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Abstract 

 

Title of Dissertation: Pathogenesis of Clostridium difficile Infection and a Novel Yeast-

based Immunotherapy  

Kevin Chen, Doctor of Philosophy, 2017 

Dissertation Directed by: Hanping Feng, Ph.D., Professor, Department of Microbial 

Pathogenesis 

 

Antibiotic resistant Clostridium difficile (C. difficile) poses an urgent threat to public 

health. The incidence and disease severity of C. difficile infection (CDI) have increased 

rapidly in recent years largely due to the use of broad-spectrum antibiotics and recent 

emergence of antibiotic resistant hypervirulent strains. Current standard-of-care with 

antibiotics is not optimal and is associated with high rates of relapses and risks of antibiotic 

resistance. Two major toxins, TcdA and TcdB, expressed by the bacteria during 

colonization of the large intestine, are primarily responsible for intestinal disease 

manifestations such as diarrhea and pseudomembranous colitis, but systemic complications 

ocurr in severely complicated CDI that are often associated with death. The pathogenesis 

of systemic complications in CDI is unknown. Using an ultrasensitive immunocytotoxicity 

assay, toxemia was first demonstrated in animal models of CDI and linked to severe disease 

outcomes. Moreover, we demonstrated that parenteral toxin-neutralizing antibodies 

relieved the severity of CDI. Although systemic antibodies may potentially leak through 

toxin-breached intestinal epithelia and enter the lumen to neutralize toxins, direct delivery 

of these antibodies at the site of infection may prevent toxin pathogenesis at the beginning. 



Moreover, the current monoclonal antibody approaches target single epitopes of the toxins 

and are less efficacious against toxin variants from different clinical isolates. In response, 

we have previously developed a novel tetra-specific recombinant antibody that potently 

and broadly neutralizes both toxins. A probiotic Saccharomyces boulardii allowing 

constitutive secretion of the tetra-specific antibody at the site of CDI was then engineered, 

and protection against primary and recurrent CDI were demonstrated in both mouse 

prophylactic and therapeutic disease models. This innovative yeast immunotherapy is 

inexpensive to manufacture, orally administered, and should not be associated with risks 

of antibiotic resistance. Therefore, it has the potential to be an effective prophylactic 

against CDI and a therapeutic for CDI patients. 
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Chapter I: Clostridium difficile – Infection, Pathogenesis and Immunity 

 

A.  Early Discovery as a Pathogen and Its Connection to the Most Common Cause 

of Antibiotic-Associated Diarrhea 

C. difficile was first discovered by Hall and O’Toole in 1935, as part of the 

normal gut flora in infants stools (1). Subsequent reports, during 1943-1961, showed that 

C. difficile was isolated from thigh muscle, blood culture, abscesses, and pleural fluid (2). 

In 1978, C. difficile was first identified as a cause of pseudomembranous colitis (3, 4).  

Soon after, C. difficile was described as the main cause for antibiotic-associated 

pseudomembranous colitis (5). In the same year, selective medium was developed to 

isolate C. difficile (6), and C. difficile toxin was isolated from culture supernatant through 

ultrafiltration, (NH4)2SO4 precipitation, and chromatographic separation (7). The isolated 

toxin caused increased vascular permeability in rabbits and ileocecitis in hamsters, and it 

could be neutralized by Clostridium sordellii (C. sordellii) antitoxin (7–9). Soon after, 

two major toxins (TcdA and TcdB) were identified (10). TcdA exhibits a hemorrhagic 

fluid accumulation response in intestinal tissues, while TcdB does not (11–13). Both 

toxins can cause culture tissue cells to become rounded (12, 14). Around 20% of 

hospitalized patients acquired C. difficile after admission, and about 60% of infected 

individuals remain asymptomatic (15).  

The study of C. difficile isolates related to C. difficile infection (CDI) outbreaks at 

multiple health care facilities across North America and Europe between 2000-2005 

identified a particular C. difficile strain that was characterized as BI/NAP1/027 by 

restriction-endonuclease analysis (REA), pulsed-field gel electrophoresis (PFGE), and 
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PCR-ribotyping respectively (16)(17). This newly identified strain was toxinotype III, 

was positive for the binary toxin, and had an 18-bp deletion in the tcdC gene (17). The 

strain is the same as previously BI/NAP1 strains identified before 2001, but is highly 

resistance to fluoroquinolones (17). When compared with non-BI/NAP1 isolates, this 

new BI-NAP1 strain is also more commonly resistance to fluoroquinolones (100% versus 

42%, P < 0.001) (17). Increased resistance to fluoroquinolones, combined with potential 

hyperproduction of TcdA and TcdB (16) as well as increased virulence caused by binary 

toxin (18) resulted in wide dissemination of this stain in North America, which 

contributed to several epidemics in the 2000s (17, 19–22), with strains characterized as 

hypervirulent having a ribotype 027 background (23–25).  

Over the past 10 years, CDI has emerged as the most common cause of antibiotic-

associated diarrhea in medical settings, responsible for 15-25% of all cases (26). 

According to the Centers for Disease Control and Prevention (CDC), C. difficile caused 

close to 500,000 cases and 29,000 deaths in 2011 with annual medical costs well 

exceeding 1 billion dollars in the US alone (27). Development of CDI is commonly 

associated with the use of antibiotics, hospitalization, and elder age (>65 years) (28). 

Antibiotics such as cephalosporins, clindamycin, and fluoroquinolones (29) cause 

reduced normal gut flora resistance against CDI (30). Hospitalization increases the 

chance of C. difficile exposure. Elder population is at risk of CDI although the underlying 

mechanisms are much less understood (28). Recently, community-acquired CDI cases are 

on the rise (31). For reasons not yet understood, community-acquired CDI cases are often 

reported in younger populations that lack of these common CDI risk factors (32). 
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Metronidazole and vancomycin, currently used in treating CDI, though effective 

against CDI, often have persisting dysbiosis effect that results in recurrences (33). Most 

CDI patients respond to metronidazole or vancomycin treatment and their CDI symptoms 

typically resolved within 7-10 days but up to 25% of patients will experience recurrence 

within 30 days after metronidazole or vancomycin withdrawal (34). Patients who develop 

recurrences have similar clinical symptoms as primary CDI but often have increased 

morbidity, and the chance of having their next recurrence episode can be as high as 65% 

after their second recurrences (34). Repeated recurrences not only affect the quality of 

patient’s life but can also cause infections in other vulnerable patients in the proximity, 

making recurrent CDI an increasing concern for managing CDI in health care settings 

(34).   

 

B. CDI Pathogenesis 

C. difficile is a gram-positive spore forming bacillus that causes nosocomial 

infection and the most common contributing agent for antibiotic-associated diarrhea. C. 

difficile colonies have flat, ground-glass appearance on a blood agar plate (Figure 1a). 

Both vegetative and spore forms of C. difficile are visible under a phase-contrast 

microscope (Figure 1b), and spore surface ultrastructure is visible under a scanning 

electron microscope (Figure 1c). CDI initiates through oral ingestion of C. difficile or its 

spores, usually through other patients’ hands, animals, or the environment (35). 

Vegetative cells die in the acidity of the stomach; however, the spores survive (35). The 

spores upon stimulation with bile salts in the small intestine quickly germinate into 

vegetative cells (35). Disruption of intestinal flora either due to antibiotic treatment or 
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other means allows vegetative cells to colonize in the colon. In the colon, C. difficile 

propagates and sporulates. Vegetative cells and spores then get released from infected 

patients but vegetative cells die quickly due to its anaerobic nature, while spores stay in 

the environment and ultimately infect the next patient through contacts (35). A diagram 

illustrates the life cycle of C. difficile is shown in Figure 2. During colonization, C. 

difficile expresses two critical toxins, TcdA and TcdB, which are the major virulence 

factors for CDI pathogenesis; strains that do not express either TcdA and TcdB are 

avirulent (36, 37). Individually, both toxins can cause CDI in animals (37, 38). The two 

toxins are structurally similar and have a similar mode of action on host cells. Both toxins 

target host Rho GTPases, leading to their inactivation as well as cytoskeleton 

disorganization. In addition, both toxins cause intestinal injury, mucosal inflammation, 

and marked neutrophil infiltration, eventually leading to pseudomembrane colitis (Figure 

1d). 
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Figure I-1. C. difficile. a. morphology on a blood agar plate. b. morphology under a 

phase-contrast microscope; elongated rods are vegetative cells; spores are visible in 

phase-dark (subterminal dark spots) and phase-bright (bright ellipsoids). c. Spores under 

scanning electron microscope. d. Endoscopic picture of pseudomembranous colitis.  

 

 
Nature Publishing Group’s permission 

Adapted by permission from Macmillan Publishers Ltd: Nature reviews. Disease primers 

(28), copyright 2016 



 6 

Figure I-2. C. difficile life cycle in the human gastrointestinal tract.  

 

 

Nature Publishing Group’s permission 

Adapted by permission from Macmillan Publishers Ltd: Nature reviews. Disease primers 

(28), copyright 2016 
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B1. TcdA and TcdB 

TcdA and TcdB are part of the large clostridial toxin family, which includes 

hemorrhagic and lethal toxin (C. sordellii) and -toxin (C. novyi) (39). These large 

clostridial cytotoxins share sequence homology ranging from 36% to 90% (39). These 

toxins transfer glycosyl residues to small Rho GTPases to cause cell rounding, inhibit cell 

division, and eventually kill the cells (39). The genes encoding TcdA and TcdB are 

located within a 19.6 kb chromosomal pathogenicity locus (40). Within this pathogenicity 

locus,  the tcdR gene encodes an alternative sigma factor that is responsible for positive 

transcriptional regulation (41). The expression of the tcdR gene is regulated by factors 

including the sigma factor D (SigD) (42, 43), GTP-sensing transcriptional repressor 

(CodY) (44), the carbon catabolite control protein A (CcpA) (45), the master regulator of 

sporulation (Spo0A) (46), and quorum sensing factors (QS) (47, 48). TcdC encodes a 

negative regulator (49) and tcdE encodes a protein similar to phage holins (50). This 

pathogenicity locus appears in all toxigenic C. difficile strains, but is replaced by short 

non-coding sequence in non-toxigenic (TcdA-TcdB-) strains. Variations within the DNA 

sequence of this locus are identified as different toxinotypes (51). A schematic diagram 

of pathogenicity locus is shown in Figure 3. 

TcdA and TcdB are the major exotoxins responsible for clinical manifestations of 

CDI such as intestinal injury, tissue damage, mucosal inflammation, and neutrophil 

infiltration; therefore TcdA-TcdB- strains are avirulent (37, 38). Environmental factors 

such as nutrient availability and temperature affect TcdA and TcdB expression positively 

or negatively through global regulators (52–56). The involvement of TcdA and TcdB in 

CDI pathogenesis and their roles in generating immunity against CDI are now clearly 
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supported by the literature. However, early studies indicated more of a role for TcdA over 

TcdB in pathogenesis (57, 58). C. difficile culture filtrates induced typical CDI clinical 

signs such as hemorrhaging, fluid accumulation, diarrhea, and death in hamsters, mice 

and rats when delivered intragastrically (57). However, this toxicity was abolished when 

TcdA was removed from the culture filtrate (57). In addition, only high amounts of TcdB 

were toxic when given with low amounts of TcdA, supporting the hypothesis that TcdA 

and TcdB act synergistically, and that the effect of TcdB occurs through TcdA-induced 

tissue damage (57).  TcdA was therefore thought to be an enterotoxin and TcdB a 

cytotoxin, both having unique functions in CDI pathogenesis (58). However, toxin 

studies using human intestinal xenograft mice demonstrated that TcdB alone could cause 

the same inflammatory effects (including intestinal tissue damage, fluid accumulation, 

neutrophil recruitment and upregulation of inflammatory cytokines) as TcdA, suggesting 

a more active role of TcdB in human CDI pathogenesis (59). 

In addition, recent studies of isogenic toxin mutants of C. difficile indicate that 

TcdB is essential for virulence in hamster (37, 38). However, while the role of TcdA 

remains controversial; a TcdA+ TcdB– mutant was reported to be less virulent in studies 

by Lyras et al. (38), but the equivalent mutant in studies by Kuehne et al. (37) were found 

to be just as virulent as the wild-type. Differences in the hamster infection models or in 

the parent strains used could possibly have contributed to the discrepancies found in these 

studies (60). So far, no TcdA+ TcdB– isolates have ever been recovered from CDI 

patients. In contrast, TcdA- TcdB+ isolates are commonly isolated from CDI patients (61). 

For reasons that remain unclear, TcdA- TcdB+ isolates can cause disease as severe or even 

more severe than TcdA+ TcdB+ isolates. (61). Most importantly, TcdA-TcdB+ strains 
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have caused outbreaks around the world (61, 62). Therefore, both TcdA and TcdB are 

capable of eliciting the clinical manifestations of CDI. 

As C. difficile spores reach the intestine, the spores germinate and become 

vegetative cells. Rapid cell growth depletes limiting nutrients, and the toxin genes are 

transcribed as bacteria enter stationary phase (63).  

Structurally, the two toxins are similar and carry out a similar mode of action on 

host cells. Full length TcdA (VPI 10463) is comprised of 2710 amino acid residues with a 

molecular mass of 308 kDa (64), while TcdB has 2366 amino acid residues and a 

molecular mass of 270 kDa (65).  Both toxins possess multiple functional subdomains;  

moving from N-terminus to C-terminus are positioned a glucosyltransferase domain 

(GTD), a cysteine protease domain (CPD), a translocation domain (TD), and a receptor 

binding domain (RBD) (65). A schematic of toxin domains is shown in Figure 4. 
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Figure I-3. C. difficile pathogenicity locus. tcdA: TcdA gene. tcdB: TcdB gene. tcdR: 

TcdR gene. tcdC: TcdC gene. tcdE: phage holin like protein. SigD: sigma factor D. 

CodY: GTP-sensing transcriptional repressor. CcpA: the carbon catabolite control protein 

A. Spo0A: the master regulator of sporulation. QS: quorum sensing factors. Pathogenicity 

locus are defined by cdu1, cdu2, and cdd1 genes as upstream and downstream boundaries 

respectively. 

 

Nature Publishing Group’s permission 

Adapted by permission from Macmillan Publishers Ltd: Nature reviews. Disease primers 

(28), copyright 2016 
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Figure I-4. C. difficile TcdA and TcdB domain schematic. GTD: glucosyltransferase 

domain. CPD: cysteine protease domain. TD: translocation domain. RBD: receptor 

binding domain. 

 

Nature Publishing Group’s permission 

Adapted by permission from Macmillan Publishers Ltd: Nature reviews. Disease primers 

(28), copyright 2016 
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Both TcdA and TcdB enter target cells through clathrin-mediated endocytosis (66, 

67). TcdA has an extended receptor binding domain and is less potent in cell cytotoxicity 

assays than TcdB (68). However, TcdA could cause intestinal inflammation more 

efficiently than TcdB (57, 68). Nonetheless, studies using human intestinal xenograft 

mice have shown that TcdB can induce effects similar to TcdA, including intestinal 

epithelial damage, increased mucosal permeability, upregulation of IL-8, and recruitment 

of neutrophils (59).  

Recent advances in whole-genome human microRNA-adapted short hairpin RNA 

(shRNAmir) library screening (69) or clustered regularly interspaced short palindromic 

repeats (CRISPR)-CRISPR-associated protein-9 nuclease (Cas9) (CRISPR-Cas9)-

mediated genome-wide screening (70) have allowed discovery of two TcdB receptors, 

chondroitin sulfate proteoglycan 4 (CSPG4) and frizzled proteins (FZDs). CSPG4 

expression is predominantly located in multi-nucleated intestinal sub-epithelial 

myofibroblasts (ISEMFs), while FZD expression is predominantly found in the colonic 

epithelium (70).  

The RBDs of both toxins consist of combined repetitive oligopeptides (CROPs) 

that can recognize carbohydrate structures such as Gal-  -(1,3)-Gal-  -(1,4)-GlcNAc on 

target cells (65). Based on crystal structure data (71), the RBD forms a -solenoid helix 

that increases the surface binding area of this domain. At neutral and low pH, the RBD of 

TcdA becomes a twisted and elongated tail structure that exposes multiple binding sites 

(72). Surprisingly, the RBD of both toxins are not explicitly required for cell intoxication; 

CROP-deficient toxins can still enter cells and cause cytotoxicity (73). 
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After either toxin enters a cell, acidification within the endosome induces 

conformational changes of the toxins and cause the hydrophobic region of the 

translocation domain of the toxins to insert into the endosomal membrane (74). Using 

deletion mutants, amino acid residues 830-990 of TcdB were found to be the minimal 

pore-forming region, with two critical amino acids glutamate-970 and glutamate-976 

within this region identifed as playing a critical role in pore formation in TcdB (75). In 

addition, a conserved Leucine 543 residue on both toxins was found to be the CPD 

autoproteolytic cleavage site, with mutation of cysteine 698, histidine 653 or aspartate 

587 of TcdB preventing autoproteolytic cleavage (76). CPD autoproteolytic activity is 

regulated by InsP6, which binds to a -hairpin region facilitating a conformational 

change from active and inactive states (77). 

Next, acidification of the endosome causes pH-induced conformation changes in 

internalized toxins, which then allows the hydrophobic TD domain to insert into the 

endosomal membrane, facilitating translocation of GTD and CPD into the cytosol.  These 

two domains are then separated by CPD-mediated proteolytic autocleavage using inositol 

hexakisphosphate (InsP6) as a cofactor to  release GTD into the cell cytosol (71, 74–76, 

78–80). This autocleavage reaction is not essential for GTD glucosyltransferase activity 

since non-cleavable mutant TcdA and TcdB can still catalyze glucosylation of target cell 

proteins but at a slower rate (80–82).  

Autoproteolytic cleavage releases GTD into the cytosol of target cells, allowing 

GTD to interact more efficiently with Rho GTPases. Rho-GTPases function as switches 

regulating a number of intracellular processes such as cytoskeletal dynamics, cell 

polarity, migration etc. by hydrolyzing GTP between GTP- and GDP- bound states (83).  
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GTD-mediated inactivation of  Rho GTPases through covalent transfer of glucose, 

subsequently inactivates small regulatory proteins that results in actin cytoskeleton 

damage and cell death (84). 

GTD transfers UDP-glucose at a conserved threonine 37/35 of the small Rho-

GTPases such as Rho, Rac, Cdc42 to directly interfere with GTP-GDP switching (85), 

thereby preventing membrane cycling of Rho GTPases and their downstream binding to 

effector proteins (85, 86). Interruption of these effector functions leads to actin 

cytoskeletal disassembly, cell rounding and cell death. Actin cytoskeletal disassembly 

causes disruption of the epithelial barrier and increases epithelial permeability, resulting 

in leakage of intestinal contents and diarrhea (87). Culmination of this cascade eventually 

results in CDI symptoms such as inflammation and diarrhea (68). 

Both toxins can also cause various forms of cell death including apoptosis, 

necrosis, and pyknosis, a form of apoptosis (87). Toxin-induced apoptosis typically 

occurs through capase-3, -8, -9 activation (87). TcdB causes necrosis in cells through 

glucosyltransferase-independent Rac-1 dependent pathway, while the TcdA-mediated 

necrosis mechanism remains un known (87). Similar to toxin-mediated necrosis, high 

concentrations of TcdB can cause pyknosis through a glucosyltransferase-independent 

Rac-1 dependent pathway (87).   

 

B2. Binary Toxin 

A third toxin called the binary toxin, or C. difficile transferase (CDT), has been 

suggested as a possible factor accounting for the increased virulence in 027 strains by 

increasing C. difficile colonization of epithelial cells (18). CDT belongs to the family of 
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binary ADP-ribosylating toxins such as C. botulinum C2 toxin and C. perfringens iota 

toxin (88). CDT consists of two protein subunits, CdtA and CdtB. CdtA contains the 

catalytic component which ADP-ribosylates cytosolic actin molecules. CdtB is 

responsible for the binding to the host cells and translocation of catalytic CdtA into the 

cytosol. The genes that encode CdtA and CdtB are chromosomally encoded within a 6.2 

kb binary toxin locus (89). The binary toxin locus also contains cdtR which regulates 

binary toxin production (89). 

CDT is cytotoxic to Vero cells in vitro (90). However, although CDT is also 

enterotoxic in rabbit ileal loops, TcdA- TcdB- CDT+ strains do not cause disease in 

hamsters despite their ability to colonize infected animals (91). Mature CdtA has a mass 

of around 48kDa  with two subdomains (90). The N-terminal part of CdtA is involved 

with the binding to CdtB, while the C-terminal part of CdtA carries the ADP-

ribosyltransferase activity. CdtB has a mass of around 98.8 kDa and contains 4 

subdomains: subdomain I (1-257 residues) comprises the activation region; subdomain II 

(258-480) is involved with membrane insertion and pore formation; subdomain III is 

responsible for oligomerization; and subdomain IV (592-876) is involved with target cell 

receptor binding. The mechanism of action for CDT involves ADP-ribosylation of actin 

at arginine-177 (92). This causes induction of depolymerization of actin filaments and 

eventually causes a complete disruption of the actin cytoskeleton (93). CDT ADP-

ribosylation of actin can also catalyze the formation of microtubule structures which  

facilitate bacterial adherence  (18). 
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B3. C. difficile Spores 

Because of the anaerobic nature of C. difficile, the dormant spore form of C. 

difficile is essential for the pathogenesis and transmission of CDI. The vegetative form of 

C. difficile is unable to survive in aerobic conditions. In addition, the formation of spores 

allows C. difficile to persist both in the environment and in the host for a prolonged 

period of time. Indeed, without the ability to form spores, C. difficile is unable to persist 

in the colonic tract of the host (94) and cannot survive the host’s immune system (95). In 

addition, spores are resistant to heat, metabolically dormant, and therefore resistant to 

antibiotics (96). Once in the environment, they are also resistant to bleach-free 

disinfectants commonly used in hospitals (97). 

The resistance of spores to both environmental and biological insult is due to their 

overall structure, which consists of a central cortex core surrounded by an outer protein 

coat and exosporium (98). The outer exosporium layer confers hydrophobicity to the 

spore surface (99), and removal of the exosporium layer is required for spores to adhere 

and germinate faster (98, 99). 

C. difficile spore formation is similar to that of B. subtilis (100), with homologs 

for SpoIVA and SpoVM being identified in C. difficile (101). SpoIVA has been found to 

be necessary for coat localization around the forespore as with B. subtilis. However, 

unlike B. subtilis SpoIVA, C. difficile SpoIVA was demonstrated to be dispensable for 

cortex synthesis (102). SpoIVA also interacts with SipL to form a complex that drives 

coat assembly around the forespore (102). In addition, sporulation of C. difficile is 

regulated by several histidine kinases by phosphorylating master transcriptional regulator, 
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SpoA, an orthologues shared by different species of the Clostridium and Bacillus genuses 

(94). 

Germination of the spores is the first step to initiating CDI. Specific bile salts and 

L-glycine trigger C. difficile spore germination (103), although there are strains which 

can germinate in the absence of these environmental factors (104). A recent study showed 

that inhibition of spore germination prevents the onset of CDI (105).  

