toxin CDT is an ADP-ribosyltransferase consisting of two 
subunits: CDTa and CDTb. Used with permission (1) 
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1.5.8 Animal model of CDI  

 While both TcdA and TcdB are homologous enterotoxins that inactivate Rho 

GTPases, the overall contribution of each toxin to CDI pathogenesis remains heavily 

debated. This is perhaps most evident in the various animal models of CDI. Historically, 

the majority of CDI animal studies have been conducted in hamsters, but disease models 

have also been established in rabbits, guinea pigs, mice, and rats (22, 95, 156). Hamster 

CDI is easily induced through antibiotic exposure prior to infection with the primary 

damage occurring in the cecum with secondary inflammation seen in the ileum (19). 

Golden Syrian hamsters are easily colonized by C. difficile, however, they quickly develop 

fulminant colitis and many succumb to infection within days (147). This severe infection 

is not an accurate depiction of the self-limiting disease primarily seen in humans (33, 39, 

143). Additionally, the lack of hamster-specific reagents and the involvement of the cecum 

over C. difficile’s primary human target, the colon, make the hamster model of CDI less 

useful. TcdA was originally speculated to be the more important toxin in tissue damage 

due to the high fluid accumulation seen in various animal models including the hamster 

(19, 153). TcdB, on the other hand, does not induce damage in rabbit, hamster, or mouse 

ileal loop models —a core technique of CDI animal models (32, 62). However, studies 

utilizing ex vivo human colonic explants showed that TcdB administration caused 

significantly more cytokine production and epithelial cell barrier damage. Furthermore, a 

pivotal study conducted by Lyras et al demonstrated that TcdB alone was responsible for 

disease progression in hamsters (95). This finding was further evidenced by the 

identification of TcdA-, TcdB+ strains caused the full spectrum of disease in humans (95).  
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 In the past decade, Chen et al developed a conventional mouse model of CDI 

using an antibiotic cocktail to establish C. difficile colonization in the colon of infected mice 

(22). This mouse model accurately recapitulates the disease progression seen in human 

CDI and has been widely adapted, specifically for use with C. difficile spores (19, 24, 

153). Given that CDI is a toxin-mediated disease, more recent studies have developed 

an intrarectal toxigenic mouse model of CDI (63). This model, unlike previous models, 

does not require the extensive biosafety measures of using C. difficile spores and is easily 

induced without prior antibiotic exposure. Interestingly, in this toxigenic model, TcdA-

treated mice have significantly more colonic damage and inflammation than those given 

TcdB alone (63). However, there was evidence that TcdA and TcdB may be acting 

synergistically as mice given TcdA + TcdB had more severe disease than those given 

either toxin alone (63). 

 

1.6 Intestinal ion transporters in CDI 

The functional coupling of Na+/H+ exchanger NHE3 and Cl-/HCO3
- exchanger DRA 

is the predominant route for electroneutral NaCl absorption in the mammalian intestine 

and has been implicated in a variety of inflammatory and infectious diarrheal diseases (4, 

51, 83, 144, 168). Given this, modulation of electrolyte transport has emerged as a 

potential avenue for therapeutic intervention in cases of diarrhea (82, 85, 141). 

Interestingly, the role of electroneutral NaCl absorption in C. difficlie infection, the most 

common cause of antibiotic and hospital associated diarrhea, remains poorly understood. 

Hayashi et al first reported the effects of C. difficile toxin B on NHE3 expression in vitro 

(57). They found that NHE3 was internalized from the apical surface of opossum kidney 
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cells upon exposure to TcdB (57). Importantly, the overall protein levels of NHE3 

remained unchanged indicating that TcdB was causing redistribution, not degradation, of 

NHE3 (57). More recently, Engevik et al conducted studies using human intestinal 

organoids (HIOs) and CDI patient stool samples to further investigate the role of NHE3 in 

CDI (42). These reports found that CDI patients have decreased NHE3 expression in the 

apical region of intestinal epithelial cells along with a concomitant decrease in NHE3 

function evidenced by increased Na+ and an alkaline pH in stool (42). Taken together, 

these studies identified NHE3 and electroneutral NaCl absorption as possible targets in 

CDI pathogenesis.  

While there are few studies on NHE3 regulation during CDI, the role of DRA 

remains entirely unknown. Given this, we hypothesized that C. difficile toxins would 

decrease DRA expression in in vitro and in vivo model systems. One possible route of 

protein downregulation is increased protein degradation through the proteasomal and/or 

lysosomal pathways discussed below. 

 

1.7 Protein degradation pathways 

Protein homeostasis, or proteostasis, is a highly complex process by which cells 

regulate protein biosynthesis and degradation. Proteostatic regulatory mechanisms are 

necessary to ensure normal cellular development, aging, adequate response to 

environmental stressors, and the removal of misfolded proteins (64, 89, 126). Protein 

degradation by two main pathways, the ubiquitin-proteasome system (UPS) and the 

autophagy/lysosomal pathway, are the main intracellular systems for proteostasis. In fact, 

alterations in protein degradation pathways have been implicated in a wide variety of 
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pathologies including cancers, neurodegenerative disorders, and enteric infections (90, 

126). 

 

1.7.1 The ubiquitin-proteasome system (UPS) 

 The major pathway for protein degradation is through the ubiquitin-proteasome 

system (UPS), which accounts for 80-90% of all protein degradation (93). Protein 

degradation by the UPS is known to play a key role in cell cycle progression, DNA repair, 

immune cell regulation, inflammation, endocytosis, and apoptosis (90, 93, 108). The 

hallmark of the UPS is its use of ubiquitin as a marker to selectively target proteins for 

degradation. Ubiquitin (Ub) is a 76-amino acid protein that is covalently attached to lysine 

residues of proteins to be degraded (108, 126). Proteins are only delivered to the large, 

multisubunit proteasome for degradation after polyubiquitination (108). The eukaryotic 

26S proteasome consists of two large subunits: the catalytic 20S core and two 19S 

regulatory subunits responsible for stimulating the 20S proteasome to degrade tagged 

proteins (108, 122). Proteolysis in the UPS consists of three main steps which are outlined 

in Figure 13. First, Ub is linked to a cysteine residue of the activating enzyme, E1, in an 

ATP-dependent manner. This activated form of ubiquitin is then transferred to E2, a 

conjugating enzyme, to form a thiol-ester bond. Finally, ubiquitin is transferred from E2 to 

the target protein by E3 RING ubiquitin ligases. An alternative third step also occurs 

during which HECT E3 enzymes receive activated ubiquitin from E2 prior to transferring 

it to the target protein (93) (Figure 13). After this three-step cascade, the process is 

repeated with E2/E3 or E4 enzymes to achieve polyubiquitination of the target proteins. 

This polyubiquitination tag is then recognized by the 19S proteasome in an ATP-
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dependent manner and is sent to the 20S proteasome subunit for degradation into amino 

acids and ubiquitin recycling. 

 

 

 

 

 

Figure 13: Multi-step ubiquitination targets cytosolic proteins for degradation by 
the 26S proteasome. Used with permission (148) 
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1.7.2 Lysosomes and autophagy 

 While the proteasome is responsible for the cytosolic degradation of small 

misfolded proteins, some proteins and damaged organelles are too large for degradation 

by the UPS (96). In these cases, larger substrates are degraded through the lysosomal 

and autophagy pathway, hereafter referred to as autophagy (108). In general, autophagy 

(meaning “self-eating”) is the degradation of cytoplasmic molecules within lysosomes 

after delivery of cargo from double-membraned autophagosomes (10, 43). Autophagy 

has been implicated in a variety of diseases including Parkinson’s, various forms of 

dementia, and Huntington’s disease (10). Additionally, some pathogenic bacteria —such 

as Salmonella typhi and Mycobacterium tuberculosis—have also been shown to hijack 

autophagy to promote survival inside host cells (10, 65). Autophagy is comprised of three 

distinct processes: chaperone mediated autophagy (CMA), microautophagy, and 

macroautophagy (96). While all three processes degrade proteins in lysosomes, they 

recognize and degrade different cargo using distinct mechanisms. CMA selectively 

degrades cytosolic proteins through use of chaperone proteins including heat shock 

cognate 70 (hsc70) and heat shock protein 90 (hsp90) (9). Additionally, proteins degraded 

via CMA must be recognized by the lysosomal receptor LAMP-2A (9). The second 

autophagic process, microautophagy, occurs by direct engulfment of cytosolic proteins 

into lysosomes however the mechanism remains poorly understood. Macroautophagy is 

the best characterized of the three and accounts for the majority of proteins degraded in 

lysosomes (9, 108). (Figure 14). 
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Figure 14: Lysosomal pathways include endocytosis, microautophagy, 
macroautophagy, and chaperone-mediated autophagy (CMA). Used with permission 
(148) 
 

 

 

 

1.7.3 Macroautophagy 

 During macroautophagy, cytosolic cargo is engulfed in a de novo formed 

membrane which seals and matures into a double membrane vesicle known as the 

autophagosome (43, 79). Under normal circumstances, mTOR and AMPK phosphorylate 

Unc-like kinases (ULK-1, ULK-2) to inhibit autophagy (10). Upon induction of autophagy 

during times of stress or nutrient deprivation, ULK-1 is dephosphorylated and activated in 
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complex with ATG13, FIP200, and ATG101 (65) (Figure 15). ULK-1 then phosphorylates 

and activates Beclin-1, the mammalian homolog of Atg6, in complex with ATG14L and 

other autophagy proteins. The ULK-1 /Beclin-1 complexes then localize to the forming 

phagophore prior to autophagosome elongation. Autophagosome elongation is initiated 

by two different ubiquitin-like conjugation complexes, the first being the ATG5-ATG12 

complex (65). The ATG5-ATG12 complex first binds to ATG16(76)L1, creating an E3-like 

complex that facilitates formation of the second ubiquitin-like complex.  The ATG5-

ATG12-ATG16L1 complex next facilitates the localization of ubiquitin-like conjugate, 

microtubule associated light chain 3 (LC3) to the phagosome membrane. Once at the 

membrane, ATG7, along with the ATG5/12/16L1 complex, conjugates LC3 to 

phosphatidylethanolamine (PE). This lipidation of LC3 to LC3-PE (also known as the 

conversion of LC3A to LC3B) initiates closing of autophagosomes, fusion with lysosomes, 

and subsequent degradation of lysosomal contents (10, 58, 65) (Figure 15). Interestingly, 

bacterial pathogens are known to be both activators and inhibitors of autophagy 

depending on the specific pathogen and the stage of infection (65).  
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Figure 15: Overview of the stages and key regulators of macroautophagy. Used with 
permission (65) 
 

 

 

 

 



	

	

41	

1.8  Objective and specific aims 

 While limited studies have been conducted on NHE3, the role of DRA in any model 

of CDI remains entirely uninvestigated. Therefore, the objective of this thesis was to 

elucidate the role of DRA in C. difficile infection in a range of model systems including 

various intestinal epithelial cell lines, a toxigenic mouse model, and human CDI patients. 

To do this, the following specific aims were pursued: 

1. Investigate the effects of C. difficile toxins on intestinal epithelial Cl-/HCO3
- 

exchanger DRA in vitro 

2. Determine the mechanism(s) underlying DRA protein downregulation in vitro 

3. Explore the effects of C. difficile toxins on DRA expression in vivo and in human 

CDI 
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2. Materials and Methods 
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2.1 Purified C. difficile toxins  

 C. difficile toxins were purchased from List Biological Laboratories (Campbell, CA). 

Toxin A (#152C) was dissolved in molecular-grade water and stored at 4°C at a 

concentration of 100 µg/ml. Toxin B (#155L) was stored at 4°C at a concentration of 200 

µg/ml. Binary toxin CDTa (#158A) and CDTb (#157A) were dissolved in molecular-grade 

water and both stored at concentrations of 40 ng/µl at -20°C. TcdA and TcdB 

glucosyltransferase mutants, TcdA DXD and TcdB DXD, (TcdA D285/287N, TcdB 

D286/288N) were kindly provided by Dr. Borden Lacy (Vanderbilt University). These 

toxins were created via double point mutations in the glucosyltransferase regions of TcdA 

and TcdB (24, 25). These toxins, hereafter called TcdA DXD and TcdB DXD, lack a 

functional glucosyltransferase domain and cannot glucosylate Rho family GTPases. All 

other functional domains in the DXD mutants remained intact. WT toxins A and B from 

the VPI 10463 background used to make the DXD mutants were also provided by the 

Lacy lab. All four toxins (WT TcdA Lacy, WT TcdB Lacy, TcdA DXD, and TcdB DXD) were 

aliquoted and stored at -20°C. 

 

2.2 Cell culture 

 Caco-2 and T-84 cells were purchased from the American Type Culture Collection 

(ATCC, Manassas, VA) and grown in T-75 plastic flasks at 37°C and 5% CO2 -95% air 

environment. T84 and Caco-2 cells were grown in DMEM and EMEM, respectively 

(ATCC) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 

µg/ml streptomycin, and 2 mg/liter gentamicin. Caco2 cells were plated on 24-well plates 

(Costar, Corning, NY) at a density of 2 X 104 cells/well. Cells were only used between 
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passage 25 and 40. Fully differentiated Caco-2 monolayers (10-14 days post-plating) 

were treated with purified C. difficile toxin A, toxin B, and/or CDT binary toxin (CDTa and 

CDTb) for 6-24h at various concentrations in 1% FBS in EMEM. T84 cells were plated on 

24-well plates (Costar, Corning, NY) at a density of 2 X 104 cells/well. T84 plates were 

grown for 5-6 days post plating prior to administration of toxins. Media was changed every 

2 days for the duration of Caco2 and T84 growth. The night before toxin treatment, Caco2 

and T84 plates were serum-starved. All treatments were done in 1% FBS EMEM for 

Caco2 cells and 1% FBS DMEM for T84 cells. 

 

2.3 RNA extraction and quantitative real-time PCR (qRT-PCR)  

 To quantitate mRNA of intestinal ion transporters and cytokines, total RNA from 

Caco-2 cells and mice colonic mucosa was extracted using RNeasy kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. The quantity and quality of total 

extracted RNA was verified using a Nanodrop spectrophotometer. Extracted Caco2 RNA 

was amplified with Brilliant SYBR Green qRT-PCR Master Mix kit (Agilent Technologies, 

Santa Clara, CA) by using gene-specific primers listed in Table 1. Primers for 

amplification of mouse mRNA are shown in Table 2. The relative mRNA levels of 

cytokines and intestinal ion transporters were expressed as a percentage of control 

normalized to GAPDH as an internal control gene. Quantification of relative mRNA levels 

was calculated using the comparative Ct method (2-∆∆Ct) briefly described below. 

The comparative Ct method of qRT-PCR analysis uses an endogenous housekeeping 

gene (GAPDH, Actin, rRNA) to calculate relative changes in gene expression across 

treatment groups (132). These genes are commonly used as they are unlikely to change 
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during treatments. The Ct, or threshold cycle, is the cycle at which the fluorescence 

reaches a specific threshold value and is registered in the PCR system. This value is 

indicative of the amount of mRNA present for each specific gene. For example, a Ct value 

of 29 indicates that the target gene needed 29 cycles of amplification to reach the 

threshold value set by the machine. To compare, a Ct value of 26 indicates a higher level 

of target gene expression because the threshold value was reached by the 26th cycle 

versus the 29th. The normalized Ct value for each sample was calculated using the 

equation:  

∆Ct (normalized target gene expression) = Ct (target gene) - Ct (GAPDH) 

The relative gene expression 2-∆∆Ct was then calculated after calculating ∆∆Ct  and 

expressed as arbitrary units: 

∆∆Ct = ∆Ct (normalized target gene expression) - ∆Ct (untreated control) 
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TABLE I: HUMAN PRIMER SEQUENCES USED IN QRT-PCR 

              
 

 

 

 

 

 

 

 

 

 

 

Gene Sequence (5’ ® 3’) 

Human DRA  F- TTCAGTTGCCAGCGTCTATTC 
R- GTGTTTTGCCTCCTGTGCTCT 

Human GAPDH F- GAAATCCCATCACCATCTT 
R- AAATGAGCCCCAGCCTTCT 

Human NHE3 F- TGGCAGAGACTGGGATGATAA 
R- CGCTGACGGATTTGATAGAGA  

Human CFTR F- GCAGGAAGATGTATGVTTTGA 
R- CTTTACAACAGCTAGGTCCTG 

Human PAT1 F- AGATGCCCCACTACTCTGTCCT 
R- ATCCACACCACACCTCTGCTT 

Human MCT1 F- TCTGTGTCTATGCGGGATTCTT 
R- TTGAGCCGACCTAAAAGTGGT 

Human IL-8 F- TGGCAGTTTTCCTGCTTTCT 
R- CAGTGGGGTCCACTCTCAAT 

Human MDR1 F- GGCAAAGAAATAAAGCGACTGAA 
R- GGCTGTTGTCTCCATAGGCAAT 

Human SERT F- CAGCGTGTGAAGATGGAGAAG 
R- TGGGATAGAGTGCCGTGTGT 

Human NHE2 F- ACCTGTTCGTCAGCACCAC 
R- GCTCGCTCCTCTTCACCTT 
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         TABLE II: MOUSE PRIMER SEQUENCES USED IN QRT-PCR 

          

 

 

 

 

 

 

Gene Sequence (5’ ® 3’) 

Mouse DRA F- TGGTGGGAGTTGTCGTTACA 
R- CCCAGGAGCAACTGAATGAT 

Mouse GAPDH F-TGTGTCCGTCGTGGATCTGA 
R-CCTGCTTCACCACCTTCTTGAT 

Mouse IL-1β F- GCAACTGTTCCTGAACTCAACT 
R- ATCTTTTGGGGTCCGTCAACT 

Mouse CXCL1 F- AAAGATGCTAAAAGGTGTCCCCA 
R- AATTGTATAGTGTTGTCAGAAGCCA 

Mouse NHE3 F- GGCCTTCATTCGCTCCCCAAG 
R- ATGCTTGTACTCCTGCCGAGG 

Mouse CFTR F- CTGGACCACACCAATTTTGAGG 
R- GCGTGGATAAGCTGGGGAT 

Mouse PAT1 F- GAAATGGAGCTGCAGAGGA 
R- GCTGGAGCAGAAGAGAATGG 

Mouse NHE2 F- GTGAAGACTGGGATTGAAGATG 
R- TCGGGAGGTTGAAGTAGAAGC 

Mouse MCT1 F- TTFFACCCCAGAGGTTCTCC 
R- AGGCGGCCTAAAAGTGGTG 

Mouse IL-10 F- GCTCTTACTGACTGGCATGAG 
R- CGCAGCTCTAGGAGCATGTG 

Mouse COX2 F- TGACGAACTATTCCAAACCAGC 
R- GCACGTAGTCTTCGATCACTATC 

Mouse IL-6 F- TAGTCCTTCCTACCCCAATTTCC 
R- TTGGTCCTTAGCCACTCCTTC 
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2.4 Protein lysates and Western blotting  

 Tissue lysates were prepared from mucosal scrapings of the colon and total protein 

was extracted using RIPA lysis buffer (Cell Signaling, Danvers, MA) supplemented with 

protease inhibitor cocktail (Roche, Indianapolis, IN). Mucosal scrapings were 

homogenized using a bullet blender and subsequent sonication (two pulses, 30s each). 

Lysates were then centrifuged at 13000 rpm for 10 min at 4℃ to remove cell debris.  

Caco-2 cells were treated with purified TcdA, TcdB, or CDT for various times (6h, 24h). 

Control cells were treated with equal amounts of vehicle (molecular grade water). After 

treatment, control and toxin-treated cells were washed with 1X PBS to remove residual 

media and lysed in 1X Cell Lysis Buffer (Cell Signaling, Danvers, MA) and 1X Protease 

Cocktail Inhibitor (Roche).  Cells were further lysed by sonication (two pulses for 30s 

each) and the lysates were centrifuged at 13000 rpm for 10 min at 4℃ to remove cell 

debris. The supernatant of each lysate was collected and the total protein concentration 

was determined by the Bradford method and stored at -80°C until use. Equal amounts 

(40-60 µg /sample) of whole cell lysates were solubilized in SDS-gel loading buffer and 

boiled for 8 minutes. Proteins were loaded on ready-made 7.5% SDS-polyacrylamide gels 

(Bio-Rad, Hercules, CA) and transblotted to nitrocellulose or PVDF membranes. After 

transfer, membranes were incubated in blocking buffer for 1h (1X PBS and 5% nonfat dry 

milk or 1X TBS and 3% bovine serum albumin (BSA)) at room temperature with gentle 

agitation. The membranes were then probed with affinity purified anti-DRA antibody 

(1:100 dilution), anti-actin antibody (Invitrogen, AC-15) anti-GAPDH antibody (Sigma 

Aldrich, #G8795, 1:30000), anti-Rac1 antibody (BD Biosciences, San Jose, CA; m102ab, 

1:500), anti-Total Rac1 (EMD Millipore, Burlington, MA; #23A8, 1:20000), anti-MCT-1 
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(Santa Cruz Biotechnology, Dallas, TX; H70, 1:200), anti-Atg16L1 (Cell Signaling, 

#8089S, 1:10000), anti-LC3B/A (Cell Signaling, #12741, 1:1000), anti-Beclin (Cell 

Signaling, #3495, 1:1000) anti-NHE3 (1:6000), and anti-PAT-1 (1:8000) in 2.5% nonfat 

dry milk (1X PBS) or 1% BSA in 0.1% TBS-Tween-20 overnight at 4°C with gentle 

agitation. The antibodies for NHE3 and PAT-1 antibodies were graciously provided by Dr. 

Chris Yun (Emory University) and Dr. Peter Aronson (Yale University), respectively. The 

membranes were washed four times with wash buffer (1X PBS + 0.1% Tween-20) for 5 

min each. Membranes were then probed with HRP-conjugated goat anti-rabbit and anti-

mouse antibodies (Santa Cruz, 1:2000) in 2.5% nonfat dry milk (1X PBS) or 1% BSA 

(0.1% TBS-Tween 20) for 1h at room temperature with gentle agitation. Membranes were 

then washed (4 x 5 min each) and visualized using Enhanced chemiluminescence 

detection (Bio-Rad).  

 

2.5 Authentication of reagents 

 The DRA antibody was raised against the C-terminal amino acid sequence 

INTNGGLRNRVYEPVETKF of DRA (accession number: BC025671) as previously 

described (84). The DRA antibody was validated using DRA knockout mice (157) and 

HEK 293 cells (ATCC 1573), which do not express endogenous DRA (87). The NHE3 

antibody was validated using Western blots of mouse ileal (high levels of NHE3) and 

distal (low levels of NHE3) colonic mucosa. The PAT-1 antibody was validated using 

immunofluorescent staining of mouse ileum (high PAT-1) and distal colon (low PAT-1). 

Glucosyltransferase mutants, TcdA DXD and TcdB DXD, were validated by Western 

blotting to compare Rac1-glucosylated levels in control, wild type toxin and DXD toxin 
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treated cells. This experiment utilizes a Rac1 antibody (m102ab, BD Biosciences) that 

only binds to Rac1 that has not been glucosylated at Thr35. Rac1-glucosylated levels 

were normalized to total Rac1 levels (glucosylated and non-glucosylated) using a 

separate Rac1 antibody (EMD Millipore #23A8). Use of this antibody allowed for 

visualization of the direct effects of wild type and DXD mutant toxins on Rac1. These 

experiments showed that Rac1-glucosylation in cells treated with TcdA and TcdB DXD 

toxins was not statistically different than untreated cells. This verified that the DXD 

mutants were true glucosyltransferase mutants not capable of inactivating Rac1 via 

glucosylation. 

2.6 In vivo studies 

 All mice used in our studies were female C57BL/6 between 10-14 weeks of age 

(Jackson Laboratory, Bar Harbor, ME). All animal studies were conducted at the Jesse 

Brown Veterans Affairs Medical Center (JBVAMC) under the approval of the University 

of Illinois at Chicago Animal Care Committee (ACC) and the JBVAMC IACUC animal care 

committee. The instillation of toxins A and B was performed as described previously (62, 

63) with minor modifications. As shown below Figure 16, purified TcdA and TcdB were 

intrarectally administered at 10 µg/mouse in 100 µl PBS. For the co-administration of 

TcdA and TcdB together, mice were given 5 µg of each toxin, for a total toxin dose of 10 

µg. After dilution of toxins in PBS, intrarectal administration was conducted as described 

previously (63). Briefly, a tube was lubricated with water soluble personal lubricant and 

intrarectally inserted 3.5 cm. 100 µl of solution was slowly administered while pressure 

was applied to the anal area to prevent leakage. The tube was then slowly removed and 

pressure was applied to the anal area for an additional 30 seconds. Mice were euthanized 
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at 4h post-instillation and colonic tissues were harvested, snap frozen in liquid nitrogen, 

and stored at -80 °C. The assays listed in Figure 16 will be described in further detail in 

later sections. 

 

 

 

 

 

Figure 16: Schematic overview of intrarectal toxigenic mouse model of CDI.  
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2.7 CDI Patient biopsies 

 Human patient biopsy sections were kindly provided as slides by Dr. Melinda 

Engevik of the Versalovic Lab at Baylor University. The patient biopsies were originally 

given to Dr. Engevik by Drs. Mary Beth and Bruce Yacyshyn (University of Cincinnati). All 

patients and healthy volunteers provided informed consent consistent with IRB approval 

at the University of Cincinnati. Volunteers were considered healthy when they presented 

without previous or current GI symptoms, history of chronic disease or cancer. Colon 

biopsies were collected, fixed in neutral buffered formalin and paraffin-embedded. 

Paraffin sections were obtained from de-identified patients with current CDI diagnosis (C. 

difficile-positive ELISA or LAMP toxin test) and no other known morbidity/disorder as 

previously described (42).  CDI positive patients did not have history of Inflammatory 

Bowel Disease (IBD), colostomy, cancer, small bowel obstruction, or diverticulosis. De-

identified patient samples were sectioned, placed on glass slides, and sent to the Dudeja 

Lab at the University of Illinois at Chicago under Dr. Dudeja’s exempt IRB protocol.    

 

2.8 Immunofluorescent staining  

 Mouse distal colon samples were embedded in Optimal Cutting Temperature 

compound (OCT) and 5 µm thick sections were applied to glass slides. Sections were 

fixed with 4% paraformaldehyde in PBS (pH 8.5) for 15 mins at room temperature and 

permeabilized using Nonidet P-40 in PBS for 5 min. Sections were then placed in blocking 

solution (2.5-5% normal goat serum) for 2h at room temperature. Sections were then 

incubated with anti-DRA and anti-villin (Abcam, Cambridge, MA) antibodies in 1% NGS 

(normal goat serum) for 1h at room temperature. After washing with 1% NGS, sections 
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were incubated with secondary antibodies Alexa fluor 488 goat anti-rabbit IgG (Invitrogen, 

Carlsbad, CA) and Alexa Fluor 568 goat anti-mouse IgG (Invitrogen) for 1h then mounted 

with Slowfade Gold antifade with DAPI (Invitrogen) under coverslips. All sections were 

imaged on a Carl Zeiss LSM 510 laser-scanning confocal microscope using a 20x 

objective. 

 

2.9 Histological assessment of inflammation 

 To assess the severity of TcdA/B induced colitis, formalin fixed paraffin embedded 

distal colonic tissues were sectioned at room temperature and applied to glass slides in 

5 µm thick sections using a microtome. The sections were stained using H&E staining as 

described previously (63, 114) using a commercially available H&E staining kit (ScyTek 

Laboratories, Logan, UT) and described below. The stained slides were then mounted 

with Permount (Fisher Scientific, Waltham, MA) and scored in a blinded manner by a 

board-certified pathologist. The inflammatory score was assigned based on the following 

criteria: epithelial cell damage, submucosal edema, neutrophilic infiltration, lymphoid 

aggregates, submucosal inflammation, necrotic cellular material in lumen, crypt 

destruction, epithelial apoptosis, and luminal debris/artifact. The scoring system used in 

each of these subsections was 0 (normal), 1 (mild disease), 2 (moderate disease), 3 

(severe disease). Scores were reported on this 0-3 number scale for each category 

resulting in a total possible score of 30.  
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2.10 Hematoxylin and Eosin (H&E) staining 

 Paraffin embedded mouse colonic sections were placed on a warming plate set 

(60°C) for 10-15 minutes to deparaffinize the sections. Slides were placed in a glass slide 

holder and submerged in xylene (Fisher Scientific, #X5SK4) two times for 20 minutes 

each. The slides were then submerged in 100% ethanol, 95% ethanol, and 70% ethanol 

for 5 minutes each. Slides were then submerged in deionized H20 (dH20) twice for 5 min 

each before being placed in hematoxylin reagent (ScyTek Laboratories) for 1 min. After 

hematoxylin staining, slides were submerged twice in dH20 for 5 mins each. Next, slides 

were quickly dipped 10-15 times (no more than 30 seconds total) in bluing reagent 

(ScyTek Laboratories) and subsequently submerged two more times in dH20 for 5 min 

each time. After washes, slides were submerged in eosin reagent (ScyTek Laboratories) 

for 1-2 minutes and then washed twice in dH20 for 5 mins each. Finally, the slides were 

submerged in increasing concentrations of ethanol (70%à95%à100%) for 5 mins each. 

Finally, slides were placed in xylenes for 5 minutes, dried very briefly, and mounted with 

one drop of Permount and a glass coverslip. Slides were left to dry overnight in the fume 

hood. 

 

2.11 Myeloperoxidase (MPO) release assay 

To assess colonic inflammation in our toxin-treated mice, we utilized myeloperoxidase 

(MPO) as a marker of colonic neutrophil infiltration and inflammation. The protocol for 

assessing myeloperoxidase was adapted as described previously (81) and described in 

detail below. 
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2.11.1 Preparation of stock reagents 

 Stock reagents for the myeloperoxidase release assay were prepared as follows: 

solution A (6.8 g KH2PO4 dissolved in 1 L of dH20), solution B (8.7 g of K2HPO4 dissolved 

in 1 L of dH20). A 50 mM solution of potassium phosphate buffer was made by adding  

solution B to solution A until a pH of 6.0 was reached. The remaining solutions (A and B) 

were stored at 4 °C until future use. Hexadecyltrimethylammonium bromide (HTAB) buffer 

was prepared by adding 5g of HTAB to 1L of 50 mM potassium phosphate buffer and 

gently heated to dissolve. KH2PO4, K2HPO4, and HTAB were all purchased from Sigma 

Aldrich with catalog numbers of 60353, 1151139, and H9151, respectively.  

 

2.11.2  Sample preparation for MPO assay 

 Mouse distal colon samples were removed from -80°C and placed on ice. The 

weight of each sample was recorded to ensure that each sample was approximately the 

same size. Homogenizer beads were added to each sample and HTAB buffer was added 

according to the tissue weight (weight<25 mg, add HTAB at ratio of 12.5 mg/ml; weight 

between 25-50 mg, use ratio of 25mg/ml; weight> 50 mg, add buffer at ratio of 50 mg/ml). 