 

B4. Other Virulence Factors 

Due to high deacetylation of its peptidoglycan, C. difficile is highly resistance to 

lysozyme (106). In addition, d-alanylation of the C. difficile cell wall provides protection 

against cationic antimicrobial peptides (107). Adhesins that belong to the Clostridial wall 

protein (Cwp) family, surface layer proteins (SLPs), fibronectin-binding proteins, and 

collagen-binding proteins, have been identified (108).  In addition, flagellin is responsible 

for C. difficile motility. Flagellin proteins such as FliC and FliD were showed to increase 

adherence to mucus and caco-2 cells, enhancing in vivo colonization and virulence in 

mice in a strain-dependent way (108). Finally, the inverse regulation of motility and auto-

aggregation mediated by type VI pili may be involved in biofilm formation and intestinal 

persistence of C. difficile (108). 
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C. Host Immune Responses – Innate Immunity 

C1. Toxin-induced Proinflammatory Response 

TcdA and TcdB are highly proinflammatory and can stimulate proinflammatory 

cytokines and chemokines to attract immune cells. Proinflammatory mediators including 

interleukin-8 (IL-8), intercellular adhesion molecule-1 (ICAM-1), interleukin-1 (IL-1), 

interleukin-6 (IL-6), tumor necrosis factor- (TNF-), interferon- (IFN-), reactive 

oxygen species (ROS) are positively affected by both toxins (109). These 

proinflammatory mediators facilitate neutrophil accumulation, IL-8 upregulation, mast 

cell and macrophage activation, as well as interleukin-1 (IL-1) production, which also 

recruits neutrophils and enhances IL-8 production (109). Both toxins can also cause cell 

death and subsequent release of the proinflammatory danger signal uridine diphosphate 

(UDP), which activates the host innate immune response through upregulation of nuclear 

factor kappa-light-chain-enhancer of activated B cells (NFB) and IL-8 production 

through the P2Y6 receptor on Caco-2 cell surfaces (110). However, since another 

colorectal cancer cell line, HT29, are negative for P2Y6 expression (111), UDP may 

signal through other P2Y receptors in colon cells. In addition, both toxins alter expression 

of genes responsible for the metabolism of lipids, fatty acids, and transient CXCL1 and 

CXCL2 expression (112). Both toxins also cause release of intracellular calcium and 

mitochondrial oxygen radicals, and activate multiple mitogen-activated protein kinase 

(MAPK) pathways, such as p38, c-Jun, N-terminal kinase (JNK) and extracellular signal-

regulated protein kinase (Erk)1/2, leading to the activation of NF-B and AP-1, two 

strong inducers for chemokine production (113–115). In addition, both toxins can also 

activate the p38 MAPK downstream mediator MAPK-activated protein kinase 2 (MK2) 
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for IL-8 production (116). Finally, cyclooxygenase-2 (COX-2) and prostaglandin E2 

(PEG2) are responsible for TcdA-mediated fluid accumulation (117).  

 

C2. Pattern Recognition Receptors 

Pattern recognition receptors (PRRs) are host receptors that can recognize 

conserved pathogen associated molecular patterns (PAMPs) and help trigger host innate 

immune responses. Several PRRs have been implicated to be critical in CDI 

pathogenesis. Specifically, toll-like receptor 4 (TLR4) was shown to recognize purified 

SLPs from C. difficile (118). This recognition activates host NFB production as well as 

promoting dendritic cell maturation in the host, as evidenced by upregulation of 

interleukin-12 (IL-12), interleukin-23 (IL-23), TNF-, and interleukin-10 (IL-10) 

secretion. In addition, MHC class II expression is also upregulated, accompanied by 

increased CD40, CD80, and CD86 surface expression,  promoting T helper cells to 

produce IFN- and IL-17 (118). Furthermore, toll-like receptor 5 (TLR5) can recognize 

C. difficile flagellin and trigger host NFB, p38 MAP kinase activation, and IL-8 

secretion (119). Mice can be protected from CDI by administration of purified flagellin 

from Salmonella enterica serovar Typhimurium, which delays C. difficile growth and 

toxin production through TLR5 interaction, resulting in less pathological changes in the 

cecum and colon of challenged mice (120). However, TLR5 knock-out mice experience 

reduced CDI, suggesting that TLR5 signaling may enhance but is not essential for CDI 

pathogenesis (120). 

Myeloid differentiation primary response protein (MyD88), a major adaptor 

protein for TLR signaling, has also been shown to influence the outcome of CDI. This is 
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evidenced by MyD88-deficient mice that are more susceptible to CDI-induced death than 

wild type mice (118, 121). In addition, MyD88 mediates critical signaling to recruit 

neutrophils to the infection site by effecting the production of CXCL1, a key chemokine 

in neutrophil recruitment (122). The timing of the neutrophil response is crucial for 

preventing CDI, with late onset recruitment resulting in pseudomembranous colitis versus 

clearance of the pathogen (122). Furthermore, other PRRs such as nucleotide-binding 

oligomerization domain 1 (Nod1) have been shown to recognize diaminopimelic acid 

derived from C. difficile peptidoglycan (123). Nod1 deficient mice are more susceptible 

to CDI, as evidenced by decreased C. difficile clearance, increased bacterial translocation, 

and upregulation of endotoxin and IL-1 production in the serum (123). Nod1 deficient 

mice were also defective in neutrophil recruitment to the infection site but not 

macrophages, suggesting that Nod1 signaling likely influences  CDI pathogenesis 

through the timing of an early neutrophil recruitment-dependent response (123). 

In addition, both TcdA and TcdB trigger the formation of inflammasome (124, 

125). The inflammasome is a complex consists of sensors proteins such as the nucleotide-

binding oligomerization domain-like receptors (NOD-like receptors or NLRs), adaptors 

proteins such as apoptosis-associated speck-like protein containing a caspase activation 

and recruitment domain (ASC), and effector proteins such as pro-caspases (126). The 

formation of inflammasome leads to the production of mature forms of IL-1, IL-18, or 

IL-33 which upon released by the cells mediate subsequent inflammatory response (126). 

Both TcdA and TcdB trigger a robust time and dose-dependent caspase-1 and IL-1 

release on differentiated human monocytes and mouse peritoneal macrophages (124). 

Compared with wild type mice, peritoneal macrophages from NLRP3-/- and ASC-/- mice 
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had about 50% and complete reduction of caspase-1 activation and IL-1 release upon 

toxin stimulation (124). Also, TcdB activates IL-1 release through recognition of the 

full-length toxin but not its glucosyltransferase activity (124). When both toxins were 

injected in an ileal loop study, ASC-/- mice or wild type mice pretreated with anakinra, an 

IL-1 receptor antagonist, had less intestinal inflammation as well as tissue damage 

compared with wild type mice (124), suggesting a critical role of inflammasome 

activation and IL-1 signaling in toxin-mediated intestinal tissue damage of CDI. Recent 

work showed that pyrin is likely the sensor for TcdB-caused Rho GTPases inactivation, 

responsible for the activation of inflammasome (125). 

 

D. Host Immune Responses – Adaptive Immunity 

Although TcdA and TcdB share similar domain structures, they are very different 

in terms of the adaptive immune response they generate. Antibodies generated by TcdA 

have little cross-reactivity against TcdB (127–129). Many healthy children and adults 

(~60%) have detectable serum IgG and IgA antibodies to C. difficile TcdA and TcdB 

despite the absence of C. difficile colonization or infection (130–133). It is possible that 

these naturally acquired antibodies were produced during childhood and persist into adult 

life by environmental exposure to C. difficile or other clostridial species such as C. 

sordellii, which produces cross-reacting toxins (131). The high occurrence of C. difficile 

colonization seen in young children less than 2 years old also seems to support this notion 

(134). 

Antibody responses to TcdA and TcdB in humans play a key role in protection 

against CDI. High levels of TcdA and TcdB IgG antitoxin in human sera are positively 
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correlated with short durations of infection as well as protection against primary and 

recurrent CDI (135–142). Recurrent CDI patients were reported to have reduced levels of 

serum α-TcdA IgG2, and IgG3 (143). In addition, asymptomatic carriers of C. difficile 

also had much higher serum IgG titers against TcdA and TcdB compared with CDI 

patients (138). Serum antibody titers were not correlated with age, morbidity, or severity 

of CDI, but were found to be less protective in severe CDI patients when -TcdA titers 

were low (138). Interestingly, higher IgM levels against TcdA and TcdB were also found 

to be critical in resolving CDI; CDI patients with lower IgM titers against TcdA and 

TcdB tended to develop recurrent CDI (139). Intravenously administered α-TcdA and 

TcdB IgGs or monoclonal antibodies have also shown clinical efficacy for interrupting 

recurrent CDI in patients (144–153). 

In animals, antibody-mediated protection was first demonstrated in the hamster 

CDI model in 1998 (154). We recently demonstrated protection against C. difficile spore 

challenge in mice and hamsters immunized with a nontoxic chimeric toxin subunit 

vaccine (128); animal receiving sera from these immunized animals were also protected 

from CDI (128, 155). Clinical observations and animal studies both support the idea that 

toxin-specific antibodies are responsible for protection against CDI. Toxin-specific 

protection can be achieved by active immunization with nontoxic toxin chimeras or by 

passive immunization with toxin-neutralizing IgGs. Although the mechanism of 

protection against CDI by toxin-specific IgG is not completely understood, recent 

publications (156, 157) showed that IgG could be transported into the intestinal lumen 

through toxin-induced gastrointestinal tissue leakage, rather than by well-defined IgG 

transportation mechanisms such as neonatal Fc receptor (FcRn). 
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Host immune responses to other non-toxin C. difficile antigens have also been 

studied (133, 158, 159). Antibody levels against SLPs were found to be similar in 

asymptomatic carriers and CDI patients (158). However, higher IgM responses to SLPs 

were found to be protective against recurrent CDI (158). Finally, antibodies against C. 

difficile flagellar proteins FliC and FliD, as well as Cwp66 and Cwp84, were detectable 

during and after CDI (160). Together, these studies show that mounting an early and 

robust immune response against TcdA, TcdB, and non-toxin antigens can either prevent 

or delaying the onset of CDI, as well as modulating the severity and recurrence of 

disease. 
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E. Animal Models 

Experimental animal models are needed for both preclinical and disease 

mechanistic studies, offering significant advantages for appropriate sample sizes and 

ability to do histopathology and protection studies. A number of animal species including 

hamsters (161–163),mice (164, 165), piglets (166), hares, rabbits, prairie dogs, rats, 

quails, guinea pigs and zebrafish (167–173) have been used to establish CDI models. 

However, hamsters and mice are currently the preferred models for studying CDI 

pathogenesis as well as in preclinical testing for drug development against CDI. CDI in 

hamsters is acute and always fatal following infection, while CDI in mice produces a 

range of symptoms and severity, ranging from mild diarrhea to severe and fatal outcomes 

that closely resembles human CDI. These two models are discussed in more detail below.   

 

E1. Hamsters 

Since the first report by Small in 1968 (174), hamsters, specifically Syrian 

hamsters, have been the most well studied model for CDI (38, 162, 163, 175–183, 154, 

184). The CDI challenge model in hamsters shares some similarities with human CDI, 

particularly relating to the animals becoming susceptible to CDI after treatment with 

antibiotics such as clindamycin. In the hamster CDI model, a single intraperitoneal 

injection of clindamycin is given five days before C. difficile challenge. Disease then 

follows successful disruption intestinal microflora with sufficient antibiotic to allow 

infection with C. difficile. For successfully infected animals, redness, inflammation, and 

fluid accumulation are seen in the colon and cecum as the disease progresses. If left 

untreated, CDI could quickly result in death within 24 hours after challenge. This rapid 
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progression to death does not resemble human CDI, as only a small percentage of human 

CDI is fatal. Another significant difference of this model versus human infection is that 

hamsters do not typically develop diarrhea. Therefore, hamster model is considered an 

acute lethality model for CDI useful for testing prevention or treatment strategies against 

specific C. difficile virulence factors in which prevention of death provides an 

unambiguous measure of efficacy (185). 

The hamster CDI model has been successfully used to evaluate the efficacy of 

both active and passive immunizations against toxins or SLPs (183, 154, 184–186). 

These studies clearly demonstrated that immunity against both TcdA and TcdB is 

required to generate complete protection against CDI. Routes of active immunization 

were also explored in hamsters, in which it was found that mucosal immunizations using 

the intranasal or intragastric routes are less efficient in generating full protection than 

rectal or intramuscular immunizations (187). Finally, hamsters that received antibodies 

against both TcdA and TcdB did not undergo recurrent CDI, compared to those treated 

with vancomycin alone (154). For SLPs, hamsters passively receiving antibodies against 

SLPs showed prolonged survival time, likely due to enhanced C. difficile phagocytosis; 

however, as with antitoxin antibodies, SLP-specific antibodies alone were not sufficient 

to confer full protection, as these hamsters eventually succumbed several days post C. 

difficile challenge. 

The hamster CDI model has also been used for evaluating therapeutic agents 

(185) such as fidaxomicin (188), rifaximin (189), rifalazil (190), ramoplanin (191), 

tolevamer (192), and probiotics such as Saccharomyces boulardii (193, 194). In phase III 

clinical trials, fidaxomicin (a new antibiotic) was shown to lower recurrent rates when 
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compared to standard-of-care antibiotic treatment with vancomycin (195); in view of 

such promising results, fidaxomicin was eventually approved by the FDA for the 

treatment of CDI in 2011. Rifaximin is a new antibiotic that is not intestinally absorbed 

and was found to be as effective as vancomycin in preventing CDI recurrence in hamsters 

(189); reduction of recurrence after vancomycin treatment was also demonstrated for 

rifaximin in humans as well (196). Rifalazil (190), a new benzoxazinorifamycin active 

against Mycobacterium tuberculosis and other Gram-positive bacteria, was also shown to 

reduce recurrence in hamsters following cessation of vancomycin treatment, but has yet 

to be tested in clinical trials. Testing in hamsters of ramoplanin (191), an antibiotic 

compound, suggested a unique ability to kill C. difficile spores and reduce recurrence; 

however, it remains unclear whether this unique spore killing activity is to human CDI 

pathogenesis or protection (197). Tolevamer abolishes CDI symptoms by its ability to 

bind to TcdA and TcdB (192). It was initially shown to improve survival rates in 

hamsters and to eliminate recurrence after dosing stopped; however, it proved inferior to 

vancomycin treatment in a number of clinical trials (198, 199). S. boulardii is the first 

probiotic yeast shown to decrease CDI symptoms in hamsters (193, 194). In subsequent 

clinical trials, S. boulardii was found to be effective against recurrent CDI but had no 

effect against primary CDI when given in combination with standard antibiotic treatment 

(200). 

The hamster CDI model has also been used to study C. difficile population 

dynamics and colonization (201). One hour following oral gavage with Cr51labeled 

tracer, 78% of the spores were found to be germinated in the small intestine of hamsters. 

Two independent inhibition phases were observed in the study, one due to antibiotic 
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treatment and the other due competition with to the indigenous flora, demonstrating that 

the hamster model is a promising model for studying C. difficile population dynamics. 

Also, the hamster CDI has been used for additional colonization studies suggesting that 

pre-established colonization with non-pathogenic C. difficile strains can provide partial 

protection against subsequent challenge with a fully toxigenic strain (202). The ability of 

non-toxigenic C. difficile strains to successfully colonize prior to toxigenic strain 

challenge affects the overall success of protection (203). Therefore the timing of 

antibiotic treatment will need to be taken into consideration for a successful prophylactic 

effect for non-pathogenic strains since antibiotic treatment targets the non-pathogenic 

strains as well  (204).  

 

E2. Mouse 

Mice have become a more popular model for CDI versus the hamster model, 

largely due to the close resemblance of pathogenicity in this model to human CDI 

symptoms and severity. In addition, readily available immunological reagents, the 

availability of genetically modified animals and the adaptability of the model in various 

ways have also made this model very appealing. Since it was first described in 2008 

(164), a number of distinct models of pathogenicity have been established, including an 

aged germfree model (205), a young germfree model (206), a clindamycin only model 

(121)(207), a cefoperazone only model (208), a transmission model (121), and a relapse 

model (165). The initial mouse CDI model published by Chen et al. utilized an antibiotic 

cocktail containing metronidazole, vancomycin, kanamycin, gentamicin and colistin to 

disrupt mouse intestinal microflora and induce CDI. The cocktail was given in mouse 
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drinking water for three consecutive days, followed by regular drinking water for two 

days. Mice then received a final intraperitoneal injection with clindamycin, followed by 

oral gavage with C. difficile. This model induced a range of CDI symptoms ranging from 

localized diarrhea to death, unlike the hamster model mentioned previously. Depending 

on disease severity, tissue damage ranged from proliferative ulceration, submucosal 

edema, inflammation, and neutrophil infiltration to massive membranous erosion and 

pseudomembranouse colitis, resulting in death within 48-72 hours post challenge. 

In germfree mouse models, no antibiotics are required to induce CDI but similar 

symptoms and inflammation causing tissue damage are still observed. The clindamycin 

only model uses clindamycin administered either by oral gavage or in the drinking water 

for 4 days, followed one day prior to challenge with a final intraperitoneal injection 

injection of clindamicin. However, only moderate CDI symptoms are induced in this 

model. The cefoperazone-only model uses cefoperazone in the drinking water for 10 

days, followed by 2 days of regular water prior to challenge. Depending on the challenge 

strains used, CDI symptoms can vary between severe colonic pathology to minimal 

inflammation in the colon. The transmission model is a further adaptation of the 

clindamycin model in which a supershedder state is induced in mice after reintroduction 

of clindamycin into mouse drinking water. This unique model allows precise control for 

studying transmission when naïve mice are housed with carrier mice. 

The relapse model (165), which more closely approximates the course of human 

disease, can be induced by several different protocols: 1] allowing challenged mice to 

recover, repeating administration of the antibiotic cocktail in drinking water plus the final 

intraperitoneal injection with clindamycin, followed by re-challenge with C. difficile, or 
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2] allowing challenged mice to recover, repeating administration of the antibiotic cocktail 

in drinking water supplemented with the immunosuppressive drug dexamethasone, 

followed by re-challenge with C. difficile, or 3] treat infected mice with vancomycin for 

6-9 days; cessation of vancomycin typically induces CDI recurrence in 4-5 days. 

In one final model, human intestinal xenografts can be transplanted into 

immunodeficient mice to allow mechanistic studies that would not otherwise be possible 

in human clinical trials to reveal novel observations (59). For example, TcdB is 

conventionally thought to act as a cytotoxin while TcdA acts as an enterotoxin. However, 

studies with human intestinal xenograft models have shown that TcdB is just as potent an 

inflammatory mediator as TcdA in human intestinal tissues, highlighting the importance 

of this model for elucidating toxin action in human tissues.  

 

E3. Other Models 

Other CDI animal models including piglets, rabbits, zebrafish, foals, and infant 

rhesus monkeys have also been explored. C. difficile commonly occurs in neonatal pigs 

on farms (209); in a lab setting, CDI can be established in germ-free piglets (166) where 

C. difficile consistently colonizes animals after oral challenge. Depending on the 

challenge dose and age of the piglet, a range of infection severity from mild to severe 

fatal disease can be induced. Infected piglets also exhibited characteristic 

pseudomembranous colitis and mucosal lesions of the large bowel not observed in either 

hamster or mouse models of infection. Again, similar to human infection, TcdA and 

TcdB are detected in feces, body fluids, and sera, with high levels of IL-8 elicited in 

severely ill animals.  
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The rabbit ileal loop model has been used to study the effect of purified TcdA and 

TcdB on intestinal integrity and epithelial permeability (210). In contrast to TcdB, TcdA 

was found to cause greater epithelial permeability leakage, higher neutrophil infiltration, 

and more severe epithelial cell necrosis. The zebrafish model offers unique opportunities 

to study toxin action because embryos have many major organs also present in humans 

which are clearly visible under a light microscope due to the transparency of the embryo 

tissues. This model has proven useful  for studying systemic toxin-induced multi-organ 

failure and impaired cardiac function observed in human CDI patients, where it was 

found that TcdB was shown to be a potent cadiotoxin (173). Overall, the animal models 

discussed above have proven essential to both to the study of C. difficile pathogenicity 

and to the development and advancement of promising new prevention and treatment 

strategies against both primary and recurrent CDI. 
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Chapter II: Systemic Dissemination of Clostridium difficile Toxins A and B is Associated 

With Severe, Fatal Disease in Animal Models 

 

Background. CDI can cause a wide range of disease, from mild diarrhea to fulminant 

systemic disease. The incidence of systemic CDI with fatal consequence has increased 

rapidly in recent years. 

 

Methods. Using an ultrasensitive cytotoxicity assay, we measured C. difficile toxin A 

(TcdA) and C. difficile toxin B (TcdB) in sera and body fluids of piglets and mice 

exposed to C. difficile to investigate the relationship between the presence of toxins in 

body fluids and systemic manifestations of CDI.  

 

Results. We found that both TcdA and TcdB disseminate systemically, with toxins 

present in the sera and body fluids of infected animals, and that toxemia is significantly 

correlated with the development of systemic CDI. The systemic administration of 

neutralizing antibodies against both toxins blocked the development of systemic disease 

in mice. We measured cytokine concentrations in the sera of mice and piglets with 

systemic and nonsystemic CDI and found that proinflammatory mediators were 

considerably elevated in animals with systemic CDI.  
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Conclusion. Our study demonstrates the existence of a strong correlation between 

toxemia and the occurrence of systemic disease, supporting the hypothesis that systemic 

CDI is most likely due to the toxicity of TcdA and TcdB and the induction of 

proinflammatory cytokines. 
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A. Introduction 

Clostridium difficile is an important nosocomial pathogen and the most commonly 

diagnosed cause of antibiotic- associated diarrhea and colitis (211). CDI can cause a wide 

range of disease, from mild diarrhea to fulminant systemic disease. Since 2000, outbreaks 

of CDI with greater morbidity and mortality have occurred in many developed countries 

(212). CDI is thought to be caused by 2 glucosylating toxins secreted by the bacterium C. 

difficile toxin A (TcdA) and toxin B (TcdB) because strains lacking the toxins are 

avirulent. Recent studies show that both toxins can cause disease in hamsters (37), but 

their relative roles in the disease are unclear. CDI commonly results in severe 

gastrointestinal pathology, including pseudomembranous colitis and toxic megacolon, but 

may also result in a variety of observed systemic complications. Reported systemic 

complications in patients with CDI include ascites (213, 214), pleural effusion (215, 216), 

cardiopulmonary arrest (217, 218), hepatic abscess (219), abdominal compartment 

syndrome (220), acute respiratory distress syndrome (221), multiple organ dysfunction 

syndrome (222), and renal failure (223). Although bacteremia has been identified as a 

cause of systemic manifestations of CDI in some cases, it is not always present, and other 

mechanisms by which C. difficile causes these systemic effects are not well understood. 

The 2 glucosylating toxins produced by the bacteria are likely involved, and a greater 

understanding of the systemic effects of CDI and why they occur in some patients, but 

not others, is important because these effects are often life-threatening in nature.  

Animals infected by C. difficile often experience systemic manifestations of 

disease, in addition to typical gastrointestinal signs. Naturally infected piglets sometimes 

develop respiratory distress and hydrothorax, as well as ascites (224)(225). 
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Administration of TcdB to zebrafish causes cardiac damage (173), a finding that places 

more importance on understanding the systemic role of these toxins in mammals. An 

obstacle to investigations of the relationship between systemic disease and toxemia in 

CDI has been the lack of a sensitive detection assay for toxins in blood or tissue fluid. We 

recently reported the development of an ultrasensitive immunocytoxicity (ICT) assay, 

which can detect toxin concentrations as low as 1 pg/mL in serum and body fluids of 

piglets with CDI (226). Using this assay, we investigated the relationship between the 

occurrence of systemic disease and toxemia in gnotobiotic piglet and mouse models of 

CDI. 

 

B. Materials and Methods 

Animals and Inoculation: 

Gnotobiotic piglets were delivered via cesarean section into a sterile isolator and 

maintained in groups of 2–4 inside isolators for the duration of the study, as previously 

described (166). We orally inoculated a total of 79 piglets, ranging in age from 2 days to 

7 weeks, with 105–109 C. difficile spores using the NAP1/027/ BI strain UK6 (227). For 1 

group of 8 piglets, we collected blood daily after inoculation, and for all piglets, we 

collected blood at the time of euthanasia. We performed a necropsy on each piglet 

following euthanasia or death, assessed gross gastrointestinal and systemic lesions, and 

collected body fluids, including pleural and abdominal effusion, if present.  