Tissues were then homogenized for 4 min at 30 Hz. The homegenizer beads were 

removed and the samples were centrifuged for 6 min (13500 x g, 4°C). Supernatants 

were collected and the remaining pellet was discarded. 

 

2.11.3  MPO activity assay 

 Once the reagents were prepared, the o-dianisidine dihydrochloride (Sigma, 

D2679) solution was made by combining 16.7 mg of o-dianisidine dihydrochloride, 90 mL 
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of dH20, and 10 ml of potassium phosphate buffer. Next, we pipetted 7 µl of tissue 

homogenate (prepared in prior section) in triplicate into a clear polysterene 96 well plate.  

50 µl of diluted H202 ( 4 µl 30% H202  + 90 µl dH20) was then added to the o-dianisidine 

mixture. Next, we added 200 µl of the o-dianisidine mixture (with H202) to each well of the 

96 well plate. Absorbance was measured at 450 nm using a spectrophotometer taking 

three readings at 30 second intervals. 

 

2.11.4  Calculation of MPO activity 

 MPO activity is measured in units (U) of MPO/mg of tissue. One unit of MPO is 

defined as the amount necessary to degrade 1 µmol of H202 per minute at room 

temperature. One unit of MPO yields a change in absorbance (∆A) of 1.13 x 10-2 nm/min. 

Changes in absorbance at each time point, then, is calculated using the following 

equation: 

 [∆A(t2 – t1)] / (1.13 x 10-2 nm/min) / (tissue weight in mg) 

Total MPO activity (U/mg tissue) is the average of the above calculation at each time 

interval. 

 

2.12 Lactate dehydrogenase (LDH) release assay 

 Lactate dehydrogenase (LDH) release assays were conducted for measurements 

of toxin-induced cell toxicity using a commercially available Cytotoxicity Detection Kit 

(Roche, Indianopolis, IN; #11 644 793 001) as described previously (59). Unopened 

contents of the kit were stored at -20°C until use and stored at 4°C thereafter.  The 

protocol below was adapted from the Roche protocol with no modifications. Cell media 
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supernatants were collected after treatments and spun down at 300 x g for 10 mins to 

remove any cell debris. Supernatants were transferred to autoclaved 1.5 ml tubes and 

used immediately or stored at 4°C for no more than 7 days to diminish loss of LDH activity. 

Prior to starting, 250 µl of reconstituted lyophilisate (catalyst bottle #1) was added to 11.25 

ml of thawed dye solution (bottle #2). This reaction mixture is light-sensitive therefore this 

step, and all subsequent steps, were conducted in darkened containers in a darkened 

room. Using a clear polysterene 96 well flat bottomed microplate (Corning, 07-200-706), 

100 µl of treatment media (1% FBS supplemented EMEM) was pipetted into 3 

consecutive wells. These wells served as the experimental background control (BC). 

These values were averaged and subtracted from all sample values, LC and HC averages 

prior to calculation. The next three wells contained 10 µl of control-treated cell supernatant 

+ 90 µl of treatment media. These wells served as the low control (LC) for the experiment 

and were averaged prior to calculation. The next three wells contained 10 µl of treatment 

media from Caco2 cells treated with 2% Triton X-100 (Sigma, #X-100-100ml). These 

wells were averaged and comprised the high control (HC), a value that served as a 

positive control for cell lysis and cell cytotoxicity. This 1:10 dilution was optimized based 

on the absorbance limits of the spectrophotometer used. Next, the sample supernatants 

were pipetted in triplicate in the same 1:10 ratio used in the LC and HC wells (10 µl sample 

+ 90 µl media). 100 µl of the reaction mixture (bottle #1 and #2) was then pipetted into 

each well, the plate covered in foil, and left at room temperature for 30 mins. After 30 

mins, the absorbance was read at 492 nm and the values were added to the equation 

below.  

Cytotoxicity (%) = (exp value – LC) / (HC – LC) x 100 
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2.13 Statistical Analyses 

  All data were analyzed by Prism (Prism GraphPad Software). Results are 

expressed as means ± SE and represent the data from three to six independent 

experiments. Student’s t-test or one-way ANOVA with Tukey’s multiple comparison test 

was used for statistical analysis. p<0.05 was considered statistically significant. 
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3. Experimental Results 
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3.1  Effects of purified C. difficile toxins TcdA and TcdB on DRA in vitro  

 

3.1.1 Verification of C. difficile toxins TcdA and TcdB  

 To investigate the effects of C. difficile toxins on DRA, we utilized commercially 

available purified C. difficile toxins A and B (TcdA and TcdB). These toxins were purified 

from C. difficile strain VPI 10463, a highly toxigenic and commonly used strain in CDI 

research (19, 63, 146, 170). Our first experiments sought to validate the efficacy of these 

purified toxins (List Labs). Given that Rac1 is a well-known target of both C. difficile toxins 

(24, 147), we used non-glycosylated Rac1 levels as markers for toxin efficacy. Contrary 

to the antibody used to measure total Rac1 levels, the non-glycosylated Rac1 antibody is 

specific for Rac1 lacking a glucose moiety at Thr35 (103). The glycosylation of Rac1 at 

Thr35 is C. difficile-specific modification, therefore use of this non-glycosylated Rac1 

antibody allowed for assessment of the specific loss of Rac1 functionality due to TcdA 

and TcdB. Both the non-glycosylated and total Rac1 bands are detected at 21 kDa thus 

membranes were first probed for Rac1-glycosylated and then probed for totalRac1 using 

the stripping procedure described in the Methods. To assess glycosylated Rac1 levels, 

low doses of TcdA (0.5-10 ng/ml) (71) or TcdB (0.1-5ng/ml) (45) were administered to the 

apical side of confluent Caco2 cells. After 24h, control and toxin-treated protein lysates 

were probed for non-glycosylated Rac1 levels using SDS-PAGE and immunoblotting. We 

found that both purified TcdA and TcdB significantly decreased active (non-glycosylated) 

Rac1 in Caco2 cells at 24h without changing total Rac1 levels (Figure 17). These initial 

experiments verified that C. difficile toxins inactivated their molecular target, Rac1, in 

intestinal epithelial cells at the doses and time points used. 
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Figure 17: TcdA and TcdB glycosylated and inactivated Rac1 in Caco2 cells 
Immunoblots of non-glycosylated Rac1 and total Rac1 levels after 24h treatment with low 
doses of TcdA (left) and TcdB (right). n=3, asterisks indicate differences between toxin-
treated cells and control (*p < 0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001).  
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and 24h (Figure 19). Furthermore, these findings were not found to be cell line specific 

as these doses of TcdA and TcdB also decreased DRA protein expression in T84 cells, 

another intestinal epithelial cell line, as well (Figure 20).  

 

 

 

 

 

Figure 18: Purified TcdA decreased total DRA protein levels in Caco2 cells 
Immunoblots of DRA levels at 6h (left) and 24h (right) post-treatment with 0.5-10 ng/ml of 
TcdA. DRA levels were quantified and normalized to ß-actin. n=3, asterisks indicate 
differences between toxin-treated cells and control (**p < 0.01, ***p < 0.001, ****p < 
0.0001). 
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Figure 19: Purified TcdB decreased total DRA protein levels in Caco2 cells 
Immunoblots of DRA levels at 6h (left) and 24h (right) post-treatment with 0.1-5 ng/ml of 
TcdB. DRA levels were quantified and normalized to ß-actin. n=3, asterisks indicate 
differences between toxin-treated cells and control (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). 
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Figure 20: The toxin-mediated decrease in DRA protein is not cell line specific. 
Immunoblots of DRA levels at 24h post-treatment with TcdA (left) or TcdB (right) in 
confluent T84 cells (5-6 days post-plating). DRA levels were quantified and normalized to 
ß-actin. n=3, asterisks indicate differences between toxin-treated cells and control (*p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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To identify whether this marked decrease in DRA protein levels was due to 

increased cell death, we performed cell viability assays using LDH (lactate 

dehydrogenase) release as a marker. LDH is found in almost all living cells and is 

significantly increased after tissue damage (14, 131). Low doses of TcdA did not induce 

significant LDH release from Caco2 cells at 6h or 24h (Figure 21) Similarly, Caco2 cells 
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treated with low doses of TcdB also did not release significantly more LDH at 6h or 24h 

(Figure 21). These results demonstrated that the doses of TcdA and TcdB reduced DRA 

protein levels without causing significant cell death. 

 

 

 

 

Figure 21: Decrease in DRA protein is not due to increased cell death. Confluent 
Caco-2 cells were treated with (top) purified TcdA (0.5-10 ng/ml) or (bottom) TcdB (0.1-5 
ng/ml) for 6h and 24h. The treatment media were collected and analyzed for lactate 
dehydrogenase (LDH) release as described in the Methods. Samples were analyzed 
using an ELISA plate reader to measure absorbance at 492 nm. LDH levels were 
quantified and normalized to two controls: cell-free media (EMEM) and cells treated with 
1% Triton-X 100 as a positive control (n=5). 0 indicates control (untreated) Caco-2 cells. 
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3.1.4 Toxin-mediated downregulation is specific to DRA in vitro 
 

DRA is functionally coupled to NHE3 in the intestine to mediate NaCl and water 

absorption (50). Importantly, C. difficile toxins have been shown to affect the function and 

localization of NHE3 both in vitro and in patients with CDI (42, 45, 57). Given this, we next 

examined whether NHE3 was also decreased in response to our purified toxins. In 

contrast to DRA, we found that protein levels of NHE3 remained unchanged in the 

presence of varying doses of TcdA and TcdB at 24h (Figure 22).  

 

 

 

Figure 22: TcdA and TcdB did not alter NHE3 protein expression in Caco2 cells. 
Confluent Caco-2 cells (14 days post-plating) were treated with purified TcdA or TcdB for 
24h. NHE3 levels were quantified and normalized to the housekeeping gene ß-actin 
(n=3).  
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Although DRA is the predominant Cl-/HCO3
- exchanger responsible for 

electroneutral NaCl absorption, another member of the SLC26 family, SLC26A6, is also  

an intestinal luminal Cl-/HCO3
- exchanger (40, 50, 69). SLC26A6 (PAT-1) is known to be 

important in chloride absorption, bicarbonate secretion, and oxalate transport (69, 159). 

Additionally, some studies have shown that PAT-1 is coupled to NHE3 in the small 

intestine to mediate electroneutral NaCl absorption (50). Given this, we next investigated 

whether PAT-1 protein levels were affected by C. difficile toxins. We  observed that PAT-

1 was unaffected by TcdA and TcdB administration at 24h (Figure 23). This finding 

illustrated that the toxin-mediated decrease in DRA was specific to DRA and not due to 

an overall decrease in colonic Cl-/HCO3
- exchangers.  
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Figure 23: TcdA and TcdB did not alter PAT-1 protein expression in Caco2 cells. 
Confluent Caco-2 cells (14 days post-plating) were treated with purified TcdA or TcdB for 
24h. Immunoblots of PAT-1 levels were quantified and normalized to the housekeeping 
gene ß-actin (n=3). 
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3.1.5 SCFA transporter MCT-1 protein levels are decreased by TcdA 

Electroneutral NaCl absorption, while mediated by DRA and NHE3, is also affected 

by various intestinal metabolites including short chain fatty acids (SCFAs) (82). Butyrate, 

a key intestinal SCFA, is known to provide nutrients for colonocyte differentiation and 

proliferation (82). Furthermore, reports have shown that SCFAs play a role in autophagy, 

immune responses, and barrier function (36, 82, 115). Intestinal epithelial SCFA 

transporter monocarboxylate transporter 1 (MCT-1) has been shown to play an important 

role in the H+-coupled absorption of colonic butyrate (16, 82, 150). Modulation of MCT1 

has also been implicated in intestinal inflammation, colon cancer, and enteric infections 

such as enteropathogenic E. coli (EPEC) infection (16, 53, 124, 155). The role, if any, of 

MCT-1 in CDI, however, had not been investigated. Given this, we next investigated 

whether MCT1 expression was affected in the presence of C. difficile toxins. Interestingly, 

we found MCT-1 protein levels were decreased only at the highest dose of TcdA (25 

ng/ml) but unchanged in the presence of TcdB (Figure 24). Importantly, the drastic 

decrease in DRA protein levels by TcdA was seen as early as 6h at doses greater than 

0.5 ng/ml. Therefore, while TcdA may moderately affect colonic butyrate transport via 

MCT-1 protein levels, the rapid decrease in protein expression by both toxins was specific 

to DRA.   
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Figure 24: Only the highest dose of TcdA, but not TcdB, decreased MCT-1 protein 
expression in Caco-2 cells. Confluent Caco-2 cells (14 days post-plating) were treated 
with purified TcdA or TcdB for 24h. MCT-1 levels were quantified and normalized to the 
housekeeping gene ß-actin. n=5, asterisks indicate differences between toxin-treated 
cells and control (*p < 0.05) 
 

 

 

3.1.6 Downregulation of DRA protein by C. difficile toxins occurs at the post-
 transcriptional level 
 

Given that bacterial pathogens have been shown to down-regulate DRA at the 

transcriptional level (83, 129), we next examined how purified toxins would affect DRA 

mRNA levels. Contrary to DRA protein expression, we found no difference in DRA mRNA 
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levels in Caco-2 cells with either TcdA or TcdB (Figure 25). This finding illustrated that 

the toxin-mediated effects on DRA protein levels were likely occurring at the post-

transcriptional level. 

 

 

 

 

Figure 25: TcdA and TcdB had no effect on DRA mRNA in Caco2 cells. Confluent 
Caco-2 cells (14 days post-plating) were treated with (top panel) purified TcdA (0.5-10 
ng/ml) or (bottom panel) TcdB (0.1-5 ng/ml) for 6h and 24h. The mRNA levels of DRA 
were analyzed by RT-PCR and normalized to GAPDH using the gene-specific primers in 
Table 1. Values are expressed as relative expression compared to untreated cells. 
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After identifying that DRA mRNA levels were unchanged, we next examined 

mRNA levels of other key intestinal ion transporters including CFTR, MDR1, NHE2, 

PAT1, and SERT. As mentioned earlier, CFTR is an intestinal epithelial chloride channel 

implicated in cystic fibrosis (18). Multi-drug resistance gene 1 (MDR1), or P-glycoprotein, 

is an apical intestinal transporter known to be important in the efflux of bacterial toxins 

and xenobiotics into the intestinal lumen (129). NHE2, a member of the NHE3-containing 

SLC9 family, is another Na+/H+ exchanger that mediates intestinal sodium absorption (7), 

and, like MCT-1, NHE2 function has been implicated in EPEC infection (60). Lastly, 

dysregulation of SERT, an intestinal serotonin transporter, is known to occur in 

inflammatory and infectious diarrhea (28, 142). Given the known roles of these ion 

transporters in diarrheal diseases, we conducted qRT-PCR experiments to evaluate 

mRNA levels after toxin administration. As shown in Figures 26 and 27, we saw no 

changes in mRNA levels of these transporters at 6h with TcdA or TcdB.  
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Figure 26: TcdA has no effect on mRNA levels of CFTR, MDR1, NHE2, PAT1, and 
SERT at 6h. Confluent Caco-2 cells (14 days post-plating) were treated with purified TcdA 
(0.5-10 ng/ml) for 6h.The mRNA levels of CFTR, MDR1, NHE2, PAT-1, and SERT were 
analyzed by RT-PCR and normalized to GAPDH using the gene-specific primers shown 
in Table 1. Values are expressed as relative expression compared to untreated cells.  
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Figure 27: TcdB has no effect on mRNA levels of CFTR, MDR1, NHE2, PAT1, and 
SERT at 6h. Confluent Caco-2 cells (14 days post-plating) were treated with purified TcdA 
(0.1-5 ng/ml) for 6h. The mRNA levels of CFTR, MDR1, NHE2, PAT-1, and SERT were 
analyzed by RT-PCR and normalized to GAPDH using the gene-specific primers shown 
in Table 1. Values are expressed as relative expression compared to untreated cells.  
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Although there were no apparent changes in these mRNA levels at 6h, we did 

observe a significant increase in MDR1 mRNA after 24h treatment with 10 ng/ml of TcdA 

(Figure 28). TcdB, on the other hand, did not induce changes in transporter mRNA levels 

even at 24h (Figure 29). 

 

 

 

 

Figure 28: Only MDR1 mRNA levels are increased in the presence of TcdA at 24h.  
Confluent Caco-2 cells (14 days post-plating) were treated with purified TcdA (0.5-10 
ng/ml) for 24h. The mRNA levels of CFTR, MDR1, NHE2, PAT-1, and SERT were 
analyzed by RT-PCR and normalized to GAPDH using the gene-specific primers in Table 
1. Values are expressed as relative expression compared to untreated cells. n=5, 
(*p<0.05) 
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Figure 29: TcdB has no effect on mRNA levels of CFTR, MDR1, NHE2, PAT1, and 
SERT at 24h. Confluent Caco-2 cells (14 days post-plating) were treated with purified 
TcdB (0.1-5 ng/ml) for 6h. The mRNA levels of CFTR, MDR1, NHE2, PAT-1, and SERT 
were analyzed by RT-PCR and normalized to GAPDH using the gene-specific primers in 
Table 1. Values are expressed as relative expression compared to untreated cells.  
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3.1.7 Purified TcdB induced IL-8 release in vitro  

 In addition to the intestinal ion transporters, we also examined mRNA levels of 

interleukin 8 (IL-8) after TcdA and TcdB treatment. IL-8 is an inflammatory chemokine 

produced by various cell types including macrophages, epithelial cells and endothelial 

cells (5, 29). Importantly, IL-8 upregulation is frequently reported in cell culture C. difficile 

studies (14, 56). We found that TcdB, but not TcdA, significantly increased IL-8 mRNA 

levels in Caco2 cells at 24h (Figure 30). While prior studies have shown IL-8 production 

in intestinal epithelial cells after treatment with TcdA, only HT-29 and T84, not Caco2, 

cells exhibited a significant increase in IL-8 after 24h (99). These findings indicated that 

while both TcdA and TcdB inactivate Rho GTPases and, in our current findings, decrease 

expression of DRA protein levels, each toxin is capable of inducing  different signaling 

pathways and immune responses as shown previously (71, 95, 147). Taken together, 

these results illustrated that the TcdA and TcdB-mediated downregulation of DRA protein 

likely occurred via a post-transcriptional mechanism. Furthermore, toxins A and B did not 

alter mRNA levels of other key intestinal ion transporters further indicating that the toxin-

mediated effects are specific to DRA in vitro. 

 

 

 



	

	

78	

 
Figure 30: TcdB, but not TcdA, increases IL-8 production in Caco2 cells at 24h. 
Confluent Caco-2 cells (14 days post-plating) were treated with purified TcdA (0.5-10 
ng/ml) or TcdB (0.1-5 ng/ml) for 6h and 24h. The mRNA levels of IL-8 were analyzed by 
RT-PCR and normalized to GAPDH using the gene-specific primers shown in Table1. 
Values are expressed as relative expression compared to untreated cells. n=5, 
(***p<0.001) 
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3.2 Mechanism(s) underlying DRA downregulation by C. difficile toxins 
 
3.2.1 Downregulation of DRA protein is independent of toxins' glucosyltransferase 
 activity 
 
 C. difficile toxins A and B are large gluscosyltransferase toxins that specifically 

modify host cell Rho GTPases such as RhoA, Rac1, Rac2, and Cdc 42 among others (2, 

140, 143). The enzymatic glucosyltransferase domain (GTD) irreversibly transfers a UDP-

glucose moiety to the switch I (GTP binding) region of Rho GTPases (35). This action 

locks Rho GTPases in their GDP-bound state thereby halting downstream cascades and 

recycling of GTPases to the plasma membrane (2, 26). Historically, this inactivation was 

thought to cause the majority of cytopathic and cytotoxic effects of the toxins , as 

described earlier (21, 147). Recent studies, however, have identified some GTD-

independent effects of TcdA and TcdB (24, 59). Thus, the start of our mechanistic studies 

focused on whether the toxin-mediated decrease in DRA protein, but not mRNA levels, 

was specifically caused by the glucosyltransferase domain of each toxin.  Through our 

collaboration with Dr. Borden Lacy at Vanderbilt, we obtained GTD-deficient toxins A and 

B along with wild type TcdA and TcdB from the same background strain. Utilizing the 

published crystal structure of both toxins (68), the Lacy lab introduced double point 

mutations into the glucosyltransferase domain of each toxin (TcdA D285/287N, TcdB 

D286/288N) (24). These toxins were rigorously analyzed by the Lacy group for their UDP-

glucose binding ability to assess the functionality of the mutated GTD domain (23, 24). 

Although the efficacies of the toxins were verified by the Lacy group, we also examined 

the efficacy of the DXD mutant toxins prior to use. To ensure that the glucosyltransferase 

region of each toxin was inactive, we first treated Caco2 cells with 25 ng/mL of TcdA or 

10 ng/mL TcdB for 24h. In these studies, we also used the wild type toxins (VPI 10463 
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background) purchased from List Labs (used in all in vitro studies) and those purified by 

the Lacy lab. Both wild type toxins from List Labs and the Lacy lab wild type toxins 

significantly decreased active, non-glycosylated Rac1 at 24h (Figure 31). In contrast, 

both the TcdA DXD and TcdB DXD mutants did not significantly decrease active Rac1 

levels (Figure 31). These preliminary experiments confirmed that the DXD mutants were 

lacking glucosyltransferase activity and were unable to modify Rho GTPases in Caco2 

cells.  

After confirming that our DXD mutant toxins were incapable of glycosylating Rho 

GTPases, we next investigated whether the toxin-mediated decrease in DRA protein 

levels was dependent on Rac1 inactivation. Using the same doses shown in Figure 31, 

we found that DRA protein levels were significantly decreased after 24h toxin incubation 

regardless of the glucosyltransferase activity of either toxin A or B (Figure 32). These 

results suggested that the downregulation of DRA protein by both TcdA and TcdB was 

due to an alternative activity of the toxin and not the inactivation of Rho GTPases by the 

GTD domain. 
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Figure 31: Glucosyltransferase mutants TcdA DXD and TcdB DXD did not inactivate 
Rac1 in Caco2 cells. Immunoblots of non-glycosylated Rac1 and total Rac1 levels after 
24h treatment with 25 ng/ml TcdA (List Labs, Lacy Lab WT, and TcdA DXD) or 10 ng/mL 
TcdB (List Labs, Lacy Lab WT, and TcdB DXD). n=4, asterisks indicate differences 
between toxin-treated cells and control ( ****p < 0.0001), ns: not significant 
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Figure 32: Toxin-mediated decrease in DRA protein levels was independent of 
glucosyltransferase activity. Immunoblots of DRA protein levels after 24h treatment 
with 25 ng/ml TcdA (List Labs, Lacy Lab WT, and TcdA DXD) or 10 ng/mL TcdB (List 
Labs, Lacy Lab WT, and TcdB DXD). n=4, asterisks indicate differences between toxin-
treated cells and control (****p < 0.0001). 
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decrease in MCT-1 protein in the presence of wild type TcdA, but not TcdA DXD (Figure 

33). These results indicated that MCT-1 protein levels, unlike DRA, are decreased due to 

the glucosyltransferase activity of TcdA. Purified TcdB, on the other hand, did not alter 

MCT-1 protein levels regardless of glucosyltransferase activity (Figures 24, 33). 

 

 

 

 

Figure 33: TcdA-mediated decrease in MCT-1 was glucosyltransferase-dependent 
Immunoblots of MCT-1 levels after 24h treatment with 25 ng/ml TcdA (List Labs, Lacy 
Lab WT, and TcdA DXD) or 10 ng/ml TcdB (List Labs, Lacy Lab WT, and TcdB DXD). 
MCT-1 levels were normalized to GAPDH. n=3, asterisks indicate differences between 
toxin-treated cells and control (*p < 0.05). 
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3.2.3 Bafilomycin A1 abrogated the toxin-mediated effects on DRA protein in vitro 
 
 Given that only DRA protein, not mRNA, was reduced in the presence of C. difficile 

toxins, we next examined possible mechanisms of post-transcriptional regulation of DRA 

protein levels by C. difficile toxins. One possible cause of decreased DRA protein levels 

is increased inducted of protein degradation pathways by toxins. Cellular protein 

degradation is generally divided into two pathways: the ubiquitin proteasome system 

(UPS) and the lysosomal pathway (43, 89). The UPS is primarily responsible for the 

selective degradation of small misfolded cytosolic proteins, and degradation by the 26S 

proteasome accounts for approximately 80-90% of all eukaryotic protein degradation (93). 

The other major pathway of protein degradation is the uptake of proteins in intracellular 

vesicles called lysosomes (43). Lysosomes contain over 60 hydrolytic enzymes to 

degrade nucleic acids, proteins, and lipids (64). Additionally, lysosomes fuse with 

autophagosomes to digest larger cellular debris and recycle their contents back into the 

cytosol during autophagy (43, 96). To investigate the possible role of lysosomal 

degradation of DRA protein, we utilized Bafilomycin A1, an inhibitor of vacuolar H+ 

ATPase (V-ATPase) (167). Bafilomycin A1 has been extensively used to study protein 

degradation through lysosomes, endosomes, and autophagosomes due to their 

dependence on V-ATPase for proper acidification and function (112, 167). Bafilomycin 

A1 is known to inhibit endosomal acidification (via inhibition of V-ATPase) and prevent 

normal degradation of endosomal contents (139, 167). This is because low intraluminal 

pH (acidification) is necessary for the function of many lysosomal hydrolases and the 

maturation and trafficking of endosomes through the lysosomal pathway (64). Moreover, 

bafilomycin is known to prevent maturation of autophagosomes and fusion of 
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autophagosomes to lysosomes during autophagy (43, 167). In our studies, Caco2 cells 

were first treated with 25 ng/ml TcdA or 10 ng/ml TcdB for 1h prior to administration of 

100 nM Bafilomycin A1. Pretreatment with TcdA and TcdB was necessary to allow for 

proper endocytosis and release of the toxins in the cytosol. This process is inhibitied by 

bafilomycin because the maturation and cleavage of TcdA and TcdB occurs only in 

acidified endosomes (162). Prior studies have reported that the endocytic uptake and 

cytosolic release of TcdA and TcdB occurs rapidly in as little as 30 minutes (162). 

Knowing this, we first administered TcdA and TcdB 1 hour prior to Bafilomycin A1 

administration to allow for uptake of toxins into cells. After 1h toxin pretreatment, Caco2 

cells were given 100 nM Bafilomycin A1 in the presence or absence (control + Bafilomycin 

A1) of toxins A or B and harvested after 24h total. As expected, both TcdA and TcdB 

significantly reduced DRA protein levels compared to control Caco2 cells (Figure 34). 

Control cells treated with Bafilomycin A1 also had slightly elevated DRA protein levels 

(due to the absence of normal protein degradation), but this did not reach significance. 

Interestingly, these results also showed that in the presence of Bafilomycin A1, neither 

TcdA nor TcdB significantly reduced DRA protein levels (Figure 34). This finding 

illustrated that the toxin-mediated decrease in DRA protein may be occurring through 

increased protein degradation in the lysosomal/autophagy pathway. 
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Figure 34: Bafilomycin A1 inhibited the toxin-mediated decrease in DRA protein 
levels in Caco2 cells. Immunoblots of DRA protein levels after 24h treatment of Caco2 
cells ( 14 days post-plating) with 25 ng/ml TcdA (List Labs, Lacy Lab WT, and TcdA DXD) 
or 10 ng/mL TcdB (List Labs, Lacy Lab WT, and TcdB DXD) in the presence or absence 
of 100 nM Bafilomycin A1. n=3, asterisks indicate differences between toxin-treated cells 
and control (**p < 0.01). 
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have shown that dysregulation of autophagy is implicated in cancers, gastrointestinal 

disorders, neurodegenerative diseases, and heart conditions (90, 93, 139). Autophagy is 

comprised of three distinct processes: chaperone mediated autophagy (CMA), 

microautophagy, and macroautophagy (96). The best characterized autophagic pathway, 

macroautophagy, degrades the majority of autophagic proteins through the sequestration 

of cytosolic proteins in autophagosomes, fusion with enzyme-containing lysosomes, and 

recycling of degraded proteins (9, 96). Autophagy  is mediated by autophagy-related 

genes, collectively known as ATG proteins, which were first isolated in yeast (79). Briefly, 

the autophagy pathway is separated into four steps: induction/initiation, elongation, 

substrate targeting, and maturation and fusion with lysosomes (76). A detailed description 

of key ATG protein complexes and the progression of autophagy is in the introduction 

and Figure 15. One important Atg protein is ATG16L1, which exists in complex with ATG5 

and ATG12. The ubiquitin-like ATG5-ATG12-ATG16L1 complex is crucial for the 

localization of LC3 (microtubule-associated protein light chain 3) to the autophagosome 

membrane and the progression of late stage autophagy (76, 101). Support for the 

importance of ATG16L1 is seen in studies showing that loss of ATG16L may contribute 

to the development of inflammatory bowel diseases like Crohn's disease (55). 

Additionally, Atg16L1-deficient mice have elevated levels of inflammatory cytokines IL-1b 

and IL-18 after exposure to bacterial toxins (88). These studies contribute to the ever-

growing list of autophagy proteins involved in inflammation and infections (72, 109). 

 While various intestinal pathogens are known to utilize autophagy during infection, 

little is known about the role of autophagy in C. difficile associated diarrhea (59). 

Furthermore, our studies using Bafilomycin A1 identified the possible role of 
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lysosomal/autophagic  degradation of DRA in response to TcdA and TcdB. Therefore, we 

next investigated the effects of our purified toxins on expression of key ATG proteins. 

Using Caco2 cells, we first examined expression of ATG16L1, a key autophagy regulator 

known to be downregulated in IBD (109, 145). As shown in Figure 35, both TcdA and 

TcdB significantly decreased ATG16L1 expression at 24h. Interestingly, only 25 and 1 

ng/ml of TcdA and TcdB, respectively, significantly altered ATG16L1 expression 

suggesting that the decrease in ATG16L1 protein may occur in a dose-dependent 

manner. 

 

 

 

Figure 35: TcdA and TcdB, decreased ATG16L1 protein expression in Caco-2 cells. 
Confluent Caco-2 cells (14 days post-plating) were treated with purified TcdA or TcdB for 
24h. ATG16L1 levels were quantified and normalized to the housekeeping gene GAPDH. 
n=3, asterisks indicate differences between toxin-treated cells and control (*p < 0.05, 
***p<0.001) 
 

0 0.5A 5A 25A 0.1B 1B 10B
0.0

0.5

1.0

R
el

at
iv

e 
A

tg
16

L 
pr

ot
ei

n 
le

ve
ls

(fo
ld

 c
ha

ng
e)

***
*

           TcdA [ng/mL]    TcdB [ng/mL]

50.50 1010.125

[TcdA] ng/mL [TcdB] ng/mL

Atg16L1

GAPDH 37 kDa

68 kDa



	

	

89	

 After identifying that ATG16L1 protein was decreased in the presence of TcdA and 

TcdB, we next asked whether the third C. difficile toxin, CDT, would elicit similar effects. 