We maintained 6- to 9-week-old C57BL/6 mice (Jackson Laboratory) in 

pathogen-free facilities in groups of 5. We orally inoculated mice with 106 C. difficile 
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spores using the NAP1/027/ BI strain UK1 (227) after a series of antibiotic treatments, as 

previously described by Chen et al (164).  

We collected blood daily after inoculation to assess the progression to toxemia. 

We collected tissues, including small intestine, large intestine, mesenteric lymph nodes, 

liver, kidney, spleen, lung, and heart, from piglets and mice at the time of necropsy for 

histopathologic examination. We handled and cared for all animals according to 

Institutional Animal Care and Use Committee guidelines.  

All piglets and mice were monitored for the development of clinical signs of CDI 

several times daily after inoculation with C. difficile. Based on the assessment of signs, 

we classified animals as developing either nonsystemic CDI or systemic CDI. For both 

piglets and mice, nonsystemic CDI refers to the presence of localized gastrointestinal 

illness only, evidenced by development of diarrhea, without any systemic clinical signs. 

Systemic CDI refers to the development of systemic signs of illness in addition 

to diarrhea. In piglets, clinically observable systemic signs include lethargy, depression, 

weakness, and dehydration, progressing to complete anorexia and dyspnea. In mice, 

systemic CDI is evidenced by depression, unkempt haircoat, hunched posture, weakness, 

and dehydration, progressing to anorexia and abdominal distension. Both piglets and 

mice were euthanized either when systemic clinical signs were progressively worse over 

the course of several daily checkpoints or when the animal was found moribund or 

dyspneic. Animals that never developed any systemic signs of illness were euthanized at 

a predetermined experimental endpoint, generally 7–10 days after inoculation. 
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Immunocytotoxicity Assay: 

To determine the presence of toxins in serum samples, we used the ultrasensitive 

ICT assay using both the real-time cell electronic sensoring system (RT-CES, Roche 

Applied Science) as previously described by our laboratory (226), as well as traditional 

methods of observing cell rounding. In brief, mRG1-1 cells, which express the FCcRI-a 

chain, were added to wells of microelectrode-imbedded microplates (E plates) or standard 

96-well plates. We added the A1H3 mouse anti-TcdA monoclonal antibody generated by 

our laboratory (228) to wells with cells. A1H3 increases the sensitivity of cells to TcdA, 

allowing detection of low concentrations of TcdA in samples within the 1–10 pg/mL 

range (226). TcdB is more cytotoxic than TcdA and can be detected at  10 pg/mL 

without an enhancing antibody. Mouse and piglet serum samples were added to cells at a 

1:10 final dilution. We used goat anti-TcdA and anti-TcdB serum (TechLab) in the assays 

to neutralize the activity of both toxins. Rabbit anti-TcdA and alpaca anti-TcdB sera were 

used for neutralizing TcdA and TcdB, respectively. Recombinant TcdA and TcdB (229) 

were used as positive controls and standards. After addition of samples, toxins, and 

antibodies, we connected E plates to the RT-CES and collected cytotoxicity data that was 

measured via cell index for 12–24 hours. We used a phase-contrast microscope to assess 

the percentage of cell rounding on standard plates hourly for 8 hours and then after 

overnight incubation. 
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Rac1 Glucosylation:  

We evaluated piglet and mouse serum samples, which were toxin positive in the 

ICT assay, for glucosyltransferase activity by assessing glucosylation of the Rho GTPase 

Rac as described previously (229). In brief, mRG1-1 cells were seeded in 24-well plates 

and incubated until the cells reached confluence. Cells and A1H3 only were used as 

negative controls, and 10 ng/mL of TcdA with A1H3 was used as a positive control. We 

used the polyclonal sera described previously to neutralize either both toxins or each 

toxin separately. We harvested cells when toxin control wells reached 100% cell 

rounding and performed immunoblotting. We used antibodies that specifically recognize 

the nonglucosylated form of Rac1 (clone 102, BD Bioscience) and anti-b-actin (clone 

AC-40, Sigma) as the primary antibodies and horseradish peroxidase–conjugated anti-

mouse immuno- globulin G (Amersham Biosciences) as the second antibody. 

 

In Vivo Neutralizing Antibody Treatment: 

We orally inoculated C57BL/6 mice with 106 C. difficile UK1 spores after 

antibiotic treatment, as previously described by Chen et al (164). We treated mice 4 hours 

after inoculation with C. difficile, with alpaca polyclonal antisera against TcdA and 

TcdB. The antisera for each toxin were generated separately, and mice were dosed, based 

on the neutralizing activity of the sera, with a single intraperitoneal injection of the mixed 

anti-TcdA and anti-TcdB sera. We injected control mice with an equal amount of 

nonimmune sera. All mice were monitored for development of clinical signs of CDI and 

progression to systemic CDI, and mice that became moribund were euthanized. 
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Cytokine Measurement: 

In piglet serum samples, cytokine concentration was determined for interleukin 

1 (IL-1), interleukin 4 (IL-4), interleukin 6 (IL-6), interleukin 8, interleukin 10 (IL-10), 

interleukin 12 (IL-12), tumor necrosis factor a (TNF-), transforming growth factor b, 

and interferon c (IFN-) using porcine cytokine quantification kits (Invitrogen and R&D). 

In total, 69 piglet serum samples were analyzed, including 29 from animals with systemic 

CDI and 40 from animals with nonsystemic CDI. For mice, a total of 19 serum samples 

from 69 mice were analyzed, including 7 from animals with systemic CDI, 7 from 

animals with nonsystemic CDI, and 5 from animals treated with alpaca polyclonal 

antisera against TcdA and TcdB described previously. The cytokine concentration for 

IFN-, IL-12, IL-10, TNF-, IL-6, KC (CXCL1), and IL-1 was determined, following 

the manufacturer’s directions, with murine cytokine quantification kits (Invitrogen and 

R&D). 

 

Statistical Analysis: 

We compared categorical variables, such as presence of toxemia and systemic 

CDI, for each group using the Fisher exact test. We used the t test to analyze continuous 

variables, such as cytokine measurements. All analyses were performed using SPSS 

statistical software version 16.0. 
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C. Results 

Both TcdA and TcdB Are Liberated into Serum and Body Fluids  

Using the ICT assay (226), we found that 12 of 43 piglet serum samples with CDI 

(27.9%) and 23 of 69 mouse serum samples with CDI (33.3%) were positive for toxin. 

Additionally, 6 of 13 pleural fluid samples (46.2%) and 11 of 14 ascites samples (78.6%) 

collected from piglets and 5 of 5 pleural fluid samples (100%) and 2 of 2 ascites samples 

(100%) collected from mice were positive for toxin (Table 1). The concentrations of 

TcdA or TcdB detected in the sera and fluids ranged from 1 pg/mL to 10 ng/mL, and 

were determined either by the cell index curve or percentage of cell rounding. Figure 1 

depicts the appearance of cells in the ICT assay using a standard 96-well plate. Serum 

samples collected from a piglet and mouse with systemic CDI caused typical cell 

rounding (Figure 1b and 1e), similar to that of TcdA as a control (Figure 1a). 

Preinoculation serum or the toxemic samples mixed with neutralizing anti-TcdA and 

TcdB antibodies had no ability to cause cell rounding (Figure 1c, d, f), indicating that the 

cell rounding is indeed caused by the toxins.  
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Table II-1. Toxin in body fluid samples association with systemic CDI in piglets and 

mice 
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Figure II-1. Cell rounding caused by piglet and mouse serum samples. a, 10 ng/mL of 

Clostridium difficile toxin A (TcdA); b, Serum from a piglet with severe CDI; c, Piglet 

serum in (b) plus anti-TcdA and C. difficile toxin B (TcdB) polysera; d, Piglet 

preinoculation serum; e, Serum from a mouse with severe CDI; f, Mouse serum in (e) 

plus anti-TcdA and anti-TcdB polysera. 
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To determine which of the 2 toxins were present in the samples, neutralizing 

antibodies against individual toxins were added to sample wells in the ICT assay. Figure 

2a illustrates representative data from the assay with serum from 1 piglet with systemic 

CDI. Cells in the control well displayed normal attachment and growth (Figure 2a) with a 

rapid rise in the cell index, and cells with 10 ng/mL of TcdA displayed retarded growth 

with a minimal increase in cell index (Figure 2a). The cell index of the well containing 

the piglet serum remained at baseline levels throughout the 24-hour period (Figure 2a). 

Addition of anti-TcdA and anti-TcdB antibodies to the serum sample fully neutralized the 

toxicity, indicating that it is the presence of the toxins in the serum causing cytotoxicity 

(Figure 2a). Addition of only anti-TcdB antibody did not improve the cell index (Figure 

2a), and addition of only anti- TcdA antibody resulted in a marginal increase in the cell 

index (Figure 2a), indicating that both toxins were present in the serum in cytotoxic 

concentrations. Similarly, in Figure 2b, sera from 1 representative mouse with systemic 

CDI and 1 mouse with nonsystemic CDI were evaluated for the presence of toxin using 

the ICT assay. Only serum from the mouse with systemic CDI caused a retarded growth 

curve (Figure 2b), and addition of antibodies against TcdA and TcdB fully neutralized the 

toxic effect of the serum (Figure 2b). 
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Figure II-2. Toxins in piglet and mouse sera. a, Serum from 1 representative piglet with 

systemic CDI was assessed for the presence of toxemia, using antibodies against C. 

difficile toxin A (TcdA) and C. difficile toxin B (TcdB) separately to demonstrate the 

presence of each toxin. b, Sera from 1 representative mouse with systemic CDI and 1 

mouse with nonsystemic CDI were assessed for the presence of toxemia. Control  cells 

only; anti AB  goat anti-TcdA and anti-TcdB polysera; anti A   alpaca anti-TcdA 

polysera; anti B   alpaca anti-TcdB polysera. 
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To further verify the presence of clostridial glucosylating toxins, we evaluated the 

glucosylation of Rac1 in cells in the presence of the serum samples. When TcdA or TcdB 

is present in a sample, the Rac1 in mRG1-1 cells incubated in wells with the sample will 

be glucosylated by the toxin and thus will be undetectable by the anti-Rac1 antibody, 

which recognizes only the nonglucosylated protein (229). In control wells containing 

only cells or cells plus neutralizing antibodies alone, Rac1 was readily detectable (Figure 

3a, lane 1, 2), but when toxin was incubated with the cells as a positive control, Rac1 was 

not detected (Figure 3a, lane 3, 4). Mouse pre-inoculation sera and sera collected 1 day 

post inoculation were negative for toxin based on the presence of Rac1, but samples 

collected from mice 2 days post inoculation, with development of systemic CDI, were 

positive (Figure 3a, lanes 5–9). When anti-TcdA and TcdB antibodies were added to the 

samples and incubated with cells, toxin activity was completely neutralized, and Rac1 

levels were similar to that of controls (Figure 3a, lane 10). When only anti-TcdA or only 

anti-TcdB antibodies were added to the sample, toxin activity could not be fully 

neutralized, indicating the presence of both toxins in the serum (Figure 3a, lanes 11, 12). 

The Rac1 glucosylation assay was also performed with piglet serum samples obtained 

from the same animal as in Figure 2. Serum from this piglet was negative at day 5 

postinoculation, but positive on day 7, when systemic disease was noted, and again, the 

glucosylation was completely abrogated by addition of anti-TcdA and anti-TcdB 

antibodies to the cells with samples (Figure 3b). 
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Toxemia Is Associated With the Development of Systemic Manifestations of CDI 

In both the mouse and piglet models of CDI, the severity of disease ranged from 

mild, localized gastrointestinal illness to severe, systemic, and often fatal disease. To 

examine whether the presence of toxin in the systemic circulation is associated with 

systemic manifestations of CDI, we divided the animals into 2 groups: systemic CDI and 

nonsystemic CDI. Of the 43 piglet serum samples tested, 18 were from animals with 

systemic CDI and 25 were from animals with nonsystemic CDI (Table 1). Twelve of 18 

(66.67%) serum samples from piglets with systemic CDI had detectable levels of toxin. 

In piglets with nonsystemic CDI, however, toxin was never present in the serum at 

detectable levels (Table 1). The association of toxemia in piglets with the occurrence of 

systemic CDI was highly significant (P  .0001). Similarly, in mice, 27 of 61 serum 

samples tested were from animals with systemic CDI and 34 were from animals with 

nonsystemic CDI. Of 27 animals with systemic CDI, 23 (85.2%) had detectable levels of 

toxin, but none of the animals with nonsystemic CDI had detectable toxin levels (Table 

1). The association of toxemia with systemic CDI in mice was also highly significant (P  

.001). We found no evidence of bacteremia or bacteria in the lungs of piglets or mice 

with systemic CDI ((166)and data not shown). As evidenced by the results from a 

representative piglet and mice (Figure 3), toxemia coincides with the development of 

systemic CDI, and neither TcdA nor TcdB was detectable in the sera of animals before 

the onset of systemic clinical signs of CDI. 
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Figure II-3. Glucosyltransferase activity in mouse and pig sera. The mRG1-1 cells were 

exposed to mouse (a) or pig (b) sera before being harvested for detection of Rac1 

glucosylation by immunoblotting as described in Materials and Methods. a, Lane 1: cells 

only; lane 2: A1H3 antibody only; lane 3: 10 ng/mL Clostridium difficile toxin A (TcdA) 

+ A1H3; lane 4: 1 ng/mL TcdA + A1H3; lane 5: mouse preinoculation serum (1:10) + 

A1H3; lane 6: mouse serum (1:20) 1 d postinoculation (PI) + A1H3; lane 7: mouse serum 

(1:20) 2 d PI + A1H3; lane 8: mouse serum (1:50) 2 d PI + A1H3; lane 9: mouse serum 

(1:200) 2 d PI + A1H3; lane 10: mouse serum (1:20) 2 d PI + A1H3 + anti-TcdA and 

anti-TcdB polysera (1:1000); lane 11: mouse serum (1:20) 2 d PI + A1H3 + anti-TcdA 

polysera (1:1000); lane 12: mouse serum (1:20) + A1H3 + anti-TcdB polysera (1:1000); 

b, Lane 1: cells-only control; lane 2: A1H3 antibody control; lane 3: 10 ng/mL TcdA + 

A1H3; lane 4: piglet serum (1:10) 5 d PI + A1H3; lane 5: piglet serum (1:50) 7 d PI + 

A1H3; lane 6: piglet serum (1:50) + A1H3 + anti-TcdA and anti-TcdB polysera. 
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Systemic Manifestations of CDI Occur in Piglets and Mice With Toxemia 

All piglets inoculated with C. difficile developed diarrhea within 48 hours post-

inoculation, and progression to systemic CDI occurred within 3–6 days post-inoculation. 

On necropsy, typical gross systemic manifestations in pigs with systemic CDI included 

cranial-ventral lung consolidation or petechiae in 79.5%, pleural effusion in 74.4% 

(Figure 4a), and ascites in 79.5%, with the rare lesion of pancreatitis in 2.6%. Ascites was 

the only systemic manifestation ever found to occur in piglets that did not exhibit clinical 

signs of systemic illness, occurring in 10.9%. The association of ascites, pleural effusion, 

and pulmonary lesions with systemic CDI was highly significant (P  .0001). In C. 

difficile–infected piglets, histopathology of the large intestine showed submucosal and 

mesenteric edema, neutrophilic inflammation, and mucosal ulcerations and erosions, as 

previously described (166). Systemic lesions were most notable in the lungs, and 

interlobular edema, alveolitis, interstitial thickening, and regional atelectasis were 

observed, but neither bacteria nor neutrophils were present (Figure 4c). Similarly, in 

mice, systemic manifestations, including pleural effusion (Figure 4e) and ascites (Figure 

4f), were also observed. 
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Figure II-4. Necropsy and histopathologic images from piglets and mice with CDI. a. 

Necropsy image of the thorax of a piglet with systemic CDI showing pleural effusion. b. 

Necropsy image of a piglet with systemic CDI showing pericardial edema. c. Section of 

lung from a piglet with systemic CDI showing regional atelectasis and interstitial 

thickening with no bacteria or neutrophilic inflammation present. d. Section of lung from 

a normal piglet for comparison. e. Necropsy image of the thorax of a mouse with 

systemic CDI showing pleural effusion f. Necropsy image of the abdomen of a mouse 

with systemic CDI showing ascites 
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Systemic Neutralizing Antibodies Block Toxemia and Systemic Disease 

Because both TcdA and TcdB are liberated into circulation in animals with 

toxemia, we examined whether neutralization of the 2 toxins would eliminate systemic 

manifestations of disease and thus reduce severity. Mice treated with systemic 

neutralizing antibodies against TcdA and TcdB (antitoxins) were completely protected 

from the development of toxemia, systemic CDI, and death. Of the nonimmune serum-

treated control mice, 40% developed fatal systemic CDI (Figure 5a) with systemic 

clinical signs of CDI such as weight loss, anorexia, dehydration, lethargy, dyspnea, and 

poor body condition. The antitoxin-treated mice, on average, lost  6%of their body 

weight and quickly recovered body weight compared with control mice (Figure 5b). 
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Figure II-5. Survival and body-weight changes in mice treated with systemic polyclonal 

anti–Clostridium difficile toxin A and anti–C. difficile toxin B antibodies. a, Kaplan-

Meier survival curves of antitoxin antibody- treated mice compared with those of mice 

treated with nonimmune sera (CRT); b, Relative body-weight change in mice after 

inoculation with C. difficile. The data shown are pooled from 2 independent experiments 

(n = 15). Significant differences were determined using the t test. *P < .001. 
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Proinflammatory Cytokines Are Elevated in Animals With Systemic CDI 

Both TcdA and TcdB possess inflammatory properties (59, 230–233); therefore, 

we hypothesized that toxemia would induce systemic cytokine production. For piglet 

sera, we divided samples into systemic-CDI (n = 29) or nonsystemic-CDI (n = 40) 

groups, and the mean cytokine concentrations were compared for significant differences 

between groups with the t test for each cytokine. In piglet sera, IL-1, IL-4, and IL-6 

concentrations were significantly different between groups, with P values of .03, .04, and 

.001, respectively (Figure 6a). Piglets developing systemic CDI had significantly greater 

levels of the inflammatory cytokines IL-1 and IL-6, but significantly lower levels of IL-

4, an anti-inflammatory cytokine (Figure 6a). Likewise, mice with systemic CDI also had 

elevations in the concentrations of several cytokines measured. CXCL1 (KC) and IL-6 

were most elevated in mice with systemic CDI, with a trend for elevations also noted for 

IFN-, IL-1, IL-10, and IL-12 (Figure 6b). 
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Figure II-6. Piglet and mouse serum cytokine concentrations. a, Serum from piglets (n = 

69) was grouped according to disease severity, as systemic (black bar, n = 29) or 

nonsystemic (open bar, n = 40) CDI; b, Serum samples from 7 mice with systemic CDI 

(black bar), 7 mice with nonsystemic CDI (open bar), or 5 mice treated with anti–

Clostridium difficile toxin A and anti–C. difficile toxin B polysera (anti AB, gray bar) 

were run separately in cytokine assays. Columns represent the mean cytokine 

concentration with standard error bars for each cytokine. Statistical differences were 

determined by the t test. *P < .05; ** P < .01. Abbreviations: IFN-, interferon ; IL, 

interleukin; TGF-, transforming growth factor ; TNF-, tumor necrosis factor . 
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D. Discussion 

C. difficile is an important nosocomial pathogen in developed countries (234). 

The increased morbidity and mortality associated with CDI, which began in the early 

2000s with the emergence of NAP1/027/BI strains, has reached epidemic proportions 

(234). In the United States, some 500,000 cases of CDI, with approximately 15,000–

20,000 deaths, are reported annually (234, 235). Systemic complications of CDI are often 

life threatening, and although large-scale studies on systemic CDI in humans are 

unavailable, there exists a wealth of case reports describing a variety of extra colonic 

complications (236–238). Although suspected, a linkage between systemic CDI and 

toxemia has not yet been confirmed with direct evidence in humans. We conducted 

experiments in mice and piglets, aiming to define the features that distinguish systemic 

CDI from nonsystemic CDI.  

We have previously reported the detection of toxins in sera and body fluids of 

systemically ill animals with CDI (166), which suggested a potential association with 

systemic involvement. In contrast, in piglets and mice with CDI that exhibit diarrheal 

symptoms with no apparent systemic manifestations, toxins are undetectable in the sera 

or body fluids. Recent reports describing the relative importance of TcdA and TcdB in 

animal models of CDI have suggested that TcdB was likely linked with systemic disease 

(38, 173). Our findings show that both toxins are present in the serum at cytotoxic 

concentrations, observations consistent with a recent report that TcdA and TcdB are 

implicated in the pathogenesis of systemic CDI (37).  

Our work clearly shows that TcdA and TcdB reach systemic circulation following 

colonization of the intestinal tract by the bacteria, and when they do, systemic disease 
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ensues. Systemic abnormalities in these animals included pleural effusion, ascites, and 

cardiopulmonary lesions, all observations that have been described in humans with CDI 

(236). The mechanisms of systemic toxin uptake and the relative contribution of each 

toxin to these systemic abnormalities remain unclear. Both toxins are highly cytotoxic to 

cultured cells, and thus may have a direct effect on various organ tissues, which could 

explain the cardiac damage seen in the intoxicated zebrafish model (173). Significant 

tissue abnormalities, presumably due to intoxication, were found, which included cranial-

ventral consolidation of the lung lobes, pleural effusion, and diffuse petechiation of the 

lung lobes, which may be due to a direct toxic effect.  

Because TcdA and TcdB are both proinflammatory (60), we believe that toxemia 

may have induced a profound inflammatory reaction that contributed to the severity of 

disease. To investigate one aspect of the inflammatory response, we examined pig and 

mouse serum samples for the presence of various pro- and anti-inflammatory cytokines. 

We found that in both pigs and mice, proinflammatory cytokine levels were elevated in 

animals with systemic CDI compared with those in animals with nonsystemic CDI. In 

both species, significant elevations were found for levels of IL-1 and IL-6, both of 

which are proinflammatory mediators. Interestingly, a significant elevation in the anti-

inflammatory cytokine IL-4 was observed in piglets with no apparent systemic 

manifestations of disease. These differences between the 2 groups warrant further 

investigation, as the proinflammatory response in CDI may contribute to the development 

of systemic disease. Our findings in both animal-infection models of CDI support the 

importance of inflammatory mediators in the C. difficile immune response and the 

potential implications for inflammation- induced tissue damage systemically.  
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Our findings have implications for understanding the pathogenesis of CDI, the 

development of novel vaccines, and immunotherapy. Knowing that the toxins can be 

released into circulation and subsequently can cause systemic inflammation and tissue 

damage illustrates the need to not only target the bacteria with effective antibiotics, but 

also to prevent or reduce the impact of circulating toxin in severe cases. Development of 

vaccines and monoclonal and polyclonal antibodies directed against the 2 toxins will help 

prevent the development of systemic CDI. Our observations warrant a close examination 

of toxemia in humans with systemic CDI, in addition to treating the infection within the 

gastrointestinal tract. 
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Chapter III: CDI treatments and Prevention 

 

CDI incidence and the incidence of CDI-associated mortality has increased 

drastically over the past decade due to the emergence of hypervirulent and antibiotic-

resistant strains. Therefore, novel treatments and prevention strategies against CDI are 

actively sought after. This chapter will discuss current standard-of care antibiotic 

treatments and their drawbacks that leads to new generation antibiotic designs, alternative 

solutions such as fecal transplantation, probiotics, biotherapeutics, antibody-based 

therapies, and vaccines that do not induce gastrointestinal dysbiosis and increase 

antibiotic resistance burden. 