To our knowledge, the role of CDT in autophagy remains entirely uninvestigated. As 

mentioned earlier, CDT is an ADP-ribosyltransferase that causes cellular cytoskeletal 

disruption by destabilizing actin polymers (Figure 12). Interest in CDT-focused research 

has steadily increased in recent years due, in part, to the emergence of epidemic 

hypervirulent strains of C. difficile (33, 49). While the precise contribution of CDT to 

pathogenesis is not clear, studies suggest that CDT induces microtubule-based 

protrusions from enterocytes to promote bacterial adhesion (133). Given that CDT is 

known to induce pathological changes in intestinal epithelial cells, we next examined the 

effects of CDT on autophagy related genes in Caco2 cells. As shown in Figure 36, we 

found that, similar to TcdA and TcdB, CDT alone decreased ATG16L1 protein expression. 

Interestingly, treatment of Caco2 cells with both CDT and TcdA resulted in a more 

significant decrease in ATG16L1 protein than either toxin alone (Figure 36). This may 

illustrate the possible synergistic effects of C. difficile toxins in regulation of cellular 

autophagy. 
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Figure 36: CDT, TcdA, and TcdB, decreased ATG16L1 protein expression in Caco-
2 cells. Confluent Caco-2 cells (14 days post-plating) were treated with purified TcdA or 
TcdB, both alone and in the presence of 100 ng/ml CDTa and 200 ng/ml CDTb for 24h. 
ATG16L1 levels were quantified and normalized to the housekeeping gene GAPDH. n=3, 
asterisks indicate differences between toxin-treated cells and control (**p < 0.01, 
***p<0.001) 
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significantly increased LC3B levels relative to LC3A (Figure 37), thus signaling an 

increase in autophagosomal accumulation. Additionally, this increase in LC3B was even 

greater in Caco2 cells given CDT and TcdA or TcdB. Together, these data indicated that 

both TcdA and TcdB are inducing autophagy and CDT may further contribute to this 

increase in autophagic flux in intestinal epithelial cells. 

 

 

 

Figure 37: CDT, TcdA, and TcdB induced conversion of LC3A to LC3B in Caco-2 
cells. Confluent Caco-2 cells (14 days post-plating) were treated with purified TcdA and 
TcdB, both alone and in the presence of 100 ng/ml of CDTa and 200 ng/ml of CDTb for 
24h. LC3B levels were quantified and normalized to LC3A. n=3, asterisks indicate 
differences between toxin-treated cells and control (*p < 0.05, **p<0.01, ****p<0.0001) 
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3.3 Effects of C. difficile toxins on DRA expression in vivo and in human CDI 
 
3.3.1 Intrarectal administration of TcdA, but not TcdB, induced colonic    
 inflammation in a toxigenic mouse model of CDI 
 
 While differentiated Caco2 cells are a well-established in vitro model for studying 

the effects of bacterial pathogens (51, 82) and C. difficile specifically (56, 86), we next 

sought an animal model of CDI to investigate how TcdA and TcdB affected DRA 

expression in a more physiologically relevant model (Figure 16). Using a previously 

established intrarectal toxigenic mouse model (63), we investigated the direct effects of 

purified toxins A and B on the colon, the primary target of C. difficile colonization and 

infection (19, 147, 156). Given that CDI is an inflammatory infection (19, 20, 146, 147), 

we first assessed the inflammatory effects of our purified toxins in the murine colonic 

mucosa. Consistent with published studies (63), mice administered TcdA alone had 

significantly higher myeloperoxidase  (MPO) levels than control animals or those 

administered TcdB and TcdA + TcdB (Figure 38). Given that MPO release is a well 

established marker of inflammation and neutrophil infiltration (32, 62, 63), these studies 

indicated that only TcdA was inducing colonic inflammation in these animals.  
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Figure 38: TcdA alone induced colonic inflammation and MPO release in C57BL/6 
mice. 10-12 week old female C57BL/6 mice were intrarectally administered purified TcdA 
(10 µg), TcdB (10 µg), or TcdA+TcdB (5 µg each) in 100 µl PBS. After 4h, mice were 
sacrificed and the MPO release assay was performed as described in the Methods. MPO 
release is reported here in units per mg of colonic tissue. n=4, (**p<0.01) 
 

 

 

 We next investigated markers of inflammation in our toxigenic mouse model using 

RT-PCR of various inflammatory cytokines associated with intestinal pathogen infection 

(99, 140, 146). Consistent with our MPO data, we found that mRNA levels of inflammatory 

cytokines CXCL1, IL-1β, IL-6, and COX2 were significantly increased in the colon of 

TcdA-treated mice (Figure 39). Interestingly, we also found that IL-10, an anti- 

inflammatory cytokine implicated in acute bacterial infections (116), was upregulated in 

mice given TcdA and TcdB (Figure 40).  

 

 

Control TcdA TcdB TcdA+TcdB
0

5

10

15

20

25
M

PO
 (u

ni
ts

/m
g)

**



	

	

94	

 

 

Figure 39: TcdA alone increased mRNA levels of pro-inflammatory cytokines in the 
colon of C57BL/6 mice. 10-12 week old female C57BL/6 mice were intrarectally 
administered purified TcdA (10 µg), TcdB (10 µg), or TcdA+TcdB (5 µg each) in 100 µl 
PBS. After 4h, mice were sacrificed and the colonic mucosa was harvested. Relative 
mRNA abundance of IL-1β, CXCL1, IL-6, and COX2 in total RNA samples from colonic 
mucosa was shown via RT-PCR using the gene-specific primers shown in Table 2.  
Values were normalized to GAPDH as an internal control. n=5, (*p<0.05) 
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Figure 40: TcdA+TcdB treated mice had significantly higher IL-10 mRNA levels. 10-
12 week old female C57BL/6 mice were intrarectally administered purified TcdA (10 µg), 
TcdB (10 µg), or TcdA+TcdB (5 µg each) in 100 µl PBS. After 4h, mice were sacrificed 
and the colonic mucosa was harvested. Relative mRNA abundance of IL-10 in total RNA 
samples from colonic mucosa was shown via RT-PCR using the gene-specific primers 
shown in Table 2. Values were normalized to GAPDH as an internal control. n=5, 
(****p<0.0001) 
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considered indicative of inflammation (Figure 41, right). Thus, although TcdA is inducing 

colonic MPO release and cytokine upregulation in these animals, none of the toxins 

induced the significant architectural changes associated with intestinal inflammation at 

the 4h time point.  

 

 

 

 

Figure 41: Intrarectal administration of toxins A and B did not cause significant 
histological changes in the colon of C57BL/6 mice. 10-12 week old female C57BL/6 
mice were intrarectally administered purified TcdA (10 µg), TcdB (10 µg), or TcdA+TcdB 
(5 µg each) in 100 µl PBS. After 4h, mice were sacrificed and distal colonic tissues were 
embedded in paraffin and stained using H&E as described in the Methods. The left panel 
shows representative images of the histological changes induced by each toxin. The right 
panel is a representation of the total inflammatory score in each group (out of 30) 
described in the methods. n=5 
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3.3.2 DRA protein, but not mRNA, levels decreased in a toxigenic mouse model of CDI 
 
As mentioned previously, bacterial pathogens like C. rodentium, the murine 

counterpart of EPEC, have been shown to downregulate DRA expression in vivo (83). 

Additionally, our results discussed in chapter 3 show a significant decrease in DRA 

protein levels after TcdA and TcdB administration (Figures 18-20). Therefore, we also 

examined DRA protein levels in our toxigenic mouse model of CDI.  Consistent with our 

in vitro studies, mice administered TcdA exhibited significantly lower DRA protein levels 

compared to untreated controls (Figure 42). TcdA + TcdB-treated mice also showed 

significant loss of colonic DRA protein. This finding was further supported by 

immunofluorescent staining of DRA showing decreased levels of DRA protein at the 

apical surface of colonic sections in TcdA- and TcdA + TcdB-treated mice (Figure 43) 

Interestingly, TcdB-treated mice did not exhibit statistically significant changes in DRA 

protein expression at this dose and time point. To investigate the role of transcriptional 

modulation of DRA in the toxigenic mouse model, we also examined DRA mRNA levels 

in the colonic mucosa. Similar to our in vitro results shown in Figure 25, we found that 

DRA mRNA levels remained unchanged in the presence of both toxins alone and together 

(Figure 42). These results illustrated that the toxin-mediated decrease in DRA protein 

was recapitulated in a toxigenic mouse model of CDI and also likely occurred at the post-

transcriptional level. 
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Figure 42: TcdA and TcdA+TcdB decreased DRA protein, but not mRNA, levels in 
the colon of C57BL/6 mice. 10-12 week old female C57BL/6 mice were intrarectally 
administered purified TcdA (10 µg), TcdB (10 µg), or TcdA+TcdB (5 µg each) in 100 µl 
PBS. After 4h, mice were sacrificed and colonic mucosal scrapings were harvested. (left) 
Relative DRA levels (normalized to GAPDH) in total protein extracted from colonic 
mucosa shown by Western blotting (n=4) (*P < 0.05). (right) Relative mRNA abundance 
of DRA in total RNA samples from colonic mucosa was shown via RT-PCR using the 
gene-specific primers shown in Table 2. Values were normalized to GAPDH as an internal 
control (n=4) 
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Figure 43: TcdA  and TcdA + TcdB decreased DRA protein levels in the colon of 
C57BL/6 mice. 10-12 week old female C57BL/6 mice were intrarectally administered 
purified TcdA (10 µg), TcdB (10 µg), or TcdA+TcdB (5 µg each) in 100 µl PBS. After 4h, 
mice were sacrificed. Distal colonic sections were embedded in OCT and stained for DRA 
and villin as described in the Methods. Representative image of immumostaining of DRA 
(green) and villin (red) in distal colonic mucosal sections. n=4 
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3.3.3 NHE3 protein, but not mRNA, levels decreased in a toxigenic mouse model of CDI 
 
In addition to the role of DRA in our toxigenic mouse model, we also investigated 

the effect of both toxins A and B on NHE3 expression in C57BL/6 mice. Following the 

same trend seen with DRA, our results showed that NHE3 protein, but not mRNA, levels 

were significantly decreased in the presence of TcdA and TcdA + TcdB (Figure 44). 

Similarly, these results were also observed using immunofluorescent staining of NHE3 

(Figure 45). 

 

 

 

 

 

Figure 44: C. difficile toxins decreased NHE3 protein, but not mRNA, levels in the 
colon of C57BL/6 mice. 10-12 week old female C57BL/6 mice were intrarectally 
administered purified TcdA (10 µg), TcdB (10 µg), or TcdA/TcdB (5 µg each) in 100 µl 
PBS. After 4h, mice were sacrificed and colonic mucosal scrapings were harvested.  
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(left) Relative NHE3 levels (normalized to GAPDH) in total protein extracted from colonic 
mucosa shown by Western blotting (n=4) (*P < 0.05). (right) Relative mRNA abundance  
of NHE3 in total RNA samples from colonic mucosa was shown via RT-PCR using the 
gene-specific primers shown in Table 2. Values were normalized to GAPDH as an internal 
control (n=5) 
 

 

 

 

 

Figure 45: TcdA and TcdA + TcdB decreased NHE3 protein levels in the colon of 
C57BL/6 mice. 10-12 week old female C57BL/6 mice were intrarectally administered 
purified TcdA (10 µg), TcdB (10 µg), or TcdA+TcdB (5 µg each) in 100 µl PBS. After 4h, 
mice were sacrificed. Distal colonic sections were embedded in OCT and stained for 
NHE3 and villin as described in the Methods. Representative image of immumostaining 
of NHE3 (green) and villin (red) in distal colonic mucosal sections. n=5 

Villin NHE3 Merged (+DAPI)

Control

TcdA

TcdB

TcdA
+        

TcdB



	

	

102	

3.3.4 Purified C. difficile toxins did not alter mRNA levels of intestinal ion transporters 
 MCT-1, NHE2, CFTR, and PAT-1 in vivo 
 
 Next, we investigated whether other intestinal ion transporters were altered in our 

toxigenic mouse model of CDI. Using RT-PCR, we assessed the mRNA levels of MCT-

1, NHE2, CFTR, and PAT-1 at 4h post toxin administration. As shown in Figure 46, 

neither TcdA nor TcdB significantly altered the mRNA levels of these transporters. These 

results, like our in vitro studies discussed earlier, illustrated that C. difficile toxins A and B 

did not affect these intestinal ion transporters at the transcriptional level. Moreover, the 

toxin-mediated alterations in protein levels appeared to be specific to DRA and NHE3 in 

the toxigenic mouse model. This indicated that TcdA and TcdB primarily target the 

intestinal transporters involved in electroneutral NaCl absorption and not intestinal ion 

transport as a whole. 
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Figure 46: C. difficile toxins did not alter mRNA levels of intestinal ion transporters 
in a toxigenic mouse model of CDI. 10-12 week old female C57BL/6 mice were 
intrarectally administered purified TcdA (10 µg), TcdB (10 µg), or TcdA + TcdB (5 µg 
each) in 100 µl PBS. After 4h, mice were sacrificed and colonic mucosal scrapings were 
harvested.  Relative mRNA abundance of MCT1, NHE2, PAT1, and CFTR in total RNA 
samples from colonic mucosa was shown via RT-PCR using the gene-specific primers 
shown in Table 2. Values were normalized to GAPDH as an internal control (n=5) 
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3.3.5 The role of autophagy in a toxigenic mouse model of CDI 

 After identifying that both DRA and NHE3 protein were decreasing in our toxigenic 

mouse model of CDI, we next asked whether autophagy might play a role in the 

degradation of these intestinal ion transporters. As shown earlier in Figures 35-36, 

autophagy related protein ATG16L1 was decreased in the presence of TcdA, TcdB, and 

CDT. Additionally, the loss of ATG16L1 in other infectious mouse models resulted in 

increased levels of inflammatory cytokines (88). Therefore, we next examined whether 

ATG16L1 protein levels were downregulated in the presence of C. difficile toxins in vivo. 

Our results showed that TcdA alone caused a significant decrease in colonic ATG16L1 

protein levels (Figure 47). Interestingly, TcdB-treated mice did not exhibit changes in 

ATG16L1 protein levels. TcdA + TcdB-treated mice did have a loss of ATG16L1 levels, 

but this did not reach significance. 
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Figure 47: C. difficile TcdA decreased ATG16L1 protein levels in the colon of 
C57BL/6 mice. 10-12 week old female C57BL/6 mice were intrarectally administered 
purified TcdA (10 µg), TcdB (10 µg), or TcdA/TcdB (5 µg each) in 100 µl PBS. After 4h, 
mice were sacrificed and colonic mucosal scrapings were harvested. Relative ATG16L1 
levels (normalized to GAPDH) in total protein extracted from colonic mucosa is shown by 
Western blotting (n=4) (**p < 0.01).  
 
 
 
 
 
 
 To further investigate the role of autophagy in our toxigenic mouse model, we next 

examined Beclin-1 levels in the colon of toxin-treated mice. Beclin-1, the mammalian 

orthologue of yeast ATG6, exists in complex with ATG14L (UVRAG), Vsp34, and PI3KC3 

to localize autophagic proteins to the pre-autophagosomal structure (PAS) (Figure 15). 

Importantly, the Beclin1-PI3K complex functions at a different stage of autophagy 

compared to the ATG16L1 complex (34, 108). Thus, examination of Beclin-1 levels 

allowed for the investigation of toxin-induced autophagy regulation at an earlier 
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autophagic stage. Using our toxigenic mouse model, we found that Beclin-1 protein levels 

were significantly reduced in mice administered TcdA alone (Figure 48). Similar to our 

ATG16L1 results, neither TcdB nor TcdA + TcdB caused downregulation of Beclin-1 

protein in the colon of C57BL/6 mice. 

 

 

 

 

 

Figure 48: TcdA alone decreased Beclin-1 protein levels in the colon of C57BL/6 
mice. 10-12 week old female C57BL/6 mice were intrarectally administered purified TcdA 
(10 µg), TcdB (10 µg), or TcdA/TcdB (5 µg each) in 100 µl PBS. After 4h, mice were 
sacrificed and colonic mucosal scrapings were harvested. Relative Beclin-1 levels 
(normalized to GAPDH) in total protein extracted from colonic mucosa is shown by 
Western blotting (n=4) (*p < 0.05).  
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 Finally, we investigated whether intrarectal toxin administration induced changes 

in LC3 lipidation in vivo. As mentioned previously, the conversion of LC3A to LC3B 

through its conjugation to phosphatidylethanolamine (PE) is a trademark step in late stage 

autophagosomal elongation and expansion (59, 72). Our results showed that only mice 

administered TcdA had a significant increase in LC3B compared to LC3A levels (Figure 

49). While mice given TcdB did have slightly elevated levels of LC3B, this did not reach 

significance. 

 

 

 

Figure 49: Mice administered TcdA had increased colonic LC3B protein levels. 10-
12 week old female C57BL/6 mice were intrarectally administered purified TcdA (10 µg), 
TcdB (10 µg), or TcdA/TcdB (5 µg each) in 100 µl PBS. After 4h, mice were sacrificed 
and colonic mucosal scrapings were harvested. Relative LC3B levels (normalized to 
LC3A) in total protein extracted from colonic mucosa is shown by Western blotting (n=4) 
(**p < 0.01).  
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3.3.6 DRA protein is significantly decreased in patients with CDI 
 

To further establish the role of DRA in CDI, we obtained slides from sections of 

transverse colonic biopsies from healthy subjects and patients with recurrent CDI. Using 

immunofluorescent staining of DRA, we found that CDI patients exhibited a drastic 

reduction in DRA protein levels compared to healthy subjects (Figure 50). Notably, this 

decrease in DRA expression appeared to be more robust in the CDI patient biopsies than 

in our toxigenic mouse model. This marked decrease in CDI patients further confirmed 

our findings from cell culture and the toxigenic mouse model of CDI. 

 

 

 

Figure 50: Patients with recurrent Clostridium difficile infection exhibited a 
significant loss in colonic DRA protein. Immunostaining of DRA (green) in transverse 
colonic biopsies of healthy and CDI patients and semiquantitative analysis of surface DRA 
expression compared to healthy colon. Representative images from observations seen in 
n=3 healthy and CDI patients (**p< 0.01) 
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4. DISCUSSION 
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Clostridium difficile infection is the primary cause of nosocomial diarrhea and 

hospital acquired infection in the United States (24, 156). In recent years, the emergence 

of hypervirulent strains and higher recurrence rates have made CDI an increasing health 

concern worldwide (33, 39, 137). Despite its prevalence and increasing severity, the 

pathophysiology underlying C. difficile associated diarrhea remains poorly understood. In 

these studies, we have examined the key colonic Cl- transporter DRA (SLC26A3) and 

found that purified C. difficile toxins TcdA and TcdB significantly reduced DRA protein 

levels in Caco2 cells, an intestinal epithelial cell line. This downregulation of DRA was not 

cell-line specific as similar results were obtained in T84 cells (a secretory crypt-like human 

colonic cell line). Our data also showed that the decrease in DRA in response to toxins 

was not due to cellular toxicity as no significant change in cell death was observed as 

assessed by LDH release in vitro. These toxin-mediated effects appeared to be specific 

to DRA as PAT-1 and NHE3 protein and mRNA levels were unaffected by either toxin in 

vitro. Interestingly, treatment with the highest dose of purified TcdA, but not TcdB, 

resulted in a significant decrease in intestinal SCFA transporter MCT-1 protein levels. Our 

in vitro studies also showed no changes in DRA mRNA levels indicating that the 

downregulation of DRA by TcdA and TcdB likely occurred at the post-transcriptional level. 

Likewise, mRNA levels of various other intestinal ion transporters including MCT1, NHE2, 

PAT-1, CFTR, and SERT also remained unchanged in response to purified C. difficile 

toxins.  

 Our current studies also investigated the potential role of TcdA and TcdB 

glucosyltransferase activity on DRA downregulation in vitro. Our results showed that the 

toxin-mediated downregulation of DRA protein was independent of the 
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glucosyltransferase ability as GTD deficient toxins also significantly decreased DRA 

protein levels in vitro. Given that only DRA protein, but not mRNA, was affected by C. 

difficile toxins, we also investigated the possibility of increased involvement of protein 

degradation pathways. To that end, we found that co-treatment of Caco2 monolayers with 

purified toxins and Bafilomycin A1, a known inhibitor of lysosomal and autophagic 

degradation, abrogated the effects of the toxins on DRA protein expression. These results 

indicated that C. difficile toxins may have induced the increased degradation of DRA 

protein.  

 Utilizing a toxigenic intrarectal mouse model of CDI, we also found that TcdA alone 

and TcdA + TcdB administration significantly reduced colonic DRA protein expression in 

mice. Similar to our results in vitro, this downregulation of DRA protein was not seen at 

the mRNA level in these mice. Interestingly, mice administered TcdA and TcdA+TcdB 

also had reduced colonic expression of NHE3 without significant alterations in mRNA 

levels. Administration of purified TcdA also resulted in an increase in transcript levels of 

inflammatory cytokines IL-1b, CXCL1, IL-6, and COX2. Furthermore, only TcdA-treated 

mice had elevated levels of colonic myeloperoxidase (MPO), a neutrophil 

chemoattractant and marker of inflammation. Finally, our toxigenic mouse model also 

identified a possible role for autophagy in toxin-mediated CDI as TcdA-treated mice had 

decreased levels of autophagy related proteins ATG16L1 and Beclin-1. Furthermore, 

LC3B, a critical component of autophagosome maturation and fusion, was increased in 

mice administered TcdA. 

 Lastly, using colonic biopsies from healthy and recurrent CDI patients, we found 

that patients with recurrent CDI exhibited a drastic loss of colonic DRA protein compared 
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to healthy controls. Taken together, these studies show, for the first time, that toxin-

mediated downregulation of Cl-/HCO3
- exchanger DRA may play a key role in decreasing 

intestinal epithelial electrolyte absorption in CDI and hence may contribute to CDI 

associated diarrhea.  

 

4.1 Downregulation of DRA by C. difficile toxins 

 The functional coupling of Na+/H+ and Cl-/HCO3
- exchangers is the predominant 

route for electroneutral NaCl absorption in the human intestine. SLC26A3 (DRA) is a Cl-

/HCO3
- exchanger expressed throughout the mammalian intestine with the highest 

expression seen in the colon (50, 119). Intestinal luminal chloride absorption through DRA 

has a well-established role in diarrheal diseases (15, 135, 136, 164). A loss of function 

mutation in DRA causes congenital chloride diarrhea (CLD), a disease characterized by 

profuse, watery diarrhea, high fecal Cl- content, and metabolic alkalosis (161). Likewise, 

DRA knockout mice exhibit reduced chloride absorption and have a severe diarrheal 

phenotype similar to that of CLD patients (136, 164). DRA dysfunction has also been tied 

to cases of infectious diarrhea as well (51, 82). Studies have shown that EPEC-infected 

intestinal epithelial cells have decreased levels of apical DRA due to increased endocytic 

and decreased exocytic trafficking to the plasma membrane (54). Similarly, mice infected 

with C. rodentium, the murine counterpart of EPEC, also have decreased DRA mRNA 

and protein levels in the distal colon (83). Taken together, these reports illustrate the 

critical role for DRA in mediating intestinal luminal chloride absorption in inflammatory and 

infectious diarrhea. 
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 We first investigated the effects of purified C. difficile toxins on total DRA 

expression in vitro. In intestinal epithelial cells, our results showed a significant decrease 

in DRA protein, but not mRNA levels, in response to TcdA and TcdB. We also examined 

colonic DRA expression using a previously established toxigenic mouse model of CDI 

(63). Our results showed that mice administered purified TcdA alone and TcdA + TcdB 

had a significant loss in DRA protein levels. Interestingly, DRA protein levels remained 

unaffected in mice administered TcdB alone, a finding different from our in vitro studies. 

Given that the efficacy of TcdA or TcdB in various models of CDI has been heavily 

debated (19, 95), it is possible that TcdA is more potent in this animal model of CDI. Thus, 

future mechanistic studies of TcdA-specific downregulation of DRA protein in the 

toxigenic mouse model will significantly aid in the understanding of C. difficile infection in 

vivo. Similar to our results in vitro, DRA mRNA levels were unaffected by both toxins in 

vivo. Given our in vitro and in vivo results, we then hypothesized that toxin-mediated 

downregulation of DRA protein occurred at the post-transcriptional level. Considering this, 

we examined the possible mechanisms of toxin-mediated DRA protein downregulation, 

which are discussed in detail in the following sections. 

 

4.1.1 Role of Rho GTPase inactivation in toxin-mediated downregulation of DRA 

 Symptoms associated with C. difficile infection (diarrhea, pseudomembranous 

colitis, disruption of the intestinal barrier) are primarily associated with two major 

cytotoxins, TcdA and TcdB (24, 147). Both TcdA and TcdB are large glucosylating 

enterotoxins that irreversibly glycosylate Rho family GTPases (Rac1, Cdc42, Rho) at Thr-

35 or Thr-37 (103, 147). The inactivation of Rho GTPases elicits cytoskeletal changes, 
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disrupts tight junctions, induces inflammatory cascades, and causes cell death by both 

apoptotic and necrotic mechanisms (12, 24, 70, 86, 160). While many of the cytotoxic and 

cytopathic effects of TcdA and TcdB are attributed to the glucosyltransferase activity of 

the toxins, recent reports have shown glucosyltransferase-independent effects as well 

(24, 117). To investigate the contribution of the GTD domain to the toxin-mediated 

decrease in DRA protein, we utilized glucosyltransferase mutant TcdA (TcdA DXD) and 

TcdB (TcdB DXD). The DXD mutant toxins were obtained through our collaboration with 

Dr. Borden Lacy's laboratory at Vanderbilt. These DXD mutants have double point 

mutations in their GTD domains thus removing their glucosyltransferase activity (23, 24). 

The mutant toxins were well-validated for their lack of glucosyltransferase activity  by the 

Lacy laboratory (23, 24). Additionally, the DXD mutants were validated for efficacy in 

Caco2 cells as evidenced by their inability to glycosylate Rac1 (compared to wild type 

toxins). Our studies showed that DRA protein was downregulated in the presence of both 

C. difficile toxins regardless of GTD function. This finding indicated that C. difficile toxins 

decreased DRA protein in a Rho GTPase independent manner. 

  In addition to the GTD domain, TcdA and TcdB have three other functional 

domains including the CROPs region used in receptor binding, the autoprocessing region, 

and the delivery domain (2, 41). The autoprocessing domain possesses a cysteine 

protease domain (CPD) responsible for toxin maturation and release of the GTD domain 

into the host cell cytosol (1, 147). Using autoprocessing and GTD mutant toxins, 

Chumbler et al reported that TcdB-induced necrosis of intestinal epithelial cells was 

independent of both the autoprocessing and GTD toxin domains (23). In future studies, 
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the use of autoprocessing mutant toxins may help elucidate the role of the precise toxin 

region responsible for DRA downregulation in vitro.  

 

4.1.2 Effect of C. difficile toxins on the cellular cytoskeleton 

 Previous studies have shown that dysregulation of cytoskeletal proteins can affect 

the expression and/or function of intestinal ion transporters (54, 92, 144). For example, 

Asghar et al showed that keratin-8 (an intermediate filament component) deficient mice 

exhibited decreased DRA protein and mRNA levels. Additionally, silencing of K8 in Caco2 

cells resulted in decreased DRA protein levels (6). Studies from our lab have also 

identified a role of cytoskeletal components in the modulation of DRA apical membrane 

levels in response to EPEC infection (51, 54). Treatment of intestinal epithelial cells with 

EPEC induced an increase in clathrin-independent endocytosis of DRA from the apical 

membrane (54). Additionally, these studies showed that DRA was redistributed from its 

normal association in the plasma membrane with lipid rafts to detergent soluble 

membrane fractions (54). The loss of DRA protein, however, was only seen in membrane 

associated DRA with total DRA protein levels remaining unchanged (54). Likewise, 

another recent study has reported that DRA expression and function were drastically 

reduced in intestinal epithelial cells lacking actin motor myosin 5b (Myo5b), a cytoskeletal 

component important in plasma membrane recycling (80). Loss of function mutations in 

Myo5b are known to cause microvillus inclusion disease (MVID), a disease characterized 

by secretory diarrhea, villus atrophy, and brush border membrane defects (80). Taken 

together, these studies highlight the pivotal role of the cellular cytoskeleton in maintaining 

normal DRA protein expression and localization in intestinal epithelial cells.  
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 In this regard, TcdA and TcdB are also known to alter barrier function in Caco2 

cells through the reorganization of actin filaments and tight junction proteins such as ZO-

1, occludin, and claudin  (117). Thus, future studies may examine the relationship 

between cytoskeletal reorganization and DRA down-regulation by C. difficile toxins. 

However, it should be noted that cytoskeletal changes by TcdA and TcdB are widely 

considered secondary to glucosyltransferase activity of the toxins (35, 146, 147). 

Therefore, it is unlikely that DRA expression changes are due to cytoskeletal disruptions 

as DRA protein levels decreased regardless of a functional toxin GTD domain. 

Additionally, some strains of C. difficile, including recent hypervirulent NAPI/027 strains, 

also produce a third toxin, binary toxin or C. difficile transferase (CDT). CDT is known to 

cause microtubule-based protrusions and F-actin depolymerization via ADP-ribosylation 

of actin at arginine 177 (49, 133). Preliminary studies in our lab found that total DRA 

protein expression was unchanged after CDT toxin treatment (data not shown). Given 

that EPEC-induced endocytosis of apical DRA was microtubule-dependent, future 

detailed studies should focus on the possible effect of CDT on DRA apical membrane 

localization and function.  