 

A. Standard-of-Care Antibiotics: Metronidazole & Vancomycin. 

Metronidazole is a nitroimidazole-class antibiotic and antiprotozoal that inhibits 

nucleic acid synthesis through DNA disruption (239). The pharmacological activity of 

metronidazole is maximal when partially reduced and therefore it is most active in 

anaerobic sites such as the human colonic lumen (239). The most common side effects 

include metallic taste, headache, nausea and disulfiram-like effect with alcohol, all of 

which typically disappear after treatment stops (239). Metronidazole is usually 

considered the first-line of treatment against CDI (239). When oral dosing is not possible, 

parenteral, or rectal administration can be substituted as these routes all lead to 

comparable systemic and colonic tissue drug concentrations (239). 

Vancomycin was discovered to treat penicillin-resistant staphylococcal infections 

more than 60 years ago (240). Vancomycin is generally effective against most Gram-

positive organisms, some anaerobic bacteria (clostridia), as well as Neisseria 
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gonorrhoeae (240). The primary causative agent for pseudomembranous enterocolitis is 

C. difficile, although Staphylococcus aureus is occasionally associated with this condition 

as well (241)(242). Vancomycin has become the drug of choice for therapeutic treatment 

of pseudomembranous enterocolitis due to its poor absorption in the gastrointestinal tract 

which promotes high therapeutic concentrations in situ after oral administration (243). 

Because of reduced absorption into the bloodstream, side effects of vancomycin typically 

seen after parenteral administration include ototoxicity, nephrotoxicity, and Red-man 

syndrome, (244). The most common side effects of oral vancomycin administration are 

mild upset stomach and nausea (244). 

Despite the fact that treatment with antibiotics is directly associated with the 

induction of CDI, metronidazole and vancomycin have been the standard treatment for 

CDI for the past 30 years. Currently, physicians follow CDI treatment guidelines 

recommended by the Society for Healthcare Epidemiology of America (SHEA) and the 

Infectious Diseases Society of America (IDSA) (245). Once CDI is diagnosed by the 

presence of stool toxin(s) or toxigenic C. difficile strains, the first step is to stop therapy 

with the provocative antimicrobial agent(s) as quickly as possible to limit the risk for CDI 

recurrence. If severe or complicated CDI is diagnosed, treatment needs to start as soon as 

possible. When possible, the use of antiperistaltic agents such as opiates and 

diphenoxylaye hydrochloride with atropine sulfate need to be avoided as they delay toxin 

clearance that leads to toxin-mediated megacolon. CDI severity is categorized as the 

followings (245). Mild to moderate CDI is with diarrhea but without additional 

symptoms of severe or severe and complicated CDI. Severe CDI is defined as 

leukocytosis with a white blood cell count of 15,000 cells/l or higher or a serum 
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creatinine level greater than or equal to 1.5 times the premorbid level. Severe and 

complicated CDI has the same definitions as severe CDI with additional symptoms such 

as hypotension, shock, ileus or megacolon. Oral metronidazole, given at 500 mg 3 times 

per day for 10-14 days, is recommended for adult patients having their first CDI primary 

episode or first recurrent CDI infection with mild to moderate severity. For first severe 

CDI, oral vancomycin is used at 125 mg 4 times per day for 10-14 days. For severe and 

complicated CDI, a much more aggressive treatment regime is administered involving 

oral vancomycin at 500 mg given 4 times per day in combination with 500 mg in about 

100 ml of saline delivered via enema every 6 hours (if ileus is present at rectum), with or 

without intravenously administered 500 mg metronidazole every 8 hours. For severely ill 

patients, colectomy is considered if serum lactate levels rise to 5 mmol/L and white blood 

cell counts rise to 50,000 cells per ml, both of which have been associated with increased 

mortality. Use of metronidazole is not recommended beyond the first recurrent CDI, or 

for long term chronic therapy, due to its potential for cumulative neurotoxicity. The 

preferred regimen for vancomycin treatment of a second CDI recurrence and beyond is to 

use a tapered and/or pulse procedure. The recommendations for the use of metronidazole 

and vancomycin for pediatric patients are currently similar to adult patients. 

Although current standard antibiotic treatment with metronidazole and 

vancomycin can initially be effective against CDI,  they promote increased intestinal 

dysbiosis; it is this disruption of commensal intestinal flora that eventually leads to CDI 

recurrence (33). This conundrum has led to the development of alternative antibiotic 

therapies, the most promising of which is fidaxomicin. Fidaxomicin (OPT-80) is a new 

macrocyclic, RNA polymerase-inhibiting antibiotic (246, 247) which has bactericidal 
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activity both in vitro and in vivo against C. difficile, but with less activity against multiple 

gut commensal bacterial species, including Bacteroides spp., anaerobic gram-negative 

bacilli, and other Clostridium spp. thought to facilitate colonization resistance against C. 

difficile (248–251). Recently, the efficacy of fidaxomicin and vancomycin were 

compared in 2 phase III randomized, double-blind clinical trials (195). In the first study, 

patients with CDI received either 200 mg of fidaxomicin twice a day or 125 mg of 

vancomycin 4 times a day for 10 days. In all 1164 enrolled subjects, both antibiotics were 

found to be similarly effective against primary CDI (> 90% cure). However, fidaxomicin 

reduced both early (occurred within 14 days; 8% versus 27% p = 0.003) or late (occurred 

within 28 days; 19.7% versus 35.5% p = 0.045) recurrence rates over vancomycin. The 

study concluded that fidaxomicin is as effective as vancomycin in treating primary CDI 

but better in preventing CDI recurrence within 28 days. A second similarly designed 

phase III study confirmed similar results for both antibiotics against primary CDI (252), 

with both fidaxomicin and vancomycin achieving similar cure rates for primary CDI 

(87.7% for fidaxomicin versus 86.8% for vancomycin); the effect of treatment on 

recurrence was not reported for this study. In view of these encouraging clinical trials, 

fidaxomicin was recently approved by the FDA for the treatment of adult CDI (253). 

However, although CDI recurrence after treatment with fidaxomicin is reduced,  it still 

remains unacceptably high, and the high cost of fidaxomicin treatment may restrict its use 

to specific high risk groups such as patients with severe primary CDI or multiple 

recurrent disease for now (254, 255). 
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B. Antibiotics in Clinical Trials 

B1. Surotomycin (CB-183,315) is a new lipopeptide antibiotic structurally similar to 

daptomycin (256). In vitro studies have suggested that the mechanism of action involves 

depolarizing bacterial cytoplasmic membranes without permeabilization (256). 

Spontaneous resistance of C. difficile to surotomycin at 8 times the MIC was below the 

limit of detection; and in addition, there was less than a 2-fold change in susceptibility 

with serial passage under selective pressure for 15 days (256). When compared to 

vancomycin in a hamster CDI model, similar efficacy was observed with surotomycin 

(256). In addition, similar to fidaxomicin, surotomycin showed decreased activity against 

gut commensal species that are important for increasing colonization resistance to C. 

difficile (257). In a completed phase II randomized, controlled, double-blind, non-

inferiority, multicenter trial (258), efficacy against primary and recurrent CDI were 

compared with vancomycin. The primary cure rate was similar to vancomycin (92.4% for 

surotomycin at 125 mg twice a day and 86.6% for surotomycin at 250 mg twice a day, 

versus 89.4% for vancomycin 125 mg four times a day for 10 days). Recurrence rates 

were 27.9% for surotomycin at 125 mg twice per day, 17.2% for surotomycin 250 mg 

twice per day, and 35.6% for vancomycin 125 mg four times per day for 10 days). 

Surotomycin at 250 mg twice per day versus vancomycin was statistically significant for 

recurrent CDI (p = 0.035). However, surotomycin failed to meet the criteria for 

noninferiority versus vancomycin in a randomized, double-blinded, active-controlled, 

multicenter, international phase III trial (259). In a total of 570 subjects (290 received 

surotomycin at 250 mg twice per day for 10 days; 280 received vancomycin 125 mg four 
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times per day for 10 days), clinical cure rates were 79% for surotomycin versus 83.6 % 

for vancomycin (difference of -4.6%; 95% confidence interval, -11.0 to 1.9).  

 

B2. Cadazolid is a new oxazolidinone antibiotic developed for CDI treatment (260, 261). 

Cadazolid is structurally similar to linezolid and has potent in vitro activity against C. 

difficile, including linezolid- and fluoroquinolone-resistant strains (MIC range 0.125 to 

0.5 ug/ml) (260, 261). Cadazolid was demonstrated to have 99% C. difficile killing 

activity in 24 hours and was more potent than vancomycin in in vitro time-kill assays 

(260). Cadazolid functions through protein synthesis inhibition and can inhibit DNA 

synthesis at higher concentrations (260, 261). Unlike metronidazole and vancomycin, 

cadazolid significantly inhibited de novo TcdA and TcdB expression in stationary-phase 

cultures of toxigenic C. difficile (260). In addition, cadazolid can inhibit C. difficile spore 

formation at growth-inhibitory concentrations (260). Cadazolid in vivo potency against 

CDI is similar to vancomycin in hamster and mouse models (260). Spontaneous 

resistance of C. difficile to cadazolid was reported to be low (< 10-10 at 2x to 4x the MIC) 

and no significant increase in MIC after 13 passages in vitro (261). In addition, cadazolid 

remains potent against strains resistant to linezolid, fluoroquinolones, and fidaxomicin 

(261). In a completed multicenter, randomized, double-blinded phase II study, 84 patients 

with primary or first recurrence CDI were randomly divided into four treatment groups: 

250 mg cadazolid twice a day (N = 20), 500 mg cadazolid twice a day (N = 22), 1000 mg 

cadazolid twice a day (N = 20), 125 mg vancomycin four times a day (N = 22) for 10 

days (262). The clinical cure rate was achieved in 76.5% (80% confidence interval [CI], 

58.4, 89.3), 80.0% (63.9, 91.0), 68.4% (51.1, 82.5), and 68.2% (52.3, 81.3) of patients, 
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respectively. There was no evidence of a dose-dependent response observed for cadazolid 

in this study. Recurrence rates were lower (18.2% to 25%) in cadazolid-treated patients 

versus vancomycin-treated patients (50%), and clinical response rates were higher with 

cadazolid (46.7 to 60%), compared with vancomycin (33.3%). Cadazolid was found to be 

well tolerated and diarrhea resolution times were similar to vancomycin. Further analysis 

on strain resistance showed cadazolid had similar baseline MICs (0.06-0.25 mg/L) to 

fidaxomicin and lower than vancomycin, linezolid and moxifloxacin, consistent with 

earlier findings (260, 263). Upon analysis of outcome group, MICs remained in the same 

range suggesting spontaneous resistance rates to cadazolid during treatment are low 

(263). 

 

B3. Ridinilazole (SMT19969) is another new nonabsorbable antibiotic that is more 

active than fidaxomicin, vancomycin and metronidazole against C. difficile (264). Like 

fidaxomicin, ridinilazole is also less active against Gram-negative anaerobes (particularly 

bacteroides fragilis) than vancomycin and metronidazole (264). In addition, ridinilazole 

is also less active against other Gram-positive anaerobes such as Bifidobacteria spp., 

Eggerthella lenta, Finegoldia magna, and Peptostreptococcus anaerobius, as well as 

some Clostridium species such as C. ramosum, C. perfringens, suggesting ridinilazole 

may be less disruptive to normal gut flora, again promoting colonization resistance to C. 

difficile (264, 265). In a double-blind, randomized, placebo-controlled phase I study, oral 

delivery of ridinilazole was found to be safe and well tolerated, and plasma 

concentrations after single or multiple oral doses were found to be negligible; limited 
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disruption to the normal gut flora was also noted (266). A phase II trial is currently 

underway (Summit Therapeutics plc). 

 

C. Alternative Therapies 

C1. Fecal Transplantation 

Our intestinal tract is estimated to be colonized by 100 trillion microbes, 

collectively shaped by evolutionary selective pressure on both the host and the microbes 

themselves (267). The majority of these microbes play an important role in digesting 

otherwise indigestible nutrients, and are vital for maintaining human health (268, 269). 

When normal microflora is disrupted, many gastrointestinal diseases including obesity, 

colon cancer, celiac disease, diverticular disease, inflammatory bowel disease, and 

irritable bowel syndrome can result (270–273). Characterization of the genomic content 

of gut flora from 124 individuals by large metagenomics sequencing revealed 99% of the 

genes detected were of bacterial origin, with about 1150 unique bacterial species (mostly 

strict anaerobes) identified; each subject harbored at least 160 of these species, with large 

overlaps in represented species between individuals (274). Antibiotics or chemotherapy 

drastically affects composition, diversity, and gene expression of human gut microflora 

(275, 276), and disruptions from such treatments can eventually cause diseases such as 

CDI. In a clinical study conducted from September 2006 to May 2007 in Montreal, 

Quebec (277), fecal samples from 25 patients with confirmed CDI were compared with 

50 corresponding controls, and the use of nonsteroidal anti-inflammatory drugs and 

antibiotics were found to be associated with CDI. In addition, when their fecal samples 

were analyzed by 16S ribosomal RNA (rRNA) microarrays for bacterial diversity, CDI 
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patients has higher frequencies of Firmicutes, Proteobacteria and Actinobacteria spp. 

while Bacteroides spp. were higher in patients without CDI (277). After taking 

epidemiologic factors including age, sex, and the use of nonsteroidal anti-inflammatory 

drugs, cephalosporins, or fluoroquinolones into consideration, Bacteroidetes and 

Firmicutes were found to be significantly and independently related with CDI occurrence 

(277). In-depth analysis of the overall gut flora community using metagenomics deep 

sequencing of changes in 16S rRNA after fecal transplantation indicated that the diversity 

of the gut microflora increased after fecal transplantation, with significant reductions in 

Proteobacteria and increases in Bacteroidetes and Firmicutes (278). Although 

Firmicutes’s results were inconsistent in these studies, the results generated support the 

hypothesis that imbalanced microflora is the cause of CDI. 

One way to restore an imbalanced microflora is by fecal transplantation (279). 

Preparation of fecal matter from a fresh donor stool typically involves simple 

homogenization and crude filtration to remove large particles thus retaining most of the 

starting material and bioactive materials. The processed material is then delivered to 

patients through the upper gastrointestinal tract by nasogastric or duodenal tube, or the 

lower intestinal tract by colonoscopy or enema (280–283). The first report using this 

therapeutic approach was published in 1958 by Eiseman et al. (280), in which four 

patients were reported with resolution of CDI symptoms after receiving fecal 

transplantation via enema in combination with antibiotic treatment within 24-48 hr. A 

mixture of 10 facultatively aerobic and anaerobic bacteria administered by enema 

promoted the recovery of Bacteroides spp. in chronic relapse CDI patients, which 

blocked C. difficile colonization and led to loss of C. difficile and its toxins in the stools 
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(281). 15 of 16 CDI patients receiving fecal transplantation through a nasogastric tube 

were protected against recurrent CDI (282). 82% of CDI patients receiving fecal 

transplantation through colonoscopy resolved diarrhea after about 5 days (283). However, 

these studies did not incorporate appropriate control groups and therefore can only 

suggest potential beneficiary effects of fecal transplantation against recurrent CDI. 

Recently, results of several randomized placebo-controlled clinical trials were published 

(284–289). When compared with standard treatment with vancomycin, fecal 

transplantation was found to be more effective against recurrent CDI (81% resolution rate 

with fecal transplantation, compared with 23% resolution rate with vancomycin) (284). 

No significant adverse effects were documented in any study groups other than mild 

diarrhea, and abdominal cramping during infusion (284). As with previous studies, 

patients receiving fecal transplantation had higher fecal bacterial diversity with increased 

Bacterioidetes spp. and clostridium clusters IV and XIVa, and decreased Proteobacteria 

spp. (284).  This study suggests that fecal transplantation is more effective in treating 

recurrent CDI than vancomycin. However, these conclusions were contradicted by a 

more recent study (285) in which fecal transplantation was compared to a standard-of-

care vancomycin taper; symptom resolution rates between the two were not statistically 

different (43.8% versus 58.3%). Another clinical trial (286) looked at the efficacy of 

different administration routes using a frozen fecal suspension from unrelated donors in a 

small clinical trial (10 patients via colonoscopy and the other 10 via nasogastric tube). In 

this study, diarrhea resolved after one single dose in a total of 14 patients (8 of 10 in the 

colonoscopy group and 6 of 10 in the nasogastric group); 4 of the 6 remaining non-

responding patients were cured after retreated with fecal transplantation. The treatment 



 66 

was well tolerated in all patients, with no serious or unexpected adverse effects observed. 

An additional clinical trial (287) looked at whether freeze-thawing of the fecal 

transplantation dose affects the efficacy of fecal transplantation, and found  no statistical 

difference in recurrent resolving rate between freshly prepared versus frozen and thawed 

inocula. Another recent clinical trial looking at the effectiveness of fecal transplantation 

by colonoscopy showed efficacy in patients who had 3 or more prior CDI recurrences 

after vancomycin treatment for their most recent recurrence episode (288). RBX2660, a 

microbiota suspension developed by Rebiotix was recently demonstrated to be effective 

when delivered via enema against CDI recurrence in patients with recurrent and severe 

CDI (289) and it is currently undergoing phase III clinical trial (NCT03244644).  

The American College of Gastroenterology now recommends fecal 

transplantation as a treatment option for patients unresponsive to antibiotic therapy after 

their third recurrent CDI episode (290). Currently there are still many unknowns 

surrounding fecal transplantation such as donor types, fecal contents, timing of 

administration, or administration routes. These lingering but extremely important 

questions require additional clinical evaluation to standardize procedures and to 

determine if fecal transplantation is the most efficacious way to interrupt recurrent CDI. 

Furthermore, a number of safety concerns over using fecal transplantation in the long 

term are limiting the broad use of fecal transplantation. These include the potential 

transmission of unknown infectious pathogens to patients following fecal transplantation 

(291). To limit the risk of transmitting infectious pathogens, donor screening guidelines 

have been suggested (292). However, clinical studies have not yet incorporated these 

guidelines, and long term follow-up studies on the patients following  fecal 
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transplantation have yet to be conducted to assess risk (293). Finally, fecal transplantation 

is not publicly appealing; to overcome this hesitation in the future, it may be ideal to 

substitute stool samples with more defined mixtures of lyophilized bacteria in the form of 

an oral capsule (291). A recent phase I clinical trial using frozen encapsulated inoculum 

showed encouraging preliminary results in patients with at least 3 mild to moderate CDI 

recurrences and failed to respond to a 6-8 week vancomycin tamper or at least 2 severe 

CDI recurrences. (294). 

 

C2. Probiotics & Biotherapeutics  

Probiotics and biotherapeutics are defined as live microbes with the capacity to 

improve the microbial balance in hosts (295). Lactobacillus spp., Bifidobacterium spp., 

and Saccharomyces boulardii (S. boulardii) are common probiotic species that have been 

used in the prevention and treatment of antibiotic-associated diarrhea (295). They were 

found generally well tolerated and safe in clinical trials.  

L. rhamnosus GG was the first Lactobacillus spp. reported to have protective 

effective in preventing antibiotic-associated diarrhea and recurrent CDI (296–300). 

However, some reports have shown that the protective effect in preventing antibiotic-

associated diarrhea (301), and recurrent CDI (302) were minimal. Similarly, L. plantarum 

was reported to have no effect in preventing recurrent CDI in a small clinical trial 

involving 20 patients (303) but recently showed to have protective effect against CDI in 

clinical trials involving larger numbers of patients (304, 305). Recently, L. casei was 

showed to reduce the incidence of antibiotic associated diarrhea (306). Mixing multiple 

Lactobacillus spp. such as L. casei and L. acidophilus (BIO K+ CL1285) (307–309) or L. 
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casei, and L bulgaricus, with a Streptococcus spp., S. thermophilus (Actimel) (310) were 

found to be effective in preventing the incidence of antibiotic associated diarrhea and 

CDI. Bifidobacterium spp. are commonly formulated with Lactobacillus spp.. B. bifidum 

and L. acidophilus (Cultech, Swansea) formulation was reported to reduce the incidence 

of CDI (311) and other Bifidobacterium spp. such as B. breve, B. longum, and B. infantis 

were formulated with multiple Lactobacillus spp. such as L. acidophilus, L. plantarum, L. 

paracasei and L. bulgaricus and a Streptococcus spp., S. thermophilus (VSL#3) to 

prevent the incident of antibiotic associated diarrhea (312).  

Saccharomyces spp are eukaryotic yeast that present advantages against antibiotic 

associated diarrhea over bacteria-based probiotics. Among these Saccharomyces spp., S. 

boulardii was found to be more efficacious over other probiotics in preventing antibiotic 

associated diarrhea (295). A number of properties make S. boulardii ideal as a human 

probiotic. S. boulardii grows well at 37˚C and readily passes through gastric acid and bile 

barriers to successfully reach the colon (313). Because of its eukaryotic nature, S. 

boulardii is also resistant to most antibiotics (313). S. boulardii is considered to be a 

generally recognized as safe (GRAS) organism by the FDA, and it is typically cleared 

from the gastrointestinal tract within 3-5 days after dosing stops (314, 315). The probiotic 

effects of S. boulardii probiotic are thought to involve modulation of virulence factors 

from pathogens including suppression of pathogen adherence and colonization (316–

319), as well as promoting faster recovery of normal gut flora (320). For examples, S. 

boulardii produces a 63 kD phosphatase that inhibits the toxicity of endotoxin of 

pathogenic E. coli (321), and a 120 kD protein that inhibits the toxic effects of cholera 

toxin from Vibrio cholerae (V. cholerae) (322). S. boulardii may also indirectly help 
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damaged tissue repair by improving enterocyte migration through activation of 21 

integrin collagen receptors (323).  

From a gut physiology prospective, S. boulardii can release polyamines (324–

328), which play important functions in protein and nucleic acid synthesis, proliferation, 

differentiation and apoptosis of cells etc. (329).  S. boulardii also enhances 

disaccharidase activities, stimulates glucose uptake (325), promotes the release of 

endoluminal enzymes (326, 327), and enhances intestinal barrier function by improving 

permeability (330). 

From the perspective of immune function, S. boulardii stimulates early immune 

responses. It increases the numbers of erythrocytes, leucocytes, polymorphs, neutrophils 

and complement components such as C3, C5, C3d in peripheral blood, decreases 

complement haemolytic activity, and increases leucocyte chemokinesis (331). In 

addition, Küpffer cells, which play an important role in pathogen clearance, were found 

to be at higher numbers in germ-free mice colonized with S. boulardii (332). Serum TNF-

, IFN- and IL-12 were also found to be higher in these animals at earlier time points 

compared with germ-free mice, suggesting more robust resistance to pathogens prior to 

infection (332). S. boulardii also promotes anti-inflammatory responses by 

downregulating several proinflammatory cytokines such as IFN-, TNF-, IL-1, IL-8, 

and IL-6 (333–336), as well as upregulating anti-inflammatory cytokines such as IL-10 

(337). To achieve this, S. boulardii can stimulate regulatory T cells (338), decrease 

numbers of infiltrating T-helper 1 (Th1) cells to the site of inflammation (333), and 

inhibit NF-B, ERK, JNK signaling pathways (336). S. boulardii also inhibits the 

production of inducible nitric oxide synthase (iNOS) to decrease nitric oxide (NO) 
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production (339). Sustained elevation of nitric oxide has been shown to be a key 

pathogenic signature for ulcerative colitis and inflammatory bowel disease (IBD) (340–

342), further suggesting that S. boulardii can modulate disease outcome by inhibit iNOS 

production.  

 In the context of CDI, S. boulardii has been shown to have a protective effect in 

several CDI animal experimental challenge models (194, 343–346). The protective effect 

was first shown in hamsters (194). Lyophilized S. boulardii was given in drinking water 

three days before clindamycin injection and stopped 10 days after clindamycin 

administration. Hamsters receiving S. boulardii had significant reduced mortality caused 

by CDI. In gnotobiotic mice infected with C. difficile, one dose of S. boulardii protected 

16% of the animals versus 56% of the animals protected after continuous dosing of S. 

boulardii in their drinking water (343). In a subsequent study, the authors showed that S. 

boulardii-mediated protection is both dose-dependent and viability-dependent (345). S. 

boulardii treatment did not reduce C. difficile burden in these animals but rather caused a 

reduction of fecal toxin titers (343). A similar study done in axenic mice also showed no 

reduction of C. difficile burden but decreased fecal TcdA and TcdB titers (344). 