 

4.1.3 Role of inflammatory cascades in DRA downregulation 

 One of the most commonly used in vivo models of CDI is the small animal ileal 

loop method, a surgical procedure involving ligation of the terminal ileum after injection 

with C. difficile toxins (32, 62). While this method is a mainstay of CDI animal models, it 

is not without its drawbacks. In addition to the risks associated with small animal surgery, 

the primary target of human CDI is the colon, not the ileum. Therefore, our studies utilized 
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a toxigenic intrarectal mouse model developed by Hirota et al. (63). In contrast to previous 

methodologies (22, 153), this mouse model requires no prior antibiotic treatment and 

allows direct intrarectal instillation of C. difficile toxins into the colon. As mentioned earlier, 

we found that mice administered TcdA or TcdA + TcdB exhibited significantly lower 

colonic DRA protein levels. Mice administered TcdB alone, however, exhibited no 

changes in DRA protein levels. Since DRA protein levels were significantly lower in mice 

administered C. difficile toxins, we wanted to evaluate the potential role of intestinal 

inflammation in downregulation of DRA in this mouse model. In this context, the 

establishment of this intrarectal model by Hirota et al showed that only TcdA was capable 

of inducing colonic tissue damage and intestinal inflammation (63). Similarly, our results 

showed that only TcdA alone caused a significant increase in colonic myeloperoxidase 

(MPO) levels, a key marker of neutrophil recruitment and intestinal inflammation. TcdA 

also induced a significant increase in mRNA levels of pro-inflammatory cytokines 

commonly associated with human CDI, specifically IL-1b, IL-6, CXCL1, and COX2 (14, 

23, 35, 147). Although markers of inflammation (cytokine mRNA levels and MPO activity) 

were elevated in TcdA-treated mice, no toxin treated mice exhibited histological colonic 

defects as shown by H&E staining and inflammatory scoring by a blinded pathologist (Dr. 

Christine Salibay, UIC). Interestingly, mice administered TcdA + TcdB did show a 

relatively higher inflammatory score (compared to control), however, a total inflammatory 

score under 6 was not considered significant indicating that overall inflammation was 

quite mild. Furthermore, TcdA + TcdB-treated mice did not exhibit elevated cytokine 

mRNA levels or an increase in MPO activity. This is noteworthy as it indicated that the 

inflammation seen in this toxigenic mouse model is not only TcdA-dependent, but dose-
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dependent as TcdA + TcdB-treated mice were administered only 5 µg of TcdA. Thus, 

while both TcdA and TcdA + TcdB -treated mice had significant loss of DRA protein, only 

TcdA-treated mice exhibited colonic inflammation. These results indicated that the toxin-

mediated decrease in DRA protein was likely independent of inflammation in vivo. Further 

supporting this notion, previous studies have shown that the decrease in DRA protein by 

inflammatory mediators is also seen at the transcriptional level (6, 83, 129, 168). For 

example, downregulation of DRA is known to occur at the post-transcriptional level after 

IFNg treatment in vitro (129). Additionally, the downregulation of DRA mRNA and protein 

levels in patients with UC was shown to occur downstream of intestinal inflammation 

(168).  

 

4.1.4 Role of protein degradation pathways 

 Modulation of intestinal ion exchangers NHE3 and DRA has been implicated in a 

variety of inflammatory and infectious models of diarrhea (6, 51, 83, 119). Consistent with 

these studies, TcdA and TcdB caused a significant decrease in DRA protein levels in 

vitro. However, our current studies did not show alterations in DRA mRNA, an observation 

frequently seen in other models of diarrhea (141, 168). For example, patients with IBD 

have decreased expression of DRA protein and mRNA levels (168). Additionally, studies 

have shown that probiotics like Lactobacillus attenuate the downregulation of DRA 

induced in inflammatory models of diarrhea (141). Thus, in contrast to the downregulation 

of DRA seen during inflammation, our results indicated that the toxin-mediated alterations 

in DRA protein likely occurred post-transcriptionally. One possible mechanism by which 

C. difficile toxins may have decreased DRA protein in vitro is by increasing cellular 



	

	

119	

degradation of DRA protein. Protein degradation is divided into two major pathways, the 

ubiquitin-proteasome system (UPS) and the lysosomal/autophagy pathway, described 

below.  

 One pathway regulating cellular protein degradation is the degradation of large 

misfolded or damaged proteins in lysosomes. Lysosomes are heterogenous membrane-

bound organelles containing over 60 hydrolytic enzymes to aid in protein degradation (96, 

167). Lysosomes receive their intracellular substrates from endocytosis, phagocytosis, 

and autophagy (43, 65). Lysosomal degradation of substrates from these pathways 

occurs via lysosomal fusion with endosomes, phagosomes and autophagosomes and 

subsequent degradation of the engulfed contents. Lysosomal digestion of extracellular 

material occurs through endocytosis and phagocytosis while intracellular proteins are 

degraded through autophagy (43).  

 Autophagy is the degradation of proteins through fusion with lysosomes after the 

de novo formation of double membrane vacuoles called autophagosomes. Autophagy 

dysregulation has been implicated in a variety of diseases including cancers, 

neurodegenerative disorders, and infections (10). Autophagy is a precisely regulated 

cellular process mediated by key autophagy related proteins (ATGs) (43). Many studies 

have reported the modulation of ATG proteins by pathogenic bacteria to exploit cellular 

autophagy and promote bacterial survival (65, 76, 101). For example, M. tuberculosis has 

been shown to inhibit ROS-induced autophagy induction and block Rab7-mediated fusion 

with lysosomes, effectively inhibiting autophagy at two steps (76). Additionally, S. 

typhyimurium has been shown to utilize autophagy machinery to repair its vacuolar 

membrane and promote intracellular survival (72). Interestingly, while the exploitation of 
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autophagy by many intracellular pathogens is well-characterized, the role of autophagy 

in C. difficile infection remains poorly understood. 

 Recently, a study published by He et al reported the effects of C. difficile TcdB on 

autophagy and cell growth arrest (58). To our knowledge, this was the first article 

published on C. difficile toxins and autophagy. In these studies, He et al utilized 

immunofluorescent imaging and autophagy-deficient cell lines to examine the effects of 

TcdB on autophagy and the inhibition of cellular proliferation. They reported that 5 ng/ml 

of TcdB resulted in increased accumulation of LC3 puncta and autophagosome 

accumulation (58). Furthermore, they found that this induction of autophagy by TcdB was 

dependent on the glucosyltransferase activity of the toxin (58). In addition to examining 

LC3-positive autophagosomes, this study also investigated how this increase in 

autophagy would affect cell proliferation and cell rounding in response to TcdB. Using 

ATG7- deficient HeLa cells, they found that the TcdB-induced inhibition of cell proliferation 

was facilitated by autophagy (58). Furthermore, this TcdB-mediated autophagy induction 

utilized the mTOR pathway and PI3K complex, although the mechanism remained 

unclear. Overall, this study concluded that TcdB-mediated autophagy induction inhibited 

host cell proliferation. Furthermore, the glucosyltransferase activity of TcdB was 

necessary for autophagy induction and the subsequent autophagy-mediated cell growth 

arrest. Finally, while the GTD activity of TcdB is related to both cell rounding and 

autophagy, the two processes occurred independently (58).  

 For our current studies on autophagy, we first identified the role of lysosomal 

degradation in DRA downregulation through use of bafilomycin A1 treatment along with 

C. difficile toxins. Bafilomycin prevents endosomal/lysosomal acidification through its 
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inhibition of vacuolar H+ ATPase (167). This inhibition also prevents the maturation and 

fusion of autophagomes with lysosomes and as such, was utilized to block protein 

degradation through lysosomes. Our results showed that the toxin-mediated decrease in 

DRA protein levels was inhibited by co-treatment with bafilomycin.This indicated that C. 

difficile toxins were likely increasing DRA protein degradation through degradation in 

lysosomes. Since bafilomycin A1 not only inhibits lysosomal degradation but also 

autophagy, further studies were needed to identify whether DRA downregulation in 

lysosomes might be occurring specifically through autophagy. 

 Given that the study by He et al was not yet published, we first examined the effects 

of C. difficile toxins on various autophagy related proteins. One autophagy protein of 

interest in our studies was ATG16L1 due to its association with inflammatory disorders 

and infections specifically in the GI tract (88, 101). ATG16L1  has been implicated 

specifically in GI diseases as a mutation in ATG16L1 is associated with an increased risk 

of IBD (88). Additionally, loss of ATG16L1 in mice infected with uropathogenic E. coli 

(UPEC) have higher levels of IL-1b production from macrophages and increased 

inflammation. Likewise, adherent and invasive E. coli (AIEC) infection in intestinal 

epithelial cells causes an upregulation of microRNAs that reduce ATG16L1 levels and 

inhibit autophagy (65). Given this, our studies first investigated how C. difficile toxins 

affected ATG16L1 protein levels. Our results showed that ATG16L1 protein was 

significantly decreased in Caco2 cells treated with TcdA or TcdB. Additionally, ATG16L1 

protein was also decreased in the presence of CDT. To our knowledge, this was the first 

insight into the effect of CDT binary toxin on host cell autophagy. Further supporting our 

results in vitro, results from our toxigenic mouse model showed that TcdA-treated mice 
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had significant loss of ATG16L1 protein. Together, these results indicated that purified C. 

difficile toxins reduced protein levels of ATG16L1 and appeared to inhibit host cell 

autophagy. The study published by He et al did not specifically look at the downregulation 

of autophagy related proteins in response to toxins, but rather utilized ATG7 deficient cell 

lines to examine the effects of TcdB. In light of this, future studies may examine whether 

ATG7 is knocked down in response to either TcdA or TcdB. Additionally, in vitro studies 

utilizing ATG16L1 knockdown may help in further elucidating the effect of the toxin-

mediated downregulation of ATG16L1.  

 We next investigated whether C. difficile toxins would affect other stages of 

autophagy. To that end, we examined Beclin-1 protein levels both in vitro and in vivo. 

Beclin-1 is part of the ATG14L-Vsp34 complex that regulates initiation of autophagy at 

the forming phagophore (43, 79). While less is known about interplay between Beclin-1 

and bacterial pathogens, one study reported that mice lacking Beclin-1 are more resistant 

to A. phagocytophilum infection and proposed that the bacteria utilizes autophagic 

machinery for replication (76). Similar to our results seen with ATG16L1, Beclin-1 protein 

levels were also decreased in mice administered TcdA. Beclin-1 levels were not assessed 

in vitro, and this should be examined in future studies. This result, along with those seen 

in ATG16L1, appears to show a decrease in host cell autophagy in response to C. difficile 

toxins. It is worth noting that Beclin-1 levels, like ATG16L1 levels, have not been 

previously investigated in the context of CDI and this finding warrants further 

investigation. One possible way that purified toxins may decrease Beclin-1 or ATG16L1 

protein is through direct interaction with the autophagy machinery, and as such, co-
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immunoprecipitation assays with TcdA or TcdB and autophagy related proteins would be 

worthwhile in future experiments.  

 The final autophagy related protein we examined was LC3B. LC3B, also called 

LC3II, is the PE-conjugated form of LC3A (43, 76). LC3B accumulation is one of the most 

common markers of autophagy as LC3B levels will remain high until autophagosomal 

degradation (43, 79). Interestingly, we found that in Caco2 cells treated with TcdA and 

TcdB, LC3B levels were significantly increased. Additionally, mice administered TcdA 

alone had increased LC3B levels whereas TcdB-treated mice did not. Initially, our results 

with these different autophagy related proteins appeared contradictory. The toxin-induced 

decrease in ATG16L1 and Beclin-1 appeared to indicate that autophagy was being 

inhibited while an increase in LC3B suggested an induction of autophagy. One possible 

explanation for this lies in the interpretation of autophagy data. Historically, electron 

micrographs visualizing the double-membrane autophagosomes were key for the 

identification of autophagy induction (76). More recently, calculation of the ratio of 

lipidated LC3B (compared to unlipidated LC3A) either by immnoblotting or GFP-LC3B 

has become the newer standard for autophagy approaches. A common misconception, 

however, in interpreting LC3 data is that accumulation of LC3B always means an increase 

in autophagy. In reality, LC3B accumulation can indicate increased LC3B formation 

(autophagosome biogenesis) or decreased autophagosomal degradation (79). Given 

this, it is possible that the increase in LC3B seen in vitro and in vivo is not due to the 

induction of autophagy, but rather the absence of normal autophagosomeal degradation. 

In this case, our results with ATG16L1, Beclin-1, and LC3B may indicate that purified C. 
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difficile toxins are inhibiting host cell autophagy at three different stages in the autophagy 

pathway.  

 As mentioned previously, the study by He et al reported that purified TcdB induces 

host cell autophagy in a glucosyltranserase-dependent manner. These studies showed 

that even at a 5 ng/ml dose of TcdB, there was an increased number of LC3+ 

autophagosomes in both HeLa and HT29 cells (58). These results are in agreement with 

our current studies that showed an increase in LC3B levels after toxin treatment. To 

further investigate autophagic flux in these cell types, He et al also utilized the lysosomal 

inhibitor chloroquine in addition to TcdB. Chloroquine is used in autophagy studies to 

specifically block autophagosomal degradation. In this way, chloroquine treatment can be 

used to distinguish between increased autophagosome accumulation (induction of 

autophagy) and decreased autophagosome degradation (58, 79). He et al reported that 

chloroquine treatment further increased the TcdB-mediated autophagosomal 

accumulation in HeLa cells thus indicating that TcdB was, in fact, inducing autophagy and 

not inhibiting degradation of autophagosomes (58). While our current studies share 

similar results with those of He et al, our studies also showed that other ATG proteins are 

decreasing in the presence of both TcdA and TcdB. Thus, future studies may benefit from 

co-administration of toxins with chloroquine to identify whether autophagy is truly induced. 

Additionally, since TcdB is reportedly inducing autophagy in a glucosyltransferase-

dependent manner, future studies may also investigate the expression of ATG proteins 

after treatment with DXD mutant toxins. Finally, it is worth noting that the studies by He 

et al exclusively reported the effects of low dose TcdB on autophagy (58). In fact, TcdA 

only increased LC3B levels at a concentration of 250 ng/ml, a dose too high to be 
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considered physiologically relevant (23). Our current studies, however, found that low 

doses of both TcdA and TcdB are capable of increasing LC3B levels in vitro and only 

TcdA alone increased LC3B protein levels in our toxigenic mouse model. Given these 

conflicting results, a more in depth analysis should be conducted to identify the 

mechanism underlying the interaction of C. difficile toxins with host cell autophagy.  

 In examining autophagy regulation by both toxins A and B, these studies were 

aimed at identifying the location of DRA protein degradation in lysosomes. Interestingly, 

autophagy may be inhibited in the presence of TcdA and TcdB and therefore, 

autophagy dysregulation appears to be independent of the toxin-mediated decrease in 

DRA protein levels. Additional studies utilizing lysosomal-associated membrane 

proteins, LAMP1 and LAMP2, as lysosomal markers may provide additional insight as 

to the localization of DRA after toxin treatment. Furthermore, staining of DRA and LC3 

in vitro may definitively identify if DRA is targeted to developing autophagosomes in 

response to toxins.	

 Another possible mechanism for the reduction in DRA after toxin administration 

may be due to increased protein degradation through the ubiquitin/proteasomal pathway 

(UPS). Premature protein degradation of cytosolic proteins by bacterial toxins has been 

shown in a variety of bacterial infections including L. monocytogenes and 

enteropathogenic E. coli (EPEC) (123, 149). These bacteria utilize post-translational 

modifications of ubiquitin and ubiquitin-like proteins, such as SUMO and Nedd8, to 

covalently attach ubiquitin to lysine residues of proteins thus targeting them for 

degradation (91). Thus, future studies may examine the potential interplay between toxin-
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mediated reduction in DRA protein levels and the ubiquitin/proteasomal pathway of 

protein degradation. 

	
 

4.2 Downregulation of NHE3 by C. difficile toxins 

 Electroneutral NaCl absorption is primarily mediated through the coupling of 

Na+/H+ exchanger 3 (NHE3) and the Cl-/HCO3
- exchanger (DRA) (119). Previous work 

has shown that TcdB causes internalization of NHE3 from the apical surface of renal and 

placental cell lines (57). This mislocalization of NHE3 was suggested to have caused an 

inhibition of NHE3 during CDI. However, when using a human intestinal organoid (HIO) 

model system, Engevik et al showed that NHE3 levels were reduced at both the mRNA 

and protein levels when HIOs were infected with toxin-producing C. difficile (42). 