S. boulardii secrets a 54 kDa protease that can cleave TcdA and TcdB and their 

receptors in the brush border membranes (346–348). This reduces toxin-receptor binding 

and results in diminution of toxin effects such as diarrhea, tissue damage, and 

inflammation caused by both toxins. This toxin inhibition mechanism elicited by S. 

boulardii was first shown against TcdA in rat ileal loops (346). S. boulardii treatment of 

rats prior to TcdA injection into ileal loops protected the animals from TcdA-induced 

fluid accumulation and permeability. This protective effect was also elicited after co-
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injection of TcdA along with culture supernatants from S. boulardii, suggesting that the 

toxin inhibition effect is mediated by secretory factors of S. boulardii; interestingly, S. 

cerevisiae culture supernatants were unable to elicit similar TcdA inhibition effects. 

Chromatographic fractionation of S. boulardii culture supernatant further identified a 

fraction enriched in a protease that can cleave TcdA and its receptor in the brush border 

membrane (346). This protease is 54 kDa and also has proteolytic activity against TcdB 

(347, 348). Antibody against this protease completely blocks the protease inhibitory 

effect on toxin-caused fluid accumulation and mucosal permeability, strongly supporting 

the hypothesis that this protease is at least partially responsible for the protective effect of 

S. boulardii against CDI. 

In addition to directly blocking toxin function, further studies showed that S. 

boulardii could also enhance protection against CDI by stimulating TcdA-specific 

intestinal IgA levels (349). BALB/c mice treated with S. boulardii, followed by oral 

delivery of C. difficile toxoid A, had a 1.8-fold increase in total small intestinal IgA (p = 

0.003) and a 4.4-fold increase in anti-TcdA IgA levels (P < 0.001) (349). S. boulardii 

also secrets factors that modulate host inflammatory signaling pathways such by blocking 

the activation of Erk1/2 MAP kinases to reduce IL-8 and IL-1 expression caused by 

TcdA (350), suggesting another protective mechanism against TcdA-induced intestinal 

inflammation. 

Recently, S. boulardii-mediated protection against hypervirulent epidemic C. 

difficile strains has been studied (351). When hamsters were orally challenged with 

epidemic strains from ribotypes 017, 027, and 078, severe clinical pathology such as 

tissue damage, fluid accumulation, edema, upregulation of proinflammatory cytokines 
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resulted. However, hamsters receiving oral dosing with S. boulardii starting 5 days before 

challenge with these epidemic strains had significantly reduced disease (351). The broad 

protective effect conferred by S. boulardii against C. difficile strains of various ribotypes 

are consistent with previous reports that S. boulardii in general is not bactericidal but 

rather secrets factors capable of modulating both the biological effects and host signaling 

pathways of various  virulence factors expressed by gastrointestinal pathogens to enhance 

resistance to disease (316–319). 

 The effect of S. boulardii against CDI was also tested in several clinical trials 

(200, 352, 353). The first trial (200) conducted in 1994 was a double-blind, randomized, 

placebo-controlled, intervention study aimed at evaluating the efficacy of S. boulardii in 

preventing recurrent CDI. 124 patients with a primary CDI episode (N=64) or a history of 

at least one prior CDI episode (N=60) were randomly divided into experimental and 

placebo groups. Patients received standard antibiotic (vancomycin hydrochloride or 

metronidazole) plus S. boulardii or placebo for 4 weeks, and were then monitored for 

recurrent CDI for 4 weeks post treatment. The results showed that a prior history of CDI 

significantly increased the chances of CDI recurrence, and that the efficacy of S. 

boulardii in reducing the recurrence rate was significant among recurrent CDI patients 

(recurrence rate of 34.6% versus 64.7% with placebo; p = 0.04). However, the efficacy of 

S. boulardii in reducing recurrence rates among CDI patients with a primary infection 

(but no established history of recurrence) was not significant (recurrence rate of 19.3% 

versus 24.2% for placebo; p = 0.86). No serious adverse effects of S. boulardii were 

recorded in this trial. 

In a subsequent trial (352), the efficacy of S. boulardii in preventing recurrence in 
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patients after primary infection was significant only when treatment with S. boulardii was 

combined with high-dose vancomycin (2 g/day) (recurrence rate of 16.7% versus 50% for 

placebo controls; p = 0.05), but was ineffective when combined with low-dose 

vancomycin (500 mg/day) or metronidazole (1 g/day) (352). Again, no serious adverse 

effects were observed in these patients.  

Another Saccharomyces spp., S. florentinus has been used in a formulation 

(Lifeway Kefir) including multiple Bifidobacterium spp. such as B. breve, B. longum, and 

B. lactis and multiple Lactobacillus spp. such as L. acidophilus, L. casei, L. plantarum, L. 

reuteri and L. rhamnosus, a Lactococcus spp., L. lactis, a Leuconostoc spp., L. cremoris, 

and a Streptococcus spp., S. diacetylactis to treat and prevent recurrent CDI (354, 355). 

Other yeast spp. such as Kluyveromyces lactis, Issatchenkia orientalis, Pichia 

fermentans, Rhodotorula mucilaginosa, Yarrowia lipolytica  (356, 357), Aspergillus 

oryzae (358) Candida pintolopesii, and Candida saitoana (359) have been indicated as 

probiotics, however further studies are needed to know their effects against CDI. 

Pre-colonization with a nontoxigenic strain of C. difficile was first shown in 1983 

to significantly reduce subsequent colonization with toxigenic C. difficile, resulting in a 

significant improvement in the survival rate of hamsters (360); co-administration of the 

nontoxigenic strain with the toxigenic strain of C. difficile did not confer protection or 

result in suppression of the toxigenic C. difficile strain (360). When this strategy was 

repeated in a later study, similar results were again observed (202). Loss of protection 

also was confirmed after clearance of pre-colonized non-toxigenic C. difficile and 

subsequent challenge with toxigenic organisms (202). The protection was also shown to 

be species-specific, as pre-colonization with other clostridia species did not protect the 
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hamsters from challenge with the toxigenic strain. In addition, non-toxigenic C. difficile 

strains could not protect pre-colonized animals from subsequent challenge with a 

different clostridial pathogen (202). 

In 1987, two patients with relapsing CDI were reported to recover after oral 

administration of a non-toxigenic strain of C. difficile (36). Retrospective clinical studies 

later showed that primary symptomless C. difficile colonization correlated with a lower 

risk of CDI regardless of whether the strains were toxigenic or nontoxigenic (361). Three 

of the most commonly occurring nontoxigenic strains isolated from this patient cohort 

were chosen to test for CDI protective efficacy against CDI in hamsters, and pre-

colonization with these nontoxigenic C difficile strains was found to successfully prevent 

CDI in hamsters (203). It has also been shown that the protective effect of these 

nontoxigenic strains can be drastically reduced if they are sensitive to ongoing antibiotic 

treatment or residual antibiotic in the system prior to pre-colonization (204, 362). 

Therefore, the dosing amount and timing of administration will need to be considered 

when treating patients to provide protection against recurrent CDI. Using antibiotic-

resistant nontoxigenic C. difficile strains may also be unwise due to the potential for 

unintended introduction of antibiotic resistance genes into other enteric flora (363).  

Furthermore, nontoxigenic C. difficile strains can show differences in competition 

properties against hypervirulent strain (364), and therefore choosing the right 

nontoxigenic strain is also important. The safety and efficiency in humans of enteric 

colonization with nontoxigenic C. difficile has recently been demonstrated in both phase 

1 (365) and phase 2 (366) clinical trials.  
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D. Antibody-based Therapies 

The immune response to TcdA and TcdB is crucial in the protection of humans 

against CDI. High IgG antibody titers against both toxins provide protection against 

primary and recurrent CDI (135–142). However, high antibody levels have also been 

shown to foster asymptomatic carriage in patients infected with C. difficile (138), 

suggesting that toxin-specific immunity can prevent overt disease but cannot block 

colonization. Serum α-TcdA IgG2 and IgG3 titers were found to be lower in recurrent 

CDI patients (143). Higher IgM levels against TcdA and TcdB were also found to be 

critical in resolving CDI and preventing future recurrence (139). Naturally occurring IgG 

and IgA antibodies against TcdA and TcdB are commonly seen in healthy children and 

adults (130–133). Consistent with these observations, systemic delivery of α-TcdA and 

TcdB IgG polyclonal or monoclonal antibodies are effective against primary and 

recurrent CDI in both humans and experimental animal models including hamsters and 

mice (128, 144–153, 155). However, despite their structural similarity, TcdA and TcdB 

share very little cross-immunogenicity (127, 128, 155), suggesting that toxin neutralizing 

antibodies elicited against TcdA will not affect the biological activity of TcdB. 

Furthermore, antibody-based therapies targeting TcdA and TcdB represent valid 

alternatives without inducing gastrointestinal dysbiosis and antibiotic resistance burden. 

 

 

D1. Intravenous Immunoglobulin (IVIG) Therapy 

Use of IVIG was first reported to treat chronic relapsing CDI in children in 1991 (367). 

Six children with chronic relapsing CDI were found to have lower anti-TcdA IgG titers 
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than convalescent children and adults. Five of these patients were treated with 400 mg 

IVIG per kilogram every 3 weeks, which resulted in an increase serum anti-TcdA IgG 

levels but not IgA levels. All five patients were subsequently reported to have resolved 

from CDI symptoms. Since then, additional studies using IVIG to treat prolonged and 

recurrent CDI as well severe CDI have been completed (368). However, most of these are 

case reports and case series with only one case-control study (368). Variations in dosing 

regimens, small cohort sizes, and lack of proper control groups make the observed 

therapeutic effects of IVIG less convincing. Large randomized double-blinded placebo-

controlled clinical trials will need to be performed to provide convincing evidence of 

clinical efficacy of IVIG against CDI. 

 

D2. Bovine Immunoglobulin Concentrate (BIC) 

The protective effect of BIC against CDI (BIC-Cd) was first demonstrated in hamsters in 

1991. BIC was made from colostrum collected at parturition from toxoid-vaccinated 

gestating Holstein cows (369). Hamsters were protected after oral administration of BIC 

prior to C. difficile challenge (369). In two small phase 1 clinical trials, BIC-Cd was 

shown to undergo significant degradation through the intestinal tract, but the remaining 

low levels of BIC-Cd detectable in the ileum and stool samples retained neutralizing 

activity against TcdA and TcdB (370, 371). The use of enteric capsules protected BIC-Cd 

against degradation in the intestinal tract (370, 371). Later clinical trials, in which BIC-

Cd was used in combination with vancomycin or metronidazole, reported lower 

recurrence rates when compared to standard-of-treatment controls (10% recurrence for 

BIC-Cd versus 20-25% for controls) (372). A later randomized double-blind clinical trial 
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(373) showed that BIC-Cd was as effective as metronidazole for prevention of recurrent 

CDI; 20 of 20 patients responded to metronidazole therapy, compared with 16 of 18 who 

had received BIC-Cd; lack of recurrence 70 days post treatment was reported in 11 of 20 

(55%) patients (55%) receiving metronidazole and 10 of 18 patients (56%) treated with 

BIC-Cd (373). BIC-Cd may offer a cost-effective and safe alternative to antibiotic 

therapy (374, 375), although more studies examining dosing schedules and recurrence 

rates compared with fidaxomicin etc. are needed to confirm BIC-Cd as an effective 

alternative strategy in the treatment of CDI. Recently, BIC-Cd was shown to protect 

gnotobiotic piglets from primary CDI (375) and mice from primary and recurrent CDI 

(376).  

 

D3. Bezlotoxumab (ZinplavaTM) Monoclonal Antibody 

Monoclonal antibodies such as bezlotoxumab have recently been approved by the FDA in 

2016 for reducing CDI recurrence. Bezlotoxumab is a human monoclonal antibody that 

neutralizes TcdB. Based on the structure revealed by X-ray crystallography, two 

neutralizing epitopes are located in the N-terminal half of the TcdB CROP domain (377). 

Bezlotoxumab was initially developed together with actoxumab, a human monoclonal 

antibody that neutralizes TcdA, to provide the best therapeutic effect against both toxins. 

The efficacy of bezlotoxumab and actoxumab had been demonstrated in hamster and 

mouse CDI models prior to phase 1 clinical trials (378, 156). In a randomized, double-

blind, placebo-controlled study, the combination of bezlotoxumab and actoxumab 

significantly reduced overall recurrence rates when given together with metronidazole or 

vancomycin over antibiotic treatment alone (7% vs. 25% in placebo; 95% confidence 
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interval, 7 to 29; p < 0.001) (153). In addition, bezlotoxumab and actoxumab also were 

effective against recurrences in patients with more than one previous CDI episode; (7% 

vs. 38%; p =0.006) (153). However, bezlotoxumab and actoxumab did not significantly 

reduce overall recurrence rates in patients with a primary infection involving a 

hypervirulent epidemic BI/NAP1/027 strain when given together with metronidazole or 

vancomycin (8% vs. 32% in placebo; p = 0.06). Furthermore, actoxumab did not show 

any additional therapeutic effect for patients in recent phase III clinical trials (MODIFY 

I: NCT01241552 and MODIFY II: NCT01513239; full results published in FDA briefing 

document: bezlotoxumab injection, 2016; 

https://www.fda.gov/downloads/advisorycommittees/committeesmeetingmaterials/drugs/

anti-infectivedrugsadvisorycommittee/ucm505290.pdf ). In the MODIFY I trial, patients 

treated with bezlotoxumab alone (67 of 386 [17.4%], p = 0.0006) and bezlotoxumab plus 

actoxumab (61 of 383 [15.9%], p < 0.0001) had significantly lower recurrence rates, 

compared with antibiotic treatment alone (109 of 395; 27.6%). Actoxumab alone (60 of 

232 [25.9%], p = 0.6368) did not show efficacy in reducing recurrent CDI and was 

excluded in MODIFY II study. In MODIFY II, patients treated with bezlotoxumab alone 

(62 of 395 [15.7%], p = 0.0006) and bezlotoxumab plus actoxumab (58 of 390 [14.9%], p 

= 0.0002), had significantly lower recurrence rates, compared with antibiotic treatment 

alone (97 of 378; 25.7%).  

 

D4. Experimental Stage Toxin Neutralizing Antibodies 

The success of bezlotoxumab in reducing recurrent CDI but failure to reduce diarrhea 

severity, diarrhea resolution time and hospitalization duration for primary CDI when 
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combined with actoxumab (153) emphasized the need for antibodies with improved 

efficacy. Narrow specificity and/or low neutralizing activity of bezlotoxumab and 

actoxumab likely contribute to their poor efficacy against primary CDI. Currently, a 

number of anti-TcdA/B antibody were generated and improved efficacy had been shown 

in preclinical testing animals such as mice and hamsters (379–382). A2, B1, and B2 are 

three human monoclonal antibodies isolated from healthy human donors using a high-

throughput B-cell cloning strategy (381). A2 targets the RBD of TcdA while B1 and B2 

target the GTD of TcdB. These antibodies have broad neutralizing activity against TcdA 

and TcdB from highly virulent C. difficile strains and were shown to protect hamsters 

from C. difficile strain 630 challenge (381). CA997, CA1125, and CA1151 are 

humanized monoclonal antibodies derived from rabbits and rats (380). CA997 binds to 

the RBD of TcdA similar to actoxumab but is more potent than actoxumab (380). 

CA1125, and CA1151 targets the RBD of TcdB and shown potent neutralizing activity 

when combined (380). IP administration of all three antibodies provided 100% protection 

in hamster CDI model at 11 days post challenge and higher protection than actoxumab 

and bezlotoxumab combined at 28 days post challenge (380). PA-50 and PA-41 are two 

humanized monoclonal antibodies derived from mice (379). PA-50 targets multiple 

broadly conserved sites at the RBD of TcdA throughout C. difficile hyper virulent 027 

strains and is more potent than actoxumab in neutralizing TcdA (379). PA-41 targets the 

GTD of TcdB and has better neutralizing efficacy than bezlotoxumab (379). In the 

hamster CDI model, combined PA-50 and PA-41 showed better efficacy than 

vancomycin treatment or actoxumab and bezlotoxumab combined (379). CANmAbA4 

and CANmAbB4 are another two humanized monoclonal antibodies derived from mice 
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that have broad neutralizing activity against TcdA and TcdB and provide a high level of 

protection in the hamster CDI model (382).  

 

E. Vaccine 

With regard to vaccine development, there is strong clinical evidence for 

incorporating both TcdA and TcdB as immunogens for vaccine development. Clinical 

studies examining serum IgG antibodies against TcdA and TcdB suggest that high titers 

provide complete protection against primary and recurrent CDI (135–143). Also, passive 

immunization with anti-TcdA and TcdB IgG, as well as monoclonal antibodies, provide 

immediate relief from CDI symptoms, and are highly effective against severe 

complicated CDI in patients experiencing multiple recurrences (144–153). In line with 

these clinical observations, animals receiving either active immunization with toxoids or 

passive immunization with antibodies against both toxins are both protected against CDI 

when challenged with C. difficile (155, 383). Given that antitoxin antibodies are clear 

correlates of protection against experimental challenge, these small animal models 

therefore become excellent models for testing the efficacy of various vaccine constructs. 

Although the role of mucosal IgA in protection against CDI is currently unclear, it is 

known that circulating anti-toxin antibodies (either from preexisting or passive 

immunization) confer robust protection against CDI. It has been hypothesized that limited 

toxin-induced tissue leakage of serum IgG, independent of active transepithelial transport 

via the neonatal Fc receptor (FcRn), may be responsible for local toxin neutralization and 

prevention of more serious disease (157, 156). 
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E1. Subunit Vaccine 

The first experiments demonstrating protective efficacy of a vaccine against CDI 

were done using formalin-inactivated TcdA and TcdB (i.e. toxoids) in hamsters (182, 

183). TcdA and TcdB were purified from the culture supernatant of a C. difficile strain, 

VPI10463, and then formalin inactivated. The hamsters immunized with both toxoids 

were significantly protected against CDI-induced disease and death; hamsters immunized 

with only toxoid B or culture filtrate from nontoxigenic strains were not protected against 

CDI (183), suggesting the necessity to include antigens from both toxins in vaccine 

designs. Furthermore, infant hamsters from mothers immunized with toxoids A and B 

were protected against CDI (183), further establishing the role of toxin-specific 

antibodies in protection. Also foster-mothers could transfer protection through breast 

milk to naïve infant hamsters (183).  Neutralizing antibodies against TcdA and TcdB 

could be detected in both maternal milk and serum, as well as in infant serum and 

intestinal contents (183).  

For the next three decades, vaccines based on full length or fragments of TcdA 

and TcdB were explored. In addition, adjuvants, immunization routes, and antigen 

delivery systems were also examined. In a hamster study done by Torres et al., toxoids A 

and B through intraperitoneal or subcutaneous routes, or toxoids A and B co-

administered with cholera toxin as mucosal adjuvant through intranasal route were found 

to generate the best protection against CDI induced death versus rectal or intragastric 

routes (384). The best protection against CDI induced diarrhea was achieved by a 

combination of intranasal and intraperitoneal vaccination in their study (384). However, 

other reports involving co-administration of toxoids and E. coli heat-liable toxin (LT) as 
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the adjuvant showed that a combination of rectal and intramuscular vaccinations 

conferred full protection against CDI-induced death and diarrhea while the other mucosal 

routes such as intranasal, intragastric or rectal were not as effective (187). Surprisingly, 

intramuscular immunization without adjuvant generated the highest serum antibody and 

neutralizing titers against TcdB, along with protection against CDI-induced death (187), 

suggesting that intramuscular immunization is a better route to generate CDI protection 

than mucosal routes.   

 The success of toxoids A and B in generating protection against CDI in hamsters 

led to a small phase 1 clinical trial where the toxoid vaccines were shown to be well 

tolerated and immunogenic in health adult volunteers (385). Antibody titers against TcdA 

and TcdB were found to be higher in groups receiving toxoids formulated with alum, 

with dose responses plateauing at 25g per toxoid intramuscular administered (385). 

Toxoid vaccines also appeared to help recurrent patients in resolving CDI clinical 

symptoms in further clinical trials (386). In an interesting study involving three patients 

with multiple prior recurrences of disease, recurrence was finally interrupted after 

receiving the toxoid vaccines, with two subjects found to have neutralizing titers against 

both TcdA and TcdB (386). 

The toxoid vaccine was further optimized by Sanofi Pasteur to include an 

additional proprietary adjuvant along with alum, comprising a two-component vaccine 

that elicited protection against CDI in hamsters (387). Later phase 1 studies involving 

both young and elderly adults confirmed this novel toxoid vaccine to be well tolerated 

and immunogenic in both cohorts (388, 389). These promising results led to Phase 2 

studies aimed at determining an optimal formulation and vaccine schedule for this 
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candidate toxoid vaccine. Results from this study indicated that the adjuvanted high-dose 

(100 g) vaccine formulation administered at days 0, 7, 30 day resulted in good response 

kinetics, and this formulation is now being evaluated in an ongoing Phase 3 efficacy trail 

(390). 

Although toxoid vaccines appear to be well tolerated in clinical trials, efforts to 

eliminate any residual toxin activity or contamination with toxigenic spores during large-

scale production are currently being developed. To overcome these issues, a plasmid-

based expression system carrying genetically modified toxins was used to express toxoid 

antigens in a non-sporulating C. difficile strain lacking chromosomally encoded wildtype 

TcdA and TcdB genes (391). This unique approach allows expression of genetically 

modified nontoxic toxins for further purification as vaccine candidate. Residual toxicity 

was further eliminated by subsequent 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) and N-hydroxysuccinimide treatment, with immunogenicity of the resulting 

highly purified vaccine being confirmed in hamsters (392). The safety and 

immunogenicity of this vaccine were further demonstrated in a recent clinical trial (393). 

Other approaches being pursued for development of subunit vaccines have 

focused on using recombinant peptides as antigens. Expressing recombinant toxin 

fragments in environmentally safe organisms (versus purification of antigens from 

virulent C. difficile) offers a number of advantages (128). Firstly, this potentially 

bypasses the need for chemical detoxification which typically generates batch to batch 

variation, along with potentially causing protein conformational changes that may lead to 

unacceptable decreases in neutralizing antibody responses by abolishing protective 

conformational epitopes (128).  Secondly, given that both toxins are needed to generate 
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full protection due to their lack of cross-reactivity, expressing recombinant toxins allows 

for the engineering of chimeric toxin fragments genetically fused into a single molecule 

to eliminate purification of individual toxins and simplify scaled-up manufacturing of 

vaccine (128). The first report investigating the use of TcdA fragments to elicit protection 

demonstrated that expressing 33 of 38 repeats of the RBD of TcdA induced partial 

protection in hamsters against CDI-induced diarrhea and death (394). Better protection 

against CDI was seen after combining 19 of the 38 RBD repeats of TcdA with 23 of the 

24 RBD repeats of TcdB into one single recombinant molecule (called IC84) (395). The 

TcdB domain of IC84 was shown to be less immunogenic than the TcdA domain in terms 

of generating IgG and neutralizing titers against TcdB versus TcdA (395). The IC84 has 

been studied in a phase 1 clinical trial (NCT01296386, clinicaltrials.gov) and shown to be 

well tolerated and immunogenic against TcdA and TcdB. Interestingly, domains other 

than RBD of TcdB have also demonstrated the ability to generate TcdB-specific 

protective antibodies (128, 129), and are promising candidates for inclusion into future 

chimeric recombinant vaccines. 