Interestingly, our current studies did not find alterations in NHE3 protein or mRNA levels 

in Caco2 cells. This may have been due to use of different model systems and/or cell 

types used in addition to the different effects commonly seen in different strains of C. 

difficile and varying concentrations of toxins (70, 95, 100). Additionally, since Caco2 cells 

are transformed human colonic cells, it is possible that some components of the 

regulatory machinery for NHE3 down regulation by C. difficile toxins were absent. 

 The results published by Hayashi et al exclusively reported the effects of TcdB on 

NHE3 localization and activity. Their studies showed that the redistribution of NHE3 was 

due to the dephosphorylation of ezrin, a member of the ERM protein family that mediates 

interactions between the actin cytoskeleton and the plasma membrane. Ezrin is known to 

play key roles in cell adhesion, migration, and cytoskeletal organization (57). By 

decreasing the stability of ezrin, Hayashi et al hypothesized that apical NHE3 was 
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increasingly endocytosed thus causing a decrease in surface level NHE3 activity (57). 

Importantly, total protein levels of NHE3 remained unchanged in these studies. It should 

be noted that the studies conducted by Hayashi et al used only renal and placental cell 

lines, not intestinal epithelial cells. Therefore, while their findings on NHE3 were novel, 

the effects of C. difficile toxins on intestine-specific NHE3 were still unknown. 

 Given the limitations of prior studies, Engevik et al further investigated the 

modulation of NHE3 in CDI using human intestinal organoids (HIOs) and CDI patient 

biopsies (42). Use of HIOs has become increasingly popular as they more closely 

resemble native intestine compared to classical cell culture systems. Intestinal organoids 

contain all intestinal cell lineages, have secretory and absorptive cell functions, secrete 

mucus, and exhibit cellular architecture akin to the mammalian intestine (42, 84). In these 

studies, HIOs were microinjected with either toxin-producing C. difficile NAP1/027 

cultures or stool supernatants of CDI patients and examined for NHE3 function and 

expression. Additionally, transverse colonic biopsies of patients with recurrent CDI were 

examined for loss of apical NHE3 expression. In contrast to the work of Hayashi et al, 

these studies found that NHE3 protein and mRNA expression was downregulated in HIOs 

microinjected with C. difficile or CDI stool supernatants. Furthermore, patients with 

recurrent CDI had significant loss of NHE3 protein levels at the apical surface of colonic 

enterocytes (42). The conflicting results shown by Hayashi and Engevik in renal/placental 

epithelial cells and human colonic biopsies, respectively, may have been partly due to 

key differences between in vitro models and human CDI. Additionally, the use of HIOs in 

Engevik's studies represented a superior model system and allowed for examination of 

NHE3 expression in all intestinal cell lineages. 
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 One important factor in the comparison of these results is the concentration of 

toxins used. Hayashi et al administered TcdB at a concentration of 1 µg/ml, whereas our 

current studies used no more than 10 ng/ml for either toxin. Thus, it is possible that a high 

concentration of TcdB elicits different effects than the lower doses utilized in these 

studies. This notion is supported by the numerous studies reporting differential effects of 

both TcdA and TcdB depending on the concentrations used (23, 24, 103, 111). 

Importantly, clinical reports of TcdB concentration in CDI patient stool has been estimated 

at 5 pM to 413 pM (23). The maximum toxin concentration used in our in vitro studies was 

approximately 19 pM TcdA and 32 pM TcdB. Hayashi et al, on the other hand, used 

approximately 4 nM TcdB (57). Thus, our studies on NHE3 in Caco2 cells utilized more 

physiologically relevant concentrations of C. difficile toxins than previously published 

reports.  

 Another important component to consider is the strain of C. difficile utilized in the 

studies of Engevik et al (42), as different strains of C. difficile are known to have varying 

disease severities (146, 153). Also, respective roles of TcdA and TcdB in CDI 

pathogenesis have been shown to be different across various model systems (20, 24, 

95). For example, TcdA was historically considered more damaging in small animal ileal 

loop models (32, 153), while TcdB has been considered to be a more potent cytotoxin 

(32, 95, 143). In our intrarectal toxigenic mouse model, we found that TcdA alone and 

TcdA + TcdB significantly reduced total NHE3 protein levels without changing mRNA 

levels. This finding may illustrate an emerging role for TcdA in NHE3 dysregulation as 

purified TcdB alone did not induce changes in NHE3 expression in vitro or in vivo. 

Interestingly, the C. difficile strain utilized by Engevik et al belonged to the epidemic 
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hypervirulent NAP1/027 strain, which not only produces high levels of TcdA and TcdB, 

but is also CDT (binary toxin) positive (42, 49, 121, 156). Therefore, another possible 

confounding factor in deciphering the dysregulation of NHE3 by C. difficile may be the 

addition of binary toxin. To our knowledge, no studies have been done on the effects of 

CDT on NHE3 expression and function. Thus, in future studies it would be of interest to 

examine the contribution, if any, of CDT to NHE3 dysregulation in response to C. difficile 

toxins A and B.  

 

4.3 Effects of C. difficile toxins on PAT-1 expression in vitro and in vivo 

 The functional coupling of DRA and NHE3 is the predominant route for 

electroneutral NaCl absorption in the mammalian intestine (50, 136, 164). In addition to 

DRA, some studies have reported the functional coupling of NHE3 with another Cl-/HCO3
- 

exchanger, PAT-1 or SLC26A6 in the small intestine (3, 158). PAT-1, like DRA, is an 

intestinal luminal Cl-/HCO3
- exchanger found predominantly in the duodenum, jejunum, 

and ileum with mRNA transcripts also seen in the heart, kidneys and pancreas (74). 

Although both PAT-1 and DRA facilitate intestinal luminal Cl- absorption, only DRA is 

predominantly expressed in the colon (100, 119), the primary site of C. difficile 

colonization and infection (156). In contrast, almost no PAT-1 is expressed in the colon 

(158, 159). Furthermore, DRA, but not PAT-1, knockout mice exhibit a diarrheal 

phenotype similar to that seen in Congenital Chloride Diarrhea (CLD) (75). Our current 

studies found no changes in PAT-1 mRNA in vitro or in vivo. Additionally, PAT-1 protein 

expression was unchanged after toxin administration to Caco2 monolayers. It should be 

noted that PAT-1 protein levels were not examined in vivo because the murine colon has 
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almost negligible PAT-1 expression (3). These findings illustrate that the effects of TcdA 

and TcdB were specific to DRA rather than affecting other Cl-/HCO3
- exchangers in 

general. Also, our results further support previous studies that reported the dysregulation 

of DRA in infectious models of diarrhea (51, 82, 83).   

 

4.4 Purified TcdA increased MDR1 mRNA levels in vitro   

 Multi-drug resistance 1 (MDR1) or P-glycoprotein (Pgp) is an ATP-dependent 

efflux pump important in intestinal epithelial cell defense against microbial toxins and 

xenobiotics (13, 127, 128). MDR1 dysfunction has been implicated in the 

pathophysiology underlying IBD as MDR1 expression is reportedly reduced in patients 

with ulcerative colitis (UC) and Crohn's disease (13). Likewise, MDR1 knockout mice 

develop spontaneous colitis similar to that of humans with UC (113). IL-10 knockout 

mice have also been shown to have decreased MDR1 expression (17). Thus, MDR1 

has emerged as a potential target for therapeutic intervention in cases of intestinal 

inflammation. 

 Studies from our lab have shown that administration of probiotic L acidophilus 

significantly decreased the attenuation of MDR1 expression in intestinal epithelial cells 

and in DSS-colitis mice (127). Recently, this upregulation of MDR1 function and 

expression was shown to occur through transcriptional regulation of the MDR1 promoter 

via the Erk 1/2 MAPK pathway, specifically through indution of c-Fos and c-Jun 

transcription factors (118).  

 Given the emerging role for MDR1 in intestinal inflammation, our current studies 

also examined the effects of C. difficile toxins on MDR1 expression. Interestingly, only 
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treatment of Caco2 monolayers with TcdA caused increased expression of MDR1 

mRNA while MDR1 mRNA levels were unchanged in the presence of TcdB. These 

results were surprising considering that MDR1 is historically downregulated over the 

course of inflammation (13, 17, 113). It is important to note that the upregulation of 

MDR1 mRNA occurred only after 24h treatment with the highest dose of TcdA (10 

ng/ml). MDR1 mRNA levels were unaffected by either toxin A or toxin B at the 6h time 

point. This differed from the drastic decrease in DRA protein seen in response to C. 

difficile toxins as early as 6h post-treatment and with as little as 1 ng/ml dose. It is 

possible that this upregulation of MDR1 occurred as a compensatory mechanism for 

toxin efflux employed by intestinal epithelial cells at later time points. In future studies, it 

would be of interest to examine the effects of C. difficile toxins on MDR1 protein levels 

and the mechanisms underlying these effects.  

 

4.5 Effect of purified toxins on MCT-1 expression in vitro 

 Mono-carboxylate transporter MCT-1 is an intestinal epithelial short chain fatty acid 

transporter that mediates the H+-linked transport of SCFAs like butyrate, lactate, acetate, 

and pyruvate (16, 53). Butyrate transport via MCT-1 plays a pivotal role in intestinal 

epithelial cell homeostasis and cell differentiation (82). Furthermore,  MCT-1 dysfunction 

has been implicated in various diarrheal diseases including IBD, colorectal cancer, and 

EPEC infection (16, 53, 82, 155). In our current studies, we showed that MCT-1 protein 

levels were decreased in the presence of 25 ng/ml TcdA in vitro. In contrast, MCT-1 

protein remained unaffected by any dose of TcdB. We next investigated whether the 

TcdA-mediated decrease in MCT-1 was dependent on the glucosyltransferase activity of 
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TcdA. Utilizing the DXD mutants described earlier, our results showed that MCT-1 

downregulation only occurred after Caco2 treatment with wild type TcdA. This result 

indicated that MCT-1 protein levels, unlike DRA, were decreased due to the GTD domain 

of TcdA. Thus, it is unlikely that the downregulation of MCT-1 by TcdA occurred by the 

same toxin-mediated mechanism used to reduce DRA protein levels. Furthermore, this 

change in MCT-1 was not seen at the mRNA level. Thus, future studies should also 

investigate the possible role of protein degradation pathways in the TcdA-mediated 

decrease in MCT-1 protein. 

  

4.6 Downregulation of DRA in human CDI 

Given that C. difficile infection is the primary cause of nosocomial diarrhea and 

represents a significant burden to human health, we also examined the levels of DRA in 

transverse colonic biopsies of CDI patients. In the current studies, we found that patients 

with recurrent CDI had a drastic reduction in colonic DRA protein expression compared 

to healthy subjects. This reduction in DRA levels was similar to the findings of Engevik et 

al who observed that CDI patients had reduced expression of NHE3 in the transverse 

colon (42). Together with our results in vitro and in vivo, this finding indicated that the 

toxin-mediated decrease in DRA protein is a phenomenon recapitulated in multiple 

models of CDI, and a coupled decrease in NHE3 and DRA could contribute to CDI 

associated diarrhea. 
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In recent years, Clostridium difficile infection (CDI) has emerged as the 

predominant cause of hospital acquired infection and antibiotic associated diarrhea (33). 

CDI causes a spectrum of gastrointestinal symptoms ranging from self-limiting diarrhea 

to severe diarrhea and in extreme cases, pseudomembranous colitis, sepsis, and death 

(2, 35). The symptoms of CDI are primarily mediated through the release of two major 

exotoxins, TcdA and TcdB with some hypervirulent strains producing a third toxin, CDT 

or binary toxin (49, 156). Although many of the symptoms associated with CDI are caused 

by TcdA and TcdB, the pathophysiology underlying CDI associated diarrhea remains 

poorly understood. 

Generally, diarrhea is a multifactorial disorder caused by increased secretion 

and/or decreased absorption in the gastrointestinal tract. The coupled operation of luminal 

membrane Na+ /H+ and Cl-/HCO3
- exchangers is the predominant route for electroneutral 

NaCl absorption in the human ileum and colon (38). SLC9A3 (NHE3) is the key 

transporter involved in Na+ absorption in the ileum and colon. Two members of the SLC26 

gene family, SLC26A3 and SLC26A6 (DRA and PAT-1, respectively) have been 

implicated in intestinal luminal Cl-/HCO3
- exchange process, however, DRA is considered 

the critical transporter given its role in congenital chloride diarrhea (CLD), a genetic 

disorder characterized by profuse chloride-rich diarrhea and metabolic alkalosis (50, 120). 

Moreover, knock-down of DRA is known to induce a diarrheal phenotype, similar to CLD, 

in mice whereas knock-down of PAT-1 does not (161). Furthermore, DRA expression is 

significantly reduced in animal models of inflammatory and infectious diarrhea and in 

patients with inflammatory bowel disease (164, 168). Thus, electroneutral electrolyte 

absorption by NHE3 and DRA represents a therapeutic target for diarrheal diseases.  
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Previous studies have shown that purified TcdB causes internalization of NHE3 

from the apical surface in various cell lines (57). Additionally, decreased NHE3 expression 

and function were also shown in patients with CDI. Prior to these studies, however, how 

C. difficile toxins affect DRA had not been investigated. 

Our current studies demonstrated, for the first time, that C. difficile toxins reduced 

DRA protein, but not mRNA, levels in intestinal epithelial cells and, in the case of TcdA 

and TcdA + TcdB, in a toxigenic mouse model of CDI. Additionally, patients with recurrent 

CDI also showed significantly lower levels of colonic DRA protein than healthy patients. 

Given the critical role of DRA in intestinal NaCl absorption and its implications in infectious 

and inflammatory diarrhea, these findings indicate that a downregulation of DRA may be 

a critical factor in CDI associated diarrhea. These findings agree with earlier studies 

showing the inhibition of NHE3 during C. difficile infection (42, 57). Taken together, these 

studies show a direct targeting of intestinal ion transporters by C. difficile toxins and 

highlight a potentially novel target for therapeutic intervention in CDI associated diarrhea. 

Given the previous reports on NHE3 dysregulation in CDI and our current studies 

on DRA, one exciting therapeutic option in treating CDI may be through use of probiotics. 

Treatment with probiotics like L. acidophilus and Bifidobacteria has been shown to 

counteract bacterial inhibition of DRA (83, 85, 141). Additionally, L. acidophilus has been 

shown to upregulate NHE3 expression in intestinal epithelial cells (83). Therefore, 

treatment of CDI patients with probiotics may prove beneficial in decreasing diarrheal 

symptoms due to loss of NHE3 and DRA function and expression. The addition of 

beneficial intestinal microbes is also the basic principal underlying fecal microbiota 

transplant (FMT), which is the administration of healthy donor’s stool to CDI patients (33). 
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The use of FMT has gained popularity in recent years due to the high recurrence rate of 

CDI and the increasing co-morbidities associated with hypervirulent strains of C. difficile. 

It is plausible, then, that the reconstitution of the normal gut microflora allows for 

upregulation of intestinal ion transporters DRA and NHE3 thus alleviating the diarrheal 

phenotype associated with CDI. It is our hope that these current studies contribute to a 

better understanding of the pathophysiology of CDI associated diarrhea and how current 

CDI therapies may specifically target key intestinal ion transporters.  
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