 

E2. Live Vector and DNA Vaccines 

In addition to purified and adjuvanted subunit vaccines, live bacterial and viral 

vector and DNA vaccine expressing protective toxin fragments have also been studied to 

elicit toxin-specific protective immunity. A portion of the TcdA RBD was first expressed 

and secreted by an attenuated strain of Vibrio cholera utilizing the hemolysin secretion 

system from E. coli (396). When orally inoculated into rabbits, significant systemic anti-

TcdA IgG responses were demonstrated, and the vaccinated rabbits were protected in an 
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ileal loop challenge assay against TcdA (396). Similarly, a portion of the TcdA RBD of 

TcdA, when fused with the immunogenic fragment C of tetanus toxin (TetC) and secreted 

by an attenuated Salmonella typhimurium strain, induced higher serum and mucosal anti-

TcdA antibody response in intranasally immunized mice versus intragastric 

administration (397). Bacillus subtilis spores have also recently been shown to effectively 

deliver TcdA RBD repeats to the intestinal surface of mice and hamsters after oral 

inoculation (398). Interestingly, the authors reported that neutralizing antibodies to the 

RBD repeats of TcdA were cross-reactive with the RBD repeats of TcdB, in direct 

disagreement with other findings (127–129). For viral vectors, an adenovirus-based 

platform was used to demonstrate immunogenicity against the RBD repeats of TcdA 

(399). The results showed that a robust humoral and cellular immune response was 

generated and that immunized mice were protected against systemic lethal with TcdA 

(399). Finally, DNA vaccine technology has been used to express both toxin fragments 

and achieve high antibody titers against both toxins as well as generate protection in 

hamsters and mice against CDI (400–403). 
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Chapter IV: A Probiotic Yeast-based Immunotherapy against Clostridium difficile 

Infection  

 

Abstract:  

CDI, the most common nosocomial cause of antibiotic-associated diarrhea, has increased 

rapidly in incidence and severity in recent years due to the use of broad-spectrum 

antibiotics and the emergence of antibiotic resistant hypervirulent strains. In response, we 

engineered probiotic Saccharomyces boulardii to constitutively secrete a novel tetra-

specific antibody that potently and broadly neutralizes enterotoxins A and B from C. 

difficile. Recombinant S. boulardii exhibited prophylactic and therapeutic efficacy 

against both primary and recurrent disease in mouse models of clinical CDI. Our data 

demonstrate neutralization of toxins at sites of colonization with subsequent blockage of 

intestinal pathologies and relief of disease symptoms such as diarrhea, weight loss, and 

death. This innovative yeast immunotherapy is inexpensive to manufacture, is orally 

administered, and can be used concurrently with antibiotics, thus having the potential as 

both a prophylactic for those undergoing antibiotic treatment and a therapeutic for CDI 

patients.  
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A. Introduction 

CDI causes a range of diseases from mild diarrhea to fulminant colitis and death. 

With the emergence of hypervirulent and antibiotic-resistant strains, incidences of CDI 

and disease severity have increased significantly worldwide in recent years (404, 405). 

Over 450,000 cases of CDI, responsible for more than 29,000 deaths, were reported 

annually in the U.S. and related overall medical costs exceeded $4 billion (27).  

The standard treatment options for CDI are limited to antibiotics such as 

vancomycin and metronidazole that disrupt gut microflora, leading to recurrence rates as 

high as 65% (34) and tremendous morbidity and mortality (406). While other 

interventions have been tried (e.g., probiotics, toxin-absorbing polymers, and toxoid 

vaccines), neither prevention nor treatment strategies have kept up with the increased 

incidence and severity of this infection (406). Newer immune-based therapies have been 

shown to be somewhat effective in clinical trials, including intravenous immunoglobulin 

(IVIG) (368) against severe CDI, and human monoclonal antibodies against recurrent 

CDI (407). Fidaxomicin, a narrow spectrum macrocyclic antibiotic, showed an effect 

similar to oral vancomycin on CDI but was significantly better at lowering the relapse 

rate (195). Fecal transplantation is effective against refractory and recurrent CDI, but it is 

difficult to standardize, and it is associated with risk such as increased IBD flare  (408, 

409). Vaccines, as a preventative means against primary and recurrent CDI, are also 

undergoing clinical trials (410); however, the long seroconversion time (385, 386, 388, 

390) is not ideal for immediate protection for CDI high-risk patients. Hence, there is an 

urgent need for new prophylactics and therapeutics for both primary and recurrent CDI.  
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The tissue damage, inflammation and potential morbidity from CDI is mainly 

caused by the two exotoxins TcdA and TcdB; C. difficile strains lacking both of these 

enterotoxins are avirulent (36, 37). The two toxins are structurally and functionally 

similar, as both toxins target host Rho GTPases leading to their inactivation and 

subsequent cytoskeleton disorganization. The relative roles of the two toxins in the 

pathogenesis of CDI are undefined, but it is clear that either toxin individually can cause 

disease in animals (37, 38). Because TcdA and TcdB are essential virulence factors for C. 

difficile, neutralizing antibodies produced against both toxins protect against toxigenic 

CDI in animal models (128, 411), although reports also showed that anti-TcdB 

neutralizing antibodies alone were sufficient to provide protection (407, 412). In humans, 

high serum levels of antitoxin antibodies are associated with reduced disease severity and 

reduced incidence of relapse (142, 143, 153).  

We have previously generated panels of single domain heavy-chain VHH 

antibodies against TcdA and TcdB (413). We reported that systemic administration of a 

novel multi-specific VHH fusion (called ABA) protected mice from fulminant CDI (413). 

ABA has a relative short serum half-life as compared with conventional IgG1 antibodies. 

More importantly, recent studies found that systemically administered antitoxin 

antibodies may need to enter into the intestinal lumen via damaged intestinal epithelia, 

caused by C. difficile toxins, in order to effectively neutralize these toxins and block 

further disease (157, 156). Therefore, it would be ideal to deliver antitoxin neutralizing 

antibodies directly to the gastrointestinal site of infection, bypassing systemic delivery 

and associated loss of antitoxins, where these in situ-delivered antibodies could directly 

neutralize toxin action thus preventing disease and potentially recurrence.  
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To deliver the VHH antitoxin in situ, we elected to use Saccharomyces boulardii, 

a Generally Regarded as Safe (GRAS) organism by the FDA. S. boulardii has been 

clinically tested numerous times for safety and efficacy, and is commonly available over-

the-counter for use in promoting intestinal health and amelioration of gastrointestinal 

illness due to diarrheal diseases, including CDI (200, 352). Multiple clinical trials have 

indicated a probiotic effect of S. boulardii in CDI patients (200, 352), and potential 

underlying mechanisms of CDI protection have also been extensively investigated (346–

348, 350). Saccharomyces cerevisiae, which is genetically related to S. boulardii, has 

been used successfully to express VHHs with high yield (414). However, in contrast to S. 

cerevisiae, S. boulardii grows well at 37 °C and is more resistant to acidic environmental 

conditions (415–417), making this strain particularly well suited for better survival and 

persistence in the human intestinal tract after oral administration. Moreover, recent 

studies have found that many of genetic tools developed for S. cerevisiae can also be used 

for genetic manipulation of S. boulardii as well (416, 418). In this study, we engineered a 

S. boulardii strain to constitutively secrete a tetra-specific fusion of VHHs capable of 

simulataneously neutralizing both TcdA and TcdB. We demonstrate that this novel 

recombinant antitoxin-expressing S. boulardii strain exhibits significant efficacy as a 

prophylactic and as a therapeutic treatment against both primary and recurrent CDI in 

mice.  
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B. Materials and Methods 

Reagents: 

LB broth, LB agar, BactoTM Yeast extract, BactoTM Peptone, Goat α-human IgG 

Fc secondary antibody conjugated with HRP (H10007), 1N Sulfuric acid, Y-PER plus 

protein extraction reagent, and yeast DNA extraction kit were purchased from 

ThermoFisher. Agar was purchased from Teknova. G418 sulfate was purchased from 

Corning Cellgro. 5-alpha competent E. coli cells, restriction enzymes and PCR master 

mix were purchased from New England Biolabs. T4 DNA ligase was purchased from 

Promega. Plasmid DNA purification kit, QIAquick Gel Extraction kit, QIAquick PCR 

purification, RNAeasy Plus Mini Kit, QuantiTect Reverse Transcription kit, and RT2 

SYBR Green ROX qPCR mastermix were purchased from Qiagen. All primers were 

synthesized by IDT except RT2 quantitative PCR IL-1, TNF-α, KC, and IL-6 primers 

were purchased from Qiagen. Yeast codon optimized ABAB sequence was synthesized 

by GenScript. 5-Fluoroorotic Acid (5-FOA) was purchased from Zymo Research. Goat α-

llama IgG antibody (A160-100P) was purchased from Bethyl Laboratories. TMB 

peroxidase substrate kit was purchased from KPL Inc. All the other reagents used in this 

paper were purchased from Sigma. 

 

Clostridium difficile strains: 

A panel of fourteen C. difficile human clinical isolates was used in this study to 

test the broad killing effect of phage enzymes. This panel includes [R20291, CD196, 630] 

(419), [CF5, M68, M120, BI-9] (420), Liv024, Liv022, TL178, TL176, TL174, CD305, 

UK1 (413).  R20291, CD196, 630, CF5, M68, M120, BI-9, Liv024, Liv022, TL178, 
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TL176, TL174, CD305 were gifts from Trevor Lawley, Sanger Institute, UK, and UK1 

was originally provided by Joseph Sorg, Texas A&M university and now maintained in 

the lab as a model strain for establishing the mouse CDI model (128, 155, 165). 

 

Yeast strains: 

The yeast S. cerevisiae strain BY4741 is well-characterized laboratory haploid 

strain, and a gift from Dr. Vincent Bruno (Institute for Genome Sciences at The 

University of Maryland, Baltimore). The yeast S. boulardii strain MYA796 was 

purchased from ATCC.  

 

Yeast growth media and culture conditions: 

Yeast was grown in YPD media (1% yeast extract, 2% peptone, 2% glucose). For 

antibiotic selection, G418 or phleomycin were supplied. For uracil auxotrophic selection, 

synthetic media YNB without uracil (0.68% yeast nitrogen base, 2% glucose, 0.2% 

dropout mix without Uracil) was used as positive selection and synthetic media YNB 

with uracil (0.68% yeast nitrogen base, 2% glucose, 0.2% dropout mix without Uracil, 

0.008% uracil) supplemented with 5-FOA (1mg/ml) was used as negative selection. 

Additional 2% agar was added when making plates. S. cerevisiae or S. boulardii was 

grown at 30°C and 37°C respectively in a floor standing Thermo MaxQTM 6000 shaker at 

250 rpm.  
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Plasmid construction: 

For secretion in S. cerevisiae, 11 linearized shuttle plasmids (pD1214-FAK, AKS, 

AK, AT, AA, GA, IN, IVS, KP, LZ, SA) were obtained from the company ATUM 

(Newark, California) for ABAB secretion signal screening in S. cerevisiae. The human 

codon optimized ABAB (hABAB) sequence was amplified from an existing plasmid by 

PCR to generate FAK, AKS, AK, AT, AA, GA, IN, IVS, KP, LZ, SA-hABAB fusions. 

For secretion in S. boulardii, a total of 19 plasmids were generated. AT-hABAB and 

IVS-hABAB sequences were PCR amplified and cloned in pCEV-G4-Km using BamHI 

and SalI sites to generate pCEV-AT-hABAB and pCEV-IVS-hABAB. pCEV-G4-Km 

and pCEV-G4-Ph are gifts from Lars Nielsen & Claudia Vickers (Addgene plasmids 

#46819/#46820))(421). In additional, the yeast codon optimized ABAB (yABAB) 

sequence was cloned in pCEV-G4-Km using SalI and KpnI sites to generate pCEV-AT-

yABAB. For ABAB secretion in ura3 auxotrophic S. boulardii, a URA3 cassette was 

PCR amplified from a pD plasmid and cloned in AT-yABAB at BglII and EagI sites to 

generate pURA3-AT-yABAB-cMyc. ABAB was then removed from pURA3-AT-

yABAB-cMyc by BamHI and EagI enzymes followed by Klenow blunt ending and 

vector self-ligation to generate pURA3-c-Myc. All plasmid sequences involved PCR 

amplification was confirmed by DNA sequencing prior to yeast transformation. 

 

Yeast transformation: 

A standard lithium acetate-based transformation protocol was used in these 

experiments (422). Consist with previous publications, lithium acetate-based 

transformation was found to be compatible with S. boulardii, although S. boulardii was 
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found to be much harder to transform (416, 423).  

 

Construction of S. boulardii auxotroph: 

To generate an URA3 auxotrophic strain of S. boulardii, we used a two-step 

deletion process using homologous recombination. Two deletion cassettes, containing 

aphA1 or ble genes that were flanked by two same direction loci of crossover P1 (loxP) 

sites and homologous sequences upstream of URA3 promoter (PURA3) and downstream of 

the stop codon of URA3 for site-specific gene deletion in S. boulardii, were created by 

PCR using pCEV-G4-Km and pCEV-G4-Ph (421) as templates with primers containing 

40 nucleotide sequence homologies to the upstream and downstream of PURA3 and stop 

codon of URA3 respectively. The exact nucleotide sequence and location of the URA3 

gene on chromosome V of S. boulardii was mapped using URA3 gene annotation from 

online-published sequence from Saccharomyces genome database 

(https://www.yeastgenome.org). aphA1 and ble deletion cassettes confer resistance to 

G418 (424) and phleomycin (425) in S. boulardii respectively and were transformed into 

S. boulardii sequentially, resulting in G418 and phleomycin resistant colonies that could 

not grow on minimal synthetic medium plates. These clones were further validated by 

specific PCR primers targeting the URA3, aphA1 or ble genes in the URA3 chromosomal 

regions  

Next, pPL5071_TEF1-Cre_URA3 (pPL5071) (426) was used to introduce Cre-

recombinase expression in URA3 deleted S. boulardii to remove the aphA1 and ble 

deletion cassettes resulting in strains that could not grow in the presence of either G418 

or phleomycin; Removal of pPL5071 was achieved by growth in YPD and selecting for 
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colonies that later grew on minimal synthetic medium containing uracil and the 

pyrimidine analog 5-fluoro-orotic acid (5-FOA) (427). The absence of pPL5071 was 

confirmed by PCR using pPL5071 specific primers. Additionally, pBIS-GALkFLP-

URA3 (428) was used to cure our auxotrophic S. boulardii strains of the 2 micron 

plasmid followed by removal with uracil and 5-FOA. Loss of the 2 um plasmid was 

confirmed by PCR using specific primers. Final URA3Δ/Δ cir0 S. boulardii strain was 

confirmed both by DNA sequencing and overall lack of growth on YPD containing G418 

or phleomycin, yet retaining the ability to grow on minimal synthetic medium plates only 

in the presence of uracil. 

 

ELISA and in vitro neutralizing assay: 

Yeast ABAB secretion was detected using a sandwich ELISA in which 96 well 

plates (Corning #9017) were coated with 1ug/ml purified TcdB (229) with 100ul/well at 

4°C overnight. Plates were then washed with wash buffer (10mM Tris pH 7.4, 140mM 

NaCl, 0.1% Tween-20) and blocked with 5% milk in PBS for1 hr at room temperature, 

and then washed again. Yeast culture supernatant containing ABAB was added to each 

well for 1 hr at room temperature. Plates were then washed and 125 ng/ml of purified 

TcdA (229) was added to each well for another hour at room temperature. Plates were 

then washed again and human α-TcdA monoclonal antibody and goat α-human IgG Fc 

secondary antibody conjugated with HRP were used as detection antibodies. Purified Fc-

ABAB was used when the ABAB concentration needed to be determined in yeast culture. 

ABAB biological activity was determined by a cell-based neutralization assay described 

previously (128). 
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Western blotting: 

For ABAB detection, yeast cells and culture supernatant were separated from 

overnight cultures by centrifugation at 6000 rpm for 1 minute. Cells were resuspended in 

Y-PER containing 0.1M of DTT and further lysed by sonication. Lysis supernatant was 

collected by 14,000 rpm for 2 minutes. Lysis supernatant or culture supernatant was then 

mixed with 2X SDS loading buffer for SDS-PAGE. Methods of SDS-PAGE and western 

blot were described previously (229). For ABAB detection in S. cerevisiae, mouse α-his 

tag or α-D7 tag antibody conjugated with HRP were used. For ABAB detection in S. 

boulardii, goat α-llama IgG antibody conjugated with HRP was used. For ABAB 

enrichment, α-c-Myc Agarose Affinity Gel antibody produced in rabbit was used.  

 

Yeast DNA extraction: 

A DNA extraction kit (ThermoFisher #78870) was used to extract yeast genomic 

DNA or plasmid DNA. 

 

Mouse primary and recurrent CDI models: 

5-6 weeks old female C57BL/6 mice were purchased from Envigo (Frederick, 

MD) and maintained in sterile housing conditions. Studies were conducted according to 

the Guide for Care and Use of Laboratory Animals of the National Institutes of Health 

and with the approval of the University of Maryland, Baltimore Institutional Animal Care 

and Use Committee (protocol number 0614007). Mice were orally challenged with 105 

spores of UK1 (027/B1/NAP1 strain kindly provided by Joseph Sorg, Texas A&M 
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University), generated in the lab. Both primary and recurrent models have been described 

previously (164, 165). 

 

Mouse sample collection: 

4 mice were sacrificed on day 4 after challenge from each group of mice in the 

primary CDI prevention study. Prior to sacrifice, mouse fecal samples were collected. 

After sacrifice, cecum and tissue samples were collected and appropriately prepared for 

histology, MPO, proinflammatory cytokine mRNA studies. 

 

Histology study and scoring: 

Portions of cecum and colon tissues were dissected and submerged in 10% 

formalin for 48 hours and then treated with 70% ethanol. Prior to sectioning, ethanol 

stored samples were dehydrated through serial gradients of ethanol and xylene baths to 

displace water and then embedded with paraffin wax. For analysis, paraffin embedded 

tissues were sectioned and stained with hematoxylin and eosin. The scoring system used 

was as follows: Neutrophil infiltration score 0 (none), 1 (in lumen only), 2 (in mucosa), 3 

(into submucosa), 4 (into muscularis), 5 (into serosa); epithelial damage: 0 (intact crypts), 

1 (loss of basal 1/3), 2 (loss of basal 2/3), 3 (entire crypt loss), 4 (epithelial change with 

focal erosion), 5 (confluent erosion); Ulceration: 0 (no ulcer), 1 (1-2 foci of ulceration), 2 

(2-4 foci of ulceration), 3 (extensive/confluent ulceration); Hemorrhage: 0 (no blood), 1 

(congestion only), 2 (slight bleeding), 3 (frank bleeding); Submucosal edema: 0 (none), 1 

(slight/focal), 2 (frank). 
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Myeloperoxidase (MPO) assay: 

Portions of cecum and colon tissues were freeze-dried and homogenized in 300ul 

of 50 mM of potassium phosphate buffer (pH 6.0) with 0.5% of hexadecyl trimethyl 

ammonium bromide (HTAB) for three freeze-thaw cycles. Supernatants were collected 

by centrifugation at 12,000 rpm at 4°C for 10 mins. MPO activities in the resultant 

supernatants were determined using a TMB peroxidase substrate kit (KPL Inc.) Human 

MPO was used as a standard, and the data were expressed as units per mg of protein 

predetermined by Nanodrop (Thermo Scientific). 

 

Proinflammatory cytokine mRNA abundance in tissue: 

Portions of cecum and colon tissues were first stored in RNAlater® at 4°C. The 

next day total mRNA was extracted using RNAeasy Plus Mini Kit. cDNA synthesis was 

performed using QuantiTect Reverse Transcription kit. RT2 SYBR Green ROX qPCR 

Mastermix with RT2 quantitative PCR IL-1, TNF-α, KC, and IL-6 primers were mixed 

with individual cDNA samples in a 96 well plate and processed with an Applied 

Biosystems 7000 sequence detection system. Relative abundance was expressed as fold 

change calculated by ΔΔCt values using healthy mice as controls.   

 

C. difficile recovery assay: 

Recovery of C. difficile from mouse fecal samples was done by resuspending the 

collected fecal samples in sterile PBS at equal volume (g/ml) and then serially diluting in 

a 96 well plate. 10 l of each dilution was then assayed for viable counts on C. difficile 

selective plates incubated for 2 days at 37°C in an anaerobic chamber. 



 98 

 

Fecal cytotoxicity assay: 

Fecal cytotoxicity titers were determined using a previously published protocol 

(165).  

 

Yeast recovery assay: 

Recovery of yeast from mouse fecal samples was done by resuspending the 

collected fecal samples in sterile PBS at equal volume (g/ml) and then serially diluting in 

a 96 well plate. 5 l of each dilution was then assayed for viable counts on Sabouraud 

CAF Agar plates supplemented with 500 g/ml of chloramphenicol and incubated for 2 

days at 37°C. 

 

Statistic methods: 

Data were analyzed by Fisher’s exact test, one-way or two-way ANOVA 

followed by Dunnett’s multiple comparisons test using the Prism statistical software 

program.  
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C. Results 

Engineering and optimization of the secretion of a tetra-specific VHH antibody 

ABAB in yeast.  

Improving upon previous work(413) with C. difficile antitoxins, we designed a 

tetra-specific VHH, designated as ABAB, that consists of four distinctive VHHs, two 

against TcdA and two against TcdB (Figure 1a). ABAB fully neutralized toxins from a 

panel of C. difficile clinical isolates (Table 1). To compare the neutralizing activities of 

ABAB with Merck human IgG1 antibodies that have been studied in human clinical trials 

(407), we fused ABAB with human Fc fragment to generate Fc-ABAB. Fc-ABAB had 

superior neutralizing activities against TcdA and TcdB in vitro than Merck antibodies 

(Figure 1b-c). Moreover, Fc-ABAB exhibited 1000-fold more potency than a mixture of 

Merck anti-TcdA and anti-TcdB for neutralizing the two toxins in mice after 

intraperitoneal challenge with a lethal dose of mixed TcdA and TcdB (Figure 1d).  Thus, 

ABAB possessed extraordinarily potent neutralizing antitoxin activities.  

Since genetic tools are readily available for S. cerevisiae, S. cerevisiae was first 

used to test the secretion of tetra-specific VHH ABAB from yeast. Plasmid pD1214-

FAKS was used which contains a 2µ circle replication origin, an auxotrophic selection 

marker URA3, a strong constitutive translational elongation factor promoter (PTEF), and 

an alpha mating factor extracellular secretion signal (FAKS). The expression of ABAB 

was confirmed by western blotting and detection of a protein with a relative molecular 

weight around 58 kDa (Figure 2a).  The neutralizing activities of ABAB against both 

TcdA and TcdB were confirmed by a cell-based neutralization assay (Figure 2b). ABAB 

secretion into yeast culture supernatant was quantified using a sandwich ELISA, in which 
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ABAB was captured by immobilized TcdB and followed with TcdA binding and anti-

TcdA antibodies for detection (Figure 2c). ELISA O.D. readings of supernatants from 

individual Sc-ABAB clones are shown in Figure 2d. 

Although α-mating factor is commonly used, studies have shown that other 

secretion sequences such as inulinase or invertase could be more suitable for secreting 

certain heterologous proteins (429, 430). Thus, ABAB was genetically fused with a 

number of additional secretion signals to determine the most efficient signal for ABAB 

secretion. The minimal α-mating factor (AT) and invertase (IVS) were found to be the 

best two secretion signals for ABAB in S. cerevisiae (Figure 3a).  

Next, we examined ABAB secretion in S. boulardii. Due to the unavailability of 

an auxotrophic mutant strain for S. boulardii, AT-ABAB and IVS-ABAB were inserted 

into pCEV-G4-Km, which carries resistance to G418. These were used to confirm ABAB 

secretion in S. boulardii and to select the AT secretion signal for further work (Figure 

3b). Additionally, yeast codon optimization (yABAB) was performed which enhanced 

ABAB secretion in S. boulardii nearly fourfold (Figure 3c).  
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Figure IV-1. Design of ABAB. (a) Schematic of ABAB. AH3 and AA6 (highlighted in 

blue) target unique epitopes within the glucosyltransferase and translocation domains of 

TcdA; 5D and E3 (highlighted in red) target unique epitopes within the 

glucosyltransferase domain of TcdB. Individual VHHs were joined by linkers in which 

multiple glycine and serine residues were connected in triplicate (G4-S1)3. (b, c) in vitro 

neutralizing activities of Fc-ABAB. TcdA (10 ng/ml, b) or TcdB (10 pg/ml, c) were 

mixed with the indicated concentrations of Merck anti-TcdA (b) or anti-TcdB (c), or Fc-

ABAB for 30 min before adding to Vero cell monolayers. Cell rounding was observed by 

phase contrast microscopy. (d) in vivo neutralization of Fc-ABAB against systemic toxin 

challenge. Mice were injected intraperitoneally with PBS (black line), Merck anti-TcdA 

and anti-TcdB mixture (10 mg/kg each, black dash line), Fc-ABAB (10 ug/kg, red dashed 

line), or Fc-ABAB (100 ug/kg, red solid line) and followed by ip injection of mixed 

TcdA and TcdB (1 ug/kg each) 4 hours later. Mouse survival was monitored. p=0.004, 

Merck antibodies vs PBS; p =0.11, Merck antibodies vs Fc-ABAB at 10 ug/Kg.  
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Figure IV-1 (continued)

 



 103 

Table IV-1. A summary of ABAB neutralizing activity against toxins produced by 

Clostridium difficile clinical isolates 
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Figure IV-2. ABAB secretion confirmation in S. cerevisiae. (a) Detection of ABAB 

expression in cells by western blot using α-His tag and α-D7 tag antibodies. (b) 

Neutralizing activity of ABAB in yeast culture supernatant; purified Fc-ABAB was used 

as positive control. (c) ELISA setup for ABAB detection (d) ELISA O.D. readings of 

supernatants from individual Sc-hABAB clones. 
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Figure IV-3. Optimization of ABAB secretion in yeast. (a, b) Relative ABAB secretion 

in yeast culture supernatant with different secretion signals. E/O value is defined as 

ELISA O.D. value/cell density. (c) Comparison of codon optimization (h: human codon 

optimized; y: yeast codon optimized).  
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Construction of a clinically relevant lead strain for ABAB delivery.  

For clinical application of S. boulardii expressing ABAB, the antibiotic genes on 

pCEV-G4-Km plasmids were not ideal since this potentiates the risk of spreading 

antibiotic resistance genes. To improve the clinical acceptability of a S. boulardii-based 

therapeutic treatment, we generated auxotrophic strains of S. boulardii for ABAB 

delivery. Unlike S. cerevisiae, the diploid S. boulardii is sporulation-deficient and 

recalcitrant to the formation of haploid cells under normal sporulation conditions (431, 

432). Therefore, we used two homologous recombination events for deletion of both 

chromosomal URA3 alleles, in which the deletions were selected by antibiotic resistance 

against G418 and phleomycin respectively (Figure 4). To ensure a successful implement 

this strategy, we optimized the transformation conditions for S. boulardii, which are more 

difficult to transform than S. cerevisiae (Figure 5). The difference in transformation 

efficiency was determined to be around 100-fold (Figure 5). Transformation efficiency in 

S. cerevisiae can be improved by adjusting glucose concentration and heat shock time 

(433). Therefore, various glucose concentrations and heat shock times were incorporated 

into the S. boulardii transformation protocol for optimization (Figure 6). The best 

condition tested for S. boulardii was 2% glucose in preculture and 20 minutes of heat 

shock time at 42°C (Figure 7), and these optimized transformation conditions were used 

throughout this study. 
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Figure IV-4. Diagram of targeted deletion of chromosomally encoded genes by 

homologous recombination in S. boulardii. 
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Figure IV-5. Transformation competency of S. cerevisiae and S. boulardii. (a) 

Quantification of G418 resistant colonies after transformation with G418 plasmids. (b) 

(c) S. cerevisiae & S. boulardii G418 resistant colonies shown on plates.  
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Figure IV-6. Transformation optimization of S. boulardii. Tested conditions for 

optimizing transformation efficiency designated as follows (a) Glucose concentrations in 

YPD (b) lengths of heat shock time at 42°C.
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Figure IV-7. Transformation optimization of yeast. Upper panels with S. boulardii and 

the lower panels with S. cerevisiae. (a) and (b) present resistant colony forming units 

(CFUs) per total number of cells. (c) and (d) present resistant CFUs per total number of 

viable cells.  X axis presents glucose concentration in the preculture. Various heat shock 

times are indicated by symbols. The best condition for S. boulardii is circled and used for 

all transformation procedures with S. boulardii in this study.
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Colonies contain deletions of both URA3 alleles with aphA1 and ble deletion 

cassette are resistance to G418 to phleomycin (Figure 8a) and showed no growth on 

minimal synthetic medium without supplementing with uracil (Figure 8b) while retained 

its characteristics growth on Sabouraud agar plate with chloramphenicol (Figure 8c). 

Figure 9a shows the crossover scenarios and the locations of the primers within URA3 

chromosomal regions. DNA electrophoresis of PCR products from WT, 1st crossover and 

2nd crossover clones using these three sets of unique primers confirms the absence of 

URA3 alleles and integration of the aphA1 and ble deletion cassettes (Figure 9b). 

After successful deletion of both copies of URA3 genes (Figure 8-9), a plasmid 

pPL5071 (426) carrying a URA3 gene and Cre recombinase was introduced to remove the 

loxP-flanked antibiotic markers from the chromosome, leading to removal of both 

antibiotic resistance markers (Figure. 10a). Next pPL5071 was spin-off (426) and the 

absence of pPL5071 was confirmed by PCR using pPL5071 specific primers (Figure 

10b). Additionally, pBIS-GALkFLP-URA3 (428) was used to cure our auxotrophic S. 

boulardii strains of the 2 micron plasmid followed by removal with uracil and 5-FOA. 

Loss of the 2 um plasmid was confirmed by PCR using specific primers (Figure 10c). 

Removal of pPL5701 and curing of the 2um plasmid completed the preparation of the 

URA3Δ/Δ cir0 S. boulardii strain.  
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Figure IV-8. Phenotypic characteristics of S. boulardii URA3Δ::aphA1/Δ::ble. (a) 

Individual colonies contain deletions of both URA3 alleles with aphA1 and ble deletion 

cassette are resistance to G418 (50-100 ug/ml) and phleomycin (5 ug/ml). (b) 

URA3Δ::aphA1/Δ::ble strains exhibit no growth on minimal synthetic medium without 

supplementing with uracil. (c) Clones also grow on Sabouraud agar plate with 

chloramphenicol (100 ug/ml). 
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Figure IV-9. PCR validation of S. boulardii URA3Δ::aphA1/Δ::ble. (a) A diagram of 

deletion cassettes integrating in URA3 alleles. Individual features are outlined in Figure 4. 

URA3, aphA1, ble sequence specific forward primers are color coded with the 

corresponding sequence features. A universal reverse primer downstream of the URA3 

allele was used to pair up with the forward primers in PCR. (b) DNA gel electrophoresis 

of PCR products. PCR was carried out using three sets of unique primers (1) (2) (3) for 

amplification of URA3, aphA1, or ble genes using wild type (WT), URA3Δ::aphA1/URA3 

(1st crossover) and URA3Δ::aphA1/Δ::ble (2nd crossover) genomic DNA as templates. 

Expected PCR product sizes are indicated.  
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Figure IV-10. PCR validation of antibiotic marker removal, pPL5071 spin-off and 2uM 

curing of S. boulardii URA3Δ/Δ. (a) antibiotic marker removal (b) pPL5071 spin-off. (c) 

2uM curing. M: 1kb DNA marker. 1: wild type. 2: URA3Δ/Δ without antibiotic markers. 

3: URA3Δ/Δ without antibiotic markers before pPL5071 spin-off. 4: URA3Δ/Δ without 

antibiotic markers after pPL5071 spin-off. 5: URA3Δ/Δ without antibiotic markers after 

pPL5071 spin-off prior to 2uM curing. 6: URA3Δ/Δ without antibiotic markers after 

pPL5071 spin-off after 2uM curing.  
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The URA3Δ/Δ cir0 S. boulardii strain was validated by colonies recovered on 

minimal media plates supplemented with uracil (MSC + uracil), but not on minimal 

media plates without uracil (MSC) or YPD plates containing G418 or phleomycin (Figure 

11a). Next, the plasmid harboring the AT-yABAB expression cassette was modified to 

carry a URA3 cassette to complement the chromosomal deletions of the essential URA3 

gene (pURA3-AT-yABAB-cMyc); control empty plasmid pURA3-cMyc (EP) was also 

generated. The plasmids were then used to transform the uracil auxotrophic S. boulardii 

strain to generate a lead strain for ABAB delivery (Sb-ABAB). Western blotting of 

supernatant from the Sb-ABAB culture showed the corresponding ABAB band using α-

llama antibodies (Figure 11b). Sb-ABAB secretes fully functional ABAB, comparable to 

Fc-ABAB, as verified in a neutralization assay (Figure 11c). Sb-ABAB was confirmed by 

in vitro screening of individual clones that had comparable growth to the wild type (Sb) 

and a control strain that carrying the empty control plasmid pURA3-cMyc (Sb-EP) 

(Figure 11d) To examine the in vivo colonization of the Sb-ABAB and the maximum 

tolerance doses, we performed a dose escalation experiment on antibiotic-treated mice 

(Figure 12). Mice that were gavaged with Sb, Sb-EP or Sb-ABAB gained similar weights 

(Figure 13), and no adverse effects were observed throughout the study. In addition, Sb-

ABAB stably produced ABAB (Figure 14a) and shared comparable persistence patterns 

as Sb and Sb-EP in these mice (Figure 14b) and Sb-ABAB recovered from mouse feces 

still stably produced ABAB as shown in Figure 14c.  
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Figure IV-11. Construction of a clinically relevant lead strain Sb-ABAB (I). (a) 

Phenotype of S. boulardii uracil auxotroph is shown by growth restricted to minimum 

synthetic media (MSM) containing uracil and lacking G418 or phleomycin. (b) ABAB 

antibody in Sb-ABAB culture supernatant shown by western blotting. (c) Toxin 

neutralizing activity of Sb-ABAB culture supernatant compared to purified Fc-ABAB. 

(d) In vitro growth of Sb, Sb-EP and Sb-ABAB.  

 

 

  



 117 

Figure IV-12. Diagram of safety assessment of S. boulardii in antibiotic-treated mice. 

Mice were given three days of antibiotic cocktail in their daily drinking water. After three 

days of antibiotic water, mice were given regular water for the rest of study. One day 

before gavaging with S. boulardii, mice were injected with clindamycin intraperitoneally. 

This experimental scheme is similar to the CDI mouse model except C. difficile spores 

were not given to the mice. This model is intended to evaluate the safety of S. boulardii 

delivered orally to the antibiotic-treated mice.
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Figure IV-13. Relative weight change after S. boulardii oral administration to antibiotic-

treated mice.  
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Figure IV-14. Construction of a clinically relevant lead strain Sb-ABAB (II). (a) ABAB 

expression level in Sb-ABAB culture supernatant over multiple passages. (b) Persistence 

of Sb, Sb-EP and Sb-ABAB in antibiotic cocktail treated mice. (c) ABAB expression 

level in feces of treated mice  
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Prophylactic efficacy of Sb-ABAB against CDI in mice.  

Patients who undergo antibiotic treatment, either in preparation for a medical 

procedure or to treat an ongoing infection, are at high risk of getting CDI. S. boulardii is 

resistant to most anti-bacterial agents, including vancomycin, which allows its concurrent 

use with antibiotic therapy to treat CDI. Therefore, we tested the prophylactic efficacy of 

Sb-ABAB against CDI in a mouse model that features antibiotic treatment before 

challenge with C. difficile. The mice were given Sb-ABAB one day before clindamycin 

treatment, and were then continuously dosed daily until three days post spore challenge 

(Figure 15). Mice that were orally dosed with Sb-ABAB were significantly protected 

from death as compared with mice that received either PBS or S. boulardii carrying an 

empty plasmid (Sb-EP) (p = .0108) (Figure 16a). At the mucosa, control mice treated 

with either PBS or Sb-EP developed typical CDI-associated inflammation and tissue 

damage such as pseudomembranous colitis, edema crypt injury, and severe neutrophil 

infiltration into serosa in colons (Figure 16b) and ceca (Figure 17a), whereas tissues of 

Sb-ABAB treated mice had normal or only minor observable inflammatory pathology 

(Figure 16b and Figure 17a). The average histological score of colon (Figure 16c) or ceca 

(Figure 17b) from Sb-ABAB treated mice was significantly lower than that from control 

mice. Consistent with the histological results, tissues from mice that received Sb-ABAB 

also had significantly less myeloperoxidase (MPO) activity (Figure 16d and Figure 17c) 

and lower mRNA expression of proinflammatory cytokines such as IL-1β, TNF-α, and 

KC (Figure 16e-g and Figure 17d-f), demonstrating a significant reduction in 

inflammation in their cecum and colon tissues. Moreover, more C. difficile were 

recovered from control fecal samples (Figure 18a) and higher toxin cytotoxicity titers 
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were observed in the feces from control groups compared to Sb-ABAB treated mice 

(Figure 18b), although similar numbers of S. boulardii were recovered from groups of 

mice receiving either Sb-ABAB or Sb-EP (Figure 18c). 

  



 122 

Figure IV-15. Diagram of Sb-ABAB oral administration for CDI prevention in mice. 

Mice were given three days of antibiotic cocktail in their daily drinking water. After three 

days of antibiotic water, mice were given regular water for the rest of study. One day 

before gavage with105 C. difficile spores, mice were injected with clindamycin 

intraperitoneally. Gavage with 109 S. boulardii was started the next day after switching to 

regular drinking water, and the mice continually received an oral dose of S. boulardii 

once a day every day, with the last dose received 3 days post spore challenge. This model 

is used to evaluate protection efficacy of S. boulardii expressing ABAB for CDI 

prevention in mice.
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Figure IV-16. Protection of Sb-ABAB in preventing CDI in mice (I). (a) Kaplan–Meier 

curve showing survival of mice treated with Sb-ABAB compared to controls treated with 

Sb-EP or PBS. (N = 30, *p = .0108) (b, c) H&E stained colonic tissue sections and 

histology scores; (b) left panel to right: crypt loss in a representative section from PBS 

treated group (200X), neutrophil infiltration into serosa in a representative section from 

Sb-EP treated group (200X), and a representative tissue sectioning from Sb-ABAB 

treated group (100X) (d) MPO assay as a measure of neutrophil infiltration and (e-g) 

proinflammatory cytokine mRNA expression in colonic tissues. c-g *p  0.05, ns: not 

significant 
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Figure IV-16 (continued) 
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Figure IV-17. Protection of Sb-ABAB in preventing CDI in mice (II). Cecal histology 

and inflammation in CDI mice. (a) Cecal samples, left to right; pseudomembranous 

colitis 100x, edema 100x and one tissue section from Sb-ABAB treated group 200x (b) 

Histological scoring (c) MPO units (d-f) proinflammatory cytokine mRNA expression. 

*p  0.05, ns: not significant 
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Figure IV-18. Protection of Sb-ABAB in preventing CDI in mice (III). (a) Fecal C. 

difficile count, (b) fecal toxin titer, and (c) fecal S. boulardii cfu counts were recorded. *p 

 0.05, ns: not significant 
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Sb-ABAB shows therapeutic efficacy against primary and recurrent CDI  

The current approaches in treating severe CDI and preventing recurrence are not 

optimal. We examined the therapeutic efficacy of Sb-ABAB for treating ongoing CDI 

and prevention of recurrence. In the primary acute CDI model (Figure 19), mice rapidly 

developed CDI symptoms 8-12 hours post C. difficile spore challenge and started dying 

on day 2. When mice were gavaged with Sb-ABAB, they exhibited significantly less 

mortality as compared with mice treated with either PBS or Sb-EP (Figure 20a). 

Moreover, the Sb-ABAB treated mice recovered faster, gaining significantly more 

weight, and experienced significantly fewer diarrheal incidents as compared with groups 

of mice treated with either PBS or Sb-EP (Figure 20b, c).  

Next, we examined the efficacy of Sb-ABAB in a recurrent CDI model that 

mimics a clinical course in which the standard treatment is vancomycin (Figure 21). 

Consistent with previous observations (164, 165), without interventions, mice developed 

recurrent CDI after withdrawal of vancomycin. Mice receiving control Sb-EP treatment 

also developed typical recurrent CDI symptoms such as diarrhea, weight loss and death, 

with most weight dropped around day 4 to day 5 after vancomycin withdrawal (Figure 

22a-c). However, mice that received Sb-ABAB were significantly protected against 

recurrence-induced death (Figure 22a), suffered no appreciable weight loss (Figure 22b) 

and had significantly fewer incidents of diarrhea (Figure 22c). 
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Figure IV-19. Diagram of Sb-ABAB oral administration for treating CDI mice. Mice 

were given three days of antibiotic cocktail in their daily drinking water. After three days 

of antibiotic water, mice were given regular water for the rest of study. One day before 

oral gavage with 105 C. difficile spores, mice were injected with clindamycin 

intraperitoneally. S. boulardii was orally delivered at 6, 24, 48, and 72 hours post spore 

challenge. This model is used to evaluate protection efficacy of Sb-ABAB for treating 

CDI mice.
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Figure IV-20. Protective capacity of Sb-ABAB against CDI in mice. Antibiotic cocktail 

treated mice were given Sb-ABAB after infection with C. difficile spores. (a) Kaplan–

Meier curve showing survival of mice treated with Sb-ABAB compared to controls 

treated with Sb-EP or PBS (b) Weight change (c) Diarrhea incident. *p  0.05, **p  

0.01, ****p  0.0001 
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Figure IV-21. Diagram of Sb-ABAB oral administration for preventing CDI recurrence 

in mice. Mice were given three days of antibiotic cocktail in their daily drinking water. 

After three days of antibiotic water, mice were then switched back to drinking regular 

water. One day before gavage with 105 C. difficile spores, mice were injected with 

clindamycin intraperitoneally. 6 hours after spore challenge, regular water was changed 

to water containing 0.5mg/ml of vancomycin for 6 days and regular water was switched 

back again for the rest of study. Mice typically redevelop signs of CDI after 4 days of 

vancomycin withdrawal without another C. difficile spore challenge. During the course of 

the recurrence model, S. boulardii was orally delivered alongside with vancomycin water 

once every day for 12 days. This model is used to evaluate protection efficacy of Sb-

ABAB for preventing CDI recurrence in mice. 
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Figure IV-22. Protective capacity of Sb-ABAB against recurrent CDI in mice. Antibiotic 

cocktail treated mice were given Sb-ABAB concurrently given vancomycin after 

infection with C. difficile spores. (a) Kaplan–Meier curve showing survival of mice 

treated with Sb-ABAB compared to controls treated with Sb-EP or PBS (b) Weight 

change (c) Diarrhea incident. *p  0.05, ***p  0.001, ****p  0.0001 
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D. Discussion 

Antibacterial resistance is a global public health crisis (434). Antibiotic-resistant 

C. difficile is responsible for more than 29,000 deaths in the United States each year; 

worldwide, the infection represents an urgent threat to public health (27). The recent 

rapid increase in the incidence of CDI and associated disease severity stemming from the 

emergence of hypervirulent and antibiotic-resistant strains is alarming (235). Since the 

use of antibiotics is a major cause of CDI, the current standard treatment with antibiotics 

is therefore not the ideal therapeutic treatment against CDI. More importantly, antibiotic 

treatments are potentially associated with inducing antibiotic resistance and high rates of 

recurrent CDI, approaching up to 35% (33, 435, 436). Ideal CDI therapeutics should 

inhibit CDI pathogenesis and/or bacterial proliferation without disturbing gut microbiota. 

Here, we report a novel oral yeast immunotherapeutic approach utilizing a probiotic S. 

boulardii engineered for secreting a tetra-specific antitoxin molecule that potently 

neutralizes the two major virulence factors of C. difficile at the site of infection. We 

demonstrate the utility of the approach in preventing as well as treating CDI in 

experimental animal models.  

Our yeast immunotherapy approach has several potential advantages over the 

current immunotherapeutics. First, ABAB is significantly more potent and broadly 

neutralizing, and therefore potentially more efficacious when compared to conventional 

monoclonal antitoxin antibodies. CDI-associated pathology is caused by two major 

clostridial toxins, TcdA and TcdB, in the absence of which the bacterium is completely 

avirulent (37, 38). Antibody-based strategies targeting these major virulence factors have 

been developed and represent a valid alternative to antibiotics used against CDI, since 
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antitoxin treatments targeting the virulence factors should not induce dysbiosis nor 

antibiotic resistance (369, 437). Merck is currently leading the effort to develop antitoxin 

therapies, and its bezlotoxumab, an anti-TcdB human monoclonal antibody, has recently 

been approved by the FDA for use concurrently with standard antibiotics in the 

interruption of recurrent disease (438). Phase III trials (407) showed that the efficacy of 

bezlotoxumab was comparable to that of the antibiotic fidaxomicin in reducing CDI 

recurrence, whereas the anti-TcdA antibody (actoxumab) alone displayed no effects on 

lowering CDI recurrence. While the reason for this disappointing result is unclear, the 

observed relatively low efficacy of this therapeutic antibody may be linked to its narrow 

specificity and/or low neutralizing activity (379, 380, 382). To overcome these 

deficiencies, several companies utilized a cocktail of antibodies to target multiple 

distinctive epitopes and showed improved efficacies over Merck antibodies in hamsters 

(379–382). However, this approach would significantly increase the complexity of 

development and costs. In contrast, we have designed a novel tetra-specific, toxin-

neutralizing molecule ABAB that is a single 58 kDa-molecule that targets 4 distinctive 

toxin epitopes, two on TcdA and two on TcdB. (413). ABAB is 1000-fold more potent 

than a mix of both bezlotoxumab and actoxumab when compared for neutralizing activity 

in in vitro and in vivo tests. Moreover, ABAB targets two distinctive epitopes on each of 

the two toxins, allowing broad neutralization of toxins from different clinical isolates 

across wide geographic regions (Table 1) including TcdB from 017 strains which are 

highly prominent in Asia and parts of Europe (439). Therefore, the single toxin-binding 

molecule ABAB possesses extremely high potency and broadly neutralizing activities 

against both TcdA and TcdB.  
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Second, the strategy of a yeast-based immunotherapy allows for the delivery of 

antitoxins to the site of CDI. Current antitoxin antibody therapeutic approaches are 

mostly based on parental infusion of purified antibodies (440–443). The underlying 

mechanism of systemic neutralizing antibodies in protecting against mucosal CDI is not 

entirely clear, but recent studies showed that the disruption of intestinal barrier function 

by C. difficile toxins may allow the leakage of systemic antitoxins into the intestinal 

lumen and subsequent neutralization of the toxins (157, 156). It is therefore conceivable 

that antitoxins delivered directly to intestinal surfaces, where C. difficile colonizes and 

secretes toxins, would offer better protection against CDI than systemically delivered 

antitoxin antibodies. Moreover, oral delivery is more convenient and reduces cost, as 

parenteral intravenous administration requires trained personnel and healthcare facilities. 

Our yeast-based immunotherapy therefore allows for the delivery of highly potent 

antitoxin ABAB to the sites of CDI and blockage of the action of the toxins, therefore 

potentially offering a better therapeutic value and significantly reducing cost over 

conventional parental passive antitoxin therapies. 

Third, the use of S. boulardii as the preferred delivery vehicle offers several 

potential advantages for CDI therapeutics. Several reports suggested efficacy of  

hyperimmune bovine colostrum (HBC) in treating CDI and preventing recurrence in 

patients and animals (373–376). Unlike conventional antimicrobials, antitoxin antibodies 

should not disrupt the integrity of the gut microflora, nor will they potentially lead to the 

emergence of new antibiotic-resistant organisms. However, large scale production of 

antitoxin IgG-rich HBC is costly, and minimizing batch-to-batch potency variations 

remains challenging. Live vector-based delivery of antitoxin or therapeutic proteins is an 
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attractive alternative since this strategy may achieve a sustained release of therapeutic 

proteins into the intestinal environment at low cost. Probiotics such as Lactobacillus 

acidophilus, Bifidobacterium bifidum, and S. boulardii have been suggested as dietary 

supplements for CDI. Fecal microbiota transplantation (FMT) has been proven to be 

highly effective against recurrent CDI both in animal models and clinical patients (444). 

However, unlike FMT or other bacterial-based live biotherapeutic products, S. boulardii 

can be taken concurrently with antibiotics such as vancomycin and metronidazole that are 

typically used to treat CDI patients. 

S. boulardii, an FDA-designated Generally Regarded as Safe (GRAS) organism, 

is commonly available over-the-counter for use in promoting intestinal health and 

amelioration of gastrointestinal illness due to diarrheal diseases. The probiotic effects of 

S. boualardii have been studied in multiple randomized double-blinded placebo-

controlled clinical trials which showed both safety and efficacy against intestinal diseases 

including recurrent CDI (445, 446). Furthermore, S. boulardii can prevent antibiotic-

induced microbiota changes and promote faster recovery of normal microbiota which in 

turn increases host resistance to C. difficile colonization (320, 447, 448). Therefore, the 

yeast immunotherapy can be concurrently used with antibiotics, allows secreting 

antitoxins specifically targeting the major virulence factors and increases host resistant 

against C. difficile colonization. Therefore, the clinical safety, probiotic effect, low-cost 

of manufacture, and easy oral administration make S. boulardii overall an ideal vehicle to 

deliver therapeutics in situ to either prevent or treat ongoing CDI. However, S. boulardii 

has not been utilized for delivering therapeutic proteins. Part of the reason may be due to 
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the available molecular genetic tools, previously developed for use in S. cerevisiae, but 

only recently tested with S. boulardii (416, 418, 423).  

In the work we describe herein, we made a number of improvements to adapting 

S. boulardii as a live vector for extracellular delivery of a foreign protein such as 

antitoxin ABAB. First, we optimized the transformation efficiency of S. boulardii using a 

2% preculture glucose concentration and 20-minute heat shock time for optimized S. 

boulardii transformation efficiencies. Secondly, we generated an auxotrophic S. boulardii 

strain through homologous recombination. Given that the FDA no longer supports 

inclusion of antibiotic resistance genes into engineered microorganisms administered 

orally to humans, it was therefore necessary to generate a potentially lethal S. boulardii 

auxotrophy that could be trans-complemented by a plasmid. However, the availability of 

suitable auxotrophic S. boulardii strains is limited. A UV random mutagenesis approach 

(416, 418) and CRISPR-Cas9-based (449–451) approach have been previously used in S. 

boulardii to generate auxotrophic strains, but both of these approaches typically generate 

point mutations or short deletions that could potentially allow for reversion back to 

wildtype. We therefore adapted existing homologous recombination strategies from S. 

cerevisiae to generate auxotrophic deletions of URA3 in S. boulardii, with consideration 

of the fact that any chromosomal deletions would have to be accomplished on both 

chromosomeal pairs due to the sporulation deficient phenotype of S. boulardii (432). 

Finally, we optimized ABAB expression and secretion through a series of steps to 

generate our lead strain Sb-ABAB. 

Optimized Sb-ABAB stably expressed fully functional ABAB both in vitro over 7 

days in uracil deficient media when passed daily, and in vivo as evidenced by colonies 
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recovered from mouse feces which continued to express ABAB at similar levels when 

compared to frozen stocks. The in vitro growth and in vivo persistence patterns were 

similar among wildtype S. boulardii, Sb-EP, and Sb-ABAB, suggesting that the 

engineering of S. boulardii did not cause significant metabolic burden to slow down 

growth when compared to wildtype S. boulardii. These strains were proven safe when 

given to unchallenged mice that received standard antibiotic cocktail water and 

intraperitoneal injection of clindamycin. The mice remained free of clinical signs of 

illness and maintained steady weight gains. 

 CDI causes immense suffering, and currently there are no approved preventative 

approaches. Hospitalized patients undergoing antibiotic treatment are at high-risk of CDI. 

The toxoid vaccine currently in Phase III clinical trials requires multiple immunizations 

and involves a long period of time for seroconversion (385, 386, 388, 390); thus this 

approach is not ideal for protecting high-risk patients from CDI.  In addition, systemic 

antibody-based therapies are expensive and impractical to be used for prevention against 

primary CDI. In contrast, in the current study, we demonstrated that the mice receiving 

Sb-ABAB orally were significantly protected against CDI-induced deaths, had 

significantly less CDI-related histopathology, reduced MPO units, and downregulation of 

mRNA expression of proinflammatory cytokines in their cecal and colonic epithelial 

tissues. In addition, less C. difficile was recovered from their fecal samples, suggesting a 

reduction in colonization, and a reduced inflammatory response that may promote a faster 

recovery of intestinal microbiota (452). Since S. boulardii is significantly cheaper to 

manufacture and easier to administer than therapeutic antibodies, the yeast-based 

immunotherapy developed here may constitute a very attractive alternative to 
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conventional treatment modalities for preventing high-risk patients from potentially lethal 

CDI.  

There are limitations in the current study. First, the physiology of mouse 

intestines is significantly different from human gastrointestinal physiology. Therefore, 

the doses, dosing schedules, administration and subsequent S. boulardii colonization, and 

in vivo antitoxin secretion levels observed in mice may be different for humans. 

However, in this study, we utilized 109 CFU/oral dose, and found that S. boulardii was no 

longer detectable in the feces 3 days post administration, which is consistent with human 

data where yeast transiently colonizes humans for 3-5 days. Although we cannot actually 

determine the amount of ABAB secreted in the mouse intestines, mice receiving Sb-

ABAB are significantly protected in both prophylactic and therapeutic models as 

compared with groups of mice receiving S. boulardii that carry empty plasmid, 

suggesting that the amount of ABAB secreted by Sb-ABAB was sufficient to block TcdA 

and TcdB-induced pathogenesis. The ultimate therapeutic doses and dosing schedules, 

however, need to be determined in clinical trials.  

In summary, our results demonstrate for the first time the use of genetically 

engineered S. boulardii for delivery of neutralizing antibodies against CDI. In mice, Sb-

ABAB showed significant protection against both primary and recurrent CDI when 

delivered orally. Neutralizing antibodies delivered at the site of infection where toxin is 

present in the gastrointestinal tract may be more efficacious than systemic delivery of 

these antibodies, which mainly relies on leakage through the intestinal epithelial barrier 

after tissue damage has occurred. ABAB delivered by S. boulardii significantly protected 

mice from death, weight loss, and diarrheal disease. Given that our S. boulardii-based 
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approach can be further adapted for gastrointestinal delivery of other preventative or 

therapeutic agents, this novel oral delivery platform is expected to have broad application 

to the treatment of other serious enteric infections caused by problematic multidrug 

resistant pathogens. 
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Chapter V: Clostridium difficile – Pathogenesis, Treatment, and Future Directions 

 

A. Insights into Understanding CDI Pathogenesis 

C. difficile was first identified as normal gut flora in human infants by Hall and 

O’Toole over 80 years ago (1) and was first identified as the main cause for antibiotic 

associated diarrhea almost 40 years ago (3–5). C. difficile is currently responsible for 

millions of CDI cases, accounting for tens of thousands of deaths, and billions in 

medical-associated costs per year worldwide (27, 453–458). With the emergence of 

multiply antibiotic resistant and hypervirulent strains (16, 17, 434), C. difficile is now the 

most common cause of antibiotic-associated diarrhea in medical settings over the past 

decade in the United States (459). Although TcdA and TcdB expressed by C. difficile are 

the primary virulence factors responsible for CDI (36–38), their roles in causing systemic 

complications such as ascites (213, 214), pleural effusion (215, 216), cardiopulmonary 

arrest (217, 218), hepatic abscess (219), abdominal compartment syndrome (220), acute 

respiratory distress syndrome (221), multiple organ dysfunction syndrome (222), and 

renal failure (223) in patients were not firmly established. Circumstantial evidence such 

as the therapeutic effects of systemic injections with toxin-specific IVIG (367, 368) or 

monoclonal antibodies (407) now seem to indicate that circulating toxins are the main 

cause for these systemic complications. However, given that C. difficile is not an invasive 

pathogen, direct evidence for systemic toxin leakage into the circulatory system through 

toxin-mediated gastrointestinal tissue damage was lacking in the literature. Since these 

complications are often serious and deadly, finding the cause for these complications 

could conceivably be helpful for developing toxin-specific therapeutic strategies. One of 
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the main reasons complicating conclusive detection of systemic toxin in human infections 

was the low sensitivity and long processing times of existing toxin detecting assays (226). 

When the amount of toxins in the serum is low, toxins are essentially undetectable using 

assays with low sensitivity and long processing time because toxins can also decay and 

lose their cytotoxicity over time. Using an ultrasensitive assay (226) developed in our lab, 

we were the first to demonstrate toxemia in a CDI experimental animal model (155) 

(Chapter 2) and later in human cases (460). The ultrasensitive assay is cell-based and 

measures the toxin cytotoxicity effect on cells that causes the cells to become rounded. 

Since most cell lines are less sensitive to TcdA than TcdB, a mouse anti-TcdA 

monoclonal IgG2a antibody (A1H3) was used to enhance the cell sensitivity to TcdA by 

its dual binding to the TcdA and the FcγRI-α chain overexpressed in mRG-1 cells (228). 

Since A1H3 does not have any neutralizing activity against either toxin, its dual binding 

of TcdA and FcγRI-α chain greatly reduces the amount of TcdA needed to cause cell 

rounding, in turn enhancing the assay sensitivity. Toxin concentrations as low as 0.1-1 

pg/ml could now be detected using this ultrasensitive assay (226). 

To investigate any link between systemic complications and systemic toxin 

concentrations, we first used pre-established mouse and piglet CDI models to look for 

any correlations (164, 166) in which systemic signs of CDI  similar to those seen in 

human infections could be observed following an oral spore challenge. When sera from 

animals infected with CDI were analyzed using the ultrasensitive assay, toxemia was 

commonly found in animals showing systemic CDI symptoms which were not observed 

in animals without systemic CDI symptoms. In addition, systemic delivery of toxin 

neutralizing antibodies also prevented challenged animals from developing systemic CDI 
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symptoms, further supporting the hypothesis that toxemia is a significant cause of 

systemic CDI symptoms in challenged animals. Animals with systemic CDI symptoms 

also showed systemic elevated levels of proinflammatory cytokines such as IL-1, IL-6, 

KC etc. (155), further suggesting that toxemia induces profound inflammatory response 

that may contribute to the severity of disease.  

In further studies with CDI patients, we identified 2 toxemia cases in 88 serum 

samples tested (460). The limiting factor for detecting toxemia in these CDI patients is 

the preexisting neutralizing antibodies in their sera (460). These results highlight a major 

difference between experimental animal models versus human infections, in which 

laboratory animals are normally free of preexisting antibodies against C. difficile toxins, a 

consideration that should not be overlooked when attempting to apply lessons learned in 

studies of CDI pathogenesis in experimental animals which in turn may be applied to 

human infections. Many serum samples determined to be negative by the ultrasensitive 

cytotoxicity assay may also suggest that a profound systemic proinflammatory effect 

resulting from systemic toxin leakage may require either extremely low systemic toxin 

levels, or may possibly be triggered by macrophages and other immune cells sensing 

commensal microbes due to epithelial damage (461). Regardless of mechanisms 

involved, it is nonetheless clear that toxin clearance has been shown to offer clinical 

advantages to CDI patients (407, 462). Therefore, our findings on toxemia both in 

animals and CDI patients not only provide a much-needed potential missing link to 

understanding CDI pathogenesis, but may also have profound impacts on future vaccine 

and immunotherapy designs.  
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B.  Novel Preventative and Therapeutic Strategies Using Probiotic Yeast Delivering 

Neutralizing Antibodies. 

The discovery of CDI as the main cause of antibiotic-associated diarrhea was 

made almost 40 years ago. Alarmingly, current standard-of-care for CDI still relies on the 

use of antibiotics such as metronidazole and vancomycin. However, the rapid surge of 

CDI incidence and severity in recent years due to hypervirulent and multi antibiotic 

resistant C. difficile strains strongly suggests that current antibiotic treatment strategies 

cannot keep pace with the rate at which these bacteria develop resistance, which further 

underscores the need for novel preventative and therapeutic strategies as opposed to 

conventional medical interventions with steadily diminishing success rates. Developing 

antibiotics that are less likely to generate resistance and/or with narrow bactericidal 

spectra and presumably less activity against commensal gut species, such as fidaxomicin, 

surotomycin, and cadazolid (258–261, 436), may facilitate colonization resistance against 

CDI (248–251). However, recent reports have pointed out that antibiotic resistance is an 

ancient and natural phenomenon, existing long before modern antibiotic use (463–465), 

making any strategy relying solely on antibiotics for treatment of disease seem futile and 

of only short-term value.  

Aside from antibiotics, numerous studies have demonstrated that fecal 

transplantation is effective as a treatment against recurrent CDI (280–284, 286–289). 

Fecal transplantation, now recommended by the American College of Gastroenterology, 

is considered a treatment option for patients no longer responding to standard-of-care 

antibiotic treatment after their third recurrent CDI episode (290). However, more 

randomized placebo-controlled clinical trials are still needed to validate and determine 
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the best donor types, fecal contents, timing of administration, and administration routes to 

make it the most efficacious way to interrupt recurrent CDI. More importantly, fecal 

transplantation poses a number of safety concerns, including the potential transmission of 

unknown pathogens to patients. The unintended transmission of undetected pathogens 

underscores the critical need for more defined and standardized methods of generating 

consistently efficacious material for transplantation. 

Probiotics have become a very attractive alternative to antibiotics which also 

addresses safety concerns associated with fecal transplantation. Probiotics such as the 

BIO K+ CL1285 (307–309), Actimel (310) Cultech, Swansea, (311) VSL#3 (312) and 

Lifeway Kefir (354, 355), single probiotics such as  L. rhamnosus GG (296–300). L. 

plantarum (304, 305). L. casei (306) and S. boulardii (200, 352), or non-pathogenic C 

difficile strains have all been suggested as preventative or therapeutic options against 

CDI. The yeast strain S. boulardii stands out from other bacteria-based probiotics and 

non-pathogenic C. difficile strains because it can be taken concurrently with vancomycin 

and metronidazole which are typically used to treat CDI. Although it is possible to screen 

or engineer vancomycin or metronidazole resistance strains for bacteria-based probiotics 

and non-pathogenic C. difficile, this strategy is not ideal because it can potentially 

introduce antibiotic resistant genes into gut commensals. Moreover, the efficacy of 

probiotics alone against CDI has to date not been firmly established, with conflicting 

reports suggesting some reduction in clinical symptoms but with no ability to interrupt 

recurrent disease (301–303).  

Antibody-based therapies have gained increasing attention because of the recent 

success of bezlotoxumab, developed by Merck and recently approved by the FDA for 
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concurrent use with standard-of-care antibiotics in the interruption of recurrent CDI 

(407). However, because actoxumab and bezlotoxumab failed to show efficacy against 

primary CDI (153), a number of antibodies with better efficacy due to better specificity 

and/or broader neutralizing activity are currently in development (379–382). Antibodies 

targeting TcdA and TcdB should not cause dysbiosis nor antibiotic resistance (369, 437) 

which are critical reasons for CDI occurrence. However, antibody manufacturing is 

costly and producing a cocktail of antibodies targeting both toxins significantly increases 

the development complexity and associated costs associated with this type of therapeutic. 

ABAB, developed in our lab, is tetra-specific to both toxins with strong potency 

when compared to actoxumab and bezlotoxumab combined. ABAB as one single 

molecule which simplifies the manufacturing complexity. In chapter 4, a S. boulardii 

delivery system for ABAB was developed and described. Although S. cerevisiae, a 

genetically related but physiologically distinct species compared to S. boulardii had been 

shown to express VHHs with high yield (414), it was unknown at the time whether a 

tetra-specific VHH which is much larger in size could be expressed in S. boulardii or not. 

Therefore, a step by step approach was used to establish feasibility. First, the ABAB gene 

was cloned into readily available genetic tools from S. cerevisiae to confirm ABAB 

expression by western blot. A bi-specific sandwich ELISA was developed to confirm the 

secretion of ABAB. Secreted ABAB was found to be fully functional using an in vitro 

neutralizing assay. In addition, ABAB was fused genetically with different known 

secretion signals commonly used in S. cerevisiae and the best secretion signal for ABAB 

was identified. Next ABAB secretion was confirmed in S. boulardii using molecular 

genetic tools adapted from S. cerevisiae (416, 418, 421, 423). In the process of 
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developing the system, S. boulardii transformation efficiency was optimized and 

auxotrophic strains were generated using homologous recombination tools adapted from 

S. cerevisiae. The recombination system described in chapter 4 can also be applied to 

other gene sequence deletion work. This is the first time that S. boulardii was shown to 

secrete a fully functional large VHH tetramer. 

VHHs as single domain antibodies have profound implications in experimental 

research and clinical applications; particularly for infectious diseases, they have been 

used for toxin neutralization, absorbents for viruses, and biosensor/ diagnosis tools (466). 

Generation of a tetraspecific VHH-based neutralizing antibody against TcdA and TcdB, 

secreted in a fully functional form from an engineered S. boulardii recombinant yeast 

strain, raised the possibility of delivering this novel therapeutic antibody directly to the 

gastrointestinal surface to block disease through oral administration of the recombinant 

probiotic. To prove this concept, S. boulardii was engineered to deliver ABAB and both 

preventative and therapeutic efficacies were demonstrated against primary and recurrent 

CDI.  

In considering that CDI occurs in the luminal side, the S. boulardii ABAB 

delivery system allows direct and constitutive delivery of ABAB at the site of CDI, 

which is theoretically, more efficacious, compared to current antibody-based therapies 

using intravenous infusion of antibodies (440–443) that rely on intestinal barrier breach 

to allow leakage of the antibodies into the lumen to neutralize toxins (156, 157). The S. 

boulardii ABAB delivery system has profound significance for clinical applications as 

demonstrated in three different models in chapter 4. These are: 1) as a preventative 

solution for high-risk patients, 2) as a therapy for treatment of ongoing CDI patients, and 
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3) as a preventative solution against recurrent disease. People who are hospitalized and 

undergo antibiotic treatment due to other preexisting illness are at high-risk of developing 

CDI but currently there is no preventative solution for them. Potential interventions under 

development such as vaccines and antibody-based therapy are not ideal, mainly due to the 

long time required for seroconversion after vaccination, and the impracticality and high 

cost associated with intravenous infusion of antitoxin neutralizing antibodies. In the 

mouse preventative model for high-risk patients, the S. boulardii ABAB delivery system 

significantly reduced the CDI risk for mice, strongly suggesting that this is a viable 

solution for preventing CDI development in these high-risk patients. The S. boulardii 

ABAB delivery system can also be used as a therapeutic for patients with ongoing CDI 

and as a preventative solution to reduce recurrent CDI as efficacy was shown in these 

mouse models in chapter 4 either orally treated with the ABAB delivery system after 

infection with C. difficile or orally delivered concurrently with vancomycin and 

continued after CDI development. Our animal model data suggest that unlike vaccines or 

antibody-based therapies that are typically limited to administration of 1-4 doses, the S. 

boulardii ABAB delivery system can be given orally multiple times with no significant 

adverse effects to be expected. In conclusion, S. boulardii ABAB delivery system is 

novel and inexpensive to manufacture, orally administered, and should not be associated 

with risks of antibiotic resistance, thus having the potential as a prophylactic against CDI 

and a therapeutic for CDI patients. In light of the technical advancements achieved in this 

thesis, an international patent for the yeast-based ABAB delivery system was published 

on April 20th 2017 (WO 2017/066468 A1). 
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Future Directions 

A strong correlation between toxemia and severe systemic CDI in animals but not 

in patients, due to existing toxin-neutralizing antibodies in circulation, is intriguing. The 

reason for the inability of these toxin-neutralizing antibodies to prevent systemic CDI is 

not known. One possibility is that these neutralizing antibodies are not sufficient and/or 

potent enough to prevent intestinal epithelial tissue damage and block systemic toxin 

leakage through the intestinal barriers. Toxin leakage then triggers a systemic 

inflammatory response and causes systemic complications. However, are toxins the only 

cause for systemic pathologies or are there other contributing factors causing systemic 

inflammation and secondary sequelae? Intestinal barrier damage may allow gut 

commensal to leak into deeper mucosal tissues and be sensed by immune cells, possibly 

resulting in a local inflammatory response that produces many byproducts such as dead 

epithelial cells and dead bacteria. Could such byproducts also contribute to systemic 

inflammatory response? Currently, the underlying mechanism(s) responsible for CDI-

associated mortality are also not well understood. Systemic inflammation plays a critical 

role in lethality but what ultimately results in deaths in CDI patients is not clear. 

Although electrolyte imbalance was not observed in animals with severe systemic CDI, 

minor changes in dehydration can nonetheless affect the overall wellbeing of these 

animals, making them more susceptible to underlying diseases. In contrast, dehydration 

in human patients is easier to spot and sufficient fluid can be provided through 

intravenous infusion to help prevent dehydration.  

Currently, the underlying mechanisms for other toxin-mediated systemic 

complications such as ascites or pleural effusion are not known. Could they be the cause 
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of deaths? Finding the answers to these questions can advance our understanding of 

systemic toxin-mediated pathogenesis which in turn can provide valuable insights for 

better vaccine and immunotherapy designs. Although, parenteral toxin-neutralizing 

antibodies could potentially access the lumen through toxin-breached intestinal epithelia 

and neutralize intestinal toxins to reduce the severity of CDI, direct delivery of these 

antibodies at the site of infection using probiotic Saccharomyces boulardii ABAB 

delivery system can prevent toxin pathogenesis from the very beginning, prior to any 

intestinal tissue damage. 

 The physiology and CDI pathology of mouse intestines is significantly different 

from human intestines. Therefore, the definitive therapeutic doses and dosing schedules 

of the Saccharomyces boulardii ABAB delivery system will need to be determined in 

human clinical trials. Ultimately, the efficacy in humans will depend on the length of 

time that the yeasts are retained in the gastrointestinal tracts and the amount of ABAB 

delivered at the mucosal during the retention period. Therefore, future improvements of 

the system can be made based on these two aspects. For increasing the retention time, the 

system could be formulated in capsules to ensure safe and steady release at the site of 

infection. Alternatively, the system could be co-administered with the dietary 

supplements that would promote its viability and growth. More elaborated improvements 

such as further genetically engineering the system to have longer life spans, quicker 

dividing times, and longer colonization times could also be pursued provided that these 

modifications were proven not to significantly alter the safety characteristics when 

compared to the unmodified yeast strain. For increasing the ABAB secretion amounts, 

one could further evolve the identified secretion signal by directed molecular evolution of 
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the current signal or by conducting further large scale genetic studies to identify strong 

biologically active S. boulardii promoters that are responsive to environmental induction 

signals likely to be encountered in the human colon. Furthermore, ABAB expression 

cassette could be chromosomally integrated to ensure stability and ameliorate any 

metabolic burden associated with the strong induction of ABAB synthesis and secretion 

occurring in vivo after oral administration. 
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